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permit control of the more important 
factors, while one or a few variables 
are manipulated at a time. Models can 
be produced; the validity of which 
must, of course, be ultimately tested in 
the field. 

Drosophila flies are particularly fa- 
vorable organisms for laboratory stud- 
ies of some population problems. They 
multiply rapidly in cultures which are 
easy to maintain at moderate expense. 
Moreover, much is known about their 
biology, since they have been inten- 
sively studied for the last 60 years. I 
now describe some experimental ap- 
proaches using drosophila that have 
provided information on the factors 
which regulate population numbers. 
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In his work On the Origin of Species, 
Darwin wrote that "the causes which 
check the natural tendency of each 
species to increase in numbers are most 
obscure. . . . We know not exactly 
what the checks are even in a single 
instance." The regulation of population 
numbers is of major importance for the 
understanding of natural selection and 
biological evolution. It has implications 
of economic interest, particularly for 
the control of animal pests. Finally, it 
is a major problem for modern man 
who has become aware that the quality 
of human life is seriously threatened 
by the so-called "population explosion." 

Population biology is concerned with 
the distribution and abundance of orga- 
nisms. The factors considered when 
studying a particular population are 
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the relationship of the animals to their 
food, to the places where they live, to 
the weather, and to other animals that 
share the same food or place to live, 
that prey on them, or that are related 
to them in any way. Unfortunately the 
genetic constitution of the population 
is usually not given sufficient attention. 
Populations of a species are treated as 
if they were genetically homogeneous 
in space and in time. Yet, to under- 
stand the causes which regulate animal 
numbers, both genetic and environmen- 
tal factors must be considered. 

Students of natural populations of 
animals encounter many difficulties, 
particularly in the estimation of adult 
numbers and the causes of mortality 
(1). Some problems can more easily be 
approached in laboratory studies, which 
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Innate Capacity for Increase 

All components of the life cycle of 
drosophila are influenced by the genetic 
constitution of the flies. Genetic vari- 
ation has been found to affect fertility 
of females and hatchability of eggs (2), 
fertility and mating activity of males 
(3), rate of development (4, 5), lon- 
gevity (6), and others. The ability of 
a population to increase in numbers or 
to maintain a certain size is related to 
these properties of the flies. However, 
it is not clear how they interact with 
each other to determine reproductive 
capacity. A statistic variously named 
the Malthusian parameter, intrinsic rate 
of natural increase, or innate capacity 
for increase has been proposed which 
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incorporates the significant components 
of the life cycle into a single value 

(7-9). 
The innate capacity for increase in 

numbers, r.,,, may be defined as the 
maximum rate of increase attained by 
a population at any particular combi- 
nation of quality of food, temperature, 
humidity, and so forth, when the quan- 
tity of food, space, and other animals of 
the same species are kept at an opti- 
mum, and other organisms of other spe- 
cies are excluded. The population is as- 
sumed to have a constant age sched- 
ule of births and deaths. Essentially, 
the ability of a population to increase 
in numbers depends upon the birth 
rate and the survival rate of the ani- 
mals. The number of animals will in- 

crease, remain constant, or decrease 

depending on whether the birth rate is 

greater than, equal to, or smaller than 
the death rate. The rate of change de- 

pends on the magnitude of the differ- 
ence between birth rate and death rate. 
To estimate the innate capacity for in- 
crease of a population the distribution 
of ages must be considered since the 

expectation of births and the probabil- 
ity of death vary with age. For a pop- 
ulation with a stable age distribution, 
that is, with a constant age schedule 
of births and deaths, the innate capacity 
for increase is connected with the 
schedules of fecundity and mortality 
by the expression: 

' e "'^x l,,,/7;: d-ax 1 
0 

where e is the base of natural loga- 
rithms, l2, the probability at birth of 

being alive at age x, m, the number of 
female offspring produced per unit time 

by a female aged x, and 0 to cc the 

life-span. To estimate r0,, the integration 
is replaced with a summation over 
discrete time intervals: 

t 
N eC - ='rmtx l:,,:: 1 

The detailed procedure for estimating 
r,,, from this equation is given by An- 
drewartha and Birch (8). The accurate 
solution of the equation requires data 
not easily obtained, as well as some 
laborious calculations, although various 

approximations which simplify the op- 
erations are usually acceptable. Some- 
times it is preferable to use a related 
statistic, the finite rate of increase 
(X --antilogy r,,). While r.. measures 
the infinitesimal rate of increase, X can 

express the rate of increase per day, 
per week, or for any time interval. 

Genetically different populations of 
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Table 1. Mean productivity and population 
size after equilibrium of various geographic 
strains of two related drosophila species. 
Measurements are 44 for productivity and 17 
for population size. 

