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Summary. Individual phenotypic selection for high 4.
week body weight was conducted for 40 generations in
two lines of Japanese quail under two protein environ-
ments. Line P was selected on an adequate 28% protein
diet, and line T was selected on a 20% protein diet con-
taining 0.2% thiouracil (TU). In generation 20, a subline R
was established by subjecting progeny from the T line to a
20% protein diet; in generation 27, a subline S was devel-
oped by subjecting progeny from the T line to a 28%
protein diet containing 0.2% TU. Progeny from a non-
selected control line (C) were reared with selected lines
and sublines in all generations.

Quail in the P line continued to respond to selection
for 40 generations; body weights increased from 90 to
approximately 200 g. Mean body weights of T line quail
peaked in generation 22 and did not appear to show any
definite gains thereafter. Body weight responses of sub-
lines R and S were greater than those in the T line and
indicate that changing the selection environment follow-
ing long-term selection may be an effective technique to
maximize total selection responses for 4-week body
weight in quail. Realized heritability estimates for 4-week
body weight were larger in the P line than in the T line in
all comparisons. Realized estimates were high (30-45%)
for the ten generations 1-10; moderate (15-20%) for gen-
erations 11-30, and small (5-10%) for generations 31-40.
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Introduction

Clayton and Robertson (1957) reported that short-term
effects of selection for abdominal bristles in populations
of Drosophila melanogaster were in fair agreement with
theoretical expectation, however, the long-term behavior

of these lines were bewilderingly complex. Siegel (1962)
and Jaap (1963) found that short term selection responses
for 8-week body weight in chickens agreed with expected
gains. They observed realized heritabilities of 0.30 to 0.40
for 8-week body weight following four to five generations
of selection. There is also evidence that selection re-
sponses for early growth in chickens follow predicted pat-
terns for longer periods (Dev et al. 1969; Maloney et al.
1963, 1967). Robertson (1960) proposed a theory of
limits in artificial selection, suggesting that the expected
limit of individual selection in any population is a func-
tion only of Ni, where N is the effective population size
and 7 the selection differential in standard deviation units.
Lerner (1954) proposed that self-regulation of popula-
tions (genetic homeostasis) is dependent on natural selec-
tion favoring intermediate rather than extreme pheno-
types. Because responses in early generations of selection
are expected to be greater than those in later generations,
the nature of selection limits or plateau for early growth
becomes an important consideration for future genetic im-
provement of poultry. The cessation of selection responses
may result from either a ceiling or limit (when all relevant
loci have become homozygous) or a plateau (Lawrence
1964). The primary difference between these two condi-
tions is that a ceiling is static and final whereas a plateau,
being transitory, has a dynamic quality. Response patterns
of long-term studies in which selected lines fail to respond
to selection for a number of generations and then for no
explainable reason again respond to selection (Roberts
1966) suggest that plateaus rather than selection limits
may be the most common of the two conditions.

There is no generally accepted theory concerning the
cause of plateaus. Lerner (1958) proposed that genetic
variability for the trait in question exists in the selected
line, but that it is not expressed in the environment in
which selection is being practiced. This hypothesis would
appear plausable since a fundamental concept of quantita-
tive genetics is that the phenotype of an individual is a
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function of both its genotype and environment. Contrari-
wise, Mather and Harrison (1949) also proposed that gene-
tic variability exists in the line, but that it is not available
to selection because of disadvantageous linkages which
have accumulated between genes determining the trait in
question and those determining fitness.

Although hypotheses have been advanced regarding
causes of selection plateaus, there has been little investiga-
tion into possible ways of breaking or circumventing
them. The purposes of this report are to: (1) provide in-
formation on long-term selection responses for 4-week
body weight in Japanese quail when selection is practiced
under different nutritional environments; and (2) explore
the concept of changing environments to maximize gene-
tic gains in long-term selection studies.

Materials and Methods

Individual phenotypic selection for high 4-week body weight was
conducted for 40 generations in two lines of Japanese quail (Co-
turnix coturnix japonica) under two protein environments. Line P
was selected on an adequate 28% protein diet, whereas line T was
selected on a 20% protein diet containing 0.2% thiouracil (TU).
Details regarding the establishment of these lines and early re-
sponses have been reported (Marks and Lepore 1968; Marks
1971). Briefly, both lines originated from a common control pop-
ulation (Marks 1967) and consisted of approximately 400 straight
run chicks/line/generation. Random bred control quail were raised
intermingled with each population in each of the first 26 genera-
tions. Starting in generation 27 and continuing thereafter, controls
were reared in the same battery but in separate decks from the
selected lines. Within each population and generation, 24 males
and 72 females were selected as breeders to produce the first
10 generations. Generations 11-40 were reproduced with 60 paired
matings/line.

