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The Evolutionary Ecology
of Drosophila

LAURENCE D. MUELLER

INTRODUCTION

In this review I have attempted to summarize a number of topics with
which I am familiar that have significance for the field of evolutionary
ecology. Since a good deal of this work includes laboratory studies, the
following section provides a detailed description of the ecology of Dro-
sophila (usually melanogaster) in the laboratory environment. This is
followed by a section on the population dynamics of Drosophila, with
particular attention paid to sources of bias thatvare inherent in certain
experimental techniques. The next section considers the mechanisms and
evolution of intra- and interspecific competition. This is followed by a
section examining tradeoffs and correlations in Drosophila life-history
traits and the consequences of density-dependent natural selection. The
last section summarizes a rapidly growing literature on the habitat and
oviposition preference of Drosophila. Several recent reviews touch upon
areas of the ecology and evolution of Drosophila that 1 will not address
(Parsons, 1980, 1981; Barker and Starmer, 1982). In this review 1 have
attempted to develop a critical review of certain major topics and, I hope,
unify certain disparate observations rather than be comprehensive in my
citations. To all those whose work I have failed to cite 1 offer my apol-
ogies.

Often in the halls of academia or occasionally in print (King and
Dawson, 1983) the relevance of laboratory research with Drosophila to
the understanding of the natural ecology or evolution in this genus is
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questioned. Although it is perhaps ovbious to many, it may be worth
emphasizing the role of controlled experiments on laboratory organisms.
Laboratory studies of evolution tell us what the possible responses of a
species may be; they do not necessarily tell us what has happened in
nature or what will happen—only what is possible. This is not to say that
trying to understand why D. melanogaster prefers to live in one garbage
can over another is not a worthwhile endeavor; it should not be considered
the only worthwhile endeavor. The obvious benefits of conducting lab-
oratory experiments with Drosophila are that the evolutionary process
can be examined in much finer detail than is possible *‘out of doors™ and
causation can be inferred since the experimenter is free to control all
variables of interest.

It is true that the resuits obtained from any study of a ““model’” or-
ganism may have limited generality. This will probably be the case more
often in studies of the evolution of Drosophila than with studies of its
molecular genetics. As discussed in the section on life-history evolution,
the evolution of density-dependent rates of population growth differ sub-
stantially between D. melangaster (Mueller and Ayala, 1981d) and Esch-
erichia coli (Luckinbill, 1978). Despite these problems, the wealth of
knowledge on the laboratory ecology of Drosophila and the facility of
doing genetic experiments make species of this genus especially useful
for experimental evolutionary ecology.

THE LABORATORY ECOLOGY OF DROSOPHILA

Since a large number of studies on the evolutionary biology of Dro-
sophila are conducted in the laboratory environment, it is clearly of in-
terest to understand the details of Drosophila ecology in these environ-
ments. Almost all detailed studies of Drosophila laboratory ecology have
utilized D. melanogaster. Thus in this section references will be limited
10 D. melanogaster unless mentioned otherwise.

The laboratory environment may range from a small 1-0z. vial to
large plexiglass cages of 6-8 ft*, although the traditional culture consists
of a }-pint milk bottle. In the vial and bottle cultures measured amounts
of food are deposited on the bottom, while population cages often have
several removable food cups, which can be changed at regular intervals.
The food medium generally consists of sugars (sucrose, dextrose, mo-
lasses), carbohydrates (corn meal, flour), dead yeast, a mold inhibitor
(propionic acid, tegosept), and agar to solidify the medium. In addition,
the larvae and adults gain substantial nutrition from a growing yeast pop-
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ulation. Because the yeast are growing during most experiments and the
depth of the medium utilized is variable, it is hard to quantify the amount
of food available for larvae and adults. Sang ef al. (1949) have shown that
the yeast population in Drosophila cultures where Drosophila are omitted
increases exponentially for 5-8 days before reaching a maximum. There
is a substantial decrease in the maximum yeast biomass when flies are
added to these cultures and the decrease is roughly proportional to the
number of files added. However, there is still substantial temporal vari-
ation in the biomass of live yeast in Drosophila cultures.

Simply increasing the volume of the food medivm can increase larval
survival (Sang, 1949a) and the number of adults produced (Sang, 1949c¢),
although increases in the surface area are more effective than increases
in the depth of the medium. In addition, cultures with live yeast are sub-
stantially more productive than cultures with dead yeast only (Sang,
1949¢).

Mold can be a substantial problem in some Drosophila cultures. For
instance, in the study by Mueller and Ayala (1981a) the density-dependent
rates of population growth were estimated for 25 lines of D. melanogaster
isogenic for different second chromosomes. One line (number 30) was so
unproductive at-the lowest density examined that many cultures were
overgrown with mold before the end of the experiment. This resulted in
an actual decline in the per-capita rate of population growth relative to
_ higher densities. This ‘' Allee effect’” was not seen in other cultures un-
affected by mold. Antimold agents can affect population dynamics. Sang
(1949¢) reports that the antimold agent nipagin added to Drosophila cul-
tures results in a significant decline in productivity relative to cultures
without nipagin. .

Methods of maintaining populations will be discussed more fully in
the next section. Briefly, most techniques involve moving adults to a fresh
food source, since manipulation of eggs, larvae, or pupae is much more
cumbersome. In some population cages adults are kept indefinitely in a
single cage and food cups are changed at periodic intervals. The exact
method of population maintenance is quite important if one is interested
in modeling population dynamics. This will be discussed further in the
following section. '

The remainder of this section on Drosophila laboratory ecology will
examine the egg, larval, pupal, and adult life stages, respectively.

Eggs

In studies of life-history evolution a distinction is usually made be-
tween the number of eggs an organism produces and the energy invested



Ty b L. D. Mueher

in these eggs. This distinction is especially important in species where
the nutritional content of eggs may vary and this variation can translate
into differential survival. In Bakker’s (1961) study of larval competition
he compared the average egg weight of a wild-type stock to a Bar-eyed
stock. No significant differences were found. It should be noted that under
compeltitive conditions the probability of survival and the final adult size
of these two stocks can differ substantially. These differences are not due
to an initial difference in the eggs. Prout (1985) has also shown that the
viability of eggs is not dependent on their mothers’ past history. Thus,
even though factors such as larval density can affect female adult size
and fecundity, they do not seem to affect egg viability. Although more
data would be welcome, it seems reasonable to consider a Drosophila egg
as being a standard unit of reproductive investment.