Ternm- 
Productivity 

Population 
pera (No./food Ppuation 
ti ire size 
(?C) unit) 

Drosophila serrata 
Sydney 25 550 -? 17 1782 ? 76 

Cooktown 25 568 ? 20 2221 ? 80 

Popondetta 25 477 ? 13 1828 8 90 

Sydney 19 483 z? 13 1803 ? 87 
Cooktown 19 4861 - 12 2017 - 84 

Popondetta 19 357 ? 8 1580 : 52 

Drosophila birchii 
Cairns 25 351 ? 16 1262 ? 83 

Popondetta 25 152 ? 9 469 ? 49 

Cairns 19 324 11 1091 ? 66 

Popondetta 19 121 ?+ 5 428 ? 33 

D. pserudoobscwra have different innate 

capacities for increase in numbers (10). 
Populations polymorphic for certain 
chromosomal arrangements, and there- 
fore carrying more genetic variability, 
had greater capacity for increase than 

monomorphic populations. Drosophila 
pseudoobscura flies with irradiated 

genetic material have a lower capacity 
for increase than nonirradiated con- 
trols (11). Geographic races of the 
same species also have different innate 

capacities for increase (12). Given 

any genetic constitution, the statistic 

r,, is very sensitive to differences in 

temperature (10-12) and in quality of 
food (13). 

The statistic rh, has been criticized 
as being an abstraction far removed 
from nature. Indeed, while it provides 
some information about certain physio- 
logical characteristics of a population, 
its relevance to natural conditions is 
limited. Natural populations do not 
have stable age-distributions. Estimates 
of r, obtained for any particular popu- 
lation are applicable only for the con- 
ditions of temperature, humidity, qual- 
ity of food, and so forth, under which 
the experiments are carried out. In 

Tantawy's experiments (11) the popu- 
lation with the highest capacity for 
increase at 15?C had the lowest at 
25 C. Finally, r,, measures the capacity 
for increase when the quantity of food 
and space are kept at an optimum and 
there are no competitors. In nature, 
food and a place to live may be limited 
or inaccessible; the chances of an ani- 
mal to survive and multiply depend on 
its ability to compete with other ani- 
mals. 

Role of the Genotype 

The regulation of population num- 
bers may be studied in the laboratory 
under conditions more nearly approx- 
imating those existing in the field. One 

approach consists of introducing a ge- 
netically defined population into a re- 
stricted environment with a limited 

supply of food provided at regular in- 
tervals. Environmental factors like 
moisture and temperature are also con- 
trolled. After a few generations popula- 
tion numbers usually reach an equilib- 
rium and thereafter oscillate about a 
mean equilibrium level. At equilibrium 
the rate of births equals the rate of 
deaths. The effect of genetic constitu- 
tion on population numbers may be 
studied by comparison of the perform- 
ance of genetically different populations 
which are treated identically. Con- 

versely, treatment of genetically iden- 
tical populations may be modified to 
ascertain the effect of selected environ- 
mental components on population size. 

A variant of this method is the 
"serial transfer" technique, which has 

proven to be useful in the experimental 
study of population regulation in dro- 

sophila. Adult flies are introduced into 
an experimental "cage," usually a glass 
jar, with a measured amount of food 
and allowed to lay eggs for a specified 
period of time, usually 2 or 3 

days. At regular intervals the flies are 
transferred to new cages with fresh 
food. When adult flies begin to emerge 
in the cages where the eggs were laid, 
they are collected, counted and weighed 
under anesthesia, and then added to 
the cage containing the adult popula- 
tion. The ovipositing adult flies are 
thus always in a single cage with fresh 

food, while a number of cages contain 

eggs, larvae, pupae, and newly emerged 
adults. The adult population is anes- 
thetized and censused at regular inter- 
vals. The technique also provides in- 
formation about the number of births, 
that is the number of flies emerging, 
per unit food or per unit time. From 
the rate of birth and the population 
size, estimates may be obtained of the 

average longevity of adult flies. 
The serial transfer technique was em- 

ployed to study the performance of sev- 
eral geographic strains of D. serrata and 
D. birchii, two sibling species common 
in eastern Australia and New Guinea 
(14). Strains of D. serrata, collected at 

Popondetta, New Guinea; Cooktown, 
Queensland; and about 200 kilome- 
ters north of Sydney, New South Wales, 
were used, while D. birchii was col- 
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lected at Cairns, Queensland, and at 
Popondetta, New Guinea. These strains 
represent populations adapted to very 
different climates, and may therefore be 
rather different genetically. The Popon- 
detta and Sydney strains were collected 
at about 9? and 33? south latitude, re- 
spectively, separated by 2700 kilome- 
ters. 

Experimental populations (300 flies 
each) were established in the labora- 
tory with descendants of the flies col- 
lected in the field. Two populations 
were started with each strain, one kept 
at 25?C and the other at 19?C. They 
were observed for a year, which cor- 
responds to about 17 and 10 genera- 
tions at 25?C and 19?C, respectively. 
The populations increased rapidly, 
reaching by the third generation an 
equilibrium size around which they 
oscillated thereafter (15). The mean 
number of flies produced per food unit 
and the mean population size from the 
fourth generation on are given in Ta- 
ble 1. Standard erorrs for the means 
indicate the amplitude of the oscilla- 
tions around the levels of equilibrium. 

