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THE PROBLEM 
Selection is the process of discrimination by which individuals of 

divergent phenotypes are made to differ in rate of reproduction. By 
this means nature has improved the adaptability of wild populations and 
man has improved the performance of his domesticated animals and 
plants. The effectiveness of selection betWei!n (if not always within) 
species during the long periods of time available for evolutionary change 
is unques tioned. Of course, it is obvious that seiedion can be effective 
only in the presence of genetic variability between individuals or popula
tions, and that this variability springs from segregation and recombina
tion within heterozygous populations, augmented by such forces as 
mutation, chromosomal rearrangement, hybridization, inbreeding, and 
random drift in gene frequencies. By definition, however, selection tends 
to be the non-random and hence the guiding element that produces 
glmetic changes in large populations. 

Evidence has been presented that several important economic char
acters of livestock have been improved steadily (Lush, 1951). Presum
ably this was accomplished mainly by selection. This evidence indicates 
that unimproved foundation stock can be improved rapidly for a time by 
consistently selecting the superior individuals from each generation as the 
parents of the next generation. There is more uncertainty concerning the 
rate of improvement to be expected from continued selection within 
stocks that have already reached a high level of performance through 
previous generations of similar selection. It has been suggested (Wright, 
1930; Lush, 1937; Hull, 1945; Wright and Dobzhansky, 1945; Dickerson, 
1951) that the effectiveness of continued selection for net or total per
formance may decline steadily, finally reaching a state of near-equilib
rium, even though total genetic variability remains high. 
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The genetic improvement obtained each generation from selection is 
equal to the superiority in the average effects of the genes carried by the 
parents selected to produce the next generation, compared with unselec:t
ed members of the generation from which they were chosen. In the 
simplest case of selec;:tion for a single character, directly, the genetic gain 
is the product of the parental superiority in phenotype (i.e., of the 
individual, its family or progeny) and the effective heritability of varia
tion in the phenotypic measure of performance. The phenotypic supe
riority of selected parents (the selection differential) is limited. by the 
natural rate of reproduction or proportion of off-spring which must be 
:oelected as parents. The selection differential for anyone character also 
is limited by the attention given, consciously or unconsciously, to other 
traits in selecting the parents and is affected by the degree of phenotypic 
correlation with such other traits. The effective heritability of differences 
in phenotype is limited both by the uncontrolled environmental variation 
and by any genetic variation that is uncorrelated with the average effects 
of genes (e.g. dominance and epistatic deviations from average gene 
effects). Even small negative genetic correlat ions between factors con
sidered in making selections could reduce effective heritability of ne t 
mer it sharply, even though heritability of individual factors remained 
high. The relative magnitude and signs of genetic, as compared to 
enviromental, correlations between traits also influences effeetive herit
ability, as will be shown later. 

Selection within mildly inbred lines has received major emphasis in 
the cooperative r<.search of the Regional Swine Breeding Laboratory, 
which began in 1937. In numerous earlier attempts to develop inbred 
lines by intensive inbreeding (McPhee, et at, 1931; Hughes, 1933: God
bey and Starkey, 1932: Hodgson, 1935: Willham and Craft, 1939; Lush, 
et a/., 1948) , selection usually had been unable to prevent a ser ious 
decline in fertility, prolificacy, viability and growth rate. Only a few 
of these highly inbred lines survived for as many as 8 or 10 generations 
(Hughes, 1933; Hodgson, 1935). The only one still in existence has been 
maintained since the 8th ceneralion by mild inbreeding after cro$$i.ng of 
two sublines (Winters, et aI., 1943). The ineffectiveness of selection 
within selled Unes of corn had been shown previously (Richey, 1925) . 

Under the assumption that inbreeding reduced performance pri
marily because of the increase in proportion of homoz:ygous recessive 
individuals, it seemed reasonable that careful seleetion might prevent 
much of t he inbreeding depression if the rate of inbreeding were slow 
(Lush, et at, 1948) . Wright's (1922b, I949) analyses and interpretation 
of results from inbreeding in guinea pigs encouraged this approach. 
During the decade from 1937 to 1947 more than 40 inbred lines were 
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developed within five breeds and three crossbred foundation stocks. 
Although the intensity of inbreeding varied, inbreeding was relatively 
slow in all cases, usually 2 to 4 percent per generation. 

The present cooperative study was undertaken in 1947 to determine 
the amount and kind of selection actually applied and compare actual 
with expected rates of improvement during the development of these 
inbred lines of swine through mild inbreeding. Portions of the results 
from some of the stations have been reported in abstract form (Laben 
and Whatley, 1947; Kottman, et aI., 1948; Dickerson, 1951) . P arallel 
studies of the Minnesota data also have been made (Fine and Winters, 
1952, 1953; Rempel and Winters, 1952). 

SOURCE OF DATA 
The amount and kind 'of selection actually applied was calculated 

for 38 lines developed at seven of the state experiment stations cooperat
ing in tb.e Regional Swine Breeding Laboratory. In all of the lines except 
those at Illinois, it was intended that each of the economically important 
characters should receive attention in selection. In the two Illinois 
Hampshire lines, selection was intended solely for rapid growth in one 
line and for slow growth in the other (Krider, et aI., 1946). The illinois 
data are for eight years, 1940 through 1947. At Indiana, the data include 
a Chester White and a Duroc-Landrace line, covering 1941 through 1948. 
The Iowa data are for Poland Chinas in eight I-sire lines and three 2-sire 
lines from 1938 through 1947 and in one 4-sire line from 1932 through 
1947. TIle lIfusouri data included three Poland China lines starting in 
1938, but in 1943 two were discontinued and one new line of Poland and 
one of Hampshire were started. Data through 1949 were used. Nebraska 
included data on 12 lines of Durocs. Six of these were begun in 1938 or 
1939 and were discarded or incorporated into new lines between 1942 
and 1945. The remaining six were started between 1944 and 1946, and 
data through 1946 were used. Data from the four Oklahoma Duroc Jines 
were used during the years 1939 through 1947; one of these lines was dis
continued and another founded in 1943. The Wisconsin line of Chester 
Whites was founded in 1942. It was divided into two sublines in 1944 
and into three sublines in 1946; the data included records from 1942 
through 1948. 

The effectiveness of selection was studied in data from the Iowa, 
Minnesota, Missouri, Nebraska, and Oklahoma projects, using time trends 
in performance within lines. Comparisons of linecrosses with the par
ental inbred lines at four stations (excluding Missouri) were used to 
obtain estimates of decline in performance due to the inbreeding rise. 
The Minnesota data included 14 lines of Poland China and two lines 
developed from crossbred foundations for the period 1938 through 1948. 
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CHARACTERS STUDlED 
The superiority of individuals used 8$ breeding animals and the time 

~nds in perlonnanee were calculated for a number of the economically 
impor tant traits of swine. The productivity of sows was measured by size 
of litters farrowed and weaned and by the average weaning weight per 
pig in the litter; the growth rate of pigs was measured by their weigha 
at 56 and at 154 days of age. Scores rangini from 1 to 9 for each of six 
upects of live animal confonnation at market weight were summed to 
obtain a "total" .score for desirability of conformation (Slonaker and 
L ush, 1942). In addition, nine other desc::riptive scores proposed by 
P hillips et al.' were recorded and included in the data studied by some 
of the stations. Wright's (1922a) coefficient of inbreeding was calculated 
for both the dams and their li tters and was used to learn whether selec
tion favored or discriminated against heterozygosity. Data concerning 
efficiency in use of fHCi and composition of carcasses were not included, 
because they were available only for some samples of the population and 
in some of the years. 

ADJUsntEJ'I,"T OF DATA 
Since computation of the mean superiority of selected parents in

volved comparing litters from sows of different ages, the size and weight 
of litters from older sows were adjusted to a gilt (1.0 year of age) farrow
ing basis, as shown in Table 1. These correction$ were based on results 

TABLE 
,"OM 

'.0 

••• 
kept t.bI.t ladlanl. record. of.,..,.. 1.5 yeu. or 0 .... were multiplied by 0.7 (or 
Nbo Nw aad Tw in tbe W.E. Cbe.ter Whtte line, and by.7 fo .. Nb bitt by.S to" Nw 
anc! T .. 1D tbe Landro<: liM • 

.. eported by Lush and MolIn (1942) for herd$ of swine maintained at a 
number of state and fede .. al experiment statioru. Data from Indiana were 
an exception. T here, the factors used wert! based on analysis of age of 

I PhilUpa, R. E.. H. O. Hetzer ..w R. L. HiMr. llHO. Relation of 1COr~ ot .wino: 
tQ can:au yields and ~ruln can:as.s m~mcntl. R .... Item 15, RtaJonal Swine 
BrHdina: lAb., USDA (Not anibble) 
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dam effects within each of the two lines separately. Since only gilt litters 
were produced in the Illinois data used, no age adjustment was needed 
in figures from that State. Age of dam has some influence on individual 
pig weights at 56 days but less at 154 days; the increased weight of litters 
from older sows was due both to the increase in number of pigs weaned 
and to heavier weights per pig weaned. No adjustment was made for the 
influence of the dam's age on individual pig weights, except in the Iowa 
data where 56-day weights of pigs from sows 11,2 years of age or older 
were multiplied by a factor of 0.877. No correction was made for varia
tion in age of gilts when their first litters were farrowed, although 
Stewart (1945a) has shown that such variation has an important influ
ence on the litters produced. Hence, variation in litter performance aris
ing from differences among gilts in age at farrowing remained in the 
data as uncontrolled non-genetic variability. 

MEANS AND STANDARD DEVIATIONS 
The means given in Table 2 indicate the levels of inbreeding and of 

performance for the lines within which selection was studied. 
Inbreeding generally ranged from nearly zero in the first generations 

to between 30 and 60 percent during the last years included in this study. 
At some stations, such as Iowa, inbreeding was initially higher because 
part of the lines were started by subdividing strains that were already 
moderately inbred. The rate of inbreeding in a line varied with the 
number of sires and the number of females used each year to produce 
replacements. Inbreeding was most rapid in the one-sire lines at the 
Iowa station. It was least rapid in the illinois lines, where five sires, each 
from a different litter, were mated to the least related females of the 
same generation. 

The effects of inbreeding are responsible, at least in part, for the 
generally unimpressive levels of performance, as will be shown later. 
However, it should be remembered that the means in Table 2 represent 
gilt litters or their equivalent, and that all litters farrowed were included 
even though no pigs survived in some. Size of litters farrowed averaged 
7.5 pigs, but 40 percent of the pigs died before weaning, leaving an 
average of only 4.5 pigs per litter at 56 days of age. The average weanling 
pig weight, giving equal weighting to each litter, was 27 pounds after 
correction to the gilt litter basis. The actual average weight, giving equal 
attention to each pig weaned, was higher, 29 pounds, since about 40 
percent of all litters were produced by older sows. Although not high, 
the mean 154-day weight of 132 pounds showed somewhat less effect 
of inbreeding than did size and weight of litters weaned. The extent to 
which inbreeding depressed performance will be considered in a later 
section. 
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AND STANDARD 

No. I lne- No. of 

". 
" '" '" "" " '" 

""'- 1012 31.8 
,~ .... 211.0 
Mi&.ow-I 241\8 28.7 
Nebn ... 411& 30.8 

..... ~~~~ ... -. Flcurn In : 

" " " 
" 

U S., 
133.9 
US.2 
US.2 
119.8 

• • • 
U 

31.11 
211.1 
22."-
35,9 
31.7 

" " 

(190) 

.. re -.-d.. t l:I(ht ae.UODS for the · Rapid" and II &easOn l for the "stow" crowlnlim.. 

2 

• , 
" 

('1 . 14) 
($.113) 
(Ut) 

(31.8) 

EaclllltaUoa mean _lChted by the nllll1be r of IIne-Muonl . 
!I All records lor 110 ... I&[ro • ..., at One year of .~. or the eqllivalefll. Se, 'rllbl,1. 
Y IJlde.: • 2 (Nb + 2 N", +--;;..)+ W150l 

Y Estimated r oughly from the actl<101 standard dulAtion of 31.8 amana: pig. with 
l~_d&y weights at the tow:a ebUon, l u!>Rltutinlllle lurer lltanda.rd "n!allon. 
typical of all statio .... 
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TABLE 2 __ (CONTRHJED) 
C. Scorn for Conformation of Live Animals at Market We 1It!! 

Mlnourt!! 
Oklaltoma .. , 
"" 

11.64 7.58 '. 14 6.83 1.07 
6.65 '.23 6.28 6. 55 0.76 

Market grade 

At a live 
either 180 
stations. 

1.21 
1.22 
1.11 
1.10 
1.22 
1.27 

11.4' 11 .26 ,. 

3.34 0.48 
5.67 1.98 
5.23 0.86 
11.04 1.58 
5.33 1.15 

!lIndlvtdual scorn for 79 Poland China Line n pigs In 1&40, but total SCOreS for 305 Line n 
pigs In 5 seasons 1&3&_1942 . 

The standard deviations given in Table 2 indicate the amount of 
variation among individuals within the same line and in the same season. 
They show roughly the opportunity for selection. They also p rovide a 
basis for expressing the mean superiority of the breeding animals selected 
in tenns of standard deviation units, to permit comparisons of selection 
intensities among different characters and with expected maxima. 

