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Genetic Correlation and Response to Selection 
in Simulated Populations 

III. Correlated Response  to Select ion 1 
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Depar tment  of Dairy, Michigan State University,  Eas t  Lansing (USA) 

Summary. One of two quantitative traits was selected and correlated response in the other trait was measured in 
each of 30 generations for models of additive genes and of complete dominance. Each trait was controlled by 48 loci 
with equal effects, segregating independently from frequencies of 0.5 in the initial generation. Intensity of selection 
regulated the number of offspring from randomly mating 24 males and 24 females each generation. Three each of 
genetic correlations between traits, intensities of selection, and amounts of environmental variation were simulated. 

In the additive model correlated responses of the unselected trait to selection of the primary trait agreed closely with 
responses expected from theoretical considerations. In the model of complete dominance, responses of genotypic 
means of the unselected trait to selection of the primary trait in opposite directions were quite symmetrical for the first 
few generations but became distinctly asymmetrical in later generations. With little selection, response was fairly 
linear but became distinctly curvilinear as intensity of selection increased and environmental variance decreased. 
Between 15th and 30th generations some gains in the correlated trait to the t 5th generation were lost. 

Selection applied to one t rai t  m a y  result in corre- 
lated changes in other t rai ts  not under selection. This 
correlated response depends on genetic correlation. 
This paper  will examine effects of intensi ty of selec- 
tion, environmental  variation, and genetic correla- 
tion upon the correlated response of trai ts  not selected. 

Litt le has been reported on whether theoretical 
t r ea tment  of correlated response to selection is 
adequate to explain responses realized in experiments.  
Falconer (t954) found reasonable agreement between 
theory and estimates of genetic correlation from cor- 
related response in two-way selection of mice under 
different environmental  conditions for body weight 
and for tail length. But  he concluded the closeness 
of agreement should not be emphasized since the 
estimates had rather  wide fiducial limits. Est imates  
of genetic correlation (0.7) between wing and thorax 
length in Drosophila melanogaster in the base popula- 
tion and correlated responses when either was select- 
ed separately agreed (Reeve and Robertson, t953). 
Clayton et al. (t957) suggested tha t  magnitude of 
genetic correlation affects the accuracy of predicted 
response, accidents of genetic sampling in the cor- 
related t rai t  making the response unpredictable for 
small genetic correlations. In  their s tudy with small 
genetic correlation (0.05 to 0A0 in the base popula- 
tion) between abdominal  and sternopleural bristle 
numbers,  correlated response became entirely un- 
predictable in later generations after moderate  
agreement earlier while inbreeding was low. 

1 Michigan Agricultural Experiment Station Journal 
Article 4847. Part  of North Central Regional Project 
NC-2. 

Expectat ions of correlated response frequently 
have failed to develop in experiments. Falconer 
(t960), Bell and McNary (1963), and Yamada  and 
Bell (1963) observed asymmetr ical  correlated response 
to selection under two different environments.  Siegel 
(t962) found asymmetrical  response when selection 
was for body weight and breast  angle in poultry,  
and Nordskog and Festing (t962) selecting body and 
egg weight in poul t ry  observed a symmet ry  of realized 
genetic correlations in selection for high and low or 
between trai ts  under selection. Clayton et al. (1957) 
also observed Asymmetry in response of sternopleural 
bristle number  to selection for increased and decreased 
abdominal bristle number.  They concluded tha t  
genetic drift m a y  be impor tant  in correlated response 
when genetic correlation is small. 

The frequency of asymmetrical  correlated responses 
seen does suggest some mechanism other than  genetic 
sampling. Asymmet ry  of correlated response was 
quite frequent in algebraic studies and simulation of 
selection by  Bohren et al. (t966). 