There are striking differences among 
the genetically different strains in their 
ability to exploit the experimental en- 
vironment. The Cooktown strain of 
D. serrata has the largest population 
size at either temperature. At 25?C, 
the Popondetta and Sydney strains have 
approximately equal size, but the Syd- 
ney population is larger at 19?C, which 
suggests that Sydney flies may be 

adapted to live in a climate consider- 
ably colder than that of Popondetta. 

There is no strict correspondence 
between rate of birth and average pop- 
ulation numbers. The number of flies 

emerging per unit time is approximately 
the same in the Sydney and Cooktown 

populations at either temperature, but 
the Cooktown population is larger in 

average size. This means that under the 

experimental conditions the average 
longevity of the Sydney flies is smaller. 

In D. birchii, the Cairns populations 
have greater productivity and size than 
those from Popondetta. The consider- 
able difference in adaptation to the ex- 
perimental environment of these two 
strains reflects the large genetic differ- 
ences existing between them (14). 

Genetic Variability 

Carson (16) detected differences in 
the productivity and size of experimen- 
tal populations of D. robusta derived 
from different geographic localities. 
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Table 2. Mean productivity and population size after equilibrium of various hybrid popula- 
tions of drosophila. Measurements are 41 for productivity and 15 for population size. 

Populatimon Temperature Productivity Population 
( C) (No./food unit) size 

Drosophila serrata 
Sydney X Cooktown 25 593 ? 16 2360-- 74 
Sydney X Popondetta 25 622 -+ 18 2541 +? 117 
Cooktown X Popondetta 25 540 ? 18 2419 ?76 
Sydney X Cooktown 19 554 - 19 2418 ? 171 
Sydney X Popondetta 19 572-- 14 2448 ? 86 
Cooktown X Popondetta 19 479 -- 12 2227 ? 172 

Drosophila birchii 
Cairns X Popondetta 25 342 ? 26 1331 ? 123 
Cairns X Popondetta 19 303 ? 10 1203 -+ 55 

The performance of a strain collected 
at the center of the geographic distri- 
bution of the species (central popula- 
tion) was superior to that of another 
strain collected at the margin of its 
distribution. This seems to be the case 
also for D. serrata. Central populations 
of drosophila have been observed to 
possess greater genetic variability than 

marginal populations. The superior per- 
formance of central populations in the 
laboratory has been explained by argu- 
ing that populations with greater ge- 
netic variability are more efficient in 

adapting to a new environment. 
The role of genetic variability in the 

adaptation of a population to a new 
environment can be directly approached 
in the laboratory. "Hybrid" populations 
can be produced by mass-crossing two 
strains. Females of, say, strain A are 
mated with males of strain B, and fe- 
males of strain B with males of strain 
A. If a large number of parents are 
used the progenies of the two recipro- 
cal crosses will contain most of the 

genetic variability present in both 
parental strains. Mass-crosses between 
each two strains were made among the 
three strains of D. serrata and the two 
of D. birchii. Experimental populations 
established with progenies of the mass- 
crosses were studied for about a year 
at 25?C and 19?C. Table 2 shows the 
mean productivity and size of these 
hybrid populations. Hybrid populations 
have larger size, and, generally, also 

greater productivity, than the corre- 

sponding parental populations (Tables 
1 and 2). Comparison of the mean of 
the hybrid populations with the means 
of the two parental populations with 
the Student's t-test showed that the 
productivity and size of the hybrid 
populations are always significantly 
greater (15). 

In serial transfer experiments with 
D. pseudoobscura, the average size and 

average productivity of a population 

polymorphic for two chromosomal ar- 

rangements were greater than those of 
either one of two monomorphic popu- 
lations (17). The fitness of certain 
chromosomal arrangements of D. pseu- 
doobscura was positively correlated 
with the initial amount of genetic vari- 
ability (18). In experiments where D. 
pseldoobscura and D. serrata were 

competing for food and living space, 
the average numbers of D. pseudo- 
obscura were greater in the popula- 
tions with more genetic variability. 
In D. melanogaster the average popu- 
lation size of a strain carrying several 
mutant genes was about one-third the 
size of a wild-type population. A 
hybrid population, having both wild- 
type and the mutant genes, was su- 
perior to both parental populations (19). 

