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Summary. Response to upward selection in 10 replicate lines was linear through 15 generations, had slowed consider- 
ably in many lines by generation 23 and continued in other lines through 30 generations. The lines tended to group 
into those which responsed slowly during early generations and continued to respond through later generations and 
those which gave rapid early response and very low response later coupled with marked reduction in fitness. Response 
to downward selection was similar for 3 replicate lines but  only S0% as great as that  for the high lines. Response declin- 
ed more rapidly in the low lines due to reduced fitness, declining selection differentials and a marked drop in phenotypic 
variance. 

Theoret ical  deduct ions  regarding the effects of 
selection are l imi ted  to the change in  the popula t ion  
mean  and  s t r ic t ly  speaking apply  only  to response for 
one generat ion.  By changing gene frequencies 
selection changes the genetic s t ruc ture  of the popula-  
t ion. The changes in gene frequencies cannot  be 
predic ted since the  effects of ind iv idua l  loci are un-  
known.  The response to selection can be predic ted 
only  for as long as the genetic propert ies  of the popu- 
la t ion  remain  unchanged .  

If selection is applied to different  samples drawn 
from the same popula t ion ,  the ex ten t  to which the 
samples va ry  in gene frequencies,  bo th  in i t i a l ly  and  
dur ing  the course of selection, will de termine  how 
closely the results will agree from sample to sample. 
The results  will t hen  depend  on the gene frequencies 
of the base popula t ion  and  the size of the popula t ions  
dur ing  the course of selection. If most  of the loci 
concerned have in t e rmed ia te  gene frequencies the 
response to selection is no t  l ikely to be inf luenced 
marked ly  by  sampl ing var ia t ion .  If on the other  h a n d  
loci with fairly large effects on the character  have 
genes at  low f requency sampl ing  var ia t ion ,  par t i -  
cular ly  for small  samples, m a y  apprec iably  inf luence 
the outcome of selection. 

In  a long term exper iment  designed to s t udy  the 
biochemical  genetics of growth, a n u m b e r  of replicate 
selection lines of Tr ibo l ium castaneum were in i t i a t ed  
from a single base popula t ion .  The main  purpose of 
the present  inves t iga t ion  was to characterize the 
response to selection for 2 t - d a y  pupa  weight with 
par t icu la r  reference to t ime t rends  in selection for 
high pupa  weight. 

Materials and Methods  

A wild type foundation stock of Tribolium caslaneum 
described previously (Gall 1970) was utilized as the base 
population. A large sample of eggs was taken from the 
population, allowed to develop for 21 days and pupae 
sexed. Twelve random samples of 25 males and 20 females 
each were weighed and designated as the generation 1 
individuals of 12 replicate lines. The total sample of 

300 males and 240 females was designated as generation 
zero yielding base population estimates for the mean and 
standard deviation of 21-day pupa weight of 2.45 mg 
and 0.305 mg, respectively. Selection was initiated by 
retaining, as parents of generation 2, the five heaviest 
males and all 20 females of the generation I individuals in 
each of 10 lines hereafter referred to as the high lines. 
In  two randomly chosen lines, the five males were retained 
at  random and these lines were designated as control lines 
98 and 99. 

Coincidental with generation 5 of the high lines, a second 
sample of eggs was drawn from the base population. At 
21 days 4 random samples of 50 males and 75 females each 
were weighed and designated as the generation I indi- 
viduals of 4 replicate lines. Three were designated as low 
lines for selection for low 21-day pupa weight and 5 males 
and 20 females were retained as parents of generation 2. 
The remaining sample was designated as control line 97 
in which the 5 males and 20 females were chosen at ran- 
dom. The mean pupa weight and standard deviation for 
the total sample was the same as that  for the high line 
sample and gave generation zero parameters. Conse- 
quently, the high and low sets of lines differed in that  
selection was practiced at a low intensity for males only 
in generation I of the high lines and the low lines followed 
the high lines by five generations or approximately a six 
month's  time lag. 

The selection intensity of 5 out of 50 males and 20 out 
of 75 females remained relatively constant through gene- 
ration 23 for the high lines, generation 12 for the low 
lines and through generation 23 for control lines 98 and 99 
and generation 16 for control line 97. However, due to 
reduced numbers of progeny selection was slightly more 
intense than described above in one or two generations 
for most lines during the first two-thirds of the experiment. 
The causes were most probably environmental. An incu- 
bator failure resulting in the loss of selected parents oc- 
curred in generation 13 for high lines 1, 4, 5, 9 and 10 and 
in generation 8 for low lines I and 2. In all cases the lines 
were continued with randomly selected pupae or adults 
from a reserve egg collection contemporary to the ori- 
ginally selected parents. 

The culturing procedure for all lines consisted of setting 
the selected 21-day old pupae in a medium of 90% un- 
bleached white flour and 10% dried brewer's yeast at 
a temperature of 33 -t- t ~ and 70 =L t % relative humi- 
ditiy. After a 14 day maturation and mating period the 
adults were transferred in mass to fresh medium for 
a two day egg laying period. Pupae were weighed on the 
21st day, day zero being designated as the day egg collec- 
tion was initiated. Weights were taken to the nearest 
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0.01 mg. Weighing dates for the 12 lines of the high set 
and the four lines of the low set were randomly distr ibuted 
over a 30 day  period. 