The degree of inbreeding varied rather widely between litters within 
the same line and season. The range, computed as four times the standard 
deviation, varied from 24 to 40 percent among the five stations where the 
calculations were made (Le. ± 12 to 20 percent from the mean). This 
variation provided ample opportunity for selection against the more 
highly inbred litters if inbreeding really depressed performance in the 
characters which were the primary objects of selection. 

Variability relative to the mean was much greater for size and 
weight of litters than for weights or scores of individual pigs. The co
efficient of variation averaged 34 percent for number farrowed, 54 for 
number weaned, 56 for total weight of litters, but only 26 percent for 
litter average weaning weight per pig", 26 percent for individual weaning 
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weights, 22 pereent for pig weight at 154 days, and 13 percent for total 
scores of conformation for individual pip. With few exceptions, the c0-

efficient of variability for a given trait was very similar at different 
stations. 

OPPORTUNITY FOR SELECTION 
The proportion of the progeny which is required for replacement of 

breedins animals directly limits the mean superiority of those selected. 
(See Table 3.) -This fraction, in tum, is governed by the rate of reproduc
tion characteristic of a population. Breederll may modify the replacement 
rate within limits. They may deliberately increase or reduce the propor
tiolUj of older animals used for breeding. They also may seek to reduce 
the proportion of progeny needed for replacements by attempting to 
increue the rate of reproduction itself (i.e. fertility. prolificacy, and via
bility) . Deliberate use of more boar, than necessary in order to minimize 
inbreeding would reduce opportunity for selection among the boars. 
However, allowing greater use of the better young boars among those 
saved could increase average $Uperiority of parents somewhat, compared 
with equal use of each boar. 

The number of boar pigs weaned per season within a single inbred 
line constitutes the maximum population from which replacement boar s 
can be selected. These mean numbers varied from 24 to 59 among the 
stations. Except for Illinois, where five young boars from five different 
litters were $aved each year to minimiz;e inbreeding, the proportion of 
weanling boars used ranged from 5 to 9 percent. The mean proportion of 
8.3 pe~nt is several times larger than would have been required by 
the reproductive capacities of the boars, if no attempt had been made to 
keep the rate of inbreeding mild or if unrelated boars could have'been 
used .!JO that reducing the number of boars would not have increased the 
rate of inbreeding. It is evident that some sacrifice in the intensity of 
selection among boars was made in developing these inbred lines of 
swine, in order to minimize the rate of inbreeding and thus maintain 
greater genetic variability within the lines each generation. 

The much smaller proportion of boar than of gilt pigs retained for 
use as parents would be expected to provide much greater oppor tunity 
for selection among the boars. The aver age number of gilt pigs weaned 
per line in years when any were retained as breeders was 27, of which 
33 percent were kept to farrow litters. The effect of reproductive 

2 The _Hiciellt 01. variation w .... qe .......... litter meana fOT 56.day pi, 
weiahta .. _, individual pigs, presu.m.bly becauae (1) correction of litter mean. 
for .,. of dam (1'1Ibl. 1) reduced the ..... n ........ than the Variance, f.JId (2) ,ivin, 
equal _I,ht 10 aeh liltH mean, di.anprdm. nwnbH of pip in the litter, ,....11), 
InuaJed the coatribution of intre.litter -..rI.tion to the variance between Ii",n 
com~ to what It would have been if .aeh litter w ..... weighted ."""rdina; to ita 
num"ber of obHrvations, end also ~ have ndum the ~ 
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-MI..-rl 

""' .. ,I tm p 
'" No. NO. 

II~ ":i:;,&d III l ll iine-eeuons at one Rtatlon~ n.e proportlonl 01. boar P!i- .nd of olde r boa,. cho .. n 

IIne _HalMln were we!ihted b)t the nllmber of weaned Pl'ogellY ,Ired b)t those boar. In the toUowln. HalMln.. 
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rate, and of the age-composition of the sows used, on the intensity of 
seleetion is illustrated by contrasting the 22 percent retained at Okla
hOlM, where 5.50 p igs were weaned per litter (Table 2) but only 40 
percent of the sows used were gilts (Table 4A), with the 46 percent of 
gil ts retained a t Illinois, where litter size was 4.63 at weaning and only 
lilts were used as breeders. 

In seasons when scrne of the sires weN: retained for use again the 
following season, the average proportion kept was rather large, 64 percent 
of the mean of 2.3 si res used. Usually boar replacements were obtained 
from the spring litters and one or more of those used to sire !Opr inK litters 
were retained to sire the ran litters. Sometimes sows were kept for 
further use when none of their gilt p ig!! were retained. In seuons when 
some tried sows were retained, nearly one-half of the sows (48 percent) 
were kept. Although less culling was practiced among sows than among 
,ilt pigs, SOW.!l could be culled on the basis of their own pl'Oductivity, 
wher eas only the dam's productivity was available when gills were 
ch csen. To the extent that the older sows far rowing in a given season 
tended to be discarded because of age rather than on the ba$is of per
formance, the propor tion saved among the younger .!lOWS would be la rger 
than the 48 percent shown in the table. 

SUPERIORITY OF SELECTED PARENTS 
The basic measure of selection applied i.!l the selection differential 

or the mean superiori ty in performance of the selected individuals 
compared wi th the whole unselected popula tion from which they were 
chosen. It is CQmputed separately for sires (6 S) and for dam.!! (6 D) , 
because each sex of parenls contributes equally to the genet ic composi
tion of the progeny althouah the selection differen tial may differ radically 
between sexes. The net seJection diffe rential for parents is the unweighted 

mean of that for the sires and dams, separately (I.e. 6 S 1 6 D = 6 Pl . 

This measures only the apparent superiority of the individuals selected 
as parents of the next genera tion-their real superiority is determined 
by the average effects of the genes transmitted by these parents, and 
that is only a fraction of the selection differential for most characters 
(I.e. effect ive heritability, gO, multiplied by l::!. P l. 

Annual Selection Differe ntials 
Methods 

The effectiveness of select ion is measured in tertn.!l of improvement 
per unit of time. Actual selection for a given trait such as litter si:e in 
swine is practiced at several ages. The first culling among boar and 
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gilt pigs is based in part on the size of the dam's litter and any genetic 
improvement resulting from this selection is transmitted to progeny 
born when the parents are one year of age. If a portion of these same 
selected sires or dams are retained to produce litters when IJh or 2 years 
of age, the iJnprovement per year from the time the parents are born 
until their average age when their progeny are born is given by (Dicker
son and Hazel, 1944b): 

N',g~5, + Nt. (g2S, +.g~5.) + N<l,g2D, + Nd2 (g' D , + g'D2) 
N' ,A', + N'~A'~ + Nd ,Ad, + Nd,Ad, 

(1) 

Where: N'" N'" Nel" and Nd. are the proportions of all 'weaned progeny 
from each age-sex group of parents; 5" Sz, D, and D. are selec
tion differential increments from the first and from the second 
cullings among boars, and among sows; A'" A'" AeI, and A<l2 
are ages in years for each group of parents, and g2 is the approp
riate degree of heritability in each case. 

If the selection differential at each culling is expressed in units having 
the same degree of heritability, the selection differential applied per 
year may be computed as follows: 

6, P = (2) 

In practice, individual parents may be retained at more than two 
successive culJings, requiring that the formula for I::. P be extended to 
5., D., A"., Ad., N'. and N" •. Ideally, 6, P should be computed sep
arately by season within a line, and then averaged over all seasons. How
ever, for the purpose of comparing the amount of selection applied at 
different ages between different lines, sexes, or stations, it is convenient 
to express selection for each age and sex of parents in terms of "annual 
selection differentials" obtained by dividing the actual selection differen-

tial by the interval of time represented (e.g. 52 = A". 52 A", ' where 5, is 

superiority of sires used at ages A'. over those used at age A',). Young 
boars and gilts produce their first progeny at one year of age, so that 
5, = S,_ Oecasionally, however, some of the boars or gilts will produce 
their first litters at 1.5 or even at 2 years of age. In such cases, any 
transmitted effect of the superiority of the selected sires or dams is 

delayed and the Ilnnual selection differential is 5, = !;, or d, = ~~, . 
To obtain mean annual selection differentials for a line, the value 

for each sex and age-group (e.g. $2) in a given season was weighted by 
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the n umber of progeny weaned from those parents in that season. (Xi~) . 
the weighted mean age of these selected older sires when their progeny 
were born was computed similarly, as were the means for s" d h d,. A'" 
Ad" Ad,. The approximate mean annual !lI!lection differential for parents 

of a given line then was1~~~~~ti~'~¥~r,J'i"];l~~f;=~~~! to p = ~ 
(3) 

This approximation will be quite accur ate, unless the mean age of parents 
(T) changes materially from year to year. 

Since 6. P = 6 S 16 D, the effective 4'f1.n1U1l selection differen

. .. A',S; + N', (A', -A\) 52 d 
bal for sires IS 6 S = T • and the correspon -

. f d . , D Ad,er, + Nd2 (i\d, - Adt ) a; 
Ing one or ams IS L.:> = T 

Restdu ( Table 4) 
Age eomporition of partmU: Young boars sired 74 percent of the pigs 

weaned and gUts produced 60 percent of the litters. These proportions 
varied between stations from 48 to 84 percent for boars and from 40 to 
73 for gilts, except in the illinois project where only young boars and gilts 
were used. The rest of the breeders were boars and sows tha t were at 
least 1.5 years of age and that had been used as breeders previously. 
The mean aie was 1.81 years for t he older .sires and 2.02 for the older 
dams, making the mean age 1.22 years for all sires and 1.44 for all dams 
and 1.33 years for all parents. The generation interval ranied from 1.21 
to 1.46 years between stations. The Minnesota station bas r eported even 
lonier intervals (Fine and Winters, 1952). In general, using a larger 
proportion of older boars and sows increases the opportunity for selection 
in choosing young boar and lilt replacemen ts (Le. increases 5, and D ,) 
but reduces culling among the older boars and sows (Le. reduces 5, and 
D,) . The optimum age composition would be the one at which selection 
per unit of time for all traits considered is approximately equal for each 
ale among sires (i.e. III ill 5,) and among dams (Le. d, 5!!! d , ) . 

The present results show that there was little additiona1 culling 
of boars in choosing those to be used for a second or later breeding 
season (52 < 5,) in terms of their dam's productivity, their own growth 
r ate (Table 4A) or confonnation at market weight (Table SA) . Attention 
paid to adult confonnation, to progeny perfor mance and to added in
fonnation on the dam's productivity in selecting the older boars used 
was not measured. It might justify some use of older sires, even though 
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little additional emphasis is given to the information used in their selec
tion as young boars. However, opportunity for selection among tried 
boars was slight (64 percent retained, Table 3) and most of the decisions 
were made before the boars' first progeny were weaned. Furthermore, 
it has been shown (Dickerson and Hazel, 1944b) that expected progress 
from selection for ave-rage effects of genes on rate of growth would not 
be increased by using older boars selected on the basis of progeny tests. 
Hence, it seems likely that use of fewer older sires in the developmnt 
of the inbred lines would have meant lar ger annual selection differen
tials for all sires (ti 5, Tables 4B and 5B). 

Selection among older sows was greater than among gilts (d2 > d, 
Table 4A) for litter size and for litter average weaning weights, largely 
because selection among sows could be based on their own rather than 
the dams' productivi ties, but also because the proportion retained in 
culling sows was only slightly greater than in culling of gilt pigs (48 
and 33 percent, respectively). However, there was little additional 
culling of sows for their own growth rates or conformation scor es as 
gilt pigs (Tables 4A and SA). Hen(!e, selection among sows for the 
index combining productivity and growth rate was slightly less than 
that among gilt pigs (Table 4A). These results were reasonably con
sis tent among the five stations at which any older sows were used as 
breeders. 

Comparison 01 sexes: Although opportunity for selection was mu(!h 
greater among boar pigs than among gilt pigs (i.e. 8 vs. 33 percent 
retained), the average seledion for litter site at farrowing and weaning 
was little greater for boars (.33 and .70 pigs) than for gilts (.30 and .58 
pigs). The greater opportunity for selection among boars was utilized 
mainly to emphasize individual weights at weaning (6.1 vs. 2.8 lbs.) 
with consequent greater emphasis on litter average weaning weights 
(1.2 vs. 0.61bs.), on total litter weight at weaning (26 vs. 20 Jbs.) and on 
individual weights at 154 days of age (23 vs. 14 lbs.). Fine and Winters 
(1952) also found that selection for dam's litter size was greater, relative 
to opportunity, among gilts than among boar pigs (.48 vs .. 74 pigs for 
number born and .88 vs. 1.07 pigs for number weaned, for two lines). 
In the present study, selection for the index combining sow productivity 
and growth rate was almost 50 percent greater for the boar than for the 
gilt pigs selected (36 VS. 25 units). Net selection of all sires was weaker 
than of all dams (ti S and ti D, Table 4B) for size of litters farrowed 
and weaned, due to the rather extreme emphasis on individual weaning 
weights of boar pigs and to the culling among older .5OWS on the basis 
of their own litter performance. Consequently, net selection for the index 
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20 MISSOURI ACRICULTURAL EXPERIM£NT S'rATlON 

combining growth and sow productivity was little greater for all sires 
than for all dams. 