Evolutionary changes occur in the 
adaptation of a population to an ex- 
perimental environment by natural 
selection. The observed superior per- 
formance of populations with greater 
initial genetic variability is likely to 
result from natural selection being 
more efficient in those populations 
where more genotypes are available for 
selection. In the experiments, selection 
is intensive since food and space are 
quite restricted. The amount of food 
available is sufficient for the develop- 
ment of probably less than 1 percent of 
the eggs laid. The adult flies also com- 
pete intensively for food and space in 
the extremely crowded cages. The av- 
erage longevity of D. serrata in the 
experiments is about 9 and 13 days at 
25?C and 19?C, respectively (15). 
Under optimum conditions their aver- 
age longevity is about 25 and 45 days 
at 25?C and 20?C, respectively (12). 

If the populations are adaptating 
gradually to the experimental environ- 
ment as a result of evolutionary 
changes, it might be possible to observe 
this process and measure it in some 
way. The adaptation of the populations 
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to the environment may be measured 

by their numbers. Larger population 
size implies greater efficiency in trans- 

forming the limited resources of food 
and space into biomass, or living mat- 
ter. The progressive adaptation of a 

population to an experimental environ- 
ment could be measured by a gradual 
increase in population numbers while 
the environmental conditions remain 
constant. 

The performance of two populations, 
one established with the Popondetta 
strain and the other with the progenies 
of Sydney x Popondetta mass-crosses, 
was studied for 18 months at 25?C 
and at 19?C (20) (Fig. 1). A statistic, 
the coefficient of regression of popula- 
tion numbers on time, was used to eval- 
uate the apparent increase in popula- 
tion size. The coefficients of regression 
are positive, and statistically different 
from zero, in the four populations 
(Fig. 1). The populations have gradu- 
ally shown greater adaptation to the 
experimental environment. 

The Popondetta populations in- 
creased at an average rate of 10.5 flies 
per week at 25 C and 8.4 flies per 
week at 19?C. The corresponding rates 
of increase per week are 19.5 and 20.4 
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from the experimental populations de- 
scribed above (21). The experimental 
populations had greater productivity 
and larger average size than the con- 
trols demonstrating their superior ge- 
netic adaptation to the experimental 
environment. 

Radiation and Selection 

fitness The process of mutation ultimately 
tion is furnishes the materials for adaptation 
popu- to changing environments. Genetic 
c vari- variations which increase the reproduc- 
opula- tive fitness of a population to its en- 

vironment are preserved and multiplied 
ilation by natural selection. Deleterious muta- 
to en- tions are eliminated more or less rapidly 
enetic, depending on the magnitude of their 
mount harmful effects. High-energy radiations, 
nd all such as x-rays, increase the rate of 
al en- mutation (22). Mutations induced by 
within radiation are random in the sense that 
e that they arise independently of their effects 
ie en- on the fitness of the individuals which 

This carry them. Randomly induced muta- 
son of tions are usually deleterious. In a pre- 
opula- cisely organized and complex system 

labo- like the genome of an organism, a ran- 
lerived dom change will most frequently de- 

crease, rather than increase, the order- 
liness or useful information of the 
system. A potentially beneficial muta- 
tion induced by radiation is likely to 
have occurred in the past history of a 

X population. If the population has lived 
for a long time in the same environ- 

0 ment mutations beneficial in that en- 
- vironment may already be incorporated 

in the gene pool of the population. 
Mutational changes are more likely to 
be beneficial to the population when 
the environment changes. 

Experiments can be made to test 
4._"6j whether an increase in genetic variance 

induced by x-radiation might result in 
an increase in the reproductive fitness 
of the population. Certain conditions 
must be fulfilled for such experiments 

-; X to succeed. Large numbers of individ- 
uals must be irradiated to make more 
probable the induction of some favor- 

0 able mutations. The dosage should not 
be too large lest the potential selection 
of favorable induced mutations be 
more than counteracted by deleterious 
mutations. Finally, the population 
should be exposed to a new environ- 

, ment, as different as possible from that 
70 to which they are adapted, to increase 

the chance of a measurable rate of 

at two evolutionary change during the experi- 
mental period. 
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Experiments designed to meet these 

requirements were carried out with D. 
serrata flies at 25?C and at 19?C (23). 
At each temperature two populations 
were irradiated and a third one was 
the control. The males of the experi- 
mental populations were given 1000 

roentgen of x-rays in each of three 
consecutive generations and mated to 
the nonirradiated females. The popu- 
lations were maintained by the serial 
transfer technique. 

Figure 2 shows the changes in pop- 
ulation numbers at 25?C. The two 
irradiated populations decreased in size 

during the first 6 weeks, owing pre- 
sumably to the elimination of carriers 
of deleterious mutations. Thereafter 
there was a rapid increase in the size 
of the two experimental populations 
which became considerably larger than 
the control from week 10 until the ex-! 
periment was terminated. Comparable 
results were observed at 19?C. Table 3 
contains the mean productivity and size 
of the six populations from weeks 16 
to 41. 