A marked decline in the reproductive performance was 
observed in the high lines by  generation 20. Although the 
number of pupae available at  21 days fell below the 
required number of 50 males and 75 females only on 
scattered occasions during generations 20-- 22, the margin 
of safety was small. Consequently, the decision was made 
at  generation 23 to modify the selection procedure. The 
t0  high lines were evaluated, on da ta  for generations 20 to 
22, for the severity of the reproductive decline and for the 
magnitude of their  selection response. Selection was sus- 
pended in 5 lines showing the lowest apparent  reproductive 
rate and which had shown little or no response over the 
three generations. These lines were designated as Group B 
and consisted of high lines 1, 2, 4, 6 and 8. The remaining 
lines (3, 5, 7, 9 and 10) were designated Group A. The 
procedure for Group B, s tar t ing with generation 23 indi- 
viduals, involved weighing in mass two samples of 10 male 
pupae, four samples of 10 female pupae and retaining all 
weighed individuals as parents  of the next  generation. 
Group A lines were continued on the original procedure 
with the provision tha t  the selection intensi ty could be 
relaxed to the selection of 10 males and 30 females if the 
reproductive performance of a line declined sharply. The 
la t ter  occurred for line 3 in generation 27--29, for line 5 
in generation 29, line 7 in generations 25 and 27, line 9 in 
generation 23 --25 and 28 -- 29 and for line 10 in generation 
29. 

A similar but  more severe and precipitous reproductive 
decline was observed for the low lines in generations 12 
and 13. Since the number of pupae fell well below the 
required 50 males and 75 females all pupae were weighed. 
Only a small proport ion of total  number of individuals 
present were in the larval  or adul t  stages and the number 
of pupae weighed was used to est imate reproduction 
(Table t). In  order to maintain these lines under conti- 
nuous selection, the number of parents  selected was 
increased to 10 males and 30 females for lines t and 2 at  
generation t 4 and for line 3 at  generation 13. The decision 
was based on the assumptions tha t  the larger sample would 
reduce selection pressure, reduce the rate of inbreeding 
and increase the number of adults  surviving through the 
egg laying period. 

Table 1. Reproductive per/ormance o/3 lines selected/or low 
21-day pupa weight measured as the number o/ pupa 
weighed in generations 12 through 25. Maximum numbers 

required were 5 ~ males and 75/emales 

Lines 1 2 3 
Generation dc~ ~?~ d$ 99 cod 9Q 

12 50 75 50 75 30 65 
13 34 34 30 34 10 30 
14 18 29 33 34 50 64 
15 15 26 39 47 50 71 
16 50 69 50 61 50 58 
17 23 23 32 32 25 25 
18 36 45 45 44 50 75 
19 50 75 50 71 50 75 
2o 50 59 50 75 50 75 
2t 31 30 50 75 50 74 
22 50 42 50 75 50 75 
23 50 75 35 39 50 75 
24 38 52 50 62 50 75 
25 50 62 50 75 50 75 

Results  and D i s c u s s i o n  

The response  in p u p a  weight  to  se lect ion obse rved  
over  the  ent i re  e x p e r i m e n t  is shown in F igure  t .  

Group  A and  B lines, se lec ted  for high p u p a  weight  
showed s imi lar  responses  du r ing  the  ea r ly  genera t ions  
wi th  the  excep t ion  of l ine 7 of Group  A which was 
cons i s t en t ly  below the  o the r  nine  lines. The  l ines 
began  to show d i f fe ren t i a t ion  a f te r  gene ra t ion  t2.  
The  p rec ip i tous  d rop  in the  mean  for l ine 8, Group  B 
at  gene ra t ion  t0  canno t  be expla ined .  Fo l lowing  the  
decl ine to  a lmos t  the  in i t i a l  va lue ,  the  line r e sponded  
to  select ion a t  a v e r y  r a p i d  ra te  becoming  the  
heav ie s t  l ine a t  gene ra t ion  12. Response  then  ab-  
r u p t l y  ceased a t  genera t ion  t 4. The  r ema in ing  Group  
B lines showed l i t t le  or  no response  f rom genera t ion  
18 t h r o u g h  23 a t  which  t ime  select ion was suspended .  

The  Group  A lines showed a con t inu ing  l inear  
response  excep t  for a m o d e r a t e  decl ine for l ine 3 
be tween  genera t ions  20 and  24. I t  is of in te res t ,  
however ,  t h a t  the  average  p u p a  weight  of the  Group  B 
lines was equa l  to t h a t  of the  Group  A lines a t  gene- 
r a t ion  22. Line 9 (Group A) is also of in te res t  in t h a t  
i ts  response  was s imi la r  to  the  o the r  l ines t h rough  
genera t ion  t 8 a f te r  which  i t  showed a m a r k e d  increase  
in r a t e  of response.  