Methods and Procedure 
Experimental design and parameters simulated 

A detailed description of the experimental design and 
mechanics of simulation has been presented by Parker 
etaL (1969). Simulated were: (1)Genetic correlations 
0.25, 0.50, and 0.75 between quantitative traits X and Y 
in the initial generation of offspring. (2) Three intensities 
of selection by upper or lower truncation on the pheno- 
type of X alone, 20, 50, and 80 percent of the offspring 
each generation. Y was not selected. (3) Three environ- 
mental variances, V(E), for X and Y relative to the 
expected additive genetic variance V(Ga) in the initial 
generation of offspring. The V(E) were such that  h" = 
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= V(Ga)/EV(Ga) + V(E)] was OA, 0.4, and 0.7. When all 
genetic variance was additive, h" was heritability in the 
narrow sense. With dominance, h" was larger than 
heritability in the narrow sense. The four factors each 
at three levels were considered in all combinations, and 
each combination or parameter set was replicated, 8t 
treatment combinations in a 34 factorial experiment re- 
plicated. 

The experiment was conducted separately- for two 
models of gene action: 

a) Additive model with genotypic values of 2, t, and 0 
for the + + ,  + --, and -- -- phases at each locus. Selec- 
tion was for the + allele. 

b) Model of complete dominance with genotypic values 
of 2, 2, and 0 for the + + ,  + --, and -- -- phases at each 
locus. Selection was upward for the dominant allele and 
downward for the recessive allele. 

Each generation 24 male and 24 female parents produ- 
ced the number of offspring required for the intensity of 
selection (b), t20 of each sex for 0.2 saved, 48 for 0.5, and 
30 for 0.8. Mating was random by sampling with replace- 
ment and produced one offspring alternating sexes. Each 
parameter set was simulated for 30 nonoverlapping 
generations. Forty-eight loci with no linkage, no epistasis, 
no interaction between genotype and environment, and 
initial gene frequencies of O. 5 at each locus affected each 
trait. Expected genotypic means and variances in the 
initial generation were 48 and 24 for each trait in the 
additive model and 72 and 36 for complete dominance. 
Sufficient environmental variation was simulated to add 
to the genotypic to produce heritabilities of 0.t, 0.4, and 
0.7 initially and was constant over generations. In com- 
plete dominance this resulted in heritabilities in the nar- 
row sense of 0.095, 0.33, and 0.52. 

Genetic correlation was attributed solely to pleiotropy. 
All genes affecting both traits affected each one in the 
same direction. The genetic correlation was set by the 
number of loci affecting both traits, t2 for 0.25, 24 for 
0.50, and 36 for 0.75. The remaining loci of the 48 for 
each trait affected each trait independently. Genetic 
correlation was measured in each generation by product- 
moment correlation between genotypic values. 

Simulating the population has been described previ- 
ously by Parker et al. (1969). 

Results and Discussion 
Addit ive  Model 

Results of primary interest were changes in the 
genotypic mean of X in all combinations of selection 
intensity and of environmental variation and correlat- 
ed changes in the genotypic mean of Y at three levels 
of genetic correlation between the two traits. The 
changes can be seen in the behaviour of genotypic 
means plotted against generation for each combina- 
tion of conditions in Figures 1.t, t.2, and t.3. Rep- 
licates agreed and correlated response was indepen- 
dent of heritability of the correlated trait  so each 
point on the graph for Y represents the average of 
six trials, 3 levels of environment replicated. The 
response of X, directly selected, was independent of 
both heritability of the correlated trait  and genetic 
correlation and each point in the graph for X re- 
presents the average of t8 observations.. Results of 
only every fifth generation are presented. 

Trends in Figures t .t, 1.2, and f .3 are those expect- 
ed. Lack of response of Y with small genetic correla- 
tion, low heritability, and low selection intensity 

(bottom of Figure t A) was a slight exception. Sampl- 
ing had more opportunity to be influential in this 
circumstance, however. 

When either intensity of selection was low or 
heritability was small or both, response to selection 
was linear over all 30 generations for X and Y for 
all genetic correlations. As expected, response in- 
creased with heritability or selection intensity and 
became distinctly curvilinear to the selection goal, 
especially in X (Figures 1.2, and !.3). Only when 
heritability was high and selection intense (Figure t .3, 
top) was the selection goal for X reached and then 
at the 30th generation. 

