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HE development of the Drosophila population cage by L'HERTIER, NEEFS and 
T T ~ ~ ~ ~ ~ ~ ~  (1937) has proved to be of considerable significance in the field of 
population genetics. For instance, with this technique they were able to observe 
the operation of natural selection in mixed mutant and wild type populations of 
Drosophila melanogaster and demonstrate in certain instances that alteration of 
the cage environment could completely reverse the course of selection. 

Population cages have since been employed by numerous investigators study- 
ing adaptive differences between karyotypes found in wild populations of several 
Drosophila species. For example, DOBZHANSKY and his associates, making fre- 
quent use of the cage technique, clarified the role of heterosis in maintaining 
chromosomal polymorphism in Drosophila populations (see LEVENE and DOBZ- 
HANSKY 1958, for a brief review). The applicability of the cage technique to prob- 
lems involving interspecific as well as intraspecific competition has been demon- 
strated by MOORE (1952a,b) who studied the ecological differences between 
Drosophila simulans and Drosophila melanogaster and noted an improvement in 
the competitive ability of simulans. 

It is surprising that, despite the demonstrated utility of the population cage, 
there has been little interest in developing cages suitable for organisms other than 
the vinegar fly. The work of NICHOLSON (1957) with the sheep blowfly, Lucilia 
cuprina, seems to be the only instance of extensive effort in this direction. This 
lack of interest is unfortunate, for the examination of many different kinds of 
organisms will, by verifying observations already made and providing new infor- 
mation, lead to the formulation of general principles. 

A series of experiments was planned, therefore, to explore the dynamics of 
genetic changes in populations of the flour beetles, Tribolium confusum and 
castaneum, reared in population cages, and where possible, to discover how such 
changes are linked to the population's ecology. This paper describes the design 
and maintenance of population cages for Tribolium and an attempt to estimate 
adaptive values of mutants in experimental populations of Tribolium confusum. 

1 This investigation was supported by research grants G-5488 and G-8888 from the National 
Science Foundation. 
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1318 D. J. MC DONALD AND N. J. PEER 

METHODS A N D  RESULTS 

The population cages: Adapting the basic design of fly cages to flour beetle 
cages must take into consideration two prime differences between Tribolium and 
Drosophila. First, the beetles rarely take to flight and for all practical purposes 
can be considered flightless. Second, all of the life stages of Tribolium inhabit 
the same medium-a dry flour and yeast mixture-whereas the embryonic stages 
of Drosophila occupy the medium, and the adults occupy the space above it. The 
second consideration, at least, has proved to be of some significance. A Tribolium 
population cage, therefore, need consist only of a container subdivided by remov- 
able compartments arranged immediately adjacent to each other. Two models 
with slightly different dimensions have been used, but the most convenient one 
consists of a one gallon stainless steel tank 13.0 cm wide, 18.5 cm long, and 18.0 
cm deep, with a 1 cm overhanging rim projecting outward around the top. A strip 
of one-fourth inch foam rubber weather stripping is applied to this rim, and a 
plywood frame, with a piece of finely woven cloth stretched over it, is cut to fit 
over the top of the tank and the surrounding rim. Holes drilled through the rim 
and the frame are fitted with bolts and wing nuts so the frame can be securely 
fastened. Each cage is fitted with eight food compartments 4.5 cm wide, 6.5 cm 
long, and 3.3 cm deep, made of aluminum sheeting containing circular perfor- 
ations 4 mm in diameter, spaced about 1 cm apart. A mixture of 95 percent sifted 
whole wheat flour and five percent Brewer’s yeast is poured into the cage until 
the tops of the compartments are just visible. This quantity of medium weighs 
about WO grams. 

Following introduction of the beetles into a new cage, an undisturbed period 
of four to eight weeks is allowed before any medium changing takes place. Then, 
each week, either one or two compartments are replaced with fresh compartments 
and the adults, pupae, and larger larvae sifted from the old medium are returned 
to the cage. This medium changing schedule insures that a compartment remains 
in the cage for no less than six weeks or no more than seven weeks. It can be 
arranged so that two compartments are changed every fourth week when a gene 
frequency determination is made. In some earlier experiments, where a cage 
with 15 smaller compartments was used, this schedule was modified, but the 
over-all result has not seemed to be affected by this. All population cages and 
other experiments described below were incubated at 3O*l0C and a R.H. of 50- 
65 percent. 