Select ion response  of the  th ree  Group  L lines, select-  
ed for low p u p a  weight ,  was h igh ly  r e p e a t a b l e  wi th  
v e r y  l i t t le  segregat ion  occurr ing  in 25 genera t ions .  
Lines  1 and  2 showed s l ight  d i f fe ren t i a t ion  a f t e r  
gene ra t ion  9 b u t  r e m a i n e d  para l l e l  the rea f te r .  This  
resul t  m a y  be confounded  wi th  the  effect  of r a n d o m  
select ion of p a r e n t s  to replace  those  lost  in gene ra t ion  
8. The  gene ra l ly  h igher  gene ra t ion  means  for l ine 3 
a f te r  gene ra t ion  t 2  were also u n d o u b t e d l y  due to  the  
loss of select ion pressure  in genera t ions  t2  and  t3  
caused  b y  poor  reproduc t ion .  

The  pe r fo rmance  of the  con t ro l  lines, Group  C, was 
s tab le  t h r o u g h o u t  the  expe r imen t .  The  mi ld  decl ine 
in gene ra t ion  means  dur ing  the  ea r ly  genera t ions  was 
mos t  p r o b a b l y  the  resul t  of smal l  nega t ive  select ion 
dif ferent ia ls .  However ,  the  effects of inb reed ing  and  
genet ic  d r i f t  could  account  for pa r t  of the  change.  
Since there  were no m a j o r  shif ts  in the  cont ro l  lines, 
all  ana lyses  of pe r fo rmance  of the  se lec ted  lines 
was based  on ac tua l  d a t a  r a t h e r  t h a n  dev ia t ions  from 
control .  

The  response  of l ines se lec ted  for high and  low 
p u p a  weight  was e s t i m a t e d  for va r ious  in t e rva l s  of 
the  e x p e r i m e n t  b y  regress ion of p u p a  weight  on gene- 
ra t ions  us ing the  techniques  in which  the  genera t ion  
n u m b e r  is r e p e a t e d  for each i nd iv idua l  record.  The  
l a t t e r  m e t h o d  was chosen since i t  has  been shown to 
be  cons i s t en t ly  more  eff icient  t han  the  m e t h o d  us ing 
means  when the  cor re la t ion  be tween  dev ia t ions  f rom 
regress ion of i nd iv idua l s  wi th in  a given va lue  of the  
i n d e p e n d e n t  va r i ab le  is smal l  (Bohren,  McKean  and  
Y a m a d a  t961 ; McKean  and  Bohren  1961). 

Major  a s y m m e t r y  occur red  for response  in the  
u p w a r d  and  d o w n w a r d  di rec t ions .  The  high lines 
showed an average  t o t a l  response  of 2.30 mg in 23 
genera t ions  as c o m p a r e d  to  on ly  1.25 mg in 25 gene- 
r a t ions  for the  low lines. Poss ible  causes of a symme-  
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Fig. t. Response to selection for 21-day pupa weight. Group A -- 30 generations of upward selection. Group B -- 25 genera- 
tians of upward selection followed by 5 generations of suspended selection. Group L -- 25 generations of downward selec- 
tion. Group C -- random selected controls: line 97, 25 generations contemporary to Group L; lines 98 and 99, 30 gene- 

rations contemporary to Group A and B 

try have been discussed elsewhere (Falconer t960). 
Although replication was disproportionate, the data 
suggested that response to downward selection was 
much more uniform among lines than upward selec- 
tion. Control lines 98 and 99 showed a small but 
significant downward response. This, however, can 
be accounted for by the small negative selection 
pressure inadvertently applied to these lines. Control 
line 97 did not change significantly over 25 genera- 
tions and the average selection differential was zero. 

The extent to which selection response and the 
genetic properties of each line changed as the dura- 
tion of selection increased were estimated for the 
high lines by considering response observed over 
generation intervals t through 10, t through 1~, 
I through 23 and over the entire experiment (Table 2). 
Generation zero was omitted from the analyses as 
differences between generations 0 and t reflect pri- 

marily effects of sampling. For the first t0  genera- 
tions of selection there were no significant deviations 
from the linear regression of response on generations 
and the selection differentials were very similar for 
all lines. Therefore, response during the first 10 ge- 
nerations would give an accurate estimate of the 
available additive genetic variability of each line. 
During the first t0 generations, average response 
(Table 2) ranged from a low of 0.09 mg per generation 
in line 7 to a high of 0.t8 mg in line t0, a difference 
of t00~ . The remaining 8 lines tended to scatter 
along this range although five were more inter- 
mediate. With the exception of line t0, average 
response per generation suggested that the Group B 
lines responded more rapidly than the Group A lines 
(0.t3 mg vs. 0.15 rag) during the early generations. 
Such a result would indicate that the frequencies of 
favorable alleles in the Group B lines were more 
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Table 2. Regression coefficients of 21-day pupa weight (mg) on generations .for high weight 
selected lines 

167 

Generation Interval 

Group Line 1-- t0  t --15 t --23 0--30 
b 4- s.e. b 4- s.e. b 4- s.e. b 4- s.c. 