At 25°C eggs will hatch about 20 h after fertilization. However, the
average time of egg hatch may depend on genotype. Bakker (1961) found
a 45-min difference between his wild and Bar stocks.

Female D. melanogaster will lay unfertilized eggs, although at a much
reduced rate (Alvarez and Fontdevila, 1981). Alvarez and Fontdevila
(1981) also present data that indicate that for some female genotypes the
proportion of unfertilized eggs they lay may increase with the age of the
female.

Eggs may also fail to hatch due to the feeding activity of larvae.
Larvae may bury eggs while feeding and the probability of this will depend
on the density and age of the larvae. With day-old larvae less than 25%
of all eggs are buried (Chiang and Hodson, 1950). However, with a dense
culture of 5-day-old larvae nearly 100% of all eggs were buried (Chiang
and Hodson, 1950). Chiang and Hodson further demonstrated that buried
eggs rarely hatch. In both an agar medium and a yeast—water mixture
fewer than 20% of buried eggs hatch, while controls showed 90% hatch-
ability. This frequency increased to 50% if the egg was within a few hours
of hatching when it was buried.

Larvae

The larval life stage is quite important in the laboratory ecology of
Drosophila for a number of reasons. Although the effect is difficult to
quantify, the larvae probably experience the most severe viability effects
of crowded cultures (Sang, 1949b). In addition, the final size of the adult
flies will be determined by the amount of food consumed by the larvae
prior to pupation. Since female size is correlated with fecundity, nutrition
of larvae has an important impact on this component of fitness. In crowded
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cultures Drosophila must cope with limited pupation sites, waste accu-
mulation, and, perhaps most importantly, limited food. Several studies
have looked specifically at the effect of limited food on larval survival
(Chiang and Hodson, 1950; Bakker, 1961, 1969; Nunney, 1983). The dif-
ficulty in regulating the amount of food available in standard cultures has
been overcome by using nonnutritive agar cultures onto which measured
amounts of a yeast paste have been added. Since the yeast do not grow
in such cultures, the food available for larvae can be determined accu-
rately.

The process of larval competition for limited food will be described
first with a model proposed by Nunney (1983) and then by experimental
data that support the basic tenets of the model. Suppose a population
consists of n competitive types with frequenciesp, i = 1, ..., n. These
types can be different sexes and genotypes. These types can differ with
respect to the minimum amount of food needed for pupation m;, the rel-
ative feeding rate a;, or the variance in feeding rate of. Thus it is assumed
that when food is limiting, the superior competitor will be the one that
consumes food at the fastest rate (largest «;) or is most efficient in turning
food into biomass (smallest m,). Interference between types is assumed
to be unimportant in larval competition for food. In a population with
limited food this mode! assumes that the amount of food that has been
consumed by individuals of a given type by the time no food is left has
a normal distribution with mean o, ¥/a@ and variance (o0, ¥/&@)*, where o
= ¥ poyand Y is the initial amount of food per larva in the environment.
Figure 1 shows the distribution of food consumed by individuals of com-
petitive type i. Only those individuals that have consumed more than m,
grams of food will survive. Thus the probability of survival for type i
competitors W, is given by the shaded area in Fig. 1. If the population
consists entirely of type i individuals, then «; = @ and W, is independent
of . If a large number of inferior competitors, type j, are added to a pure
population of type i individuals and Y is kept constant, then o/a > 1 and
W, will increase. In a pure population each type i individual consumes ¥
grams of food on average. When types i and j compete for this same limited
amount of food type, the faster rate of consumption of type i will allow
them to consume more than ¥ grams of food on average by the time the
food runs out. Similarly, type j individuals will have received less than
¥ grams of food on average. The opposite effect is also possible. If the
amount of food per larva is kept the same but superior competitors are
added to a population of type i individuals, W, will decrease.

It is also obvious from Fig. | that if m, is decreased and all other
parameters are kept the same, then W; will increase. The effect of o, on
viability is more complicated. If m, is less than the mean amount of food
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consumed, as shown in Fig. I, then increasing o; will increase the area
to the left of m; and hence decrease W;. However, when m; > o;Y/d, o,
will increase the area to the right of m; and thus increase W,. These con-
ditions can be qualitatively interpreted as follows: when the average
amount of food per larva is greater than the minimum needed for suc-
cessful pupation, reducing the variance in food consumed by different
individuals will ensure that all individuals consume more than the mini-
mum amount. However, when the average amount'of food per individual
is less than the minimum amount, the only way 1o ensure some pupation
is to have a few individuals consume much more than the average available
and others consume much less, resulting in an increase in individual var-
iation. :
Figure 2 shows Bakker’s (1961) data on the percent emergence of
wild-type and Bar-eye flies as a function of food availability. These ex-
periments all started with 200 first-instar larvae and the amount of food
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used varied. Figure 3 gives the adult weights of males and females from
each stock. Several results are immediately apparent: first, there is a
minimum weight that males and females reach at about the same level of
food availability; second, even after the maximum emergence rate has
been recorded, the adult size continues to increase. These results alone
do not eliminate the possibility that the competitive effects are due to
interference rather than a simple scramble for the limited amounts of food.
To test this possibility, Chiang and Hodson (1950) and Bakker (1961)
fooked at the percent emergence and adult weight by varying both the
amount of food per larva and the density of larvae. In the range of densities
examined in these experiments it was seen that the amount of food per
larva was the most important determinant of percent emergence and adult
weight. There was no increase noted in competitive effects by simply
increasing the density while keeping the amount of food per larva con-
stant.

If the above basic assumptions of larval competition are correct, we
should be able to detect differential rates of growth for larvae with dif-
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ferent o;. Bakker (1961) let larvae feed with unlimited food for periods
of 39-60 h. At various times the larvae were transferred to nonnutritive
medium; a portion of these were weighed and another portion were al-
lowed to pupate. Limiting the length of feeding time produces similar
effects as limiting the total amount of food. In Pig. 4 the difference be-
tween the wild and Bar populations in percent pupation is shown. Figure
5 shows the difference in larval weight for the same two populations as
a function of feeding time. If the data in these two figures are reanalyzed,
it turns out that the percent pupation is approximately the same for each
population, given that larvae have achicved the same size. Since the re-
sults in Fig. 3 indicate that wild and Bar flies have approximately the
same efficiency of converting food into Drosophila biomass, we can in-
terpret the size differences in Fig. 5 as indicating a difference in the rate
at which food is changed into biomass. From Fig. 5 it appears that Bar
flies require approximately 3 h longer to reach the same larval size as a
wild fly.