Although several mutations of Tribolium conf mum and Tribolium castaneum 
have been studied, this report will be concerned only with the mutations Striped 
( S t )  and black ( b )  of Tribolium confusum. 

The Striped mutation: Striped (MCDONALD 1958, 1959) is a sex-linked lethal 
which brings about the destruction of almost all hemizygous males (St 8 1 and 
reduces the viability of heterozygous females (+/St 0 ) (Table 1 ) . Surviving 
mutant males are usually sterile, live only a few days, and have solid white 
elytra. Heterozygous females (hereafter designated St females) possess two white 
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TRIBOLIUM POPULATIONS 1319 

TABLE 1 

Offspring from crosses of heterozygous females (St females) x wild type males 

I'Iirriot\ pe %\,Id p St P n l l d  < mutant 2 
St d Genot\ PP +/+ P + / S t  0 + d  

Totals 1,971 1.563 1,618 68 
Percent 37.7 29.9 31.0 1.3 

stripes running the lengths of the elytra, permitting rapid separation from wild 
type females. 

The results of several experiments (Figure 1 )  indicate that the lethal gene is 
effective during the egg stage and the first few days of larval life. In these experi- 
ments, 50 vials were prepared, each containing three grams of fine flour medium 
and 40 eggs, not more than 12 hours old, collected from St females mated with 
wild males. A control was set up with eggs from wild females. At intervals the 
contents of each vial were passed through a fine sieve and the number of living 
and dead larvae recorded. The data plotted in Figure 1 reveal that six days after 
the eggs have been deposited there is an average of 29.06 living larvae per vial in 
the experimental series and 31.96 per vial in the control. Since not more than 
three dead larvae were found in the entire series of experimental vials at this 
time, the deficit of living individuals at the sixth day may have been caused by 
deaths occurring prior to hatching. Obviously, by the 12th day most of the lethal- 
ity due to the St mutation has taken place, for the numbers which have died by 
this time are enough to account for the shortage of mutant males and females at 
eclosion. Some wild type males may perish during this period too, but this cannot 
be determined without further refining the experiment. 

Because of the early death of most mutant males and the sterility of those sur- 
viving, selection against them is probably complete. The mathematical model for 
complete selection against a recessive sex-linked mutation ( HALDANE 1927) 
demonstrates that the frequency of heterozygous females in the female segment 

~- ________ 

6 1 2  18 2'4 3'0 36 4'2 
DAYS 

FIGURE 1 .-The mean number of larvae alive per vial at different ages. Upper curve: larvae 
from wild female x wild male crosses (two experiments). Lower curve: larvae from St female X 
wild male crosses (four experiments). The different symbols are for individual experiments. 
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1320 D. J. MC DONALD A N D  N. J. P E E R  

of the population will decrease each generation to one half its value in the previous 
generation. However, since the model will need modification if the heterozygous 
and wild type females have different adaptive values, this aspect of the problem 
must receive further attention. 

Two major factors which could make the adaptive values of the females differ- 
ent are preadult viability and development rate. SPIES (1958), investigating 
these and other life cycle components which might influence adaptive values in 
populations of Drosophila persimilis, found that the adaptive values of the karyo- 
types could be accounted for on the basis of differences in preadult viability and 
rate of development. 

In our material it is clear that under certain conditions the preadult viability 
of St females is only about 80 percent that of the wild type (Table I ) ,  so that the 
frequency of St females will be reduced each generation to four tenths of its 
previous value rather than five tenths. Unfortunately, there are no data available, 
at this moment, showing the effects of crowding or other environmental variables 
on preadult viability. However, to test the validity of the reasoning involved thus 
far, a relatively simple situation was examined where complications, introduced 
by crowding and medium conditioning, were less likely to be felt. 