A 3 0.13 • .003t 0.11 4- .O02 O.09 4- .001 0.O7 4- .001 s 
5 0.13 4- .003 0 . t l  4- .002 0.09 :Jz .001 0.08 4- .001 
7 0,09 4- .003 0.08 4- .002 0.08 4- .00t 0.07 4- ,001 
9 0.11 + .0o3 0.10 4- .o02 0.10 -I-.001 0.11 4- .001 

1o 0.18 4- .003 o.13 4- .002 o.10 • .ool 0.09 4- .OOl 
Average O.13 4- .003 0.11 q-.002 0.09 + .001 0.08 q-"001 

13 1 0.14 4- .003 0.11 4- .002 0.09 4- .00t -- 
2 0.13 4- .004 0.11 -t- .002 0.t0 • .OOl -- 

4 0.14 • .003 0.t0 4- .002 0.08 4- .001 -- 

6 0.15 4- .003 0.t4 4- .002 0.t2 4- .001 - 
8 0.17 -t- .004~ 0.12 4- .003 0.09 4- .002 -- 

Average 0.15 4- .003 0.12 4- .002 0.10 4- .001 -- 

C 98 --.013 4- .004** - - .0 t7  i .002 -- .o10 4- .001 --.009 4- .001 
99 --.007 4- .003* --.027 4- .002 --.014 4- .001 --.013 4- .001 
Average --.010 4- .004* --.022 4- .002 - - ,0 t2  2:~ .001 -- ,01t  4- .001 

t All coefficients greater than zero at P < .001 except as indicated; nsnot significant, 
*P < .05, **P < .01. 

?? Based on generations t - -9  only. 
s Line 3 completed only 29 generations. 

Table 3. Regression coefficients o~ 21-day pupa weight (rag) on generations/or low weight selected 
lines 

. . . . . . .  Generation interval 
Group Line 

1--1o t - -16 0--25 

L 1 --.07 4- .003t  -- .06 4- .001 --.05 ~ .001 
2 -- .08 4- .003 -- .08 4- .001 --.05 :k .001 
3 -- .08 • .003 -- .o6 -}- .001 -- .04 4- .001 

Average --.08 + .003 --.07 :t: .001 --.05 -+-.001 

C 97 --.005 4- .003 ns --.001 q-.001 ns --.001 -}-.00t ns 

I" All coefficients greater than zero at P < .001 except Group C; ns not significant. 

i n t e r m e d i a t e  t h a n  in Group  A, a f ac to r  which mus t  be  
cons idered  in an e x p l a n a t i o n  of the  ea r ly  p l a t e a u  
obse rved  for the  Group  B lines. An  average  response  
of t he  l ines in each group  was used  since the  s i m i l a r i t y  
of s t a n d a r d  er rors  d id  no t  w a r r a n t  a more  soph i s t i ca t -  
ed  pool ing  technique .  

There  was a def in i te  d rop  in the  r a t e  of response  as 
se lect ion progressed .  Lines  showing the  l a rges t  re- 
sponse in i t i a l l y  dec l ined  the  mos t  r ap id ly .  Lines  8 and  
t0 ,  for example ,  dec l ined  f rom 0 . t7  and  0A8 mg per  
gene ra t ion  t h rough  genera t ions  9 and  t 0, r e spec t ive ly ,  
to 0.09 and  0.10 mg b y  gene ra t ion  23. Lines  7 and  9 
on the  o the r  h a n d  changed  f rom in i t i a l  t 0 gene ra t ion  
responses  of 0.09 and  0.11 mg to a r e spec tab le  0.07 
and  0 . t t  mg  b y  gene ra t i on  30. An excep t ion  to  th is  
genera l  t r e n d  was l ine 6 which m a i n t a i n e d  a h igh  
response  for a longer  per iod.  The  l a t t e r  response  
suggests  t h a t  a t  leas t  some f avo rab le  al leles were a t  
a r e l a t i v e l y  low in i t i a l  f r equency  in th i s  line. 

S imi la r  t ime  t r ends  were obse rved  for the  th ree  low 
lines over  i n t e rva l s  of genera t ions  t t h r o u g h  10, 

I t h r o u g h  t 6  and  over  the  ent i re  25 gene ra t ions  
(Table  3). Since the  l ines gave  v e r y  s imi la r  responses  
and  the  response  was low in compar i son  to  t he  h igh  
l ines a n y  effect of in i t i a l  condi t ions  on subsequen t  
pe r fo rmance  is unc lear ,  excep t  t h a t  the re  was a de-  
cline in response  as se lect ion con t inued .  

An  e s t ima te  of realized heritability (h ~) was calcu-  
l a t ed  as  the  regress ion over  genera t ions  of p u p a  
weight  on obse rved  a c c u m u l a t e d  select ion d i f fe ren t i a l  
b y  the  t echn ique  descr ibed  for regress ion on genera -  
t ions  (Table 4). Aga in  the  resul t s  over  the  f i rs t  
t 0  genera t ions  can be t a k e n  as e s t ima te s  of in i t i a l  
condi t ions .  W i t h  the  poss ible  excep t ion  of l ines 2 and  
10, Group  B lines in i t i a l ly  d e m o n s t r a t e d  h igher  rea-  
l ized he r i t ab i l i t i e s  t h a n  the  Group  A l ines  and  ind i -  
v i d u a l  lines which  gave  l a rge r  in i t i a l  e s t ima te s  t e n d e d  
to  decl ine  t he  mos t  r ap id ly .  Group  B l ines dec l ined  
f rom an average  h * of 0.40 over  the  in i t i a l  10 genera-  
t ions  to  0.26 over  23 gene ra t ions  whereas  t he  Group  
A l ines which  a gave  a lower  ave rage  in i t i a l  va lue  of 
0.34 dec l ined  to  a v e r y  s imi la r  va lue  of 0.25 a f te r  23 
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Table 4. Regression coefficients of 21-day pupa weight (rag) on observed accumulated 
selection differentials (realized heritabilities) for high weight selected lines 