Two sublines were developed from the T line. Selection for
high 4-week body weight was continued in these sublines to inves-
tigate the influence of changing the selection environment on ulti-
mate response levels, In generation 20, a subline (R) was estab-
lished by creating a new nutritional environment consisting of a
20% protein diet. This resulted in the removal of the 0.2% TU
stress but the retention of the 20% protein stress in this subline.
This line was discarded after six generations of selection under a
20% protein environment. In generation 27 a second subline (S)
was established by subjecting chicks from the T line to a 28%
protein diet containing 0.2% TU. This subline therefore, had the
low protein stress (20% protein diet) removed but retained the TU
stress. After establishment, both sublines were maintained and se-
lected in a manner similar to the P and T lines. Nonselected con-
trols were also reared with the sublines to measure environmental
variations in these lines across generations.

Realized heritabilities (h* = R/S) of the selected trait (4-week
body weight) were obtained for each generation by use of controls
to correct for environmental variation. Realized heritabilities were
also estimated by calculating the regression of mean 4-week body
weights on the cumulative selection differentials and from regres-
sion of offspring on midparent, Body weight gains across genera-
tions were estimated by regressing population means on generation
number across the 40 generations and also by 10-generation inter-
vals. Regressions of the deviation of the selected population means
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from the control means on generation number were also calcu-
lated.

Results

The mean 4-week body weights of the controls (PC) rear-
ed with the P line remained fairly constant across 40 gen-
erations (Fig. 1). The regression of mean weights on gener-
ation yielded a small negative regression coefficient of
—0.03 g. (Table 1). The regressions by 10-generation inter-
vals were similar, except for the significant (P < .05) value
(1.36) observed for generations 21-30. This may be due to
the gradual decline in body weights of PC line controls
from generations 1-20 (—0.12 and —0.25), apparently as a
result of competition for feeder space by the smaller
control bird. Starting in generation 27, controls were
reared in a separate deck of the brooder to eliminate this
factor from possibly influencing the body weights of con-
trol birds. A comparative study in generation 26 indicated
that the control birds reared in separate decks were 6 to 8 g.
heavier than controls reared intermingled with the heavier
birds of the selected lines. The improvement in body
weights of controls following this management change in
generation 27 is evident in fig. 1.

The regression of mean body weights on generation for
generations 140 in the TC line was —0.46 which was
significant at the P < .01 level (Table 1). It appears that
the greatest reduction in weights of the TC line occurred
during the first 35 generations (Fig.2 ). The regression
coefficient for this line was 1.70 g. for generations 3140
(Table 1).
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Fig. 1. Four-week body weights of P line and control line (PC)
quail by generation following individual phenotypic selection
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Table 1. Regression of four-week body weights of selected and control quail lines on
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generation
Line
Deviation from control
Selected Control
Generation P T PC TC P-PC T-TC
&) (& (g) &) () &)
140 3.01** 1.32%* -0.03 —0.46%* 3.00** 1.72*%*
1-10 4, 22%* 4.26** ~0.12 0.09 4.29%* 4.24**
11-20 3.96** 3.18%* -0.25 0.48 4.21%* 2.69%*
21-30 3.58** -0.53 1.36* —1.34%** 2.22% 0.80
3140 1.83** 2.58* 0.78 1.70* 1.09 0.86
* P<.0S
** P <01
— T—Line diet containing 0.2% TU was not as great as the response
-=e= R-line observed in the P line (Fig. 2). The regression coefficient
wsp  e*ee*s* S—Line s of 4-week body weights on generations 1-40 was 1.32 +
TC—Line o " 14g. (Table 1). This value is considerably less than the
b RC_L_me 2.78 g. increase/generation observed in the T line during
""""" SC-Line R, the initial 15 generations of selection (Marks 1971). Re-

Body Weight (g)

S 10 15 2‘0 2‘5 a0 35 40
Generation
Fig. 2. Four-week body weights of T and TC lines, R and S sub-

lines and control line (RC and SC) quail by generation following
individual phenotypic selection