According to the model of larval competition, we would expect the
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wild flies to have a substantial competitive advantage relative to Bar flies
due to their higher feeding rates. Bakker (1961) conducted larval viability
experiments similar to those described previously with 100 wild larvae
and 100 Bar larvae placed in vials with 0.42 mg yeast per larva. Only 40%
of the larvae reached the adult stage, and of these, 85% were wild and
15% were Bar. 1t would seem reasonable that if differential feeding rates
were the major reason for the differential competitive abilities, then this
competitive difference could be eliminated by providing Bar larvae a slight
headstart in feeding. As shown in Fig. 5, the Bar larvae generally lag 3
h behind the wild larvae in reaching a given weight. If Bar larvae are
given a 3-h headstart, then by the time that the food is exhausted both
larvae should be approximately the same size and hence have the same
probability of successfully pupating. Bakker (1961) performed this ex-
periment and found that among the emerging adults 59% were Bar.
Nunney (1983) has examined differential competitive abilities of
males and females of the same population. Figure 6 shows Nunney’s
(1983) viability results as a function of food availability in addition to the
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least squares fit to the competition model outlined previously. Clearly,
the fit is quite good. De Jong (1976) has examined a mode! similar to
Nunney's (1983) in which she assumes that the amount of food consumed
has a binomial distribution. Nunney (1983) demonstrates that his empirical
results do not fit this model with the same degree of accuracy as the normal
distribution model.

Pupae

Just as larval crowding and limited food will affect the final size of
adults, they will also affect the size of pupae. Chiang and Hodson (1950)
present data that show that pupal length declines with increasing larval
density. There is an approximately linear relationship between pupal
length and adult size as measured by wing length. Although not discussed
by Chiang and Hodson, their data on adult wing length and pupal length
show a clear difference between the male and female populations. The
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relationship between wing length and pupal length is linear for males and
females; however, there appear to be different parallel lines for each sex.
Thus, females with the identical pupal length as males will develop into
adults with longer wings.

Chiang and Hodson (1950) note two main sources of pupal mortality:
first, drowning in the medium, and second, inadequate tarval size leading
to incomplete development. Pupation will often occur on the walls of the
culture. In populations yielding large numbers of larvae, early-pupating
individuals can become dislodged by larvae crawling up the sides of the
culture to pupate. These dislodged pupae will often drown in the medium,
In very crowded or old cultures food may be quite limiting and many
pupae may fail to develop due to inadequate nutrition.

Adults

The ecological properties of most interest in adults are survival rates
and female fecurrdity. Pearl er al. (1927) studied the density-dependent
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survivorship of an inbred line. Sex differences were not taken into con-
sideration. Because these studies involved following the number of sur-
vivors from an initial cohort, the density of these populations decreased
over time. Consequently, the largest differences in survival rates between
the density treatments were found in the younger adults. The rates of
mortality were very similar for all of those flies older than 55 days re-
gardless of initial starting density (35-200 flies per -oz. bottle).

Pearl e1 al. (1927) showed that adult mortality can depend on the past
history of a fly. In one experiment two cohorts were established: one at
an initial density of 35 and a second at a density of 200. After 16 days
survivors from each experiment were each placed at densities of 200 and
their survivorship followed. The average age at death of flies kept for the
first 16 days at a density of 35 was 22.8 days, while those started at a
density of 200 lived to be only 19.7 days on average. Thus, prior exposure
to low densities can increase an individual’s probability of survival at high
density relative to an individual raised at that high density. Although past
population density has some effect on one’s current probability of sur-
vival, current density is clearly the most important factor. Pearl et al.
conducted a control in which flies raised at an initial density of 35 were
reconstituted to a density of 35 at day 16. The average life span for these
flies was 34.8 days. These results imply that a complete description of
density-dependent growth in an age-structured population would require
knowing not only the current age class sizes, but those for some time in
the past. Although it is possible to develop such models in principle (Char-
lesworth, 1980), they are exceedingly difficult to analyze.

Chiang and Hodson (1950) have shown that female fecundity declines
as the age and density of larvae in the culture increase. However, it is
not clear from their experimental technique whether the females are ac-
tually laying fewer eggs or whether the larvae are burying eggs, which
then remain uncounted. Even if females do not change the number of
eggs they lay in the presence of larvae, they do change the location of
eggs laid. Females lay a larger portion of their eggs on the walls of the
culture as the density and age of larvae increase (Chiang and Hodson,
1950). Given the potentially high mortality of eggs buried by larvae, this
behavioral flexibility in females is a useful adaptation. Chiang and Hodson
have also examined female preference for laying eggs in medium differing
in moisture and texture. In general females seem to prefer moist, rough
surfaces as opposed to smooth, dry ones.

A number of studies have investigated the influence of crowding on
female fecundity (Pearl, 1932; Bodenheimer, 1938; Robertson and Sang,
1944; Chiang and Hodson, 1950). All studies reveal that at very low den-
sities (0.5~4 flies/cm?) female fecundity is very sensitive to changes in
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adult densities, while at densities greater than 10 flies/cm® female fe-
cundity is nearly constant. Thus, studies of female fecundity carried out
in 8-dram vials would yield quite different results as density changed from
one mating pair to five, although all these densities are typically consid-
ered low.

It is apparent from the work considered earlier that in the absence
of sufficient food the final size of aduits can vary significantly. This size
variation in females will inevitably lead to variation in fecundity. The
results of Chiang and Hodson are reproduced in Fig. 7. Similar results
have been reported by Robertson (1957) and Prout (1985). It should be
noted that the females used in these studies are raised on suboptimal
amounts of food or in crowded cultures.

In a quantitative genetic study of body size and egg production Rob-
ertson (1957) has found little correlation in the additive genetic compo-
nents of these traits. However, these studies were conducted in un-
crowded environments. The same studies conducted with limited food
may show high additive genetic correlation between size and egg pro-
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duction, although it should be emphasized that the strong phenotypic
correlation demonstrated in Fig. 7 does not imply a positive genetic cor-
relation (Rose and Charlesworth, 1981a).