Generation Interval 
Group Line 

t - - to  t--45 1--23 0--30 

A 

B 

3 .34 -{-.009t .26 4- .005 .21 4- .003 .17 q-.002 s 
5 .36 q- .010 .31 4- .006 .27 4- .004 .22 4- .002 
7 .24 4- .009 .22 -r .23 4- .003 .21 4- .002 
9 .30 4- .OO9 .28 4- .006 .25 4- .OO3 .28 4- .002 

10 .47 q-.009 .34 -4-.006 .29 4- .004 .23 4- .002 
Average .34 4- .009 .28 4- .006 .25 4- .O03 .23 4- .002 

f .41 4- .0f0 .35 4- .006 .30 4- .004 -- 
2 .32 4- .009 .26 4- .005 .23 4- .003 -- 
4 .41 4- .009 .3f 4- .006 .24 4- .003 -- 
6 .42 4- .0f0 .37 -+- .005 .29 -b .004 -- 
8 .43 4- .0127"[" .28 4- .007 .22 q-.004 -- 

Average .40 4- .0f0 .31 4- .006 .26 4- .004 -- 

t All coefficients greater than zero at P < .001. 
t t  Based on generation I--9 only. 
s Line 3 completed only 29 generations. 

Table 5. Regression coefficients of 21-day pupa weight (rag) 
on observed accumulated selection differential (realized 

heritabilities) for low weight selected lines 

Group Line 
Generation Interval 

1 - - 1 0  t--16 0--25 

L 1 .25 q- .OlOt .27 4- .005 .26 4- .003 
2 .29 4- .0t0 .30 4- .005 .25 4- .003 
3 .24 -J-.008 .2t 4- .005 .t8 4-.003 
Average .26 4- .010 .26 4- .005 .23 4- .003 

All coefficients greater than zero at P < .00t. 

Table 6. Regression of observed accumulated selection 
differentials and generation standard deviations on gene- 
rations and average standard deviations [or high 21-day 
pupa weight selected lines. (Group A -- generations o-- 3ot ; 

Group B -- generations o--23) 

Selection Standard Deviation 
Differential Group Line b i s.e. b 4- s.e. X 4- s.e. 
(mg) (mg• l0 -2) (mg) 

A 

]3 

3 .42 4- .OO5Q .77 4- .12"* .362 4- .016 
5 .36 4- .005 .14 4- .09 ns .309 q-.008 
7 .33 4- .002 .05 4- .08 n~ .267 4- .007 
9 .38 4- .004 .13 4- .15 ns .321 q-.o13 

1o .35 -4- .004 .24 4- .o8"* .292 4- .008 
Pooled .37 4- .004 .25 4- .06** .310 4- .012 

I .30 q- .005 .38 4- .16" .292 4- .012 
2 .42 4- .007 .41 4- .13"* .310 4- .011 
4 .31 4- .004 --.20 4- .f0* .261 4- .007 
6 .37 4- .006 .22 4- .20 ns .308 4- .014 
8 .39 4- .006 --.02 4- .20 ns .321 4- .010 

Pooled.36 4- .006 .16 4- .08* .298 4- .005 

t Generations 0--29 for line 3. 
~j" All coefficients this column greater than zero at 

nSnot significant, *P < .05, **P < .01. 
P < .ool ; 

generat ions.  F rom these results  i t  can be concluded 
tha t  in i t ia l ly  the addi t ive  genetic var iance  was in 
general  higher in the Group B lines t h a n  in the Group 

A lines suggest ing t ha t  a lar- 
g e r n u m b e r  of favorable  alleles 
were at  i n t e rmed ia te  frequen- 
cies in  the Group B lines. 
The results  reported here for 
t0  genera t ions  agree well with 
those of Enfield,  Comstock 
and  Braskerud  (1966) who ob- 
served realized her i tabi l i t ies  
of 0.37 and  0.34 in two re- 
plicate lines of Tribol ium ca- 
staneum selected for high pupa  
weight  for t2  generat ions.  

Realized her i t ab i l i ty  for the 
low lines was about  70% of 
t ha t  observed for the high 
lines when es t imated  over the 
first 10 generat ions  (Table 5). 
These es t imates  were main-  
t a ined  th rough  genera t ion  t6  

in cont ras t  to the high lines which had  shown a drop 
in realized her i t ab i l i ty  between genera t ions  10 and  15. 
Consequent ly ,  the loss of response was propor t iona-  
te ly  lower over 25 genera t ions  in the low lines than  it  
was over 23 genera t ions  in the high lines. 