Natural selection resulted in better 

adapted genotypes in the irradiated than 
in the control populations, as measured 
by either their size or their productiv- 
ity. The increase in the rate of evolu- 
tion of the irradiated populations can 
be measured as follows. The differences 
in size between each irradiated popula- 
tion and the control are obtained for 
each measurement throughout the ex- 
perimental period and the coefficient 
of regression of the differences on time 
is calculated. The two irradiated popu- 
lations at 25?C increased in size at a 
rate of 26 and 41 flies per week faster 
than the controls. At 19?C the increase 
in the rate of evolution of the irradiated 

populations over the control was 36 
and 46 flies per week. 

Comparable results were obtained 
with D. birchii (23), and with two ir- 
radiated populations of D. serrata stud- 
ied for nearly 3 years (24). Carson did 
not observe any sustained increase in 
the size of irradiated populations of 
D. melanogaster (25). His experiments, 
however, were conducted under con- 
ditions different in several important 
respects (23). Radiation-induced mu- 
tations in D. pseudoobscura increased 
the fitness of certain chromosomes 
when natural selection was operative, 
but not otherwise (26). The conclusion 
is that the genetic variability induced 
by high frequency radiation may result, 
after several generations of strong nat- 
ural selection, in more efficient adapta- 
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Table 3. Mean productivity and population 
size of four irradiated populations of Droso- 
phila serrata and their controls. 

Te- 
Productivity 

Population pera (No./food Popuation ture size 
(I'C) unit) 

Control 25 198 ? 7 1294 ? 50 
Exp. 1 25 317- 10 1955 65 
Exp. 2 25 378 ? 9 2558 ?_ 98 
Control 19 118 14 498 - 110 
Exp. 1 19 250- 10 1358 102 
Exp. 2 19 259 ? 9 1515 ? 75 

tion of a population to a new environ- 
ment. Needless to say, this conclusion 
has no application to man with his long 
generation time and limited reproduc- 
tive capacity. Moreover, human values 
would hardly allow for the enormous 
price in lives and physical misery that 
the species would have to pay for such 
hypothetical improvement of its adap- 
tation to the environment. 

Temperature, Food, Space 

The size of a population living in a 
certain environment depends upon its 

genetic constitution. I have expounded 
at some length the genetic aspect of 
the regulation of population numbers 
because in discussions of this topic 
genetic considerations are often ignored 
altogether. Animal populations, how- 
ever, do not live in a vacuum. The 
effect of the genotype depends on the 
environment of the organism. I shall 
now consider several experiments with 
drosophila flies which indicate the ef- 

fect of various components of the en- 
vironment on the size of animal popu- 
lations. 

Animals can survive and multiply 
only within certain temperature ranges. 
Within the survival range, temperature 
affects various properties of the orga- 
nisms. In drosophila temperature in- 
fluences fertility (2, 27), speed of 
development and longevity (10, 12). 
Humidity also affects reproductive effi- 
ciency (28). The innate capacity for 
increase in numbers of various geo- 
graphic strains of D. serrata and D. 
birchii is nearly double at 25?C that at 
200C (12). Drosophila pseudoobscura 
of various genetic compositions had an 
average capacity for increase more than 
double at 25?C that at 16?C (10). 

"The amount of food for each spe- 
cies of course gives the extreme limit 
to which it can increase." There is little 
argument about this statement from 
Darwin's On the Origin of Species. 
There is, however, considerable debate 
about whether food is a major check 
of animal numbers. According to Lack 
(1) the numbers of many species of 
birds, and also of many other animals, 
are limited by food. Andrewartha and 
Birch (8) think instead that shortage 
of material resources, such as food, is 
probably the least important among the 
possible ways in which the numbers of 
a population may be limited. Crowding 
and food limitation, however, affect 
longevity, as well as fecundity and 
speed of development of drosophila 
(29). Quality as well as quantity of 
food is important (13, 30). 
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Table 4. Effects of temperature (25?C versus 10?C), transfers per week (2 versus 3), and 
genetic composition, (hybrid versus Popondetta strain) in. eight populations of Drosophila 
serrata. The standard errors for the mean and the treatments are the same within each column. 
The effects are indicated as average deviations from the mean. 

Productivity per food unit Population size 

Biomass Indiv. Indiv. 
No. weight No. weight (mg) ( (mg) (mg) 

Mean 535.3 296.0 0.560 2670 0.627 
Temp. + 24.8: + 2.4 - 0.016' -370* -0.025* 
Transfers per week + 20.9* + 14.8' -0.005 -208* + 0.009* 
Genetic composition + 66.8* + 39.6* - 0.004 + 394* - 0.021' 
Standard error 5.8 5.7 0.003 45 0.003 
* The effect is statistically significant, P < .05. 

When a population is growing with 
a limited amount of food and space, 
the number of animals per unit of food 
and space rises. Eventually, an equilib- 
rium must be reached when the number 
of births per unit time equals the num- 
ber of deaths. The average size of a 
population, however, need not be pro- 
portional to the rate of births. Of two 
populations with the same number of 
births per unit time, one will be twice 
as large as the other if the average 
longevity of the animals in the first 
population is also double. The large 
increase in human numbers during re- 
cent times has been due more to in- 
crease in average longevity than to in- 
crease in rate of births. 