In this experiment, a population was reared in single discrete generations and 
the frequency of St females in the female segment of the population was measured 
each generation. The initial population consisted of 1000 adult females and 500 
males all about a week old. The frequency of St females was 0.95 and of wild 
type females was 0.05. This population was introduced into a one gallon mason 
jar with about 400 grams of medium, allowed to remain there for three weeks, and 
then removed and discarded. About 1100 pupae were collected and sexed over 
the next three-week period. After eclosion, the females were classified as St or 
wild and counted. The entire sample was then introduced into a new jar of 
medium and the previous routine repeated. A second identical experiment was 
run simultaneously. Figure 2 demonstrates clearly that with these conditions the 
decline in frequency of St is largely the result of its lethal effects on mutant males 
and St females, for the frequencies obtained each generation are quite close to 
those predicted for an adaptive value of 0.4. 

A further examination of the St strain revealed a small difference between the 
development rates of St and wild females. The results given in Figure 3 were 
obtained from experiments started by allowing St females mated with wild males 
to deposit eggs for 24 hours in a pint mason jar containing 135 grams of fine 
medium. Female pupae were collected as they appeared, and collections were 
continued until all the larvae had pupated. The collected female pupae were 
examined daily during the eclosion period, and the adults appearing each day 
were classified as St or wild. As Figure 3 shows, the proportion of wild females 
was significantly greater (chi-square = 18.55, P<.Ol) among those eclosing first, 
indicating a more rapid rate of development for them. The data suggest a rate 
difference of not more than a day, for the mean development time is about 29.7 
days for the wild females and 30.1 days for the St females. However, since the 
average adult female .may live five to six months (PEARL, PARK and MINER 1941 ) 
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I 

b I 2 3 4 5 
Genera t I on s 

FIGURE 2.-The mean frequency per generation (solid line) of St females in the female seg- 
ment of the population (two experiments averaged together) and the predicted frequencies per 
generation where St females have adaptive values of 0.4 (dashed line) and 0.5 (dot-dash line). 
The symbols 0 and A indicate the observed frequencies of heterozygous females in the two ex- 
periments. 

Number Eclosinq Each Day 
79 513 407 65 99 3 2  15 

0 
1 2 3 4 5 6 7  

Days 

FIGURE 3.--Solid line: the ratio of + Q / S t  Q among total females (indicated at top of figure) 
eclosing each day. A few eclosing after the seventh day were not included. Broken line: the mean 
ratio for the seven-day period. 

and is productive for more than two months, this difference may have little effect 
in determining adaptive values. 

A third factor which has received preliminary study is the longevity of the two 
kinds of females. Census data from the population cages (to be presented later) 
indicate that, in Tribolium population cages, longevity must be considered in 
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1322 D. J. MC DONALD A N D  N. J. PEER 

estimating generation time. Since the calculation of adaptive values requires some 
estimate of generation time, longevity, under varying conditions, must be care- 
fully studied. PEARL et al. (1941) found the mean life span of a wild strain of 
Tribolium confusum to be 177.8 days for the males and 198.5 days for the 
females. The conditions were probably quite favorable, for in each vial there 
were only 16 beetles in 32 grams of flour which was renewed every five days. 
Further, since the sexes were separate, no sexual demands were made upon the 
insects. The results of the longevity experiment reported here are given in 
Figure 4. Seven vials were prepared, each containing five grams of medium and 
50 adults-40 St females and ten wild males all within 24 hours of the same age. 
A second set of vials, containing the same amount of medium, had half as many 
adults of each kind. Two sets of control vials with wild type, instead of St, females 
were examined simultaneously. The data in Figure 4 suggest that under more 
crowded conditions the life span of St females is shorter than that of wild type 
females. Census data, to be discussed later, indicate that the density of adults in 
the population cages fluctuates between a high of about 25 per gram to a low of 
less than one, so that the adaptive value of St females may vary to the extent that it 
depends upon longevity. Since the vial environment differs in several respects 
from the cage environment (for example, the medium in the cages is older and 
usually contains more larvae and pupae), it probably would be unwise to draw 
further conclusions at this time. 