Response to Selection

The 4-week body weights of quail in the P line (selected
under a 28% protein environment) continued to respond
to selection for 40 generations (Fig. 1); body weights in-
creased from 90.5 g. to approximately 200 g. There is,
however, some indication that little progress has been ob-
tained beyond generation 37. The regression coefficient
(b) of body weights on generations was 3.01 + .09 g. (Ta-
ble 1). This mean gain of 3.01 g./generation for genera-
tions 140 is similar to the 2.97 g./generation observed
during the first 15 generations of selection in this line
(Marks 1971). The response of 4-week body weight in the
T quail line, where selection occurred under a 20% protein

gression coefficients of mean body weights on generations
for the first 10 generations of selection were similar for
the P and T lines (Table 1). Gains declined during each of
the subsequent 10-generation intervals in the P line. In the
T line, however, fluctuations occurred with the mean
gain/generation being 3.18 g. for generations 11-20,—0.53g.
for generations 21-30, and 2.58 g. for generations 31-40.

To eliminate the environmental variation as measured
by the controls, regression coefficients were calculated as
deviations from the control. Although the regression co-
efficients (generations 1-40) were not appreciably differ-
ent from those obtained from the uncorrected P and
T line means, the use of controls allowed for a more ac-
curate view of responses by 10-generation intervals (Ta-
ble 1). There is evidence of a 10-generation lag in the
T line compared to the P line with regard to the overall
reduction in mean gain across generations (Table 1).

These data suggest that the gain in mean body weights
of the P line across generation continues to respond to
selection (Fig. 1) even though the control-corrected re-
gression of 1.09 g. for generations 3140 was not signifi-
cant, indicating that the response has slowed. Contrari-
wise, the gain in body weights of the T line appears to
have plateaued during the last 20 generations (Fig. 2). The
overall downward trend of control body weights (TC),
however, precludes any definite comments on the true
status of the T line.

The responses of the P and T lines expressed as a per-
centage of deviation from their respective controls were
surprisingly similar (Fig. 3). The rapid response of both
lines during the first 25 generations became erratic there-
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Fig. 3. Percentage deviation from control in P and T line quail by
generation

Table 2. Regression of four-week body weight of line T and sub-
lines R and § quail on generation

Line Deviation from control
Generation T R S T-TC R-RC S-SC

() () (&) (&) () ()
21-26 -1.69 0.84 - 1.38 2.28 —
27-40 0.56 - 1.89** —0.02 - 1.14*
* P<.05
** pg 01
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Fig. 4. Percentage deviation from control in the T line and the R
and S subline quail for generations 20-40
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after. A positive trend in the P line curve after genera-
tion 27 appears to be evident, while the corresponding
curve for the T line appears to level off or even decline.
These data support the hypothesis that P line birds are
continuing to show limited responses to selection, while
T line birds have perhaps reached a plateau.

Responses of Sublines

Subline R did not show a dramatic response to selection
for generations 21-26 (Fig. 2). The mean gain (0.84 g.) per
generation was larger, however, than the mean gain ob-
served in the T line (—1.69 g.) for the corresponding gen-
erations (Table 2). The regressions of body weights on the
deviations from controls also demonstrated greater gains
in the subline R than in the T line (2.28 vs. 1.38 g.). When
plotted as a percentage deviation from the control
(Fig. 4), both lines showed a positive trend across six gen-
erations. This positive trend in the T line is present only
because of the large negative decline in the control (TC)
means.

The gain in mean body weights of birds in the subline
S increased steadily from generations 27 to 40 (Fig. 2).
The overall trend of the control (SC) also improved and
resulted in only a moderate corrected regression coeffi-
cient (1.14g.). Nevertheless, this regression coefficient
was significant (P < .05) and much larger than the corre-
sponding value (—0.02) in the T line (Table 2). The re-
sponses of sublines R and S indicate that changing the
selection environment following long-term selection may
maximize total selection responses for 4-week body
weight in quail.