Selection differentials for conformation scores at market weight 
averaged slightly larger for gilts than for boars (2.74 VS. 2.47 points, 
Table SA), even though more than four times as many gilts were selected. 
This discrepancy was extreme at only one station and may have arisen 
because too much culling of boars was done at weaning age. However, 
earlier sexual maturity and ranting of the faster growing boars also 
may have lessened their apparent superiority in conformation at market 
weight, compared with all boars and barrows scored. 

All parents: The average annual selection differentials for all age 
groups of parents in Tables 48 and 58 show definite positive selection 
for sow produdivity, for growth rate, and for conformation. Of course, 
selection of all boars and of the gilt pigs for sow performance had 
to be based on the dam's litter rather than on their own performance. 
Hence, actual superiority in the dam's performance was twice as great 
as the figures given in Table 4A and 4B for litter size and litter weight. 
They are equivalent to selecting as boars and sows the pigs from dams 
whose gilt litters were above average by 2/3 of a pig (.54 to .92) in 
numbers farrowed, by 1 1/ 3 pigs (.94 to 1.58) in the numbers weaned, by 
44 pounds (34 to 54) in total weight and by 1.70 pounds (.76 to 2.34) in 
average weight per pig at weaning. Fine and Winters (1952) found 
selection differentials of 1.2 and 1.94 pigs, respectively, for numbers born 
and weaned in the dam's litter. Superiority of selected parents amounted 
to 3.6 and 15 pounds in individual weight at 56 and at 154 days of age, 
respectively. Results were similar for the six stations (3.4 to 4.0 pounds 
for 56-day and 14.2 to 17.2 pounds for 154-day weights). P arents were 
2.1 points above average in total score, ranging from 0.2 to 0.5 points 
above the mean for each of the six component scores. Part of Ibis selec
tion for superior conformation was undoubtedly due to the positive 
correlation of about 0.6 between 154-day weight and the score at market 
weight (Hazel, 1943) since selection favored longer, deeper, and wider 
bodies. In addition, there was selection for shorter legs, plumper hams, 
more level rumps, neater shoulders, trimmer jowls, and slightly higher 
arch of back. Rempel and Winters (1952) obtained a similar selection 
differential for 154-day weight (15.7 pounds) but a lower one for the 
total conformation score (.69 points compared to 2.1) . 

Selection JOT heterozygosity: There was a consistent and important 
tendency to select boar and gilt pigs from the dams and from the litters 
that were less highly inbred than the average (s , = - 1.53 and -1.58 
percent, d , = -.89 and -1.07, Table 4A). Also, in selecting older boars 
and sows to be used for a second or later season, the less highly inbred 
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individuals were favored (s~ = -.85, d~ = -.88), but the dam's in
breeding no longer influenced selection among her adult progeny. This 
seledion for greater heterozygosity is full of meaning because it was 
unintentional and indirect. It must mean that selection for superior per_ 
formance of litters selects strongly for greater heterozygosity. Since 
much of the variation in performance of litters was due to non-genetic 
inIluences, a rather large part of the genetic variation must have been 
due to degree of inbreeding. Selection between litter mates could not 
have contributed to the observed selection for lower inbreeding, since 
caJculated inbreeding is the same for full-sibs. However, actual degree 
of heterozygosity does vary among sibs, and selection of the better in
dividuals within a litter could have contributed some additional selection 
for heterozygosity not measured by the inbreeding coefficient. Selection 
for greater heterozygosity would tend to maintain gene frequencies at 
intermediate values, and hence may help explain the limited effectiveness 
of selection within inbred lines. 

Automatic and Deliberate Selection 
By automatic selection is meant the selection that would occur 

because of differences in litter size, even if parents were chosen entirely 
at random from all individuals available at sexual maturity. Obviously, 
there is twice as much chance of saving an offspr ing for breeding from a 
litter of six as from a litter of three pigs weaned. Automatic selection 
differs from natural selection only to the extent that the size of litter in 
which an individual is reared influences the natural selective advantage 
of the individual in other respects. It seems highly unlikely that purely 
naturaJ selection for larger litters could do more than maintain litter 
size, else nature would never anive at an equilibriwn for litter size. 
Hence, it is pertinent to know how much of the selection for larger litters 
was automatic. 

Method 
Automatic and deliberate selection among boar and gilt pigs for size 

and weight of the dam's litter were defined as follows: 
Automatic _ Mean per pig weaned less mean per litter farrowed. 
Deliberate = Mean per pig selected less mean per pig weaned. 
Net = Automatic plus deliberate. 

Some of the stations computed automatic selection separately for boar 
and gilt pigs, although there appears to be no reason for expecting any sex 
difference other than from sampling variation except in the deliberate 
selection. For convenience, automatic selection is shown under both 
boars (B) and gUts (G) In Table S. 



22 

~
!
:
 

. .. . 

• 

• 

M
IS

S
O

U
R

I A
C

R
IC

U
I.T

U
!tA

l. E
x

P
E

R
IM

E
N

T
 S

T
"-T

IO
N

 

0
•
•
 

.
"
'
!
~
 

, ,, 

"'!~"'! 
•
•
•
 

--•
•
•
 

.. --,-•
•
•
 

.. ,.,;,.;: 
--. 

•
•• 
. ~
 ": 
, 

•
•
•
 

-.. 

•
•
•
 

-:"':"'! 

<
0

. 

_ .. 
.,; ,,; " 
--_ .. 
d

"
:"

: 
.. -•
•
•
 

"!"':"': 
-

"
.
 

"'l"!:"! 

; •• --

s
-
· 

• ~
 "'l 

'--. -. o "'! "!: 
, ---.. 

d
"
,,"

 
. -. 
__ . 
0

0
0

 
._. 
__ . 
0

"
:"

: 
.. -S
-
·
 

--
-

-

~
!
;
S
l
 

. " . 

h 
--

.. -...;,,;,..; -_ . •
•
•
 

...;.'" 
--.....;.;..; 
---.-. II!; "! . , =
~
:
:
 

. .. . 

i i::: 

::n
: 

, -.-. 
_ .. 
.... ..; 

...,;.,:..; 
•

• 

--- "'l"':"'! -,-
-.. "'l "'! • -,-.-. . "': ": .-. 
_ .. 
. .. . 

t • -•• 

T
~
t
-
~
 

,--
--

,
"
?
~

I 
"'!"'!"! 
, ---_. 

«
i": .. 

---<
0

' --- .: .. .; ---0
0

 • 

. --,--:
g
~
:
g
 

..;,.; .. 
, 

'
0

0
 

d
"
;"

; 
..-...... ; 



RESEARCH BVLI..ETIN 551 23 

Re.ndu (Teble 6) 
The average results at the seven experiment stations indicate that 

if boar and gilt pigs had been selected at random, the superiority (A in 
the table ) in size of the dam's litter automatically would have been nearly 
as great (i.e .. 62 and 1.15 pigs, in numbers farrowed and weaned) as that 
actually obtained.. The additional or deliberate selection (D, in the table) 
was nU for size of litter farrowed, slight for size of litter weaned (.25 pigs 
for boars and .09 pigs for gilts), but rather large for the litter average 
weaning weight per pig (2.75 pounds for boars and 1.49 pounds for gilts) 
and consequently for total litter weight (21.3 pounds for boars and 10.6 
pounds for gilts). 

Even though selection in the Illinois "Rapid" line was intended 
to be for rapid growth only, actual selection for litter size was essentially 
the same as at the six other stations where there was avowed emphasis on 
litter size, simply because selection for litter size was largely automatlc. 
Il is recognized that selection for superior individual growth and con
formation without regard to size of litter might cancel at least a portion 
of the selection for larger litters, because of discrimination against the 
slightly smaller pigs usually found in the larger litters. This is suggested 
by the negative automatic selection for litter average weaning weight 
per pig (-.21 pounds). Further evidence is provided by the contrast 
between the lliinois "Rapid" and "Slow" lines in the indirect "deliberate" 
selection among boal"S for numbers weaned (-0.59 vs. 0.79 pigs) where 
deliberate selection presumably was solely for rapid and for slow growth 
rates, respectively. Apparently, the negative association between litter 
size and individual pig weights reduced. somewhat the size of selection 
differentials for each, but particularly those for Utter size. 

Roughly, 27 percent of the total selection differential among boar 
and 40 percent of that among gilt pigs for the index combining growth and 
dam's productivity was due to the automatic selection for .size of litter; 
the proportion was larger among gilts than among boars simply because 
there was less deliberate selection for growth rate among the gilts. 

Potential and Actual Selection 
Selection. in StandaTd Deviation Units (Table 7 and FiguTe 1) 

The extent to which opportunity for selection was utilized may be 
visualized most readily when the actual selection diIfeJ:"entials for each 
tnUt and age-sex group of parents are divided by their .standard devia
tions and thus are expressed in tenns directly comparable with each 
other and with the potential maxima based on the proportion of the 
population retained.. On this basis, automatic seleetion was twice as 
great for numbers weaned 8!i for numbers farrowed, and each was 
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TABLE 1 __ POTENTIAL AND ACTUAL S£LECTDN DIFFERENTIALS, IN STANDARD DEVIATIONs!! 

Litter l'z.e!I Llil§:[ l!l.~ 
_. 

"00 .... ill; Ill, ia 1Dl!r: • ,,... 
Amore H'. _ .. Kb ... T. W .. WI M -. c'm Ind',. KOr l5 

All p\(' A .S3 'S§ ... . .. ... -." 
Boar pli' D 1.14! .01 ... .S< ... . .. . n ... _.n _.22 ... 
" • 1.'14y ... . .. . .. ... 1.01 
Gilt pli' D 1.05 .01 .M .17 .21 ... . .. ... _.13 _.15 . .. 
D, N 1.0S ... . .. .5O .18 .n 
Older boar .. 

.n!1 gz"2lA!-AI) .11 .10 .U ... ... . .. .U . .. -.10 ... 
Older 1IOd" ~ 

.77[.41)!f ~""'.2[A2-A ) ... . ., .., .10 .10 • 08 ... -.00 _.12 ... 
!! Ulln&: Table XX of Ftailer and Va tu [U3a) In order to obtain expected auperlorttJ from lr""catloo cullin&: wttb.ln 

"" .. Itded populAtiODa of the IIZIIa a.ctllaUy wea.Md, .. lboom In Table 3. 
31 Fo r thIo dam. of 1111 and boa.r Pili and o f older boan, bul for OWn performance of older _ .. 
I! AI blrlh and al weaning, r .. pecthel,., a"lI.mlng 68$ lu.rvlftl of 11 f.rllUzed on to birth and 41$ lu.rvtnl to wea.nln( 

I 
[I.e •• 6B{.60), Ilnce &verare urvlval of pigi born to ,"anlng "'u 80% In the .... da.ta (SqIl.18r1, .t 1.1. 1 9~2). 

! The potential ' maximum dellben\e selection obtainable by redoclng prOpula.tlon from number. weaned to nllmben 
a.dull, ..... d U pIlrentll. 

51 From redOlCIn( nllmberl retained from e.3$ to 5.3' of IIIoM weaned. 
~ In parenthesee, by reducln( numben retained from 33% to 16% of those weaned. 

TABLE 8 __ PROPORTION SAVED IN TRUNCATiON' CULUNG CORl\ESPON'DING TO ACTUAL SELECTION' 
DIFFERENTIALS IN TABLE 7.!/ 

A~ .. 

AU plrl 
B",,, ... 
Gilt 

"-Older boar. 
Older 110"'. 

A 
D 
N 
D 
N 

Liller II;e Litte r wt. PI/[ wt. 
Actua' Nb N", T", W W56 W154 

.68 {.4Ij17 .88 .70 .13 .~8 

.08 1.00 .~4 .80 .11 .n ." .08 .66 .63 .52 .7$ 
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rou&hly half as gteat as that expected if all culling could have been based 
on that trait alone. 

Opportunity for deliberate selection was utilized more fully for 
growth rate and for ccnfonnation than for size of litters. Individual 
weaning weight was the trait given most attention in selection of boan, 
followed by lS4-day weight, conformat ion score, and litter average wean
ins weight, in that or der. Among gil ts, conformation score and 154-day 
weight received similar emphasis, with less attention to individual and 
litter average weaning weights. Deliberate but indire<::t selection for 
Feater heterozygosity of both the Jitter and the dam was surpri.$ingiy 
large relative to that for index and for conformation, considering the 
presumed major role of non-genetic variation in performance. Net or 
total attention to the dam's litter performance was similar to that given 
weight at 1~4 days, but much of the net attention to litter performance 
was automatic in orgin, and hence iu effectiveness is doubtful. 

Opportunity for selection among tried boars was small, but most of 
it W8!i used. Additional attention was liven then to the index, to con· 
formatien at market weight, to the dam's litter performance, and to 154-
day weight, in that order. There was nearly as much indirect emphasis on 
lower inbreeding among older boars as on their conformation or index 
as pigs. 