The black mutation: The black strain of Tribolium confusum used in these 
experiments was generously supplied by DR. J. STANLEY, who in collaboration 
with H. M. SLATIS determined the inheritance of this mutation and compared the 
mutant development rate with that of wild type strains in the autotrephon, a 
device which samples a population automatically at set intervals (STANLEY and 
SLATE 1955). Black ( b )  is inherited as an autosomal single gene difference. Since 

3001 

50 100 150 200 250 O I  " " 1 '  ' I  " 
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Age in Days 

FIGURE 4.-The number of surviving St females (broken line) and wild females (solid line) 
at densities of ten beetles per gram of medium (upper curves) and five beetles per gram (lower 
curves). 
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TRIBOLIUM POPULATIONS 1323 

dominance is absent, the heterozygotes are a deep reddish-black color and can be 
distinguished from the solid black homozygous mutant and the lighter red wild 
type. This makes it possible to utilize t h - d o d  devised by LEVENE (DOBZHAN- 
SKY and LEVENE 1951) for the estimation of the adaptive values of the three 
different genotypes in a population. When reared in the autotrephon, the black 
strain requires 29.3 days for development from egg to adult as compared to 28.5 
days for wild type strains. This fact might be expected to lower the adaptive value 
of the black homozygotes and, in the absence of any other differences, bring about 
a decline in frequency of the b gene in a population. 

While no effects of the b mutation on fecundity, preadult viability, and other 
adaptive characteristics have been clearly established, their existence is not un- 
likely. For example, PARK, GINSBURG and HOROWITZ (1945) have demonstrated 
that the fecundity of the ebony mutant of Tribolium confusum is ten percent 
lower than the wild strain, while egg hatchability and development rate are not 
measurably different from the wild type. Studies of these and other adaptively 
significant traits in the black strain have recently been started. 

The Striped populations: The only previous information on the subject of 
selection in populations of mutant and wild strains of Tribolium is contained in 
a paper by KOLLROS (1944). In these experiments, populations of Tribolium 
castaneum containing the pearl mutation and its wild type allele were maintained 
by transferring all the living forms to a fresh jar of medium every 30 days, at 
which time the mutant gene frequency was determined and a count made of 
larvae, pupae, and adults. The absence of any obvious trend in the gene frequency 
fluctuations of the various populations examined made it difficult to draw con- 
clusions but, in general, selection seemed to proceed against the mutant. 

In view of the deleterious effects of St, there was little doubt that it would be 
eliminated rapidly from the continuous populations reared in population cages. 
The question was whether the decline in St female frequency would be a constant 
logarithmic function of generations as it proved to be in the single generation 
experiments described earlier. This relationship implied that the adaptive values 
of the various genotypes were constant and independent of the change in the 
frequency of St.  If this same relationship continues to exist in the population 
cages, and the passage of generations (population turnover) is a continuous 
process and occurs at a constant rate, then the decline in the frequency of St 
females should be a logarithmic function of time. 

Two cages, numbered 10 and 11 , were started, each containing initially 452 
St female adults, 24 wild female adults, and 24 wild male adults, all about two- 
weeks old. The cages were undisturbed for six weeks, and then each week one or 
two compartments were replaced as described in the preceding section. At each 
renewal time the pupae, live adults, and dead adults sifted out of the old medium 
were counted and the living forms returned to the cage; every fourth week the 
frequency of St females among all the adult females in the sample was determined. 
The decline in the frequency of St females can be seen in Figure 5. In cage 10, 
the frequency dropped abruptly from the original 0.95 to 0.38 at the ninth week 
and seemed to decline gradually to 0.132 by the 37th week. Here, unfortunately, 
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1324 D. J. MC DONALD A N D  N. J. PEER 

cage 10 was accidentally discontinued. Cage 11 followed a similar course and then 
declined abruptly again following the 37th week. The absence of linearity in the 
plotted data of Figure 5 indicates that the decline in the frequency of St is not a 
constant logarithmic function of time. That this is due largely to a lack of conti- 
nuity in population turnover is suggested by the following analysis of the census 
data. 

In Figure 6, the numbers of live adults, dead adults, and pupae sifted from a 
compartment of old medium each week are plotted. From these compartment 
samples an attempt has been made to estimate the total number of live adults in 

.o I , , , , , , , , 
1'0 2'0' ' '3'0 I 4b1 r ' 5'0' ' ' '6'0 

Weeks 

FIGURE 5.-The frequencies of St females in cage 10 (broken line) and cage 11 (solid line) 
determined from samples of about 200 females from each cage. 

14001 
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FIGURE &-The numbers each week of live adults (dashed line), dead adults (solid line), and 
pupae (dotted line) per compartment in the St papulation cages number 10 (upper curves) and 
number 1 1  (lower curves). 
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TRIBOLIUM POPULATIONS 1325 

the cage each week, the total number of new adults added by eclosion from the 
pupae supply (births-per-week), and the total number of adults lost through 
death (deaths-per-week) . To accomplish this, it was necessary to make certain 
assumptions concerning the population. 