Female fecundity also depends on adult nutrition. Sang (1949d) has
shown that partially starved adult females show a decline in fecundity.
In addition, Sang has shown that female fecundity may depend on the
type of yeast consumed. Studies have already been described which show
a decline in female fecundity with increasing density. Although this effect
could be due in part to limited food, the very large decrease in fecundity
observed at very low adult densities would imply that factors other than
food were important. Pear] (1932) has concluded that interference from
other flies and a general level of increased activity might account for
decreasing female fecundity at these low densities.

A number of studies show that female fecundity may depend on the
male parent (Alvarez and Fontdevila, 1981; Clark and Feldman, 1981a.b).
This effect may persist over the lifetime of the female. For instance,
Alvarez and Fontdevila (1981) show that singed females crossed with wild-
type males show an increase in early fecundity (days 1-3) relative to
singed females crossed with singed males. However, this advantage is
lost at later ages. In contrast, wild-type females crossed with wild males
have higher fecundity at nearly all ages relative to wild females mated
with singed males.

POPULATION DYNAMICS

Some of the earliest ecological work with Drosophila examined the
dynamics of laboratory populations. Such studies have continued inter-
mittently to the present. The development of research in this field provides
a useful example of the interaction between theory and experiment. It
also illustrates the problems that are encountered when inappropriate
experimental regimes are used to test theory.

This section will begin with a discussion of the different methods of
maintaining Drosophila populations. The discussion will be followed by
a more detailed description of the serial transfer system (STS) and results
from various studies. Finally, the ecological and evolutionary significance
of population stability will be considered.

Population Maintenance

Some of the earliest and most cited work on the population dynamics
of Drosophila melanogaster was carried out by Raymond Pearl and his
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co-workers (Pearl, 1927). Pearl’s work is often used as the textbook ex-
ample of logistic population growth. Pearl's method of maintaining cul-
tures seems straightforward, but has a number of inherent problems. Into
standard Drosophila cultures Pearl placed a small number of adults. At
regular intervals the adult population were censused and returned to the
original culture. Although such populations will initially show a rapid
increase in adult numbers, unless the food supply is supplemented, the
population will eventually go extinct. Rather than move the adult popu-
lation to a fresh food source at regular intervals, Pearl added fresh food
to the old culture as needed. Pearl (1927) notes that the “‘experiment is
one in which an attempt is made to add food as the supply is used up.
The technical difficulties of doing this satisfactorily with a Drosophila
population are considerable, but with sufficient care they can be overcome
in large degree.” Clearly such a subjective protocol would weaken any
theoretical results based on these observations. Sang (19494) has noted
these problems and concluded, *‘On the face of it, it is therefore difficult
to understand how the results of such an experiment . . . fita logistic for
any reason other than the choice of the right time at which to add food
and the right amount of it.”

Due to these problems subsequent workers have attempted to replace
food at regular intervals. This can be achieved in two ways: (1) the adult
population is moved to a fresh food source or (2) the adult population is
kept in the same culture with fresh food introduced at regular intervals.
L’Heritier and Teissier (1933) describe an early population cage which
exemplifies the second alternative. In this study new food cups were
added every day. When a food cup was 20 days old it was removed. Thus
at any time the population cage would have 20 food cups aged 1-20 days.
The total amount of food available to the population and the rate of re-
plenishment could thus be carefully controlled. Most population cages
used today operate on the same principle (Ayala, 19685).

The first method of renewing resources is exemplified by the serial
transfer system (STS). Pearl (1927) actually describes a form of the STS,
while refinements are described by Buzzati-Traverso (1955) and Ayala
(1965b). In the STS there is a single adult population, which is allowed
to lay eggs on fresh medium for a specified number of days, after which
all surviving adults are transferred to a fresh culture and another round
of egg laying commences. As adults start to emerge from the older cul-
tures, they are collected and added to the egg-laying population of adults.
Thus at any time interval the adult population consists of survivors from
the previous time interval plus newly emerged adults from the old cul-
tures. In Fig. 8 the STS is shown in which cultures are discarded when
they are 4 time units old. The actual length of the time interval varies
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from 3 days (Buzzati-Traverso, 1955) to 1 week (Ayala et al., 1973; Gilpin
and Ayala, 1973; Thomas et al., 1980; Pomerantz ef al., 1980; Hastings
et al., 1981; Mueller and Ayala, 1981b). The STS has the advantage of
providing a regular supply of food and oviposition sites in addition to
maintaining an adult population with overlapping generations. The dis-
advantage of the STS is that it is rather complicated to model (to be
discussed further).

Since ecologists are most interested in examining models of popu-
lation dynamics that are first-order difference equations, the following
laboratory regime would seem to be the most appropriate. Adult flies are
allowed 1-2 days for egg laying, after which time they are discarded.
Twelve to 15 days later the newly emerged adults are collected and put
in fresh cultures to start the next generation. This method of population
maintenance is used commonly by population geneticists, since most pop-
ulation genetic models assume a fully discrete life cycle. Despite its wide-
spread use by population geneticists, it is seldomly used by Drosophila
population ecologists [for an exception see Prout (1985)}. The reason for
this is not clear, although there may be an unconscious desire by ecologists
to avoid the artificial termination of the adult life cycle. Undoubtedly,
methods of population maintenance that preserve an adult population with
overlapping generations would more closely resemble the *‘natural’’ ecol-
ogy of Drosophila.

Modeling Population Dynamics of Drosophila

Ayala et al. (1973) were the first to describe a simple experimental
technique which would allow density-dependent rates of population
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TYPE-2 EXPERIMENTS
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FiG. 8. The experimental protocol for estimating density-dependent rates of population growth
in the STS [From Mueller and Ayala {1981b).]

growth to be determined in the serial transfer system. The procedure
involves placing a specified number of adults N* in a single culture. The
survivors in this culture are counted 1 week (or any other time interval)
later. The newly emerged progeny from this same culture are removed
and counted at weekly intervals for the next 3 weeks. This experimental
procedure is outlined in Fig. 9. It seems reasonable to expect rates of
population growth in the STS to depend on the number of egg-laying adults
that survive to the next generation, the total number of progeny produced
from each week’s egg laying, and the time at which these progeny emerge.
This last point is especially important. Since progeny from 1 week of egg
laying are being collected over a 3-week period and placed with the egg-
laying adult population as soon as they emerge (see Fig. 8), it is reasonable
to assume that a population in which most of the progeny emerge very
early will grow at a faster rate than a population that has slowly developing
progeny.