Selection Differentials

Differences between the expected (unweighted) and effec-
tive (weighted) selection differentials across generations
were small and not significant in either the P or T lines
(Table 3). Therefore, natural selection has apparently
exerted little influence on the reproductive fitness of
these lines. The magnitude of the T line selection differen-
tials (generation 0-39) were only slightly greater than cor-
responding P line values. Selection differentials for genera-
tions 09, however, were significantly greater in the T line
than in the P line. Mean selection differentials for 10 gen-
eration intervals thereafter were similar for the P and
T lines (Table 3). The size of the selection differentials
increased across generations in both lines. This increase
was evident for all periods in the P line; however, it did
not become visible in the T line until after generation 20.
Regression of effective selection differentials on genera-
tion yielded significant (P < .01) regression coefficients of
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Table 3. Mean selection differentials by 10 generation intervals
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Table 4. Heritability estimates by line for four-week body weight

P-line T-line P-Line T-Line

Generation Expected Effective i Expected Effective i Gener- Realized' Realized? b® Realized' Realized® b3
&) (8) () () ation
0-39 12.38 12.11 0.85 12.57 12.78 0.96 1-10 45 49+ .06 .35 .32 .38+.02 .32
0-9 9.42 9.26 1.08 11.38 11.39 1.20 1-20 .33 29+.02 31 .24 .21 £.02 .27
10-19 11.15 11.19 0.89 11.12 11.31 0.88 1-30 .28 .28+.01 .29 .20 .16 +.01 .28
20-29 14.42 13.95 0.76 13.76 13.88 0.95 140 .22 24+ .01 .25 .16 .09 +.01 .24
30-39 14.53 14.04 0.66 14.02 14.52 0.81 11-20 .24 34+.04 27 17 .28 .03 .22
21-30 .24 .24 £.04 .22 .13 —-.03+.04 .26
;= Sel. Diff. 3140 .09 14+.07 .13 .04 17+ .06 .14
% ! Cumulative h? = R/S

0.16 + .03 and 0.12 £ .02 for the P and T lines, respec-
tively. Expected and effective selection differentials were
similar in sublines R and S. The selection differentials of
sublines R and S tended to be smaller than corresponding
values in the T line. In generations 21-26 the mean selec-
tion differential was 11.9 g. in subline R and 12.8 g. in the
T line. The difference between the T line and S subline in
generations 27-39 was 14.7 g. in the Tline and only
10.6 g. in the S line.

The intensity of selection (i) obtained by dividing the
selection differential by the phenotypic standard devia-
tion (op) of the population (Falconer 1960), decreased
across generations in both lines (Table 3). This pattern
may in part be due to scaling effects. Significant regres-
sion coefficients of —0.014 + .002 and —0.007 + .002
were observed in the P and T lines, respectively. Although
the increase in the size of the selection differentials was
due to increased variation accompanying an increasing
population mean, decreasing (7) values suggest that the o,
of these populations increased at a faster rate than the
selection differentials. The trends of the (7) values, there-
fore, more accurately reflect the expected trend in actual
genetic gain in the selected lines. The (i) values were small-
er in the R and S sublines than in the parental T line. This
difference was approximately 10% less in subline R and
20% less in the subline S. Marks and Lepore (1968) and
Marks (1971) noted that the environmental restrictions
utilized to formulate the T line environment resulted in
greater variability in body weight and larger selection dif-
ferentials than in the P line during the first 15 generations
of selection. Results obtained from this long-term selec-
tion study indicate that this situation may occur only
during the initial stages of selection because selection dif-
ferentials in the T line were not different from those in
the P line after the initial 20 generations of selection (Ta-
ble 3).

? Regression
3Regression on mid-parent

Heritabilities

Realized heritability estimates were consistently 0.05 to
0.10 points greater in the P line (Table 4). Realized esti-
mates calculated by two methods [(1) cumulative h? =
R/S and (2) regression of generation means on cumulative
selection differentials] were remarkably similar for the
various observation periods. The largest discrepancies oc-
curred in estimates for generations 11-20 in both lines.
Regression estimates were approximately 0.10 points
greater than those derived by dividing the total response
by the cumulative selection differentials (Table 4). In the
T line, this discrepancy was probably related to the fact
that subsequent estimates for generations 21-30 were ne-
gative (—0.03) and smaller than the corresponding realized
estimate (0.13). Individual generation estimates (h® =
R/S) yielded negative values as well as values larger than
one and thus indicated considerable variation to selection
pressures. Negative estimates tended to be followed by
unusually large values in the subsequent generation and
thereby compensate for negative heritabilities. The in-
fluence of duration of selection on the size of the herita-
bility estimates is clearly visible. The realized heritability
of 4-week weight in the P line for the first 10 generations
of selection was approximately 0.45; estimates for genera-
tions 11-20, 21-30 and 31-40 were 0.24, 0.24, and 0.09,
respectively. Estimates obtained in both lines appear to be
markedly different, after generation 30, than earlier esti-
mates in these lines (Marks and Lepore 1968; Marks
1971). These data indicate that the realized heritability
for 4-week body weight was high (0.32-0.45) for genera-
tions 1.10 selection, moderate (0.15-0.24) for generations
11-30, and small (0.04-0.09) for generations 31-40. This
pattern is in agreement with the general concept of expec-
tation from selection, since it is assumed that the greatest
progress will occur during the initial stages of selection to
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be followed by a gradual decline until selection becomes
negligible (Lawrence 1964).