The assumptions are the following: (1 ) that live adults, dead adults and pupae 
are distributed uniformly throughout the cage; (2) that every dead adult is 
eventually recovered and counted; (3) that every pupa, after it has been counted 
and returned to the cage, eventually becomes an adult. Some doubt is cast on the 
validity of the first of these by the work of NEYMAN, PARK and SCOTT (1955), 
who report that adults tend to concentrate in the corners of a rectangular con- 
tainer filled with flour. However, this may not be a critical factor in population 
cages since every compartment has corners of its own regardless of its position in 
the cage. The distribution of dead adults and pupae probably depends upon the 
distribution of live adults and larger larvae, respectively. Preliminary obser- 
vations indicate that departure from a random distribution of these forms is not 
very great. 

The second assumption ignores the possibility that the dead adults disintegrate 
or are destroyed by the living insects. However, if these were common occur- 
rences, it is likely that fragments of dead adults would be abundant in the old 
medium, whereas such debris is very infrequently encountered. Finally, in view 
of the cannibalistic propensities of Tribolium, the last assumption is at least 
questionable, but the rarity of partially consumed pupae suggests that pupae are 
not extensively cannibalized under the present conditions. 

Despite the questionable validity of these assumptions, the following calcula- 
tions which proceed from them indicate that they are not entirely unrealistic. If 
the live adults are distributed approximately at random throughout the cage, 
multiplying the live adult sample by the number of compartments (eight in this 
case) provides an estimate of the total live adults for that week. By the same 
reasoning, if all compartments have about the same number of pupae, multi- 
plying the pupal sample by eight produces an estimate of the total pupal popula- 
tion. Two determinations of the time required for pupae to develop into adults 
under comparable temperature and humidity conditions are given by STANLEY 
(1946) and STANLEY and SLATIS (1955) as 6.67 and 6.19 days. If an intermediate 
value of 6.5 days is chosen, this would mean that the total pupal population at 
the time of sampling should have eclosed 6.5 days later. The number eclosing in 
seven days would be a trifle more than the total and can be obtained by multi- 
plying the total pupae by 1.076. Thus, the births-per-week during the week 
following a sample may be determined directly from the pupal sample by multi- 
plying it by 8.6. 

The deaths-per-week seemed simple to determine, for if the dead adult sample 
is representative of the numbers which have died in all the other compartments 
iver the preceding six weeks, deaths-per-week would be obtained by multiplying 
[he dead adult sample by 8/6 or 1.33. Since the deaths-per-week figure is always 
:alculated from the number dying over a six-week period, the figure is assigned 
to the approximate midpoint of each period, that is, the fourth week. 
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FIGURE 7.-Upper curves: the live adult total in cage 11 determined from the census sample 
(broken line) and the live adult total calculated from births- and deaths-per-week (solid line). 
Lower curves: the birth rate (solid line) and death rate (broken line) in cage 11.  

In view of the number of assumptions involved in the calculation of births- and 
deaths-per-week, and the total live adults, it seemed desirable to verify the results 
obtained. A possible method presented itself with the realization that if the total 
number of living adults present at the time of a weekly census was increased by 
the births-per-week and decreased by the deaths-per-week, the resulting figure 
should be the number of living adults present in the cage at the next weekly 
census. The upper curve in Figure 7, obtained in this way, reveals that the total 
live adults calculated from births and deaths is comparable to the actual total 
calculated from the live adult sample, indicating that the assumptions involved 
in the census calculations cannot be too unrealistic. The greatest divergence, 
starting at about the 50th week where the derived total is higher than the actual 
total, might be due to overestimating births-per-week or underestimating deaths- 
per-week. Both these eventualities would follow if the active insects destroyed 
significant numbers of pupae and dead adults. 