Opportunity for selection among sows was much greater for own 
litter performance than for their earlier gl"owth and conformation as 
gilu (i.e .. 77 vs .. 41 O"'s). However, the actual selection among older 
sows, for early growth and conformation, was as great as that among 
tried boars, in addition to the heavy emphasis given to the sow's own 
litter performance. Lower inbreeding ol the individual sows was liven 
slightly more indirect emphasis than amonl tried boars, but received 
much less attention than did the sow's own litter performance. 
Equivaunt Truncation Culling (Table 8) 

If selection could have been based entirely on one character, the 
proportion saved that would have the same average superiority as those 
actually selected is shown in Table 8, assuming approximately normal 
distribution. For example, although only 8 percent of the boar pigs were 
actually u.Rd as sires, the individual weaning weights ol those u.Rd were 
representative of the heaviest 42 percent. Boars used were representative 
of the best 50 percent in 154-day weight and the best 68 percent in con· 
formation, but were nearly typical of all boar pigs weaned in litter size 
of dam (100 percent for number farrowed and 94 percent for numbel"S 
weaned). Among gilts, the 33 percent actually selected were typical of 
the best 55 percent in conformation; 70 percent in 154-day weight, 77 
percent in 56-day weight and 100 percent in dam's litter size. Inbreeding 
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of the boar and gilt pigs selected, was typical of the lower 88 and 92 
percent, respectively, of all pigs weaned, and the emphasis was nearly 
the same on inbreeding of the dams of selected pigs. 

In selection among tried sows, 48 percent actually were retained, 
but these were representative of the best 69 percent in size and weight 
of litters weaned, the best 80 pereent in silt conformation score, and 
the 92 pef«nt least inbred. The dam's inbreedinj level had no influence 
on selection among their daughters as older sows. None would be 
expected if inbreedinS of dams &Hected only the temporary materna1 
enviroment provided to the sows when they were suckling p igs. 
FT(lction 0/ Potential Selection A pplied (Table 9) 

The proportion of the potential opportunity for delib(!1'ate selection 
that was utilized is computed by dividinj: the actual by the potential 
selection differentials. These fractions, given in Table 9, again show the 
relative emphasis given to different characters in selection, hut their 
unique purpose is to show how much of the potential maximum delibncte 
selection differential was actually applied. The ideal measure of perfonn· 
&nee for this purpose would be an index (I) wh.i<:h included all of the 
characters considered, giving each the average emphasis it actually re
ceived. Such an index may be defined as follows: 

1 = u, [ 
fJw . \Y(l 

(P) + (W) + (C) + other 

factors ] 

T. 
where P = dam's productivity index = N, + 2N", + --, W = 1~-day 

15 
weight and C = conformation score. 

The relative weightings for each standard deviation of P , W and C 
(I.e. the fJ's) may be obtained from their actual selection differentials in 
standard deviation units, UIiIuming that the correlation between W and 
C is 0.5 (Hazel, 1943 found r = 0.6) but that P is uncorrelated with W 
or C. For deliberate selection among boaT pigs (Tables 4, 5 and 6); 

21.3 
(.02 + .50 + -) 

Ii ';'p 15 171 u! 
- riP _ and r iP = - .202 -
171 up 9.45 '!I 'Sj 

The estimate of u p = 9.45 comes from Table 2b where the index = 
2 P + W and its standard deviation is 34.81 among pigs weaned in the 
same line and season. 



TA BLE II __ FRACTJ:)N OF POTENTIAL MAXIMUM SEL£CTION DIFF EREN'IlAL ACnJALLY APPUl!!O FOR EACH 11lA1T 
(FROM TABLE 'f, 

"'" L!tt!l;[ flu Lm~r wt.. P!& J!!;, ia lnbcllllllll conI. 
A~ .. ... ". T. W W" W, .. .... .y ... lndly . -" All pili A ... . .. .n -.ro 

Boar plgl D ." .m ." ... ... . .. . .. _.13 -.13 ... 
" ... .n ... ... . .. 

GUt plgl D ." .M ... ." ... ... . .. _.12 _.14 ... 
" .n ... ... ... . .. 

Older bot.u ... .., .,. ." .M ... .,. ." -." . .. 
Older IOWI . " ... . .. ... . .. . .. .n _.01 -.211 ... 
lj See footnote I, Table tAo 
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(34.87)~ (29.33p 
= 9.45 , 

22.6 0", 0", 2.47 0", 0", 

Similarly, r,w = -- - = .771-, and riC = - - ;::: .507 -. 
29.3 ~ T, 4.87 T, "Ji 

Values for the standard partial regressions of I on P , W and C lIl"e 
derived from the above correlations, as follows: 

u, 
rll' = PIP' WC = .202 -

lIi 
u , 

r ,w = PI'f/. PC + .5 p,c. rw = .771 -

" u, 
r ,o = .5 PI1"'.pe + P'C. rw = .507 -

" Solution of the last two equations yields: 
CT, 0", 

p,w. PC = .690 - and P'c . w,' = .162 -
~ r, 

It follows that the index actually employed for selecting boars on 
P, W and C was something like: 

[ 
.202 .690 .162 1 

1 = - P + - W + - C 0", = (.0214 P + .0236 W + 
9.45 29.3 4.87 

.0333C) 17, or relatively I = P + 1.10 W + 1.56 C 

HeDce, 0"2 , = (9.45)1 + (1.10) 1 (29.3} 1 + (1.56) 1 (4.87)1 + 2(.5) (1.10) 
(29.3) (1.56) (4.87) = 1434, 

And,(T, = 37.87. 
Selection deliberately applied for this index was: 
"Ji = 1 (1.94) + 1.10 (22.6) + 1.56 (2.47) = 30.65, or .81 0", 

The selection differential for thi5 index combining P , W and C, there
.81 

fore, was only - or 46 perceDt as large as if all selection could have 
1.74 

been based UPOD it, and corresponds to selecting boars representative of 
the best 48 percent of those weaned, instead of only the best 8 percent. 
The comparable index combining P , W and C for selection among gUt 
pip was: 

I = P + .88 W + 8.73 C, with 0", = 60.51 
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The deliberate selection differentia l for gilts was: 
10.6 

'1", = C02 + .18 + - ) + (.88) (14.0) + (8.73) (2.74) = 37.15, or .61 CT, 
15 

.61 
This is only 58.5 percent (i.e. --) as large as the potential maximum 

1.05 
and corresponds to selecting gills representative of the best 61 percent 
in the index combining P , Wand C, instead of the best 33 per«nt. 

Comparison of these "indexes in retrospect" that, consciously or 
otherwise, were employed in the average deliberate selection, with the 
estimated optimum index of 1 = 2 P + W (Dic:kerson and Hatel, 19448) 
indicates that the dam's productivity (P) actually received about ane
half as much atten tion as most estimates of ils economic importance and 
heritability appeared to warrant. Conformation score received relatively 
more positive attention in selection than seerru justified (Hazel, 1943), 
particularly among gilts. These estimates of the actual relative emphasis 
given to P , Wand C, of course, represent an average for all stations, 
years, and lines. Thus the weighting actually used for any particulo;r 
year and line could have deviated greatly from the ave.-age index weight_ 
ing. 

Factors other than P , W and C accounted for nearly one-half of the 
culling among gilts (i.e. 46 percent, since M (.61) = .33, the p roportion 
actually select.ed.] and for much more than hall of that among boar pigs 
(Le. 83 percent, since .Jl (.48) = .08). Selection of boar pigs for indi
vidual weaning weights was 53 percent of maximum, more than for the 
index combining, P , W, and C. This undoubtedly was due to heavy culling 
(castration) at weaning time, and accounts in larger measure for the rela
tively poorer use of oppor tunity for select!cn among boars than among 
gilts, particularly for conformation S(:ore. Other factors which were 
responsible for some culling not measured in this investigation are 
hernias., cryptorchids, unduirable conformation not fully reflected in the 
score, post-weaning losses from diseases or injuries, d iscrimination 
against pigs from the younger litters and reproductive fa ilures. 

EFFECTIVENESS OF SELECTION 
It is evident that a considerable amount of selection has been prac

ticed dur ing the development of many mildly Inbred lines of swine. This 
selection has been based largely on the performance of individual animals 
within these lines, but some attention also has been given to merit of 
full-sibs. The effectiveness of such selection m ust be gauged by its ability 
to improve the average phenotypic effects of the genes carried by a line. 
This can be estimated from (1) the time trends in perfonnance of the 
lines, adjusted for any decline due to increased inbreedinJl(. and (2) 
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from comparison of linecrosses and toperosses with purebreds representa
tive of the foundation stocks of the lines. 

Time trends in performance can be misleading as measures of genetic 
change because they may be influenced by time trends in nutrition, 
disease, management, climate, or other non-genetic factors. Also, 
estimaUs of the decline in performance associated with the reduced 
heterozygosity resulting frem inbreeding are subject to sampling error. 
Nevertheless, when based en large numbers of lines over long periods of 
time, such adjusted time trends constitute important evidence concerning 
the effectiveness of selection. Data suitable for study of inbreeding 
effeets and of t:me trends in performance of the lines were available from 
the Iowa, Minnesota, Nebraska, and Oklahoma stations. These data were 
analyzed and the results are given on the following pages. Preliminary 
results of these analyses have been reported earlier (Dickerson et aI., 
1947; Kotlman, et at, 1948; Dickerson, 1951, 1952). 

Reports from rather extensive tests of boars from inbred lines (Hazel, 
et aL, 1948; Durham, et a!.. 1952) in comparison with non-mbred boars of 
the same breed in two-sire herds on Iowa and Wisconsin farms, have 
indicated no average superiority fer the inbred boars, but have provided 
evidence of line differences and of an important degree of heterosis when 
stocks of diverse genetic origin were crossed. Results reported by Cham
bers and Whatley (1951) from Oklahoma do suggest that crossing of 
selected lines within a breed may accomplish significant improvement 
over non-inbred stock of the same breed. 

Influence of Inbreeding on Performance 
Effects of inbreeding on performance of the lines themselves can 

be estimated (1) by comparing linecrosses with parental lines of known 
inbreeding and relationship (pedigree) within the same season of far
rowing, and (2) from the linear regression of performance on the 
inbreeding coefficient among the unselected progeny within the same 
line and se3.S(ln. Estimates obtained from intra-season comparisons of 
lines with their crosses ordinarily will have smaller sampling errors 
than those from regression within line and season, because of the much 
larger differences in level of inbreeding upon which the former are 
based. Also, the inferiority in performance of inbred lines compared 
with their crosses measures di,.ectly the cumulative effect on performance 
of the inbreeding practiced, since the performance of cresses among 
unrelated lines is influenced by changes in gene frequencies resulting 
from selection but not by the inbreeding of the lines (except for maternal 
effects of inbred dams). Because selection unintentionally favored the 
less inbred litters, we may assume that it also tended to favor the more 
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hetero'l'ygous individuals among those having the same calculated degree 
of inbreeding. Thus the act1Ult decline in heterozygosi ty over several 
generations would be smaller than indicated by the inbreeding coefficient. 
Likewise, the actual decline in performance per unit of rise in the inbreed_ 
ing coefficient would tend to be smaller than that estimated from regres
sion of performance on inbreeding coefficient within lines and seasons (as 
in studies by Fine and Winters, 1952, 1953, and by Rempel and Winters, 
1952) . 

Ideally, to measur e inbreeding effects (1) crosses should be com
pared with their parent lines for the same lines (and with the same 
weighting of each) that are used to measure the time trends in perform_ 
ance, (2) each group of lines crossed should have been derived from the 
same non-inbred foundation stock, in order to avoid including effects of 
crossing unrelated strains in the estimates of inbreeding decline within 
strains, and (3) the same degree of selection should have been practiced 
in choosing the inbred parents of the inbred and linecrossed litters. 

These conditions were most nearly fuHilled in the Iowa data, since 
all twelve lines of Poland China were maintained throughout the period 
studied and eight of the twelve lines were derived either wholly or in 
part from a single foundation herd. The fact that each of four of the 
lines were unrelated to any of the other lines would tend to cause intra
line inbreeding effects to be overestimated from linecrossing results. 
The Nebraska Duroc lines also were related, but relationship between 
lines was less at Minnesota and Oklahoma. 

To the extent that inbred parents (particularly dams) used to pro
duce inbred litters were mor e highly selected than those used to produce 
linecrosses, inbreeding effects would tend to be underestimated from 
comparison of inbred and linecrossed litters. Similar bias would result 
if the more vigorous inbred lines tended to be represented more heavily 
than the weaker lines in the linecross-inbred comparisons. This bias 
would be partially offset by correspondingly fewer degrees of freedom for 
time trends of the lines that were discontinued because they did not 
withstand inbreeding well. 