Heritability estimates for 4-week body weight obtained
by regression of progeny on mid-parent were similar to
realized estimates in the P line with only one exception.
The regression of progeny on mid-parent values for gener-
ations 1-10 in the P line (Table 4) was 0.10 and 0.14 points
smaller than the realized estimates for this period. The
other comparisons of realized and mid-parent regression
estimates were within a narrow range (0.02-0.06). With
the exeption of similar estimates in generations 1-10, the
mid-parent regression estimates in the T line were consis-
tently larger than realized estimates (Table 4). Although
these discrepancies were not large they tended to increase
across generations; the largest differences were between
estimates for generations 21-30 and 31-40. The mid-par-
ent regression heritabilities in the T line appear to be an
overestimate of heritability. The presence of additive ge-
netic variance is not uncommon in studies in which selec-
tion progress has diminished or ceased (Falconer 1960;
Lerner 1958).

Discussion

The long-term responses of the P and T lines to individual
phenotypic selection support the hypothesis that there
was considerable additive gene action for 4-week body
weight at the beginning of this selection experiment. The
increase in each of the selection environments was over
100% in less than 20 generations of selection (Fig. 3). Al-
though the absolute body weights of P line birds con-
tinued to increase after generation 24 (Fig. 1), the in-
crease in percentage deviation from controls after this gen-
eration was small and erratic. This response suggests that
although a fair amount of residual additive genetic vari-
ance was still present in the line, its expression had been
reduced. Contrariwise, the absolute body weights of T line
birds did not appear to increase after generation 22
(Fig. 2). This response is related to the definite decline in
body weights of the controls (TC) across generations un-
der the 20% protein + 0.2% TU selection environment.
These data indicate that both the longest and greatest
response to selection for body weight occurs under an
adequate environment (28% protein) as opposed to a
stress environment (20% protein + 0.2% TU). During the
last 20 generations of this study, the P line continued to
respond to selection pressures whereas the T line appeared
to plateau; this suggests that an adequate environment
may favor the fullest expression of the genotype. There-
fore, although similar progress was obtained during the
early phases of selection (first 20 generations) under both
adequate and stress environments, greater progress was ob-
tained under an adequate environment during the latter
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generations. If an adequate or optimum environment
favors the fullest expression of the genotype, the hypo-
thesis may be that major gene action (major genes) is
similar under both adequate and stress environments (or
all environments), whereas action of other genes(minor
genes) is more fully expressed under an adequate environ-
ment than under a stress environment. This concept
would also suggest that major genes are the first to be
influenced by selection followed by the additive action of
minor genes in latter stages of selection programs.

The procedure of changing or altering the environment
under which selection is practiced appears to offer prom-
ise in maximizing long-term genetic improvement of traits
that are influenced by additive gene action. Assuming that
the T line had reached a plateau following approximately
20 generations of selection (Fig. 2), the greater re-
sponses of the R and S sublines than the T line following a
change in the selection environment indicates that this
procedure may have potential in dealing with plateaued
populations. The greater improvement obtained in the R
and Ssublines than in the parental T line following the
removal of environmental selection restrictions also tends
to support the hypothesis that minor genes may be more
fully expressed under more favorable environments. It is
possible therefore that plateaus may represent the cessa-
tion and/or fixation of major gene action. The progress
observed in some situations after a plateau has been
reached could be due to the utilization of the residual
additive genetic variation of minor genes brought into
action by a favorable change either by chance or design in
the selection environment. Similar weighted and un-
weighted selection differentials (Table 3) suggest that the
plateau of the T line was not due to natural selection for
fitness operating in the opposite direction from artifical
selection as discussed by Lerner (1958).

Although selection progress may have diminished to
some degree for body weight in broilers, there appears to
have been continued progress following an extended num-
ber of generations of selection. This continued progress is
due partly to the extreme selection pressures that can be
applied to such a trait. Continued improvement in nutri-
tion, housing and management may provide a changing
environment that allows for maximum expression and
utilization of residual additive genetic variation and thus
result in continued genetic improvement of broiler body
weights.
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