In a closed population such as this, an adult can enter the population only 
through birth and leave only through death, and unless either one or both of 
these is happening, there will be no change in the frequency of genes among the 
adults. The greatest changes in gene frequency can be expected, then. only when 
the birth rate, death rate, or both are relatively high. Where selection operates 
against a genotype through lowering preadult survival, a decline in this genotype 
will occur when the birth rate is high. In the population of cage 11, the birth rate, 
defined here as the number of pupae hatching per week per 100 live adults and 
plotted in Figure 7 (lower curve), was quite high when first measured on the 
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TRIBOLIUM POPULATIONS 1327 

sixth week and undoubtedly had been high since the fifth week, when the first 
generation of adults must have begun to emerge. By the ninth week, when the 
maximum number of approximately 10,000 adults was present, the frequency 
of St females among all females had declined from the original 0.95 to 0.22. It 
seems clear that the major part of this decline was caused by the effect of the St 
mutation on preadult survival during a period of high birth rate, for the low 
adult death rate-that is the number of adults dying per week per 100 live adults 
-at this time precludes the possibility that the decline was due to a longevity 
difference between St and wild females. An essentially similar situation prevailed 
in cage 10 where the St female frequency of 0.38 coincides with the frequency 
found in the single generation experiments described earlier. In both cages, the 
birth rate had now reached a near minimum value and remained low in cage 11 
until the end of the 35th week, probably because of egg cannibalism and a reduc- 
tion in fecundity as the medium became conditioned with time (PARK 1933, 
1938). Up to this point, the populations had behaved similarly to those studied 
by PARK (1948) who observed violent fluctuations in the numbers of live adults 
and immature stages early in the populations’ histories. However, his T .  confusum 
populations usually attained a condition of relative stability which persisted 
until the experiments were terminated. Further consideration of the data pre- 
sented here indicates that this condition does not ensue in population cages. 

Figure 7 shows that the death rate remained low up to the 18th week, when a 
noticeable increase set in, attained a maximum on about the 37th week, and 
declined sharply beyond the 40th week. Since most of the females in the cage up 
to this time were of the first generation and probably emerged around the seventh 
week, the increase in death rate on the eighth week indicates that death begins to 
strike when the adults are 11 weeks of age. This concurs with the data from the 
longevity experiment where the number of living insects declines steadily begin- 
ning with the 13th week. The relative stability in the St female frequency between 
the ninth and 37th week coincides approximately with the period of gradually 
increasing death rate and almost negligible birth rate, lending further support to 
the inference that a mutation such as St, whose principal action is to depress pre- 
adult survival, will not undergo a rapid change in its frequency when birth rate 
is low. The gradual decline which may have occurred can be attributed to such 
factors as a slightly shorter life span for St adults and the emergence of a few 
second generation individuals. The lower density of adults and consequent reduc- 
tion in cannibalism are probably the cause of the increase in birth rate starting 
at about the 35th week, which was accompanied again by a sharp decline in the 
St female frequency that virtually eliminated St from the population. Thus, the 
census data provide an insight into the selection mechanism which would not be 
obtained by observing gene frequency changes alone and support the hypothesis 
that the stepwise decline in the frequency of St females was caused by the 
periodicity of population turnover. 

If the decline in birth rate during the seventh week indicates almost complete 
emergence of the first generation, and the maximum death rate of the 37th week 
marks the approximate end of this generation, then the first generation endured 
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about 30 weeks. Unfortunately, there is reason to believe that the generation time 
will not be the same in subsequent generations, nor will each new peak. if the pop- 
ulation continues to oscillate, indicate the emergence of a new generation. It is 
clear in cage 11 that, following the 35th week and even for a few weeks prior to it, 
new adults have been emerging for the birth rate begins to climb again at this 
time. However, unlike the situation at the beginning of the first generation, the 
birth rate now continued to increase for the next six weeks and was still substantial 
eight weeks after this maximum rate was reached. Thus, new individuals had 
been entering the population for over 16 weeks. Undoubtedly, second generation 
adults, emerging after the 35th week, mate and produce eggs which survive and 
about five weeks later emerge as third generation adults. Since these second 
generation adults are young and fertile, and the density of adults is relatively 
low, there is reason to believe that a large proportion of adults emerging after the 
40th week are of the third generation, and that some emerging after the 45th 
week are fourth generation. Thus, the new population of adults, which reached 
its maximum size of about 7500 on the 52nd week, was a mixture of second, third, 
and fourth generation individuals. This may account for the decline in the St 
female frequency to a value far below that predicted if the new population had 
been second generation only. 