Inbreeding of the litter affects performance of the pigs directly 
through their genetic constitution, whereas the inbreeding of the dam 
affects only the maternal environment provided for the pigs. 
Inbreeding of the LitteT (Tables 10, 11, 12) 

Effects of the litter inbreeding were estimated from paired com
parisons of inbred and linecross litters from sows of the same line, far
rowed during the same season and under the same herd management. 
The amount and suitability of the data are shown in Table 10. 
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TABLE 12 -- VARiANCE ANALYSIS OF WEIOHTEoY MEAN DrFFERENCES (CROSS MINUS INBRED) WITHIN LINE OF 
- -- --~ -

Source 

. " e-eaBOn 
within 6tatlon 22 9.40' '1 .63 " 6.'13 " 4.'16 2.503 2'1.05 151.0 3561. 

Inbr. x tine 01 
da.m within sea_ 

. . . 
YSee foot';'te 1, Table 11. 
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The mean difference, crosses minus inbreds, was calculated for each 
of the 86 subclasses for season and line of dam. Note that percentage of 
inbreeding averaged 20.7 to 36.5 lower for crosses than for inbreds at 
the four stations, whereas the differences in the dam's inbreeding were 
negligible by comparison. The dams of the inbred litters doubtless were 
somewhat more highly selected than those used for crossing since the 
former were used in perpetuating and in attempting to improve lines. 
This would tend to make conservative the estimates of inbreeding effects 
derived from these comparisons. Dams of the inbred litters also were 
older, particularly at Nebraska and Iowa. To remove any bias and 
experimental error arising from variation in age of dam, the differences 
in performance were adjusted to zero mean difference in age of dam, 
using the esUmates of regression obtained from the 59 degrees of freedom 
between lines within season and station. These regression coefficients and 
both the actual and the adjusted mean differences are given in Table I I. 

Notice that after the adjustment to zero mean dilference in age of 
dam, the estimates of inbreeding effect on litter size and 154-day weight 
were consistently large at all four stations and highly significant. 

The analysis of variance in Table 12 indicates that differences be
tween stations in the total inbreeding decline were of minor importance, 
if differences in the level of inbreeding are ignored. However, the total 
inbreeding decline for the more highly inbred Poland lines at Iowa and 
Minnesota was smaller in litter size and little more in 154-day weight 
than for the less highly inbred Duroc lines at Nebraska and Oklahoma. 
Differences in the heterosis or crossing effects on litter size, between 
seasons at the same station, were large enough for significance but could 
have been due partly to the steady rise of inbreeding from year to year. 

Roughly one-hall of the decline in litter size associated with inbreed
ing of the litter was due to increased pre-natal mortality, since linecrossed 
and inbred litters both were produced by inbred sows of the same lines. 
Most of the remainder was due to deaths before the pigs were weaned. 
In proportion to the mean for the crosses, inbreeding decline was nearly 
three times as great in viability as in weight of survivors at 154 days of 
age. 

The estimates of inbreeding decline at the four stations are expressed 
in more comparable terms as decline per 10 percent of inbreeding in Table 
14. The major station difference was the greater inbreeding effect on 
post-natal mortality among the Duroc lines. However, the estimated 
effect of 10 percent inbreeding of litter used by Fine and Winters (1952) 
in their study of Minnesota data was -.28 pigs for number farrowed 
(ex Comstock and Winters, 1944) and -.83 pigs for number weaned, 
based on regression of performance on inbreeding within season and line. 
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The latter is based on data from one line of crossbred foundation and is 
nearly four times as large as the estimate obtained in the present study 
from the Minnesota comparisons of linecI'O$Sed and inbred litters rep
resenting the same lines of Poland China. 

The major effect of pig's own inbreeding on viability and its lesser 
influence on growth rate have been demonstrated in the earlier studies 
of Comstock and Winters (1944) , Dickerson, et I'll. (1946) , Sierk and 
Winters (1951) , Chambers and Whatley (1951), Hetzer, et I'll. (1951), 
and others. 
InbTeeding of the Dam (Tl'lbu 13) 

Data for estimating the effect of the dam's inbreeding upon litter 
performance from comparison of 3-line and 2-line crosses were avaUable 
for two seasons at the Iowa station (Table 13). The 3-linecross litters 
were from 2-linecross dams which averaged 34.2 lower in percentage of 

Sl:&tlon ,., 
Breedln( 

."'" 21 daya 
56 daya 
154 da.y. 

P IC weICht (lbs.) lot: 

."'" 11 day. 
56 da.,. 
15-1 da.y. 

Are or ckm (moa. ) 
lnbreedlll&% 

Co •• 
Littau 

Se&lIOna 

.S3 ... 3S 

.~+ .30 

.76 + .28 

.14 + .30 

.'" ." _.16 
_.55 

." 
_34,2 

'.0 

s.._ 1 .63 
LIntt of atre wltbUr. ..... on 18 3.34 
• S!gn1f!ea P $,.05; ·· thai P 5.01. 

CROSSES wrTffiN SeASON 

linn or ... 

." '.06 ." ." 

.'" ." _.tt ... 

.03 

-34 .2 
0 

Inbred 
Line.!! 

1.93 
2 .11 

Litten 

6.74 .. ,. 
4.53 
4.24 

2.n .. , 
27.1 

118.7 

11.72 

2.68 
' .M 

5.n 
2.3S 
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inbreeding than did the d ams of the 2-linecross litters, but there was little 
difference in either inbreeding of litters or in age of dams. Inbreedin, of 
the dams was found to cause an important and highly significant decline 
in litter size, ranging from 0.53 pigs a t birth to 0.96 pigs at 21 days. These 
resul ts suggest that the inbred dams were inferior in suckling ability, 
as well as in ovulation rate or in prenatal nour ishment of the young. 
At birth and at 21 days, weights of pigs from the inbred dams were 
smaller, but not significantly so, and there were n o demonstrable effects 
en pig weights at 56 and 154 days. These differences are in the same 
direction, but are smaller than those reported by Chambers and Wha tley 
(1951) for Durocs. 

When adjUlited to zero difference in litter inbreeding, the advantage 
of the 3-linecross litters was increased somewhat. A gain. for a more 
effective comparison the influence of the dam's inbreeding is expressed 
in Table 14 as change in performance per 10 pen::ent increased inbrHdin& 
of dam. Expressed in the same mAnner, the estimates obtained by Cham
be~ and Whatley (1951) for effects of inbreeding of dam among Durocs 
are roughly twice as large as those shown in Table 14 for P oland China 
(i.e. -.56, -.48, -.50 and -.69 for live pigs per litter at 0, 21, 56, and 154 
days of age, respectively; and - 2.18 pounds for 154-day weight per pig. 
These Duroc lines were unrela ted in orgin, however, and hence may 
indude linecrossing effects not properly to be considered as in t ... a-!ine 
lnbreeding effects. 
Inbreeding of a Line (Table 14) 

The effect of inbreeding level on the performance of the line itself 
contains the effects of both the litters' and the dams' inbreeding. It 
could be estimated by comparing 3-linecross with inbred litters, which 
amounts to summation of the separate effect from inbreeding of litters 
and of dams, as shown in Table 14. These are conservative estimate, of 
the inbreeding handicap on performance of the lines themselves. Yet, 
these estimates indicate that long continued inbreeding would mean 
virtual extinction of these lines of swine, provided that the decline in 
performance is linearly associated with inbreeding level, and unless it 
ill ameliorated by selection accompany ing the inbreeding and by impor
tant differences between lines in rate of inbreeding decline. Fine and 
Winters (1952) used an estimated decline of 0.37 pigs farrowed and 1.3 
pigs weaned per litter for each rise of 10 percent inbreeding of a line, 
based on regression within line and season, in contrast w ith the estimated 
decline of 0.35 and 0.49 pigs based on comparison of linecrosses with the 
parental inbn!d. lines that were used in the present study (i.e. 0.24 pi&s 
from litter inbreeding plus 0.25 pigs from dam's inbreeding, Table 14) . 



TABLE 14 _. CHANGE m PERFORlofANCE FOR EACH 10 PERCENT INBRBEDlNG FROM INTRA.SEASON COMPARISON 
OF UNECROSSBS AND PARENTAL INBRED LINES 

tnbrledlns iii. Lruer SI,.., al A'e. P!f ~ 
of: Breed tion 0 '1 56 [54 0 

Llttlu (Ad. 
lusted to II rO 
difference In 
age of cIIlm) 

Dame (AdJuated 
to zero dUfer_ 
ence In litte r 
InbreedtneJ 

Lllieu plua 
0. •• 

n.'.... Iowa _.21 •. 28 ·.SO •. 35 .05 .15 _.l4. --_ .. -
m. 
"""" 
M~n!I 

Poland 
Ch ... 

AU 

Mlnn _.18 - .22 •. 24 _.2Q . IH .12 -.06 
Nebr. - .30 ·.62 ·.69 -.74 .02 .15 1.02 
Okla. _.14 _.43 ·.49 _.81 - .01 _.17 _.42 

.... 
AU .... 

_.11. 
+.12 

_.31 
- .31 

_. 35' • .... 
_.31 " 
+.10 

_.85 
·.56 

_.38*' 
+.06 

·.25' 
+.10 

_.63 

-." 

_.44 " .02 .08 .03 
+.07 +.021 +.085 ~.~5 

• . 28" _.DO 
+.10 
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_.11 

- .03 
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.DO 
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-.CO 

~ ,Ignltl .. that P < .05; o. that P < .01. 
!! Welghltne the mean dtllerenc j; ror each alation In proport ton to the Inverae or III error variance (I. e. aceordlnr 10 

(hdbI" nl '''C 
vI· [ , ",here "'1 • nl + "c 

_ .13 

-3.67 
_3.64 

for a .. ilion and line of dam wllhln a 61atlon, and I • welghled mean dUferenee (C·I) In percentage of Inbreeding for a 
e\2t\on. 
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~ 
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Similarly, F ine and Winters (1953) used estimated declines for 10 
percent inbreeding in 154-day weight per p ig of 6.6 and 13.4 pounds, 
compared with the estimate of 2.95 pounds based upon intra-year com_ 
parison of crosses with parent lines of P oland China (Table 14) used 
for all Minnesota data. in the present study_ The larger absolute inbreed_ 
ing effeets assumed by Fine and Winters probably are partially justified 
because their study Wall limited to two lines derived from crossbred 
foundation stock, with consequent greater he terozygosity and higher 
level of performance at the same calculated level of inbreeding, compared 
with the lines developed within the P oland China breed. 

Time·Trends in Pe rformance ' Vithin Lines 
The two genetic determinants of time-trends in performance within 

lines which are subject to some control by the breeder are changes (1) 
in gene frequencies (?D , and (2) in degree of heterozygosity (E). If 
selection is able to increase gradually the frequencies of favorable alleles, 
the difference between crosses and parent lines per unit of inbreedinQ 
(f) should diminish, since inbreeding effect is proportional to 2kq (1 ::'9) f 
and q (1 --q) decreases as q becomes either larger or smaller than 0.5. 
If there is noheterozygote advantage (i.e. if k ...::: 1) , such selection should 
improve performance of crosses among the inbred lines in proportion to 
2q[1 + k (1 -q)] , slightly, while performance of the inbred lines 
declines curvilinearly as 2q[1 + k (1 -q) (1 - f)]. In addition to the 
effects of any change in gene frequency (q) from selection, perfonnance 
of crosses would be expected to exceed that of the non-inbred foundation 
stock because of the increased hete.r<nygosity of crosses between unre
lated stocks. Under these circumstances, the decline in performance of 
inbred lines under inbreeding and selection would be smaller than the 
difference in performance between the inbred lines and their crosses. 

By contrast, if heterozygote advantage (k > 1) were important , 
( 1 + k) 

increasing 9... above the "equilibr ium" value of -'----'--' through selection 
2k 

within inbred lines would tend to aradually lower the performance level 
of crosses a little. Hence, the decline in performance with advancing 
generations would be Jess likely to be smaller than the difference in 
performance between the· resulting inbred lines and their crosses. Ev
idence that selection within inbred lines of swine failed to improve, or 
depressed, performance of crosses among the lines would seem to mean 
either (1) that little or no change in gene frequencies had occurred in 
response to selection or (2) that selection had increased frequencies of 
the more favorable allele~ and had thus prevented part of the inbreeding 
decline to be expected without selection, but that performance of crosses 
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among the lines "stalled" or declined because of heterozygote superiority 
(k > 1) for many loci. Failure of the decline in performance with 
advancing inbreeding within lines to depart noticeably from linearity 
would seem to indicate that selection had made no major change in 
gene frequencies (i.e. if change in 2kq (1 -q) (1 -f) is linearly associated 
withD· 
Intra-Line Regression on Inbreeding 

The linear regressions of litter size and pig weights at each age on 
the average inbreeding of the litter, between seas.ms within lines, are 
shown in Table 15, for data from each of four cooperating stations. A 
total of 46 lines, with an average of 8 to 10 seasons for each, are rep
resented. 

It is evident that the actual declines in litter size averaged as large 
as, and that declines in pig weight at 56 and 154 days of age were larger 
than, the recovery in performance obtained by crossing unrelated lines. 
Of course, it is entirely possible that an adverse trend in exposure to 
disease or parasites may have contributed to the unexpectedly rapid 
decline in growth rates at some of the stations. 