Referring to Fig. 8, one can see that the total number of egg-laying
adults at time ¢, N,, is simply the sum of the number surviving from the
previous week, f,(N,_), plus the number emerging from the 2-week old
culture, f3(N,_»), plus the same numbers from the 3- and 4-week old
cultures, fy(N,_3) and f4(N,_,). Each f{N,_,) is some unspecified func-
tion describing the number of survivors or emerging progeny that come
out of an i-weeks-old culture that initially had N, _, adults laying eggs [see
Mueller and Ayala (1981b) for more details}. Thus it is clear that in an
STS, as in Fig. 8, N, depends on the population size in four previous time
intervals.

In the type 2 experiments shown in Fig. 9 it is obvious that each
experiment provides an estimate of fi{(N*), f2(N*), f5(N*), and f{(N*).
These experiments can of course be replicated at each density N* and
carried out at a variety of densities to get a complete description of the
population dynamics in the serial transfer system. Once the f{N*) have
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been estimated it is possible to obtain an asymptotic rate of population
growth An. without having to specify the functions fA-) (Mueller and
Ayala, 1981b). This asymptotic rate of growth An- is the rate at which
the population would grow if the density were maintained in the vicinity
of N* for some time. The derivation of A« is in many ways similar to
the derivation of rates of exponential increase from a Leslie matrix (Char-
lesworth, 1980), where the STS has an age structure for cultures rather
than individuals. With the An- in hand, the total change in population size
at a density N* can be estimated as

N, - N,_| = RN-]V'.l - N‘ = N*(Mva - |)

A basic assumption of logistic population growth is that per-capita rates
of population growth decline linearly with increasing densities. It is pre-
cisely this assumption that can be tested with the Ay~ values derived from
the type 2 experiments just described (Mueller and Ayala, 1981b, 1982).
It should be emphasized that when investigating first-order difference
equations that relate Ay« and N* one cannot imply that these same equa-
tions can be used as a general description of population dynamics in the
STS. This is due to the fact that, in general, rates of population growth
in the STS will depend on four previous time intervals rather than one.
However, for purposes of studying some general retationships between
density and rates of population growth it is more convenient to use the
asymptotic rates of population growth.

This methodology is not without precedent. In Smith’s (1963) study
of the population dynamics of Daphnia magna he obtained density-de-
pendent rates of population growth only after his experimental popula-
tions had reached a stable age distribution. Thus Smith was deriving
asymptotic rates of population growth empirically by allowing his pop-
ulations to remove the effects of the initial arbitrary age distribution.
Mueller and Ayala (19815) have achieved a similar result mathematically,

Several other studies (Ayala et al., 1973; Pomerantz et al., 1980;
Thomas et al., 1980; Hastings et al., 1981) have used “‘net productivity”
estimates from type 2 experiments to test models of population growth.
The net productivity is simply the sum of the survivors and all emerging
progeny minus the initial density N* from a type 2 experiment. The main
difference between the net productivity value and Ay is that net pro-
ductivity does not account for the time at which survivors or progeny are
added 1o the egg-laying population of the STS. Thus, as an estimate of
the rate of population growth in the STS net productivity is biased. At
densities near carrying capacity this bias is small. In particular, at carrying
capacity, since each individual only replaces itself, the time at which this
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occurs is immaterial and hence the bias should be zero. However, the
bias will be greater at densities furthermost from carrying capacity. This
bias is evident in the graphs of N,,, — N, versus N, seen in Pomerantz
et al. (1980) and Hastings et al. (1981), which show a rapid rise in N,..,
— N, and an almost linear decline after reaching a peak. These curves
should be compared to those in Mueller and Ayala (19815). Hastings et
al. (1981) argue that net productivity may be considered as useful a mea-
surement of population dynamics as Ay+. Unfortunately, there is no direct
theoretical connection between net productivity and rates of population
growth in the STS as there is for An-. Consequently, net productivity
should be regarded as a rough approximation to rates of population growth
which will be biased upward at very low densities.

In Fig. 10 density-dependent rates of population growth for several
populations of D. melanogaster are shown (Mueller and Ayala, 1981a).
The discrete form of the theta model is

Newy — N, = NI - (K/Nt)s]

When 8 = 1, the model is identical to the logistic model, and when 0 <
1, per-capita rates of population growth decline more rapidly than linear.
From Fig. 10 it is clear that the per-capita rates of population growth for
D. melanogaster are not linear functions of density as predicted by the
logistic equation. This result appears to be quite general for Drosophila.
It is of some interest to be able to understand the mechanism of intras-
pecific competition that produces these deviations from the logistic (Muel-
ler and Ayala, 198156; Haddon, 1982), although such an understanding is
not essential to the development of a descriptive theory (Mueller and
Ayala, 1982).

A preliminary attack on this problem would begin .with an exami-
nation of density-dependent birth and death rates. In Fig. 11 are shown
the probabilities of survival of males and females aged 7-14 days held at
various densities for 1 week (Mueller, 1979). These rates change very
slowly at low densities and would not seem of sufficient magnitude to
explain the large decline in per-capita rates of population growth. Pear}
et al. (1927) also present data on the average duration of adult life as a
function of density. These data actually show increasing survivorship with
increasing density over a range of low densities.

One can investigate the effects of limited food on female fecundity
by using Bakker’s data on food versus adult size and Robertson’s data
on female size versus fecundity. These results are shown in Fig. 12.
Clearly, over the range of food levels tested the rate of decline in female
fecundity is linear or slower than linear with decreasing food levels. It is
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unlikely that this phenomenon alone could account for the rapid decline
in per-capita rates of population growth at low densities. Chiang and Hod-
son (1950) described dramatic declines in fecundity at densities of 10-78
flies per }-pint culture. These densities are at the lowest range examined
in the STS. This evidence implicates rapidly declining female fecundity
due to increasing adult density as the major cause of the faster than linear
decline in the rates of population growth shown in Fig. 10.