The observed differences in selection response and  
differential  realized her i tabi l i t ies  of the lines could 
be due to differences in selection pressure and/or  
phenotyp ic  s t anda rd  devia t ion.  T h a t  such is the 
case for the comparison of the high and  low lines bu t  
no t  for comparisons between the two groups of high 
lines is shown in Figure  2 and  Tables  6 and  7. 

Es t i ma t e d  as regression of accumula ted  selection 
differential  on generat ions ,  the average selection 
differentials  for the high lines were 60% larger t han  
for the low lines and  accumula ted  l inear ly  over the 
ent i re  period of selection. In  the low lines selection 
pressure accumula ted  l inear ly  for the first eight 
generat ions ,  showed a marked  leveling dur ing  gene- 

Table 7. Regression of observed accumulated selection 
diHerentials and generation standard deviations on gene- 
rations and average standard deviations /or low 21-day 
pupa weight selected lines and control lines. (Group L -- 
generations 0--25; Group C -- lines 98 and 99, generations 

o--3o, line 97, generations o--25) 

Selection Standard Deviation 
Differential 

Group Line b 4- s.e. b -~- s.e. X 4- s.e. 
(mg) (mg • 10 -2) (rag) 

L 1 -- .18 • .008? --.59 q- .06 .183 • .010 
2 -- .21 q-.007 --.54 4- .06 .196 4-.010 
3 -- .23 -4-.008 --.38 -t- .08 .212 4- .008 

Pooled-- .21 • .006 --.50 + .04 .198 q- .005 

C 97 --.00i • .002ns--.04 4- .10 ns .258 + .008 
98 --.013 + . 0 0 3  - - . 2 7 + . 1 2 "  . 2 5 0 + . 0 1 2  
99 --.01t 4-.002 --.83 4- .13 .204 4- .018 

Pool (98, 99)--.012 4- .002 --.55 4- .10 .227 i .041 

t All regression coefficients greater than zero at P < .OO1 
unless otherwise indicated; nSnot significant, *P ~ .05. 
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The effect of selection on s tandard deviation for 
lines selected for high pupa  weight was inconsistent 
(Table 6). Pooled regression of generation s tandard 
deviations on generations for the five Group A lines 
gave an est imate of an increase of 0.0025 mg per 
generation for 30 generations and a similar estimate 
for the five Group B lines showed them to have in- 
creased 0.00t6 mg per generation for 23 generations. 
However,  five of the 10 lines showed no significant 
change and the change for the other five lines ranged 
from --.0020 mg for line 4 to +.0077  mg for line 3. 
Since there was no apparent  relationship between the 
change in s tandard deviation and the selection pres- 
sure applied it is improbable tha t  changes in s tandard 
deviation had any marked  effect on the responses 
observed for the high lines. 

Two of the three control lines showed a significant 
reduction in phenotypic  s tandard deviation (Table 7). 
These two lines, 98 and 99, also had small negative 
average selection differentials suggesting tha t  selec- 

rations 9 through t4 and then continued at a slower 
but  linear accumulation through generation 25. 
Generation t4  coincides with the t ime at which parent  
population size of the low lines was increased from 
5 males and 20 females to t0 males and 30 females. 
Thus, increasing parent  population size or reducing 
selection intensi ty was effective in preventing a con- 
t inuat ion of deteriorating selection pressure. 

The effect of selection on the phenotypic s tandard 
deviation of the lines selected for low pupa  weight 
was marked and consistent (Table 7). Selection 
caused an average reduction in s tandard deviation of 
0.005 mg per generation which was equivalent to 
1.5% of the initial value per generation. A major  
cause of the low absolute response in these lines was 
thus a combination of decreasing variabi l i ty and 
declining selection differentials. The extent  to which 
reduced fitness of parents  effeeted the la t ter  cannot 
be est imated since progeny were not observed for 
individual parents.  

Fig. 2. Selection differentials for 21-day pupa weight, accumulated over generations. Groups defined as in legend of 
Figure I 
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tion may have been partly responsible. The fact that  
line 97 did not show a significant change eliminates 
inbreeding as a major factor. The mean standard 
deviation for 30 generations pooled for control lines 
98 and 99 (Table 7) was significantly lower than the 
comparable estimate for the high lines (Table 6). If 
the reduction in control line standard deviation was 
due to an environmental time trend the regression of 
standard deviation on generations may be an under- 
estimate of the effect on phenotypic standard devia- 
tion of selection for high pupa weight. Such would be 
true only if the observed change in the control lines 

Table 8. Response o/Group A lines to continued selection 
and response of Group B lines to suspended selection [or 
21-day pupa weight from generations 23 to 3 ~ based on the 
difference in average generation means /or 3 generation 

intervals 

Average 21-day pupa weight (mg) 

Group Line 

A 

B 

Generations Generations Difference 21--23 28--30 

3 4.32 4.53t .22 
5 4.40 4,78 .38 
7 3.98 4.22 .24 
9 4.67 5.50 .83 

1o 4.52 5.11 .59 
Ave- 
rage 4.38 4.83 .45 

I 4.27 4.05 --.22 
2 4.54 4.27 --.27 
4 4.06 3.85 -- .21 
6 4.51 4.34 --.18 
8 4.30 4.12 --.t8 

Ave- 
rage 4.34 4.t 3 --.21 

t Line 3 completed only 29 generations. 

was unique to the methods or procedures used in 
selection rather than some random phenomenon such 
as genetic drift. The contrasting performance of 
control line 97 suggests a chance phenomenon. 