An experiment with D. serrata illus- 
trates this point. Temperature and 
amount of food were each studied at 
two levels. The temperature was either 
25?C or 19?C, the amount of food was 
either two or three food units per week. 
Genetic composition was also a vari- 
able, the populations being either the 
Popondetta strain or the hybrid, Syd- 
ney X Popondetta. All possible com- 
binations among the variables were 
made (factorial design). Thus, there 
was a Popondetta population at 25?C 
with three food units per week; a sec- 
ond at 25?C with two food units; a 
third at 19?C with three food units; 
and a fourth at 19?C with two food 
units. Four parallel Sydney X Popon- 
detta populations were also established. 
The populations were maintained by 
the serial transfer technique, and there- 
fore the living space for the adult flies 
was equal in the eight populations 
(31). 

The hybrid populations have con- 
siderably greater productivity and size 
than the Popondetta populations (Ta- 
ble 4). This confirms again that a 
greater initial genetic variance results, 
with natural selection, in better adapted 
genotypes. 
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The effects of temperature are clear. 
The number of flies produced is slightly 
larger at 25?C than at 19?C. The flies 
developed at the higher temperature 
are, however, smaller; in fact, the bio- 
mass produced per food unit is the 
same at either temperature. The aver- 
age population number at 19?C is 
about 30 percent larger than at 25?C. 
Since somewhat fewer flies are added 
per unit time to the populations at 
19?C, the average longevity of these 
flies must be considerably greater, 
about 40 percent, than in the 25?C 
populations (31) (Table 4). 

The effects of food amount (Table 
4) are most interesting. Populations 
receiving three food units per week are 
only about 17 percent larger than pop- 
ulations transferred twice a week. The 
number of flies born per food unit is 
nearly equal for both populations. 
Nearly 50 percent more flies are added 
per week to the populations with three 
food units, but their average numbers 
are only 17 percent greater. The in- 
crease in amount of food, and there- 
fore in numbers of births, results in a 
decrease in average longevity with but 
a small increase in population size. The 

Table 5. Performance of three genetically 
different populations of Drosophila pseudoob- 
Scura in competition with Drosophila serrata. 
The numbers are means of six replicates cal- 
culated from weeks 6 to 47. CH and AR are 
two chromosomal arrangements. 

Flies Old 
emerging flie 
(No./per (No.) 
week) 

Population I 
D. pseudoobscura (CH) 60.4 64.5 
D. serrata 264.1 299.6 

Population 2 
D. pseudoobscura (AR) 107.0 144.6 
D. serrata 138.8 150.7 

Population 3 
D. pseudoobscura 123.8 152.6 

(CH and AR) 
D. serrata 144.4 151.1 

limiting factor is presumably living 
space. The available space in the cages 
is about 400 cubic centimeters, a very 
restricted space indeed for the average 
2670 flies living in it. 

It is unlikely that living space is ever 
so limited for natural populations of 
drosophila. The lesson is that rate of 
births may not be strictly correlated 
with average population size; and that 
factors other than food may exercise 
the primary control of population num- 
bers even when the number of indi- 
viduals developing to maturity depends 
on the amount of food. The numbers 
in the experimental populations are 
simultaneously limited by both food 
and space. Food is a limiting factor, 
for an increase in amount of food pro- 
duces an increase in number. Since the 
increase in number is not proportional 
to the increase in food, space is postu- 
lated as the additional limiting factor. 
In nature, predators or other compo- 
nents of the environment may take the 
limiting role played by living space in 
the experiments. 

Population density may be simul- 
taneously limited by more than one 
factor. This question was further pur- 
sued in an experiment with D. serrata 
in which the amount of space as well 
as the amount of food was varied (32). 
A factorial design was used with a total 
of 18 populations. The mean number 
of flies for all populations was 1145. 
An increase or decrease in the amount 
of food of 33 percent produced an 
increase or decrease of 26 percent in 
population size, respectively. A change 
of 33 percent in the amount of space 
resulted in a 10 percent change in 
population size. Again both food and 
space are limiting factors of population 
numbers, although within the range 
studied food plays a greater role than 
space. Comparable results have been 
obtained with several geographic strains 
of D. serrata, and with D. birchii (33), 
D. melanogaster and D. pseudoobscura 
(34). 