Introduction of the parameter 6 to the Lotka—Volterra competition
model appears to result in a model that can more accurately describe the
dynamics of competing populations of D. pseudoobscura and D. willistoni
(Ayala ef al., 1973). Although the net productivity statistic was used in
this paper, most density combinations were close to the two-species equi-
librium. Consequently, the bias introduced by using net productivity as
estimates of rates of population growth may not have been severe. For
competing populations of Drosopkhila, 9 is usually less than one. It would
seem reasonable to suppose that interspecific competition would have the
same effect on fecundity as intraspecific competition does. The size of
emerging females will decline with increasing numbers of competitors,



PROBABILITY OF SURVIVAL

58 : L D. Musiler

o
(L]
H

0.4 -

0.3

g
N
1

g.1 o

Y T 1 ¥ ! I ] L] L) 1 1 ¥

o 0.2 0.4 0.6
(Thousands)
DENSITY

FIG. 11. The probability of s'urvivlng one week for () male and (A) temala D. melanogaster as a
function of the initial adult density {equal sex ratio). [From Muelier (1979).]

but the magnitude of this decline will depend not only on food availability,
but also on the frequency of competing larvae and the relative competitive
ability of these larvae (Bakker, 1961; Nunney, 1983).

Population Stability

For those populations in which reproduction takes place at discrete
intervals, and are therefore well described by nonlinear difference equa-
tions, quantitative properties of density-dependent regulation can cause
peculiar phenomena (May, 1974; May and Oster, 1976; Guckenheimer et
al., 1977). In particular, depending on the value of certain parameters,
many difference equations can exhibit two-point, four-point, or higher
order cycles or apparently chaotic population dynamics in completely
deterministic environments. Most natural and laboratory populations will
show some degree of fluctuation about an apparent equilibriom. However,
it is often assumed that these fluctuations generally reflect some under-
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lying changes in the environment (e.g., temperature, moisture, or food
availability). 1t is clearly of some importance to be able to separate var-
iation due to environmental variability from that due to the intrinsic nature
of density-dependent regulation.

Classification of a population as either possessing an asymptotically
stable carrying capacity or a potentially cyclic or chaotic equilibrium re-
quires knowledge of the linear dynamics in the vicinity of the carrying
capacity [see Roughgarden (1979) for a review of the stability properties
of difference equations). In practice this has been accomplished with two
different methods. The first method (Hassell ez al., 1976; Thomas et al.,
1980) has two levels of inference. At the first level a particular functional
form is assumed to be an adequate description of the population dynamics.
Thus, Hassell et al. (1976) use the first-order difference equation N, ,
= AN/l + aN,)® for a variety of species, while Thomas et al. use the
theta model to analyze data from 27 species of Drosophila. At the second
level of inference, parameters of the models must be estimated from direct
observations of population growth rates (Thomas et al., 1980) or by other
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less direct methods (Hassell et al., 1976). Once these parameters have
been estimated, the linear dynamics in the vicinity of the carrying capacity
are obtained by the appropriate linearization of the nonlinear equation.
The second method (Mueller and Ayala, 1981c) utilizes observed rates of
population growth in the vicinity of the carrying capacity to estimate the
local linear dynamics directly. This method avoids using a specific func-
tional description of the population’s dynamics, which is bound to be an
approximation, but can only be used with populations whose density-
dependent rates of growth can be measured directly. For laboratory pop-
ulations of Drosophila this last qualification is not a restriction.

Two studies have addressed the problem of dynamic stability in lab-
oratory populations of Drosophila. Thomas et al. (1980) examined the
dynamics of 27 different species of Drosophila, while Mueller and Ayala
(1981¢) obtained data on 25 genetically different populations of D. me-
lanogaster. 1n both studies the dynamics in the STS were obtained. The
qualitative conclusions from these two studies were the same: the over-
whelming majority of populations show asymptotically stable carrying
capacities. There is little indication of potentially.cyclic or chaotic pop-
ulation dynamics. Although Thomas ef al. (1980) and Mueller and Ayala
(1981¢) used the same experimental techniques, their methods of analysis
were quite different. Some of these differences have been discussed
above. In addition, Thomas et al. used a linearization of a first-order
difference equation to obtain the local linear dynamics of the STS. As
discussed previously, a complete model of the STS will be a fourth-order
(or higher) difference equation. Thus, the stability analysis of Thomas et
al. is inappropriate for the STS. Given these very different methods of
analysis, it seems surprising that they demonstrate a high degree of cor-
respondence. It may be that the net productivity measurements near the
carrying capacity of Thomas et al. are not biased estimates of rates of
population growth and thus convey the correct information regarding pop-
ulation stability. A reanalysis of the data is clearly the only way in which
to resolve this problem.

If the results on population stability obtained for laboratory Droso-
phila are at all relevant to natural populations, it is of interest to try to
uncover a mechanism of natural selection that might promote population
stability. Mechanisms involving both group (Thomas er al., 1980) and
individual selection (Heckel and Roughgarden, 1980; Turelli and Petry,
1980; Mueller and Ayala, 1981c) have been proposed. Thomas et al. have
argued that as a population’s stability eigenvalue increases in magnitude,
the smallest population size reached at equilibrium decreases. As a con-
sequence, the probability of chance extinction should also increase with
increasing instability.
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If one assumes that there is genetic variation within a population that
affects parameters of growth equations (e.g., r, k, and 8 of the theta model)
and that fitness is density dependent, then individual selection may de-
termine population stability. The existence of genetic variation for pa-
rameters of the logistic and theta models has been demonstrated for D.
melanogaster (Mueller and Ayala, 19815). The models of Heckel and
Roughgarden (1980) and Turelli and Petry (1980) examined density-de-
pendent selection in a variable environment with populations initially pos-
sessing a stable carrying capacity. Mueller and Ayala (1981¢) numerically
studied evolution in deterministic environments with populations that in-
itially exhibited two-point cycles. Both Turelli and Petry and Mueller and
Ayala saw that the evolution of population stability could be model de-
pendent in particular settings. However, Turelli and Petry found that
under the most general conditions which they considered, natural selec-
tion always resulted in stable population dynamics and this result was
robust with regard to the particular density-dependent regulating function.
Mueller and Ayala argued that there may be a strong negative correlation
between parameters that determine population stability and that this cor-
relation structure may constrain a population’s evolution such that it usu-
ally has a stable carrying capacity.