The effect of suspending selection for the Group B 
lines was compared to the effect of continued selection 
for the Group A lines (Table 8) from generation 23 
through 30. Average pupa weights for each line were 
calculated from the generation means of generations 
21 through 23 and generations 28 through 30 to 
remove generation to generation fluctuations. The 
effect of selection was estimated as the difference 
between these averages. The Group B lines decreased 
an average of 0.21 mg over the seven generation 
period and the decrease was relatively consistent from 
line to line. The Group A lines, which were continued 
under selection at a reduced intensity showed an 
average increase of 0.45 mg over the same period, 
a per generation value equal to one-half of that  expe- 
rienced during the first 10 generations. The latter 
increase was due primarily to line 9 which gave 
a response of 1.5 to 4 times that  of the other four 
Group A lines. 

A further understanding of the response to selec- 
tion for high pupa weight can be contained from an 
examination of the shape of the response curve over 
generations. This was done by fitting first and second 
degree polynomial regressions of 21-day pupa weight 
generation means on generation number and cal- 
culating the arithmetic average of the regression 
coefficients for each group of lines (Figure 3)- A com- 
parison of the regression coefficients and coefficients 
of determination for linear and quadratic equations 
fitted to data for the first 15 generations (Table 9) 
demonstrated that  the response was linear in all 

Table 9. Linear response estimated by simple linear regression and quadratic 
response estimated by second degree polynomial regression o/21-day pupa weight 
generation means on generation/or first 15 generations of selection. (b, b 1, linear 
regression coefficient; b~, quadratic regression coefficient; r 2, coefficient of deter- 
mination [or linear regression; R 2, coefficient of determination /or quadratic 

regression) 

Linear Quadratic 

Group Line b 4- s.e. re b I 4- s.e. bo. 4- s.e. Re 
(mg) (mg) (rag • t0 -2) 

A 3 .ti • .oo8t .94 .t5 + .032 --.24 4-.19 ns .95 
5 .if 4-.008 .95 .15 4- .032 --.24 4- .19 ns .95 
7 .08 4- .007 .90 .08 4- .o31" --.02 4- .19 ns .90 
9 .10 4- .005 .97 .14 4-.021 .25 4- .13 a .97 

10 .12 -+- .010 .92 .22 4- .033 .62 4- .20** .96 
Average .11 4- .008 .94 .15 4- .030 .07 4- .18ns .95 

B 1 .tl • .007 .95 .13 4- .032** --.13 4- .19 ns .95 
2 .11 4- .006 .96 .12 4- .030** --.08 4- .18 ns .96 
4 .10 4- .010 .89 .17 • .039 --.45 • .23 a .92 
6 .14 -4-.006 .98 .11 4- .024 .16 4- .15 ns .98 
8 .11 4- .017 .77 .09 d-.077 ns .14 4- .47 ns .77 

Average .12 -4- .009 .91 .13 4- .040** --.07 4- .24 ns .92 

Unless otherwise indicated coefficients greater than zero at P ~ .001 ; nsnot 
significant, aP < .t0, *P ~ .05, **P < 01. 

lines except line t0. Two lines (4 
and 9) gave quadratic coefficients 
significantly different from zero at 
the 90% probability level. 

Line 10 was unique in that  the 
quadratic coefficient was highly 
significant and positive. Conse- 
quently, line t0 generation means 
were increasing at an increasing 
rate through generation t5. In 
addition, line t 0 showed the highest 
initial linear response (Table 2) 
and the highest realized heritability 
(Table 4). One explanation is that  
this line had a greater degree of 
additive genetic variance than the 
other lines but also carried favor- 
able alleles at low frequency, most 
likely alleles with rather large 
effects. The latter effect could also 
have occurred in line 9 but to a 
lesser extent. 

Table t0 shows the coeffi- 
cients for quadratic equations 
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Fig. 3. Response to selection for 21-day pupa weight characterized by simple linear regression and second degree poly- 
nomial regression of generations means (*) on generation number. Groups defined as in legend of Figure I 

fit ted to data through generations 23 and 30. Two 
of the Group A lines and only one Group B line 
gave nonsignificant quadratic regression coeffi- 
cients through generation 23. Group B line 8 did not 
yield a significant quadratic coefficient due to erratic 
response as indicated by the large standard errors of 
estimates. Comparison of the average quadratic 
regression coefficient of -- .00t8 for the Group A 
lines to that  of --.0027 for the Group B lines demon- 
strates that  the Group B lines were approaching 
a plateau at a faster rate than the Group A lines. 
The linear coefficients coupled with the average 
initial responses (Table 2) and average initial realized 
heritabilities (Table 4) suggest tha t  the Group B lines 
also gave a more rapid linear response than the 
Group A lines. 

Quadratic equations satisfactorily accounted for 
the response of all lines through generation 30. 
However, the equation obtained for Group A lines 

was not greatly different than that  seen for th~ 
response through generation 23 indicating again 
that  the approach to a p]ateau in these lines was 
proceeding slowly. The effect of suspended selection 
was evident in the large quadratic coefficients obtain- 
ed for Group B through generation 30. 