Cooperation and Competition 

Other animals of the same species 
are not always competitors for the 
available resources of food and space. 
Laboratory studies have shown that 
there exist various forms of coopera- 
tion among individuals of the same 
species. The most obvious form of co- 
operation is, of course, the need for 
sexually reproducing organisms of find- 
ing a mate. But undercrowding as well 
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as overcrowding is frequently harmful. 
In drosophila, the viability of the lar- 
vae (4), longevity, and other proper- 
ties of the flies (29) generally have an 
optimum at intermediate densities. The 
presence of larvae, or their metabolic 
products, of different genetic constitu- 
tion enhances the larval viability of 
some strains but not of others (4, 35, 
36). Particularly interesting is the dis- 
covery that female flies prefer to over- 
posit near the places where eggs have 
already been laid by other females 
(37). Del Solar has demonstrated that 
this "gregarious" tendency is geneti- 
cally controlled. 

Interactions among animals of re- 
lated species influence their numbers. 
Larval viability of drosophila can be 
enhanced or handicapped by the pres- 
ence of larvae of other drosophila 
species in the same cultures (36, 38). 
In laboratory populations, if two spe- 
cies share limited resources of food 
and space, one species will generally 
eliminate the other within a few gener- 
ations (39). However, I have demon- 
strated that with the serial transfer 
technique two species of drosophila 
can coexist if the environment is prop- 
erly adjusted (40). For instance, at 
25?C D. nebulosa eliminated D. serrata 
in four or five generations; at 1 9?C 
both species coexisted until the experi- 
ment was terminated after some 60 
generations. 

Coexistence of two species in a rela- 
tively uniform and constant environ- 
ment seems to contradict the so-called 
"competitive exclusion principle." If 
two related species share at least one 
essential resource available in limited 
quantity, one species will be at advan- 
tage in the exploitation of the limited 
resource. According to the competitive 
exclusion principle, the relative ad- 
vantage of one species will accumulate 
over time with the eventual elimination 
of the other species. The serial transfer 
technique, which permits the study of 
competition independently among the 
adult and among the larvae, makes pos- 
sible an explanation for the coexistence 
of two species. It seems that one species 
is at an advantage in the larval stage 
while the other species is at advantage 
in the adult stage. Or, looking at it 
differently, one species is at an advan- 
tage in the exploitation of one limited 
resource-food, and the other species is 
at an advantage in the exploitation of 
a different limited resource-living space 
for the adults. The selection pressure is 
different among the larvae than among 
the adults. The relative advantages can- 
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cel each other at certain relative fre- 
quencies of the two species. The equi- 
librium frequencies are observed to be 
stable. It seems that an increase in the 
frequency of one species results in a 
net disadvantage for that species until 
the equilibrium is restored. Thus, the 
phenomenon of frequency-dependent 
selection previously observed at the in- 
traspecific level (41) apparently occurs 
also at the interspecific level. 

When two or more species share the 
same environmental resources, the 
numbers of each species depend on its 
genetic constitution as well as on the 
genetic constitution of the competing 
species. This can be illustrated by an 
experiment with D. serrata and D. 
pseudoobscura (42). There were three 
types of populations depending on the 
genotypes of D. pseudoobscura. The 
genetic constitution of D. serrata was 
the same in all populations; D. pseudo- 
obscura was either polymorphic for 
two chromosomal arrangements (CH 
and AR), or monomorphic for CH or 
AR. There are six replicates for each 
type, with a total of 18 populations. 
The populations were started with 300 
flies of each species and kept at 23.5?C 
for 47 weeks. D. pseudoobscura flies 
decreased in frequency from their orig- 
inal 50 percent during the first few 
weeks. By the third generation an equi- 
librium was reached and the relative 
frequency of each species remained 
approximately constant thereafter until 
the experiment was terminated (Table 
5). 

The numbers of D. pseutdoobscura 
are greater in the monomorphic AR 
than in the monomorphic CH popula- 
tion, and larger in the polymorphic 
than in either monomorphic popula- 
tion. Although the genetic composition 
of D. serrata was the same in all popu- 
lations, the average numbers of this 
species depend on the genetic compo- 
sition of D. pseudoobscura. 

Summary 

The abundance of animals is regu- 
lated by factors both internal and ex- 
ternal to the animals. Of major im- 
portance is the genetic constitution of 
the population, which has too often 
been ignored in ecological studies. 
Laboratory experiments with drosophila 
flies show that populations with greater 
genetic variability have larger popula- 
tion sizes. The rate of evolution of a 
population becoming adapted to a new 
environment is positively correlated 

with the initial amount of genetic vari- 
ability in the population. 

Temperature, humidity, and other 
climatic factors affect population num- 
bers. Food and a place to live may 
jointly limit the maximum size that a 
population can reach. Finally, the bi- 
otic components of the environment 
influence the size of animal populations. 

References and Notes 

1. D. Lack, Poptulation Studies of Birds (Claren- 
don Press, Oxford, 1966). 

2. W. W. Alpatov, J. Exp. Zool. 63, 85 (1932); 
W. S. Stone, F. D. Wilson, V. L. Gerstenberg, 
Genetics 48, 1089 (1963); D. Marinkovic, 
ibid. 57, 701 (1967). 