The experimental paradigm for determining Drosophila population
dynamics has utilized adults as the natural census stage. The reasons for
this are that adults are the most conspicuous life stage of Drosophila and
are the most easily manipulated. However, it must be remembered that
even when the adult life stage is artificially shortened to a few days, all
laboratory populations will have several immature stages prior to the adult
census. In an important paper, Prout (1985) has shown that estimating
population dynamics from observations of changes in the adult population
size over a single generation may be inherently biased. At the root of this
problem is the influence of larval density on adult fecundity. If female
fecundity depends on larval density to any degree, then it is impossible
to represent the number of adults at time ¢ as a function of the adult number
at time ¢t — 1, even in populations with fully discrete generations (see
section on life-history evolution). Under these conditions eggs are the
natural life stage to census. Prout demonstrates that estimates of popu-
lation stability at.carrying capacity can also be biased when estimated
from adult-to-adult transitions. If female fecundity does not change as a
function of egg (or larval) density in the vicinity of carrying capacity. then
the bias produced from adult data will be zero. However, even when the
dependence of female fecundity on egg density is slight, the potential bias
in estimates of population stability can be large.

Prout’s results naturally call into question the results of Thomas et
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al. (1980) and Mueller and Ayala (1981c¢), since both used adult-to-adult
transitions to estimate population stability. The degree to which the results
of Thomas et al. and Mueller and Ayala may be in error will depend on
the sensitivity of female fecundity to egg density in the serial transfer
system. Such data have not been produced, although there is no reason
to believe there will not be some dependence. The importance of Prout’s
theoretical results are bolstered by his own experimental data, which
indicate that the eigenvalue governing stability in his experimental pop-
ulations may be less than — 1. This result was obtained from a first-order
difference equation describing the change in the number of eggs at time
t, e

i = F(e:)s(et)et

where F(e,) describes the cffect of egg density on adult fecundity and
S(e,) describes the relationship between egg-to-adult survival and egg den-
sity. Prout conducted separate experiments to estimate the functions Fe,)
and S(e,); his analysis explicitly assumed that adult density has no effect
on fecundity. Prout’s data actually indicate a slight decline in fecundity
with increasing adult density. It can be shown that even this weak de-
pendence of adult fecundity on adult density will result in eigenvalues
larger than those obtained by Prout. Consequently, the eigenvalues ob-
tained by Prout are biased in a direction opposite to the bias present in
Thomas et al. and Mueller and Ayala. Unfortunately, the only way to
avoid the bias introduced by ignoring the effects of larval and adult density
on fecundity is to observe directly the change in number of eggs from one
generation to the next.

Several studies claim to have uncovered evidence of cycling in Dro-
sophila populations. Shorrocks (1970) studied 14 populations of D. me-
lanogaster. These populations reproduced at discrete intervals. Three
populations showed strong positive autocorrelations, although the lag dif-
fered for each population. These lags occurred at two, three, and four
generations. Many populations did not show any signs of a strong auto-
correlation. Thus, although a few populations may have exhibited some
cycling, it is certainly not a consistent phenomenon even with replicated
experimental populations.

. Nogue$ (1977) maintained D. subobscura in an STS-like system. This
population exhibited pronounced oscillatory behavior. These cycles were
probably environmentally induced. During peaks of population growth,
culture bottles tended to become overgrown with mold. Such contami-
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nation may have precipitated the abrupt population decline, resulting in
the cyclical behavior.

COMPETITION

Interspecific competition has assumed a major role in the theory of
ecology (Roughgarden, 1979). Competition may place limits on species
diversity (Abrams, 1976) and be responsible for resource partitioning
{Roughgarden, 1976). When competition is especially intense, natural se-
lection may favor genotypes that will avoid competition, resulting in a
coevolution-structured community (Rummel and Roughgarden, {983).
Despite this body of work, the importance of competition in structuring
natural populations has been questioned recently (Connor and Simberloff,
1979; Strong et al., 1979; Connell, 1980). Although not all communities
show evidence of interspecific competition, a recent review (Schoener,
1983) concludes that competition was found in 76% of the species ex-
amined in over 150 field studies.

Competition in Natural Populations

Evidence for competition in natural populations of Drosophila has
been found by Atkinson (1979) and Grimaldi and Jaenike (1984). Atkinson
collected fruits and vegetables from local markets and measured the wing
length of flies emerging from these natural substrates. He also recorded
the total number of adults emerging from a particular fruit and used this
number as an indicator of larval densities. Atkinson found that within a
particular type of fruit or vegetable there was a significant decline in the
wing length of D. melanogaster with increasing larval densities. There
was also a negative correlation between the wing length of D. simulans,
immigrans, and hydei ahd the number of emerging melanogaster. These
results provide evidence of both intra- and interspecific competition.

Grimaldi and Jaenike (1984) collected mushrooms infested with dip-
teran larvae and cut these in half. One half was kept in an enclosed jar
and the second half was supplemented with previously frozen mushroom
of the same species. Drosophila falleni, putrida, and testacea showed
significant increases in the number of emerging adults when supplement
was provided. These three species and D. recens also showed an increase
in size (as measured by thorax length) in the supplemented jars. It is clear
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that for the mycophagous Drosophila, resources are limiting, although it
is not possible to distinguish between intra- and interspecific competition.

Competition in the Laboratory

Laboratory studies of competition with Drosophila have examined

both intergenotypic and interspecific effects. Environmental variables
such as temperature have been shown to affect interspecific (Ayala, 1966,
1971; Bierbaum and Ayala, 1985) and intraspecific (Mather and Cooke,
1962) competitive abilities. Equal numbers of D. willistoni and D. pseu-
doobscura were used to initiate populations kept at I8, 19, 20, 21, 22, and
25°C by Bierbaum and Ayala. At 25°C the tropical species, D. willisioni,
competitively excluded the temperate species, D. pseudoobscura, while
the opposite was true at 18°C. At intermediate temperatures (19-22°C)
the two species coexisted for a period of 50 weeks.
" Even within the homogenized environment that makes up the labo-
ratory Drosophila culture it has been possible to document differences
between species in habitat utilization. Merrell (1951) has shown that in
competition D. melanogaster does better in fresh food relative to D. fu-
nebris, which seems to have an advantage in older food. In population
cages the two species are able to coexist because the food cups naturally
pass through stages that are preferred by each species.