From these studies, a pattern seems to be emerging which suggests that a con- 
tinuous population of Tribolium confusum in population cages passes through 
two alternating phases. One phase is characterized by a low birth rate and a 
gradual decline in adult numbers from a maximum to a minimum value. Changes 
in gene frequency occurring during this phase would be largely the result of 
differential death rate. The second phase involves a high birth rate and a resultant 
increase in adult density to its maximum value. In this phase, a differential birth 
rate, whatever its cause, would be responsible for gene frequency changes occur- 
ring during the expansion of the adult population. Figure 7 indicates that this 
phase ended in cage 11 on the 51st week, when the birth rate dropped to a negli- 
gible value and the adult density reached a new peak. The complete cycle from 
the first adult peak to the second occupied about 43 weeks, and if two or three 
generations occur during each cycle, then the generation time would be about 
14 to 21.5 weeks. Whether the population will continue to fluctuate in this way 
and what the duration of each phase will be are questions for the future. However, 
some data pertinent to these questions are available from the population cage 
experiments involving the black mutant. 

The black populations: Two cages containing, originally, a mixture of black 
and wild type T. confusum in equal proportions have been maintained continu- 
ously for about two and one half years. Since in these earlier cages a considerable 
amount of medium is not confined to the removable compartments, a factor of 
uncertainty is introduced into the census calculations. These experiments were 
originally intended to provide information on genetic changes only, so census data 
were not obtained from them during the first 73 weeks of operation. However, 
Figure 8, which shows the numbers of live adults, dead adults, and pupae per com- 
partment, demonstrates that the populations have not reached a stabile condition 
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8 004 

Weeks 
FIGURE &-The numbers each week of live adults (dashed line), dead adults (solid line), and 

pupae (dotted line) per compartment in the black population cages number 1 (upper curves) and 
number 2 (lower curves). 

although they had been in existence for 73 weeks at the time of the first census. 
Cyclical changes are perhaps most obvious in the live adult totals, particularly 
in cage I, where a complete cycle seems to have occurred during a one year period. 
Unfortunately, it is again not possible to determine how many generations have 
passed during this period. However, the relative abundance of pupae from the 
89th to the 133rd week indicates that new generations were entering the popula- 
tion during all of this time. If five weeks is taken as the time required for a female 
to develop from an egg and attain sexual maturity, then the new adult population 
in cage 1, reaching its peak on the 127th week, may have contained individuals 
from eight or nine consecutive generations. It seems likely, however, that the 
greater proportion of them would be of the first few generations emerging, for as 
the density of adults increases, the probability of survival for eggs and pupae 
decreases. Therefore, if it is assumed that about three generations occurred during 
this cycle and the cycle required about 52 weeks, the generation time would be 
approximately 17 weeks. 

A method has been devised (DOBZHANSKY and LEVENE 1951) for estimating 
the adaptive values of the three genotypes found in a population where two alleles 
with incomplete dominance are segregating. It should not be necessary to repro- 
duce here the method of calculation, since excellent examples are available in the 
original report and in papers by SPIES ( 1957) and HOCHMAN ( 1958). The geno- 
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FIGURE 9.-Upper curves: the frequencies of the gene "black" in two population cages deter- 
mined approximately evyry fourth week from a sample of 200 adults per cage. Lower curves: the 
average gene frequency of "black" in the two cages (solid line and A)  and the theoretical selection 
curve (broken line and A)  based on calculated adaptive values. 

typic frequencies determined from a monthly sample have been used to calculate 
the frequencies of the b gene plotted in the upper curve of Figure 9. Clearly, the 
trends of the curves are downward, with a suggestion of a plateau at the start. 
The fluctuations are eliminated in the lower curve of Figure 9 by averaging 
together the gene frequencies of both cages and every three successive samples. 
From the pooled frequencies, using a generation time of 18 weeks, adaptive values 
of 0.95 for bb homozygotes and 1.30 for wild type homozygotes were calculated, 
assuming the b/+ heterozygotes have a value of 1 .OO. With these values, a satis- 
factory theoretical curve was constructed as shown in Figure 9. For the moment, 
these calculations are tentative until better estimates of the generation time be- 
come available. In fact, if further observations of these populations indicate that 
population turnover is continuous rather than periodic, reconsideration of this 
entire question may become necessary. 