3. E. B. Spiess, B. Langer, L. D. Spiess, Genetics 
54, 1139 (1966). 

4. R. C. Lewontin, Evolution 9, 27 (1955). 
5. E. B. Spiess, ibid. 12, 234 (1958); P. Bentvel- 

zen, Genetica 34, 229 (1963). 
6. B. Wallace, Evolution 6, 333 (1952); M. 

Vetukhiv, ibid. 11, 348 (1957). 
7. A. J. Lotka, Elements of Physical Biology 

(Williams and Wilkins, Baltimore, 1925); P. 
H. Leslie and R. M. Ranson, J. Animn. Ecol. 
9, 27 (1940). 

8. H. G. Andrewartha and L. C. Birch, The Dis- 
tribution and Abundance of Animals (Univ. 
of Chicago Press, Chicago, 1954). 

9. R. A. Fisher, The Genetical Theory of Natu- 
ral Selection (Clarendon Press, Oxford, 1930). 

10. Th. Dobzhansky, R. C. Lewontin, 0. Pavlov- 
sky, Heredity 19, 597 (1963). 

11. A. 0. Tantawy, Genetica 34, 34 (1963). 
12. L. C. Birch, Th. Dobzhansky, P. 0. Elliott, 

R. C. Lewontin, Evolution 17, 72 (1963). 
13. S. Ohba, Heredity 22, 169 (1967). 
14. F. J. Ayala, Evolution 19, 538 (1965). 
15. -- , Genetics 51, 527 (1965). 
16. H. L. Carson, ibid. 46, 553 (1961). 
17. Th. Dobzhansky and O. Pavlovsky, Heredity 

16, 169 (1961). 
18. M. W. Strickberger, Genetics 51, 795 (1965). 
19. H. L. Carson. Proc. Nat. Acad. Sci. U.S. 44, 

1136 (1958); Evolution 15, 496 (1961). 
20. F. J. Ayala, Science 150, 903 (1965). 
21. -- , Evolution 22, 55 (1968). 
22. H. J. Muller, Science 66, 84 (1927). 
23. F. J. Ayala, Genetics 53, 883 (1966). 
24. -- , Proc. Nat. Acad. Sci. U.S. 58, 1919 

(1967). 
25. H. L. Carson, Genetics 49, 521 (1964). 
26. Th. Dobzhansky and B. Spassky, Evolution 1, 

191 (1947). 
27. E. C. Hammond, Quart. Rev. Biol. 14, 35 

(1939); A. 0. Tantawy and M. Vetukhiv, 
Amer. Natur. 94, 395 (1960). 

28. M. J. Heuts, Proc. Nat. Acad. Sci. U.S. 33, 
210 (1947); H. Kalmus, J. Genet. 47, 58 
(1945); D. D. Sameoto and R. S. Miller, 
Ecology 49, 177 (1968). 

29. R. Pearl, The Biology of Population Growth 
(Knopf, New York, 1926); , J. R. 
Miner, S. L. Parker, Amer Natur. 61, 289 
(1927); L. C. Birch, Evolution 9, 389 (1955). 

30. A. B. DaCunha, ibid. 5, 395 (1951); F. W. 
Robertson, Proc. Nutr. Soc. 21, 169 (1962). 

31. F. J. Ayala, Amer. Natur. 100, 333 (1966). 
32. - , Bull. Ecol. Soc. Amer. 49, 76 (1968). 
33. - , Ecology 49, 562 (1968). 
34. -, ibid. 48, 67 (1967). 
35. M. Dawood and M. Strickberger, Genetics 50, 

999 (1964). 
36. D. R. Weisbrot, ibid. 53, 427 (1966). 
37. E. Del Solar, ibid. 58, 275 (1968); -- and 

H. Palomino, Amer. Natur. 100, 127 (1966). 
38. A. Sokoloff, Ecol. Monogr. 25, 387 (1955); 

R. C. Lewontin and Y. Matsuo, Proc. Nat. 
Acad. Sci. U.S. 49, 270 (1963); R. S. Miller, 
Amer. Natur. 98, 221 (1964). 

39. J. A. Moore, Evolution 6, 407 (1952); J. S. F. 
Barker, Genetics 51, 747 (1965); Evolution 21, 
299 (1967). 

40. F. J. Ayala, Amer. Natur. 100, 81 (1966); 
Genetics 56, 542 (1967). 

41. C. Petit, Bull. Biol. Fr. Belg. 92, 248 (1958); 
L. Ehrman, B. Spassky, 0. Pavlovsky, Th. 
Dobzhansky, Evolution 19, 337 (1965); K. 
Kojima and K. M. Yarbrough, Proc. Nat. 
Acad. Sci. U.S. 57, 645 (1967). 

42. F. J. Ayala, Genetics, in press. 
43. Supported by PHS career development award 

1K3 GM37265-01 from the National Institute 
of General Medical Sciences. 

1459 