To illustrate agreement of the results with those 
expected, responses in X and Y at t5 th  and 30th 
generations of selection have been presented in a dif- 
ferent way in Table 1. The response is percent pro- 
gress toward the goal of selection which differs for 
direct and indirect selection depending on the genetic 
correlation. 

Table t. The response in trait X and correlated response 
in Y at three levels o[ genetic correlation, measured as 
percent o[ selection goal achieved at the 15th and 3oth gene- 

ration. (Additive model) 

Intensity Envi- Genera- of selection ronment , tion b h x 

Response to selection 
as percent of goal 

X Y 
rG = 0.25 0.50 0.75 

0.8 

0.t t5 t3 5 18 t5 
30 26 18 34 28 

0.4 15 25 14 22 2t 
30 48 4t 44 42 

0.7 15 35 34 33 33 
30 63 68 62 59 

0.5 

OA t5 30 35 32 31 
30 54 66 62 51 

0.4 t5 54 52 55 52 
30 86 92 9t 86 

0.7 15 67 65 67 64 
30 96 82 95 94 

0.2 

0.i 15 53 50 52 53 
3o 83 85 82 82 

0.4 t5 8o 93 84 79 
30 99 118 99 97 

0.7 t5 93 97 92 95 
30 t00 107 96 100 

In selection directly fo.r X ,  the genotypic mean 
can be moved from its initial value of 48 to 96 at 
which time all loci for X would be homozygous for 
the + allele. This selection on X would move Y 
toward 60, 72, or 84 when genetic correlation was 
0.25, 0.50, or 0.75 and the loci shared with X were 
homozygous for the W allele. 

The table substantiates what already has been ob- 
served in the graphs, close agreement between percent 
response in X and Y when genetic correlation was 
0.5 or0.75, intensity of selection ~ 0.8, and heritabi- 
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Fig. 1.t. Mean genetic progress at three intensities of selection 
when h x = 0.1 (additive model) 

l i ty > 0A. Less intense selection (fewer offspring 
to measure) and small genetic correlation (fewer loci 
in Y affected by  selection) allowed larger influence 
of random sampling as shown by less agreement in 
response of X and Y, Y actually exceeding its goal 
occasionally. 

Complete Dominance 
Change in genotypic mean of X and correlated 

change in genotypic mean of Y at  all t reatment  
combinations are presented graphically over 30 gener- 
ations in Figures 2.1, 2.2, and 2.3 for both directions 
of selection, upward for the dominant allele and 
downward for the recessive allele. As in the additive 
model, results for the selected X were averaged over 
replicates, levels of environment of Y, and initial 
genetic correlations so that  each point represents the 
average of t8 trials. Results for the unselected 
correlated trai t  Y were averaged over replicates and 
levels of environment of Y, each point representing 
an average of six trials. 

For  complete dominance the expected maximum 
advance from selection again differed depending upon 
whether the trai t  was selected directly or indirectly 
and whether by  upper or lower truncation. The 
differing goals for the two traits are in Table 2. The 
genotypic mean in the initial generation was 72 in 
every case. The maximum possible advance of the 
genotypic mean from selection by  upper truncation 
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Fig. t .2. Mean genetic progress at three intensities of selection 
when h~ = 0.4 (additive model) 
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Fig. t .3. Mean genetic progress at three intensities of selection 
when h~ = O. 7 (additive model) 
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Fig. 2.1. Mean genetic progress at three intensities of selection 
when h~ = 0.1 (complete dominance). Upper four curves, 
selection by upper truncation; lower four, selection by lower 

truncation 
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Fig. 2.2. Mean genetic progress at three intensities of selection 
when h~ = 0.4 (complete dominance). Upper four curves, 
selection by upper truncation; lower ~our, selection by lower 

truncation 

Table 2. Progress possible/or genotypic means o / X  
and Y ]rom selecting in dit/erent directions with 

various genetic correlations 

Direction of selection 

Upward Downward 
Trait eG 

Goal Maximum Goal Maximum 
advance decline 

X 96 24 0 72 
Y .25 78 6 54 18 
Y .50 84 12 36 36 
Y .75 90 t8 t 8  54 

was 24 while the  m a x i m u m  possible decline f rom 
select ion by  lower t runca t ion  was 72 units .  The  
m a x i m u m  response possible f rom downward  select ion 
was three  t imes  t h a t  possible by  upward  selection. 