This approach is subject to the criticism that part of the inbreeding 
variation between seasons within a line sometimes represented a fluctua
tion resulting from an alternating between close inbreeding within sub
lines and the crossing of such sublines, as well as a systematic upward 
trend. Such fluctuations in level of inbreeding between adjacent seasons 
would be similar in nature to those between inbred lines and their crosses 
and hence do not provide a wholly independent estimate of inbreeding 
effects. 
Linear Time-Trends in Performance and Inbreeding 

The pooled intra-line regressions of performance and of litter inbreed
ing on years are shown in Table 16 for five stations. The average declines 
per year were 0.15, 0.16 and 0.21 pigs, respectively, in size of litters at 
birth, 21 and 56 days of age, and were 0, 0.19, 0.35, and 4.0 pounds for pig 
weights at birth, 21, 56, and 154 days of age, respectively. Contrary to the 
expectations based on estimates of heritability and of inbreeding effects 
(Comstock and Winters, 1944), selection was unable to offset inbreeding 
effects for growth rate any more than for litter size. 

The average yearly increase in calculated inbreeding ranged from 
2.3 at Oklahoma to about 3.9 percent at Nebraska and Missouri, with 
intermediate rates of inbreeding rise at Minnesota and Iowa (2.6 and 3.4 
percent, respectively). In general, rates of decline in both litter size and 
pig weight were more severe at the stations where the lines were inbred 
more rapidly. 

The rates of decline in perfonnance items with increasing percentage 
of inbreeding (6xr) shown in Table 16 were those estimated independ-
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TABLE U -- LIN EAR TREND IN P ERFORMANCE PER 10 PERCENT OF INBREEDING, DETWEEN SEASONS WITHIN 
LIN" 

f Number Of 
station tlne- LUter Size at ~es P!I WI. jibs.! at ~es 
BAod Lin .. .... ~. , 21 lSi , ;U ~ 1M a """ P oland " '" _.52 _.54 _.68 _,711 - .02 - .54 -1 .95 _5.44 

~ 
MUm. • 1% 1~ 

n 
POland C 
Cr ofJ3l1nea ,J "y - .79 -.31 . 1.23 • . 02 .... _ .59 Y ~ 
Nebr. ~ 
""~ U " -.63 _.42 _.60 _.83 _.03 _.33 _1.71 _14 .7\1 

M 

""". ~ 
Duroc , 

" _.32 _.n _.50 _.71 - .06 -.08 ." _8.51 ~ 
Reco'tery ~ 
from y ~K -.38 _.56 -." _.63 _.00 .<H ... _3.64 " cro .. All Stations _.38 _.66 _.63 _.n _.03 _.03 .08 _3.57 

J 1 Litter pl"a clam Inbreedl ... efreets , from Table H . 
~ Omitted beesI'M of Incomplete data.. 
_ V_ef for data at 21 day' of ICe. z 
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ently from intraseason comparil!on of inbred lines and their crosses (see 
Table 14) . The expected yearly decline from inbreeding rise alone is 
obtained by multiplying annual inbreeding rise by the rate of inbreeding 
decline in perionnance (I.e. b,.,. 6n) . Subtracting the expected. yearly 
decline from increased hOlJl()%ygosil! from the actual time-trend in per
fonnance provides an estimate of the t ime-trend freed from inbreeding 
effects (i.e. bll:T -Lh .. b .... ). To obtain estimates of the effective herita
bility of variation in litter size and srowth rate, the adjusted time-trend 
in a given trait need only be divided by the corresponding annual selec
tion differential for all parents (Table 4b). 

The adjusted time-trends (b' X" in Table 16) give little evidence that 
selection was effective during the development of these inbred Jines. 
There was no average positive trend in litter size and the adjusted trends 
in pig weight were rather consil!tently negative. Improvement most 
nearly fulfilled expectations at the Oklahoma station where inbreeding 
was least intense and where greatest use was made of ' older sires and 
dams (I.e. 0.18 pigs per year in numbers weaned compared with a selec
tion differential of 0.80 pigs, and a loss of only 0.6 pounds per year in 
154-day weight). On the basil! of deliberate selection practiced and pub
lished estimates of heritability, little improvement in the size of litters 
but an annual gain in 154-day weight of roughly 2 pounds would be 
expected (i.e. 15 (.2) -3.4 (.36) ), after correction fot inbreeding effects. 
U the estimates of inbreeding effect were too smail, because of either 
sampling error or use of second choice inbred parents to produce the 
crosses (Table 10), or if adverse time-trends in exposure to disease or 
parasites were operative, the adjusted time-trends may be more pessimis
tic than is justified. 

If the larger estimates of dam's inbreedir..g effects obtained by Cham
bers and Whatley (1951) for Oklahoma Duroe lines had been used to 
remove inbreeding effects from the time-trends in Duroc lines at Nebras
ka and Oklahoma (Table 16) , their corrected trends in litter size would 
have been -.08 and 0.17 pigs at bir th, 0.19 and 0.23 pigs at 21 days and 
0.03 and 0.24 pigs at 56 days, respectively. These estimates of yearly 
change are larger by 0.06 to 0.09 pigs per litter weaned than those used. 
The mean trend for all stations, however, would still be only slightly posi_ 
tive (about 0.04 pigs per year), although perhaps as large as was to be 
expected from the small amount of delibeTate selection for larger litters 
and the presumed low degree of detennination by average lene effects. 
Similar substitution of Chambers' and Whatley's (1951) larger estimate 
of dam's inbreeding effect on 154-day weight would change the eorrected 
yearly trend only to -S.10 pounds at Nebraska and - .15 pounds at 
Oklahoma. 
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The apparent contradiction between these results for litter sile and 
thO$e reported from the Minnesota sta tion by Fine and Winters (1952) 
and by Rempel and Winters (1952) vanishes If the estimates of inbreed
ing effect based on in tra-sellson comparison of lineerosses lind parental 
inbred lines are used to correet their time trends. For example, the 
actual linear changes per year for the two lines s tudied by Fine and 
Winters were -.037 and -.183 for number farrowed, - .260 and -.155 
for number weaned, and 3.2 and 3.1 for percent of inbreeding. Using 
- .035 and -.050 (from Minnesota and Iowa data, Table 14) as rates of 
inbreeding decline for numbers farrowed and weaned, the time trends 
adjusted to zero, change in inbreeding become 0.075 and -.075 pigs, 
averaging zero for number born; and -.10 lind 0.00, averaging -.05 pigs 
for number weaned . The real time-tr end, with inbreeding effeets re
moved, probably was intermediate between these estimates and those 
reported by Fine and Winters, since larger IIbsolute effects of inbreeding 
would be expected in these lines derived from crossbred founda tion 
because of their greater initial heterozYlLosity and higher leveb of per
formance. 

TABLE leA--LINEAR CHANGE PER YEAR WlTHlN LINES FOR ACTUAL 
PERFORMANCE fDxTl, INBREEDING (bFTJ. AND PERFORMANCE 

ADJUST£D FOR INBREEDING (b' XT) 
A. Litter SIze 

.6>XF I/ 
No. Of 

ClI&rac ter (X) ''' .. ~ D/F >XT OFT b'Xr-/ Ilnn Breed. 

Litter Ilu .... ", _. 167 S.U -.0381 -.036 " POland 
.. t blTth 

.,~ '" - .086 2.$1 -.0351 .. '" L: Crolllllle 
Poland 

Nebr. " _.U t 3.84 _.0470 _.231 " ""~ """. " .... 2.26 _.03011 ."" , ~ ..... " _.050 3.87 (-.03SS)!! .'" n P oland 
Hamp. 

Mean , .. _.151 _.032 ., 
Litter Ilu ... ", _.185 3.43 _.0564 .'" " P<lLand 
a t 21 dily. 

.,~ " _.270 4 .85 _.0528 _.015 ll~ Crolillne ..... , 
Nebr. 51 _. 219 S.73 _.01132 .129 .. ""~ "" •. " .''" 2.26 ..0'134 .195 , 

""~ Mo,. '" - . I ~ .''" 
Litter e lze ..... ", -.347 3.43 _.0557 _.156 " Poland 
a t 56 dily. ""'. ". -.134 2 .80 _.0499 •. '" L~ Crolll1ne 

POland 
Nebr. ,. -.427 3.84 _.0940 -.066 " ""~ """. " .017 2.26 _.0'139 .184 , 

""~ 
Mo. " .057 3.81 (_.0529j!1 .262 3 a P oland ... , ..... no -.208 _. 001 g Takea (rom lnIn.-aelLMlQ compuleoll of Inbreds and t r op .. 111 fible 14. 

Y U ..... elCbted meaa of the tern. ...,d )lJ lnflellQta ntlmate •• 
b'XT· b:xT - L!o.Xl'.l>FT 



RESEARcfI BUt.LETIN 551 

TABLE 16B • • P IG WE IGHTS 

Clla racter 

PO 
weight 
(lbs.) 

" 21 days ,. 
weight 
(lb • . ) 

" " .. " 

Station 

Minn. 
Nebr. "" •. """, 
-. 
Minn. 
Nebr. 
Okla. 
Mm 

,-
Minn. 
Nebr. "" •. Mo. 
Mean 

NO. Of 
lines 

" U , 

" " U , 

" " U , , 
Pig Iowa V 12 
we\ght Mlnn._ 13 

.00' 2.26 
- .001 

'" _.341 3.43 

" _.358 3.611 

" -.060 3.73 .. .Cl9 4 2.02 

'" -.166 

'" _.130 3.43 

'" _.022 2.S7 ,. _.817 3.84 

" .288 2.02 

" _.11 2 3.87 

"" _.346 

'"' -2.166 3.43 

_.ClCl355 .ClH 
.Cl15 

.004Cl3 _.354 

.OClU4 _.363 

.OCl376 - .074 
_.02781 . UO 

- .182 

_.00837 _.701 
_.00068 -.020 
+.10743 -1.3~ 
_.03647 .342 
(_.004~)Y _.094 

-.4Cl3 

- .36366 _.917 

(lbs.) Nebr. 11 74 _8.227 3.84 -.35046 -6.880 
a t Okla . 7 69 -1.494 2.02 -.4~186 -0.559 
154 Mo. 3 27 _5 .611 3.79 (_.32931 J!/ -4.363 
day s Mean 273 -3.960 - 2.784 
VI Taken (,om Intra-season compo.rlson of Inbreds and cro.ses In Table 1-4. 
' I Unwell'\hted mean of the Iowa. a nd Minnesota estimates. 

b'XT · bxT -Ll.XF·bF T !I Omitting Minnesota, because of Incomplete dati. for 154_day weights . 

The results reported by Rempel and Winters (1952) for 8 lines of 
Poland Chinas also indicated greater effectiveness of selection than th~ 
shown in Table 16 fOI· 14 lines of Poland Chinas and 2 of crossbred founda
tion from the same sta tion. Again, the major cause of the discrepancy was 
that Rempel and Winters used an estimated decline of 1.3 pigs weaned per 
litter (data from one line of crossbred foundation) and 6.8 pounds in 154-
day weight per pig (Whatley, 1942; Iowa Poland China data) for each 
increase of ]0 percent inbreeding of the line, based on regression within 
season and line, whereas in the present study corresponding declines of 
0.50 pigs and 2.95 pounds were used, based on comparison of Minnesota 
Poland China linecrosses with their parental inbred lines, but using the 
Iowa data to estimate dam's inbreeding effects. To the extent that 
calculated inbreeding over-estimates the actual reduction in degree of 
heterozygosity through many generations of selection and mild inbreed
ing, use of the regression of performance on inbreeding within season and 
line overestimates the actual inbreeding effect on the time trend in per
formance. 'The estimates of inbreeding effect based on comparisons of 
linecrosses with inbred lines would not be subject to this bias, as dis-

45 
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cussed earlier. Another difference Wll!I that all 14 Poland lines were 
included in the present analysis to avoid any select ion between lines. 
Even when all lines are included, the lines that were discarded sooner 
because of unsatisfactory performance are represented dur ing fewer 
seasons, and the weighted average time-trend is likely to be more favor_ 
able than would have been the case if no lines had been discarded. 

Constancy and Linearity of Inbreeding Depression 
It is sometimes maintained that inbreeding affects some lilies more 

adversely than others. The data from 12 lines of Poland China swine 
during 9 years at the Iowa station provide some interesting infonnation 
concerning line differences in response to inbreeding. The intra-line 
regressions of actual yearly means for 154-day litter size, p ig weight, and 
litter weight on the change in litter inbreeding over the 9-year period are 
shown in Table 17A. Note that the regressions of litter size, pig weight 
and total litter weight on inbreeding were negative in all 12 of the lines, 
with one lone exception (0.01 for Line B in pig weight). Line differences 
in rate of inbreeding decline were remarkably small for litter size and for 
total weight of the litters but were relatively large for pig weight al 154 
days. 