In general the average response of lines selected in 
the upward direction was large and repeatable, 
however, there were marked differences among some 
of the lines in the nature of their response. The results 
suggested that  differences in the genetic properties of 
the lines resulted from initial sampling, and that  the 
nature of these differences is complex. Cessation of 
response occurred early in lines which had shown the 
most rapid response during early generations. Lines 
which appeared to be lagging during early generations 
maintained a linear response over a long period of 
time and in at least one instance became the largest 
line. 
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The hypothesis proposed by Falconer (1960) that  
early similarity between lines followed by later diver- 
gence results from early response being governed by 
genes at more or less intermediate frequencies and 
that  in later stages genes at initially low frequencies 
come into play would explain a major portion of the 
observed differences between replicate lines. How- 
ever, the unique response of line 10, that  of showing 

direction coupled with selection modifying the nature 
of genetic correlations between body weight and 
components of fitness (Bohren, Hill and Robertson 
1966). 

The results observed in this experiment agree in 
principle with those presented by Clayton and Ro- 
bertson (19S7) for selection for bristle number in 
Drosophila melanogaster. They found response had 

Table 10. Response to selection/or high 2 x-day pupa weight estimated by second degree polynomial 
regression o/pupa weight generation means on generation. Group A -- continuous selection through 
generation 30. Group B -- selection suspended/tom generation 23 through 3o. (bl, linear regression 

coeHicient; b~, quadratic regression coeHicient; R 2, coe[/icient o/determination ]or quadratic 
regression) 

Through Generation 23 Through Generation 30t 
Group Line 

b 1 4- s.e. b.~ 4- s.e. R2 b 1 -+- s.e. b2 4- s.e. R~ 
(mg) (rag • 10 -~) (rag) (mg • 10 -2) 

A 3 .17 • .014tt --,35 i .06 .97 .t4 -1-.011 --.24 4- ,04 .96 
5 .15 4- .o16 --,24 4- .07** .96 .13 4-.o10 --.16 4- .03 .97 
7 .08 4- .014 --,00 4- .o6 ns .96 .09 4- .009 --.07 -r .97 
9 .10 4- .015 +,Ol 4- .06 ns .98 .09 4- .009 --.06 4- .03* .99 

10 .18 4-.015 --,33 4- .06 .97 .14 4- .012 --.18 • .04 .97 
Average .t4 4- .015 --,18 4- .06 .97 .12 4- .010 --.14 4- .03 .98 

B 1 .16 4- .0t8 --,31 4- .07 .96 .18 4- .013 --.39 4- .04 .94 
2 .14 4- .013 --,t5 4- .05* .98 .t6 4- .012 --.29 4- .04 .96 
4 .15 4- .018 --,29 4- .07 .94 .15 4- .011 --.32 4- .04 .94 
6 .19 4- .017 --.35 4- .07 .97 .19 4- .0t2 --.40 4- .04 .96 
8 .15 4- .034 --.23 4-.13 ns .86 .16 4-.018 --.31 4- .O6 .89 

Average .16 4- .02O --.27 4- .08 .94 .17 4- .013 --.34 4- ,04 .94 

t Line 3 completed only 29 generations. 
tt All coefficients greater than zero at -P < .001 unless otherwise indicated; 

*P ~ .05, **P ~ .01. 
nsnot significant, 

a rapid initial response which increased in rate over 
the first 15 generations, suggests that  the effects of 
genes with relatively large effects which have low 
initial frequencies must also be involved. 

One can postulate that  rapid response exaggerates 
the effect of selection on genetic homeostasis generat- 
ing an extreme situation of gametic disequilibrium. 
A lack of sufficient time for favorable recombination 
could result in unfavorable fitness genes being 
carried with favorable body weight genes. In lines 
which respond slowly the assortment of chromosomes 
would be more near random increasing the chances of 
recombination breaking unfavorable linkage groups 
(see, for example, Fraser t967). 

A marked asymmetry occurred between selection 
in the upward and downward directions with response 
in the downward direction being less. The major 
cause of the relatively low response was reduced 
phenotypic variability and reduced selection inten- 
sity. The latter effect was undoubtedly influenced by 
natural selection since reproductive fitness declined 
rapidly in the low lines. I t  is conceivable that  genes 
which act in an additive manner when selection is 
practiced in an upward direction act in a nonaddi- 
t ire manner when selection proceeds in the downward 

slowed down considerably after 20 generations in 
many lines and that  in many lines, the cessation of 
response was abrupt. They also observed the existence 
of additive genetic variance in both upward and 
downward selected, plateaued lines. They concluded 
that  the variability was maintained by a complex of 
lethal genes, selection for heterozygotes, infertility of 
extreme females and heterozygosity for inversions. 
Brown and Bell (t961) did not observe similar cha- 
racteristics in a study of a plateaued population of 
Drosophila selected for high fecundity and questioned 
the general validity of the conclusions of Clayton and 
Robertson (t957). 

The author is indebted to Mr. Boyd Bentley for his 
contribution to this work in providing competent techni- 
cal assistance. 
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