A s y m m e t r y  of response to  select ion in opposi te  
d i rect ions  has been  observed  f r equen t ly  in select ion 
exper iments .  In  popula t ions  s imula ted  here where  
dominance  was comple te  a t  each locus and  all 
d o m i n a n t  alleles affected the  t r a i t  in the  same direc- 
t ion,  genet ic  a s y m m e t r y  of response to  select ion was 
expected .  Fa lconer  (1960) referred to  this  as "d i rec -  
t iona l  dominance" .  W h e n  the  purpose  of select ion is 
to  m o v e  gene f requency  of the  desired gene f rom 0.5 
to  1, the  ra te  of change of gene f r equency  is larger  

Table 3. Response in trait X and correlated response in 
Y at three levels o[ genetic correlation, measured as percent 
o[ selection goal achieved at the 15th and 3oth generation 

(Complete dominance, selection by upper truncation) 

Intensity Environ- Genera- 
of selection ment , tion 
b h x 

Response to selection 
as percentof goal 

Y 
X ra = 0.25 0.50 0.75 

0.8 

0.t t5 to - 6 4 
30 2o -- - 9 

0.4 15 30 -- 9 22 
30 53 -- l i  43 

0.7 t5 4t -- 39 31 
30 65 -- 55 42 

0.5 

0.1 15 37 -- 24 37 
30 58 -- 20 55 

0.4 15 62 -- 49 54 
30 87 -- 64 75 

0.7 15 75 32 62 75 
30 94 20 61 88 

0.2 

o.l t5 60 26 51 55 
30 80 t7 49 72 

0.4 15 83 42 76 75 
30 95 -- 70 87 

0.7 t5 92 39 78 8t 
30 98 5 59 86 

-- No progress toward goal. 
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Fig. 2.3. Mean genetic progress at three intensities of selection 
when h x = 0.7 (complete dominance). Upper four curves, 
selection by upper truncation; lower four, selection by lower 

truncation 

Table 4. Response in trait X and correlated response in 
Y at three levels o] genetic correlation, measured as percent 
o] selection goal achieved at the 15th and 3oth generation 

(Complete dominance, selection by lower truncation) 

Intensity Environ- Genera- of selection ment , tion 
b h x 

Response to selection 
as percent of goal 

Y 
X rG = 0.25 0.50 0.75 

0.8 

0.1 15 14 32 14 13 
30 28 74 33 26 

0.4 t5 23 33 29 29 
30 46 64 60 52 

0.7 t5 25 54 34 28 
3O 53 I0t 64 56 

O.5 

o.1 15 29 39 30 29 
30 57 75 59 62 

0.4 15 51 67 58 52 
30 88 t12 1o2 91 

0.7 t5 59 80 67 59 
30 96 t t4  t08 99 

0.2 

o.1 15 5t 65 48 57 
30 84 116 89 90 

0.4 15 80 95 87 80 
30 99 t44 t to  99 

0.7 15 9t tlO 97 92 
30 100 142 108 t04 

when selection is for the recessive allele. Lush (t945) 
i l lustrated tha t  selection for a dominant  allele is 
most  effective when the frequency of tha t  allele is 
about  0.3 while selection for a recessive allele is most  
effective when its frequency is about  0.7. 