B ." - t2.9 23.0 
C - .Ogg _1.53 - 17.g 33.1 
0 _.084 - . n - ••• 31.4 
E _. 040 _1.45 - '.0 49.8 , _.064 - . " - ••• 32.8 
0 - .133 - ." - l g.6 31.2 
H - .OU - 1.18 40.4 
I - .0'14 .12 43.S , -.0-'17 ... 50.7 
K _.0'15 - . to 39.1 

The analysis of variance in Table 17B, indicates that l ine deviations 
in the regression on inbreeding were highly significant for pig weight at 
154 days, but were even smaller than expected from samplini error 
alone for litter size and litter weight at 154 days. The average ngressi.ons 
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TABLE I 1B ·· ANALYSIS OF VARIANCE IN UNA01US'TED YEARLY AVERAGES 
FOR U'M'ER SIZE AND GROWTH RATE AT 1$4 DAYS OF AGE AMONG t2 

Yel.U , 8.489" 
Rerp', .. lon on 

Inbreeding • 5&.0"'" 3525 ' • 1,358,925" 
Re .... lnde r , 1.&91 ' 1214*" (14,913" 
Yeare "' Linea " 0.691 " 14,1170 
Line de ... in 

Rea;re .. k>n on 
Inbreeding " 0.468 198" 11,215 

Remainder " 0.724 " I5,SI3 
"P< .Ql , · P <.05 

on inbreeding were highly significant for litter site, pig weight, and 
litter weighL Yearly variation, in addition to that linearly associated 
with inbreeding, was significant but relatively unimportant for litter me, 
but was highly significant and large lor pia: weights, with liteer weight 
intermediate in this respect. 

Inspection of the trend in yearly averages (equal weight to each line 
mean) plotted agains t litter inbreeding, in Figure 2, suggests no sys
tematic departure from II linear decline. The linearity of the Inbreeding 
decline and the relatively small line differences in r ate of decline both are 
in harmony with the expectation based on dominance for large numbers 
of genes with small individual efforts. The highly significant line differ
ences in average performance levels may be attributed to the known 
large line differences in mean inbreeding levels and the presumed differ
ences in gene frequencie" and are not in conflict with essentially similar 
rates of decline for all lines. However, the highly significant line differ
ences in rate of inbreeding decline for 154-day weight suggest that 
smaller numbers of genes are involved for individual growth r ates than 
for prolificacy and viability. 

FACTORS [MUTING EFFECTIVE.,." ESS 
OF SELECTION 

Selection is effective to the e"tent that the selected parents transmit 
genes whose average effects are superior to the mean of their generat ion. 
Th is effective heritability of parental superiority in phenotype is limited 
by variation due both to uncontrolled environmental variation and to 
dominance and epistasis which cause genetic deviations from average 
gene effects. Also, genetic and environmental correlations between com
ponents of total performance may reduce progress from selection sharply, 
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even though heritability remains relatively high for each of the com· 
ponenl!l. 

Correlations Between Charac:ters 
Genetic and environmental correlations between the component 

trail!l tXt) of total performance (I) affec t both the size of the selection 
differentials obtainea (s,) and the extent to which they represent genetic 
superiority (ie., their etfecuve heritability, hoi). The general principles 
can be illustrated best with the admittealy artlficial example of selection 
for 11. traits, assuming variation in each to be equally important and heri. 
table, and that each trait is correlated equally WIth all other traits (Le., 
ro,o: = ro lo, etc., re ,&, = r"'lc. etc.). The superiority in I of selected 
parenl!l for any given proportion retained is dlrectly dependent on the 
variability in the index, (tTl) . Now if 1 = X, + X. + .. + X. and r.>:,.>:, 
is the average correlation between any two components of the index, then 

O] =Vn·V(X)[I + (n I)rx,')· (.) 

Whether genetic or environmental, positive correlation between any pair 
of component traits expands, and negative correlation conttaets, the 
average size of selection differentials for eaeh component (i.e., 

Ul - Jl + (n 
Tx,= V: = TUX, n 

I) rx,"') 
). Relative to selection differen· 

tials when rx,", = .2. the limits are Vn times as large when rx''>:J = 1 
- 1 

and 0 when rx,x, = -,---c
(n -1) 

Expeeted improvement from selection usually has been computed as 
the product of the selection differential and the heritability (f;<,ho,x, ) 
for each trait separately, ignoring the fact that both the natural and the 
deliberate selection actually applied must be based on some sort of an 
index combining a number of correlated traits. The possible discrepancy 
between (1) the heritability applicable to the selection differential ae· 
tually obtained for a single trait when selected is based on an index, 
I = .I. X, and (2) the estimate from regression of offspring on parent or 
from si~orrelations for that trait, may be clarified by examining the 
ratio of (1) to (2) as follows: 

bo,x, when selection on I = (~.x,) 
bo,x, estimated for X , alone 

n· V(G,) [1 + (n _I) rGG] V(X,) [ 1 + (n -1) rOG] 
(5) 

n . V (X,) [1 + (n 1) rn] V(G,) [ 1 + (n -1) rn] 



50 MISSOURI ACRlCULTtIRAL EXPElUMENT STATION 

Clearly, any tendency for the environmental (and hence the grou) cor
relation between traits to d iffer in the positive direction from the genetic 
correlation would make effective heritability leu than that estimated for 
Individual traits. Also, the effedive heritability of selection for total 
performance would decline toward zero if negative genetic correlation 

-1 
between traits approached .,----:c- in me. If the number of component 

(n - 1) 
traits i.s even moderate.ly large, very small negative gene tic cor rela tions 
will sharply reduce effective heri tabHily compared with that estimated 
for the individual traits (e.g., if n = 5, t ou = -.25 would reduce e ffective 
heritability to zero) . 

It seems quite likely that favorable environmental influences on the 
general health of an individual animal will benefit, and that detrimental 
environmental fac:tors will injure, several of the traits included in total 
perfonnanc:e, particularly those expressed during the same staae of 
development (Wriaht, 1922). This would introduce positive environ
mental correlations between traits that would tend to cancel any negative 
genetic: correlations, giving intennediate values for the gross c:orrelations 
between traits. Analy$ts of the genetic and enviromental correlations 
between components of performance in swine have been too sketchy to 
know yet whether they will provide an adequate explanation for the 
apparent ineffectiveness of the selection ac:tually applied in the develop
mnt of the inbred lines of swine studied, Negative genetic correlations 
between suckling ability and efficiency in gaining ability and between 
rapid gains and desirable (leaner) carcasses have been indicated (Dicker
son, 1947). Also, the slightly negative gross c:orrelation between the pig', 
154-day weight and its dam's productivity (Hazel, 1943) may consist of 
positive environmental and negative genetic c:orrelation. Positive environ
mental correlations between trai ts expressed during diffeTent periods of 
life are less likely to be Important, as shown by Hazel et al. (1943) in 
,wine and by Krueger et at. (1952) in chickens. 

Attempts to avoid the consequences of genetic: and environmental 
correlation by selecting for one trait at a time appear to be quite futile. 
The ratio of expected improvement in all 11. trails (6 G,) from select ion 
based on total performance (I) to that from selection based on one trait 

6 G. from 'Ii u , 
alone (X I) is: 

n V(G) [1 + (n - 1) run] 

6 G, from TXl uX, n V(X) [1 + (n - 1) rxx] 

V (X) 

) , + 
n 

- (6) 
V (G) [1 + (n 1) roo) (n _ 1) 'n 
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since the net effect of selection for one trait alone is the sum of its effl!l:ts 
on all n traits. The factor, other than n. (Hazel and Lush, 19-\2), .... hieh 
determines the relative efiec tlveness ot index and single trait selection 
is the SiU! of the gI"OQ correlabon between traits (rxx}. Index selection 
i5 less than Vi blne! as erfl!l:tlve when rn: is posmve; the two methods 
approach equal etlectiveness only as rX;I; _ 1.0. Index sell!l:tion would 
be more than Vn tlml!$ as eIfecbve as Single trait selection when rlU is 

- 1 
negative and the advantage approaehl!$ infinity as rxx _ . Nega· 

(n - 1) 
tive change in genetic correlation with no change in phenotypic correia· 
tion would r eauce the effectiveness of index and smgle trait selection in 
exactly the same proportion, in ter ms of the change in all n traits. 
However, negative genetic correlation i5 likely to make the phenotypic 
correla tion smaller or more negative, and hence to increase the advanUige 
of index sell!l:tion. 

Dominance and Epistasis 
Some degree of dominance is the mOst liKely genetic mechanism by 

which change In heterozygosIty, from inbreeding or crossbreeding, would 
affect performance levels. l!;xpected decline is proportlonal to l k F q 
(l -q), where k is degree of dominance (Hull, 1':145, 1952) defined in 
terms of phenotypic seale as (2 Aa·A. .... ·aa) / (AA·aa). F is Wr ight's in· 
breeding coeffiCIent, and q is frequency of the preferred dominant allele. 
The effectiveness of le!l!l:tion within inbred lines in preventing part 
of the decline in performance from inbreeding and in improving the 
performance of crosses between inbred lines is expected to be greatest 
when the number of segregating chromosomal units is small, when the 
degree of dominance is low, and when the rate of inbreeding is slow. 
In the present experiment, rate of inbreeding was moderate, but the 
number of loci obviously was larae. 

Crow (1952) has suggested (l) that when the number of loci is large, 
selection is likely to be relatively powerless to prevent inbreeding depres· 
sion from fixation of the reteS$ive alleles, even though rate of inbreeding 
is slow, and (2) that if selection within (or between) inbred lines is able 
to reduce frequency of unfavorable, completely recessive alleles below 
their equilibrium levels in the non·inbred foundation stock and thus 
prevent part of the inbreeding depression, it still would not improve 
perfonnance of linecrosses appreciably (i.e., performance of crosses b 
proportional to 2q (2 -q) when k = 1, for complete dominance, as noted 
on page 44) . H owever , the type of gene interaction that most surely 
would produce inbreOOlng deterioration relatively unresponsive to seJec· 
tion and no improvement in cross performance is heterozygote advantage. 
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On the scale of dominance, heterozygote superiority corresponds to k > 1, 
since k describes superiority of the heterozygote relative to that of the 
more favorable homozygote. Here each allele (or chromosome segment) 
may be visualized as having some partially or completely dominant favor_ 
able effects not possessed by other alleles at the same locus. A hetero_ 
zygote is assumed to be superior to either alternative homozygote by 
virtue of its greater number of favorable gene effects," 

At such loci, selection within non-inbred populations would move 
gene frequencies toward some intermediate equilibrium values. Total 
genetic variability would be great, hut only a small part would be due 
to the average effects of genes, making selection relatively ineffective. 
Inbreeding depression from dominance [I.e. , 2 k F qA (1 -qA) ] would 
be severe, not only because k is large but also because q .. (1 -q.,) would 
be large when qA remains at an intermediate value. 

The re<:ent critical and extensive study by Cockerham (1952) 
indicated that within inbred lines of swine at the Iowa station, estimated 
heritability from regression of progeny on dam was zero or slightly 
negative for litter size and not significantly positive for growth rate. 
Earlier studies had indicated higher heritabilities for both litter size (e.g. 
Lush and MoUn, 1942; Stewart, 1945; Cummings, et at, 1947: Blunn and 
Baker, 1949) and rate of growth (e.g. Whatley, 1942; Baker, et at, 
1943: K rider , et aI., 1946). Cockerham's results conformed rather closely 
to those expected if heterozygote advantage were important for bot h litter 
size and growth rate without requiring much negative genetic correlation 
between these two complex traits. The higher level of inbreeding and 
the stat istical elimination of differences between age group of dams in 
Cockrham's data may account in part for his lower estimates of herita
bility. 

The fact that the time-trends, after removal of inbreeding effects, 
averaged zero for litter size and negative for growth rate (Table 16) cer
tainly indicates a high degree of dominance and probably heterozygote 
advantage (i.e., k > 1) for some of the loci which control these traits. 
If loci without overdominance (simple recessives) account for most of 
the depressing effects of inbreeding (Crow, 1952), more critical demon
stration of the importance of heterozygote advantage may need to await 
results from selection experiments designed to produce maximum hetero-

x An alternative hypothuis, that the hetero>:ygote is superior merely bf,eause it 
is intermediate, corresponds to epistasis without dominance of prinu.ry gene effects, 
with an optimum genetic inte rmediate giving maximum performance. When approach 
to the optimum intermediate is governed by genes at several loci, some of the 
homozygous genotypes are intermediate and .election should be able to reduce 
fixation of the more extreme homazygotes under mild inbreeding, as in the case of 
partial to complete dominance. 
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zygosity in crosses between complementary strains (Dickerson, 1952) . 
However, the recent demonstratiol1$ of the selective advantage of hetero
zygotes at certain loci which control cellular antilens of blood in chickens 
(Briles and McGibbon, 1948; Briles, HMo9; and Shultz and Briles, 1953) 
add to the evidence for heterozygote superiority. 

Most examples of epistasis or gene interaction include dominance. 
Witlwut dominance of prinw.11I gene effects, inbreeding decline appears 
likely only from epistuis in which selective advantage for a given gene 
may range from positive to negative, depending upon the other genes 
present in a given individual. In this instance, a decline in performance 
would be expected because of the increased average deviation from the 
optimum genetic intermediate (as in the model used by Wright, 1935) 
among individuals in .a population of inbred lines. This sort of inbreeding 
depression is expected to be somewhat curvilinear, (i.e. decline at an 
ever decreasing rate with advancing inbreeding), compare-d with the 
linear and potentially extreme decline expected from dominance of can· 
sistently favorable prima11l gene effecl.!!. Also, selection should be able 
to guide fixation of intermediate genotypes, thus tempering inbreeding 
decline. 