DISCUSSION 

It is now clear that populations of Tribolium confusum can be maintained for 
extended periods in population cages similar in design to those described here. 
Furthermore, some of the inherent advantages and disadvantages of using Tri- 
bolium for population studies of this kind have become apparent. 

The principal disadvantage arises from the fact that a Tribolium population 
reproduces more slowly than, for example, a Drosophila population. SPIES (1957) 
estimates the length of a generation of Drosophila persimilis in population cages 
at 15°C as seven weeks, while HOCHMAN (1958) used a generation time of about 
two weeks for Drosophila melanogaster at 25°C. The estimates of generation time 
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for Tribolium confusum, which at the moment lie on very uncertain ground, 
range from 14 to 21 weeks at 30°C. Despite the uncertainty, it seems unlikely 
that the figure for Tribolium confusum approaches seven weeks, and it cannot 
possibly be two weeks. However, since PARK (1954) has found that Tribolium 
confusum will readily tolerate a temperature of 34"C, the feasibility of hastening 
population turnover by using a higher incubation temperature is under consider- 
ation. Experiments are also planned to provide a more reliable estimate of the 
length of a generation in the population cage by following the oscillatory changes 
in the frequency of a sex-linked gene with initially different frequencies among 
males and females. 

The greatest advantage of Tribolium populations seems to lie in the ease with 
which information about the size and age structure of the population, as well as 
genetic data, can be obtained. This fact should make Tribolium a particularly 
useful organism for studies of the relationships between the genetical and eco- 
logical aspects of populations (see BIRCH 1960, for a review of this subject). 

The absence of obvious long-range oscillations in the numbers of adults and 
immature stages in the T.  confusum populations studied by PARK (1948) has 
already been noted. The evidence presented here indicates that in population 
cages, live adult numbers oscillate for some time after the cage is started and may 
continue to do so indefinitely. At the moment, it is not clear why there should 
be this difference. In some later experiments, PARK (1954) found oscillation 
occurring in populations of both T .  confusum and castaneum, probably in re- 
sponse to seasonal changes in relative humidity. Since the live adult cycle of cage 
1 (Figure 8) approximates a year in length and is consequently in phase with the 
seasons (the high points occurred in November, 1958 and December, 1959), this 
explanation may prove to be applicable here. NICHOLSON (1957) demonstrated 
that oscillation in blowfly populations could be damped by adjusting the food 
supply of adults and larvae so that the effects of adult and larval competition 
would be in balance. It is at least possible that the frequency with which food 
supply is renewed and waste products removed might influence the conditions of 
equilibrium attained by Tribolium populations, so that under one set of conditions 
the population might be stabile, and under another it might oscillate. Unfortu- 
nately, the experiments described here were not designed to explore this problem. 

Several new population cages are now yielding information which will help 
to establish how much truth is contained in the assumptions employed in the 
calculations of mortality and natality. A census of all the compartments simul- 
taneously should reveal the true pattern of distribution of insects, living and dead, 
which is now assumed to be random. Other experiments will measure the loss of 
pupae and dead adults resulting from the activities of the living individuals. 

Finally, the problem of the adaptive inferiority of homozygous and heterozy- 
gous black individuals remains to be clarified, It will be interesting to see if the 
slower development rate of the black strain (STANLEY and SLATIS 1955) is suffi- 
cient to account for its behavior in the population cages, or whether other causes 
must be sought. 
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SUMMARY 

The structural details of population cages for the flour beetle, Tribolium 
confusum, and procedures for maintaining continuous populations of these organ- 
isms are described. Results of experiments exploring the relations between the 
genetical and ecological structure of Tribolium con fusum populations are con- 
sidered. The adaptive value of the Striped genotype, estimated from longevity 
and preadult viability data, was used to predict how rapidly the frequency of the 
St gene, a sex-linked lethal, would diminish in a population. Analysis of data 
collected from populations of Tribolium confusum reared in the population cages 
revealed that mortality and natality information could be used to interpret more 
adequately the changes in the frequency of Striped. 

Gene frequency data collected from other cages containing the autosomal gene 
black and its wild type allele were used to calculate the adaptive values of the 
three genotypes. The values arrived at were: +/+, 1.30; f / b ,  1.00; b/b, 0.95. 
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