Response to selection in opposite directions was, 
of course, quite symmetr ical  for the first few genera- 
tions, while gene frequencies were still about  0.5 for 
the desired allele. However,  as gene frequencies 
separated, response to selection for the recessive 
increased while selection for the dominant  allele 
became much more difficult. When selection was 
upward for the dominant  allele, average gene fre- 
quency never rose above 0.95 even with intense 
selection and small environmental  variance. This 
s imply reflects tha t  to remove rare recessive genes by  
mass selection is difficult. 

For little selection (b = 0.8), responses were nearly 
linear at all levels of heri tabil i ty for both  directions 
of selection. As intensi ty of selection increased, 
responses in both  directions became asymmetr ical ly  
curvilinear as they were reduced in later generations 
when frequencies of desired genes became low. 

With upper  truncation,  correlated responses were 
less than  expected part icularly for smaller genetic 
correlation. At r G = 0.25 unless selection was intense, 
response was generally negative;  sometimes small 
gains early were lost by  the 30th generation. As r a 
increased to 0.50 and 0.75, correlated responses follow- 
ed direct responses increasingly more closely, bu t  
most  response was achieved by  the 15th generation 
followed by  little response or even losses in Y 
(Figure 2.3 top). 

When selection was by  lower t runcat ion for reces- 
sive alleles, correlated responses of the unselected 
t rai t  were generally proportional  to direct responses 
and, in most  cases, to genetic correlations. In  all 
situations Y changed distinctly with selection down- 
ward for X. 

Responses to selection in percent of goal of selection 
illustrate more clearly changes by  the various condi- 
tions. These ratios for selection in opposite directions 
at  generations t 5 and 30 are in Tables 3 and 4. Y 
failed to respond to selection by  upper  truncation 
on X when genetic correlation was small unless selec- 
tion was intense. Even then more progress had been 
made toward the selection limit at  the t5 th  genera- 
tion than at  the 30th. Similarly for r a = 0.5, pro- 
gress toward the selection goal was always less in the 
correlated t rai t  than  in the selected t ra i t ;  most of this 
progress had been achieved in the early generations 
of selection; and some was lost in later generations. 
For ra = 0.75 percent of selection goal of correlated 
t rai t  and selected t rai t  agreed more closely, bu t  the 
correlated t rai t  never quite achieved as much relative 
progress as the selected trait .  

In  Table 4 of lower t runcat ion most  progress 
toward the goal of selection of the correlated t rai t  
was for genetic correlation 0.25. Possibly the smaller 
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goal  of t he  co r re l a t ed  t r a i t  cou ld  m a g n i f y  a smal l  
dev i a t i on  f rom the  response  expec t ed ;  however ,  t he  
t r e n d  was d i s t i nc t  and  cons i s t en t  and  occur red  to  
less degree in r e l a t ive  responses  of the  co r re l a t ed  t r a i t  
when gene t ic  cor re la t ion  was 0.5 a n d  0.75. Progress  
in t he  t r a i t  co r r e l a t ed  0.75 t e n d e d  to  be  s l igh t ly  
la rger  t h a n  in t he  se lec ted  t r a i t ,  p r o b a b l y  more  
cons i s t en t ly  t h a n  f rom r a n d o m  sampl ing  in the  unse-  
l ec ted  p a r t  of t he  co r re l a t ed  t r a i t .  

This  s imu la t ion  of s imple  mode l s  r eminds  t h a t  the  
same p o p u l a t i o n  mechan i sms  and  mode  of gene ac t ion  
which  con t ro l  a m o u n t s  and  ra t e s  of response  to  d i rec t  
select ion also a p p l y  t o  co r re l a t ed  responses  of an 
unse lec ted  t r a i t .  F o r  example ,  in the  same w a y  t h a t  
change  becomes  more  di f f icul t  in se lec t ing  a d o m i n a n t  
al lele as the  recess ive  al lele becomes  rare ,  a co r r e l a t ed  
response  in an unse lec ted  t r a i t  is also di f f icul t .  This  
d i f f i cu l ty  could  be g rea t e r  in more  complex  gene t ic  
sys t ems  of economic  species.  
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