However, in iI balanced genetic system involving preferred inter
mediates for n different functions, the inbreeding depression could be 
severe ilnd the deviation from linearity of inbreeding effects might not be 
readily detectable. It would be more difficult to explain how the rather 
consistently favorable effects from crossbreeding (Dickerson, 1952) could 
result from such a system of balanced epistasis, whereas varying degrees 
of dominance could account for both inbreeding and crossbreeding effects. 

Evidence concerning the types of genetic variability which underlie 
important economic traits of swine is considered in greater detail else
where (Dickerson, 1952) . 

Va riation in Heterozygosity 
The fact tha t selection for superior performance resulted, Indirectly, 

in choosing breeders from the less inbred litters and dams, (i.e., -I." 
~d - 1.53 percent for boar pigs; -1.07 and - .89 percent for gilt pigs, 
Table 4A) indicates that an important part of the variability in over-all 
performance was due to litter and to dam differences in heterozygosity. 
The correlation of the average index (1), that apparently was used in 
deliberate $election, with inbreeding of litter (F,) and of dam (F,) can 
be estimated from the delibn-ate selection differentials for I in IItandard 
deviation units (Table 1), assuming that there WI5 no sele<:t ion directly 
for lower or higher levels of inbreeding, from the relation: 

-.226 

.81 
= - .28 for hoar pigs. 
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"Deliberate" selection for index was used because only the "deliberate" 
selection was calculated for inbreeding of dam and litter. If there was 
any attention given directly to inbreeding per se, it was likely to have 
favored the mors highly inbred pigs, and hence would tend to minimize 
the estimates obtained for r,p. This approach yields estimates of r'r, = 
-.28 and -.25 and of r'~d = -.27 and -.21, for boar and gilt pigs, 
respeetively. Apparently, 4 to 8 percent of the variance in pig indexes 
was linearly associated with inbreeding of litter or of dam. Together, 
inbreeding of litter and of dam would account for more nearly 8 to 12 
percent of the index variance, because the correlation between F , and F4 
was not high, possibly 0.3. Also, variation in calculated inbreeding does 
not include the intra-litter variation in proportion of loci heterozygous, 
so that the association of performance with actual degree of heterozygos_ 
ity must be still closer than with calculated inbreeding. The fraction of 
the variance due to inbreeding would be much less for any single trait 
such as growth rate, because much of the association with overall merit 
is due to the fact that inbreeding tends to have adverse and hence cor
related affects on many different aspects of perfonnance. 

Intra_line varation in performance due to level of inbreeding limits 
the effectiveness of selection to the same degree as would a similar 
amount of variation from environmental influences, assuming that in
breeding level or the proportion of loci heterozygous in any individual is 
essentially independent of its average gene frequency. This would mean 
that the heritability or effectiveness of selection for the index would be 
reduced by only 8 to 12 percent because of the individual and family 
variability in proportion of loci heterozygous. 

Other effects of choosing parents with calculated inbreeding 1.0 to 1.5 
percent lower than the mean for their generation would be to retard the 
calculated rate of inbreeding below that intended, and further, to make 
the actual reduction in heterozygosity less than that indicated by the 
calculated inbreeding. 

l\1ETHODS FOR INCREASING EFFECTIVENESS 
OF SELECTION 

There is little doubt that the amount of selection applied for litter 
size, growth rate, and confonnation during the development of the 
inbred lines studied here could have been increased by the following 
means: 
1. More strict adherence to a predetermined index weighting of each 

character to increase deliberate selection for larger liUers. 
2. Less extreme culling of boars (by castration) for individual weights 

at weaning, in order to increase opportunity for selection based on 
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post-weaning growth rate and conformation. (Dickerson and Hazel, 
1944a). 

3. Adjustment of litter and individual performance records for variation 
in level of inbreeding of the dam and litter and in age of gilts at 
first farrowing (Stewart, 1946&). 
However, there is doubt that such increases in amount of selection 

would have changed the effectiveness of selection materially. It seems 
more likely that the relative ineffectiveness of the selection that was 
applied can be attributed to the na ture of the genetic and environmental 
variability in the characters under selection . 

An approach that offeu theoretical promise is direct selection for 
maximum performance of crosses between complementary strains, based 
on progeny tests of individuals and families in test-cross matings. Varia
tions of this approach have been considered by Hull (1945, 1952) and by 
Comstock, It 41 (1949) for !.he improvement of com, and by Dickerson 
(1952) for use in swine. 

SUl'IDIARY AND CONCLUSIONS 
A cooperative study has been made of the amount and effectiveness 

of selection applied during the development of inbred lines of swine at 
several of the experiment stations participating in the Regional Swine 
Breeding Laboratory. Data used to measure intensity of selection in
cluded 4,521 litters from 38 lines during the period 1932 to 1948. Litter 
sire and weight were adjusted to a first litter basis. Inbreeding level 
averaged 24 percent for all litters, and incn!aseO. at the rate of 2 to 4 
percent per year within lines. Conclusions with respect to the amount of 
selection applied and its effectiveness are as follows: 

1. Young boars sired 74 and gilts produced 60 percent of the pigs 
weaned; the remainder were from older tried boars and sows. The 
generation interval or mean age of parents was 1.22 for sires and 1.44 
for dams. 

2. Opportunity for culling should have been ,",ater among the 30 boars 
than among the 27 gilts weaned per line and season since only 8 
percent of the boars but 33 percent of the iilts weaned were used to 
produce litters at one year of age. Older breeders represented 63 
percent of the boars and 48 percent of the sows used the preceding 
U~ 

3. Superiority of young boars and gilts selected was similar for sUe of 
the dam's litter at birth (0.66 III". 0.60 pig,) and at weaning (1.40 v,. 
1.16 pigs), but superiority of boars was g~eater for individual weight 
at weaning (6.1 liS. 2.8 Ibs. ) and consequently for litter average 
weanling pig weight (1.2 'I)'. 0.6 Ibs.) , for total weaning weight of the 
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dam's litter (26 V$. 20 lbs.), for individual weight at 154 days of age 
(23 1'8. 14 los.), for the index combining dam's productivity with 
individual weight at 154 days (36 vs. 25 units), and for inbreeding of 
the individual (-1.6 vs. -1.1 percent) and its dam (-1.5 vs. -0.9 
percent). Superiority in total score of conformation at market weight 
was even slightly greater for gilts t han for boar pigs (2.7 1)8. 2.5 
points). 

4. Superiority of older boars retained over all boars used the preceding 
season was slight for dam's litter size, own growth rate and con
formation, but again the less inbred individuals were saved (-.85 
percent). Older sows that were retained surpassed all sows farrow> 
ing the previous season by 0.6 and 1,1 pigs in size of litters farrowed 
and weaned, by -.88 percent inbreeding but by only 2.4 pounds in 
own 154-day weight and 0.6 points in own score for conformation as 
a gilt. Selection for the index which combined productivity and 
growth rate was only one-sixth as great among tried boars as among 
boar pigs, but was five-sixths as great among tried sows as among 
gilt pigs. The average selection differential of parents for this index 
could have been greater if older boars had not b~n used, and if older 
sows had represented somewhat less than 40 percent of all females 
producing litters. 

5. If boar and gilt pigs had been selected at random (i.e. if the numbers 
taken from each litter had been proportional to numbers available at 
weaning age), the selection for larger litters automatically would 
have been nearly as large as that actually obtained. The "automatic" 
selection was 0.62 for pigs born, 1.15 for pigs weaned, 31 pounds for 
weight of litter weaned, but -.21 pounds for litter average weaning 
weight per pig. Additional "deliberate" selection was nil for numbers 
farrowed, slight for numbers weaned (.25 and .09 pigs, for boars 
and gilts), but rather large for litter average pig weight at weaning 
(2.75 and 1.49 pounds, for boars and gilts). Automatic selection for 
litter size accounted for 27 percent of the total superiority in the 
indexes of the boars chosen and for 38 percent of that in the indexes 
of the gilts selected. 

6. Opportunity for delibe.,.ate selection among boar and gilt pigs was 
utilized most fully for growth rate, less for conformation, and least 
for litter size. Among boar pigs, individual weaning weight received 
much more and conformation less emphasis than did weight at 154 
days; but the reverse was true among gilt pigs. 

7. S"tlperiority of selected boar pigs in the average combination of sow 
productivity, 154-day weight and conformation score upon which 
actual choices appeared to have been made was found to be only 46 
percent as large as if all culling had been based upon it. This corre
sponded to choosing boars from the best 48 percent instead of the 
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best 8 percent of those weaned. Superiority of gilt pigs selected was 
58 percent of that expected if all culling had been based on the index 
apparently used, and corresponded to saving the best 61 instead 
of the best 33 percent of those weaned. Apparently about 50 percent 
of the gilts and 80 percent of the boar pigs were culled because of 
other factors, such as weanling weight, cryptorchids, hernias, post
weaning mortality, discrimination against pigs from younger litters 
and reproductive failures. Poorer utilization of opportunity for selec
t ion among boars than among gilts is attributed to excessive culling 
of boars by castration at weaning age, and possibly to earlier ranting 
of the faster growing boars, with adverse effects on conformation. 

8. Linear regression of performance on time within 47 lines at five 
stations (364 degrees of freedom) averaged -.15, -.16 and - .22 
pigs per year in litter size at birth, 21 and 56 days, respectively. 
Linear yearly change averaged zero for birth weight, - .19 pounds 
for 21-day weight, -.41 pounds for 56·day weight and -4.0 pounds 
(4 stations) for 154-day weight of individual pigs. Linear r ise of 
calculated inbreeding varied from 2.3 to 3.9 percent per year. 

9. Consequences of the inbreeding rise were estimated from int ra
season paired comparisons of linecrosses with the parent inbred lines. 
Data for 325 Jinecrossed and 538 inbred litters representing 99 crosses 
of 31 lines yielded estimates of change per 10 percent of inbreeding 
of litter as follows: -.20·, -.35··, - .38" and -.44'" pigs in litter 
size at birth, 21, 56 and 154 days of age; 0.02, 0.08,. 0.03 and -3.44·· 
pounds in weight per pig at these ages. Data at one station for line
crossed litters from 63 linecrossed and 50 inbred dams representing 
the same lines indicated the following changes per 10 percent higher 
inbreeding of the dam: -.17, -.31··, -.25·, -.28· pigs per litter at 
0, 21, 56 and 154 days of age; -.06, - .11 , .06 and -.13 pounds in 
weight per pig at these ages. Inbreeding rise for a line includes 
effects of inbreeding both of dam and of litter. 

10. After removing expected effects of the inbreeding rise, linear change 
per year in performance of the 47 lines averaged -.03, 0.07, and -.01 
for litter size at 0, 21 and 56 days of age; 0.01, - .19, -.47 and -2.8 
pounds in weight per pig at 0, 21, 56 and 154 days of age. These 
average results indicate that selection during development of mildly 
inbred lines failed to improve measurably the genetic merit of the 
lines. At only two stations was there a positive average time-trend 
in total litter weight at 154 days of age after correction for inbreeding 
effects. 

11. Linear regression of performance on inbreeding of litters, between 
seasons within 46 lines at four stations, indicated· rates of inbreeding 

.signifies P ~ .05, uindicates P ..:::. .01 that the difference was due 
primarily to sampling error. 
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decline as large or larger than those obtained from the intra-season 
comparisons of linecrosses with parental inbred lines. 

12. Analysis of data from 12 lines during 9 years at the Iowa station 
showed that line differences in rate of decline with inbreeding of 
litter were less than expected from sampling er ror for litter size and 
for litter weight at 154 days of age but were highly significant for pig 
weight at 154 days of age. There was no indication of curvilinear 
regx-ession on inbreeding. 

13. The apparent inability of selection within inbred lines to improve 
performance of crosses among the lines does not appear to be ade
quately explained by ordinary dominance (between none and com
p lete) and epistasis alone, but could result from heterozygote advan
tage in net performance for some of the segregating chromosomal 
units. Small negative genetic correlations between the traits under 
selection would be compatible with heterozygote advantage, and 
could reduce the effectiveness of selection sharply, even though 
genetic variability remained large for individual traits. Larger posi
tive environmental than genetic cor relations also would reduce effec
tiveness of selection. 

14. Effectiveness of selection probably was reduced because most of 
the selection actually practiced for litter size was automatic (i.e., 
would have occurred if a random sample of the pigs weaned had been 
chosen as breeders). Also, selection favored the less inbred pigs 
and dams, indicating that 8 to 12 percent of the variance in total 
performance was due to variation in level of inbreeding between 
litters within the same line and season; this reduces effectiveness of 
selection as much as a comparable amount of environmental varia
tion, slows the calculated rate of inbreeding, and makes actual reduc
tion in heterozygosity lag behind that indicated by the calculated 
inbreeding coefficient . 

15. The foregoing results suggest that selection may be made more effec
tive in swine if it is directed toward the improvement of crosses 
between complementary strains, with selection of individuals or 
families based upon performance of test-cross progeny. 
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