The sibling species D. melanogaster and D. simulans also show dif-
ferential utilization of experimental culture medium: D. simulans seems
to prefer to oviposit on the center of the medium and on older surfaces
relative 1o D. melanogaster, which prefers the edges of fresh medium
(Moore, 1952b). Barker (1971) notes that D. simulans larvae are more
often found in the lower half of the medium. The differences in habitat
utilization could play a substantial role in competitive interactions. This
point was experimentally demonstrated by Moore (1952b). Populations
of both species were allowed to lay eggs on old and fresh food surfaces.
In one treatment the next generation was started with eggs laid on the
edges of the fresh food, while the second treatment utilized eggs from the
center of the old food. The populations started with fresh edges showed
a rapid rise in the frequency of D. melanogaster, with the uitimate ex-
clusion of D. simulans. The populations started with old centers resulied
in the fixation of D. simulans in one case and its near fixation in a second
replicate after 13 generations.

Most laboratory studies of intra- and interspecific competition have
used similar experimental techniques. Usually the effects of competition
on the number of adults produced in one generation will be determined
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over a range of mixtures of two competing types with the total initial
density of adults or larvae held constant. This procedure can be expanded
by also varying the total density. Statistical methods for analyzing these
experimental data are given in Mather and Caligari (1981). In some ex-
periments the effects of competition have been measured by determining
the productivity of each competing species in the serial transfer system
(Gilpin, 1974; Goodman, 1979). It is interesting that many seemingly con-
fusing features of these experiments can be understood in light of the
simplified model of larval competition presented in the preceeding sec-
tion.

One consistent result from both intra- and interspecific competition
studies is that the performance of a line (or species) in pure culture is not
a good predictor of that line’s competitive ability (Lewontin, 1955; Le-
wontin and Matsuo, 1963; Gale, 1964). For instance. Gale ( 1964) studied
the competitive abilities of three lines of D. melanogaster. In pure culture
the vestigial line had the fowest viability, but in competition it had the
highest viability. A second consistent observation is that the effects of
competition can be ameliorated by increasing the amount of food or de-
creasing the density of the population (Lewontin and Matsuo, 1963; Gale,
1964; Miller, 1964; Barker and Podger, 1970).

Consider two competing populations A and B which differ only in
the parameters a and m of the larval competition model considered in the
preceding section, yet have a common variance. Further assume that o
> ag and m, > mp. Thus, population A is competitively superior to B,
but requires more food to pupate successfully. When viabilities are de-
termined for each population separately it is clear that population B will
have a higher viability (in Fig. 1, mz would be to the left of m,). When
these two populations compete for limited food the average individual in
populations A and B will not receive the same amount of food. Instead,
individuals from population A will receive more food (since they are con-
suming it at a faster rate) and the distribution of food consumed by A
individuals will be shifted to the right of the distribution for B individuals.
If this shift in the relative positions of the two distributions is sufficiently
large (that is, a4 is sufficiently greater than ay), the viability of individuals
in population A will be greater than those in population B. This form of
competition clearly requires no active interference or facilitation among
competing types as hypothesized by Lewontin (1955). This discussion
does not preclude other types of competitive interactions: it merely dem-
onstrates that many observations of competition in complicated environ-
ments can be accounted for by a simple model of competition for limited
food. Sulzbach (1980) reports no improvement in the competitive abilities
of two strains of D. melanogaster that have competed as larvae for 23
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generations relative to stocks kept in isolation. These results are not sur-
prising if one assumes that the major component of competitive inter-
actions in D. melanogaster is the ability to compete for limited food. Both
the controls and experimental populations used by Sulzbach were kept
at the same density and thus experienced the same levels of food avail-
ability. Thus all populations had approximately the same intensity of se-
lection for improved ability to survive on limited food. Consequently, the
evolutionary improvement of a population to intraspecific competition
would also result in improved interspecific competition and vice versa.

The major features of more detailed studies of competition can also
be understood in terms of the larval feeding model. Caligari (1980) ex-
amined the competitive abilities of two inbred lines of D. melanogaster:
Wellington (Well) and a line selected for high chaeta number (6CL). In
monocultures, 96, 72, 48, and 24 eggs of each line were placed in vials
with measured amounts of yeast. The mixed cultures contained these
same numbers of one line and enough eggs from the second line to make
the total density 96. The 6CL monocultures had 18-29% . survivorship at
all densities tested. The Well monocultures had 63, 60, 42, and 23% sur-
vival at densities of 24, 48, 72, and 96 eggs, respectively. The most rea-
sonable interpretation of these results is that the 6CL line has a genetically
determined low viability which is independent of food availability. There
is no difference between the number of emerging Well adults in the com-
petition tests and the numbers emerging in the monocultures. However,
the weight of the adult Well flies does decrease in the competition tests.
These results can be interpreted in light of the larval competition model
and by assuming that the genetic death [hard selection of Wallace (1970)]
of the 6CL line occurs early in larval life. In the competition tests with
24 and 48 6CL eggs and 72 and 48 Well eggs, so few 6CL. larvae survive
genetic death that the survival of Well is not appreciably affected. In the
tests with 72 6CL eggs and 24 Well eggs, only 16-24 6CL will survive
genetic death. This leaves a total density of 40-48 larvae. In the density
range of 24-48 eggs the survivorship of the Well larvae is relatively con-
stant. This would correspond to the flat region in Fig. 2. However, as is
evident from Fig. 3, the weight of adults can still be changing when adult
survivorship is near its maximum.

A large number of studies have examined the evolution of competitive
ability in Drosophila (Moore, 1952a; Seaton and Antonovics, 1967; Ayala,
1969; Futuyma, 1970; Barker, 1973; Sulzbach and Emlen, 1979; Pruzan-
Hotchkiss, Perele et al., 1980; Sulzbach, 1980; Bierbaum and Ayala,
1985). Moore (1952a) reports finding one line of D. simulans out of 20
that was not competitively excluded by D. melanogaster while both spe-
cies were maintained in population cages. This line was superior to stocks
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of simulans in its competitive ability with melanogaster. Ayala (1969)
maintained D. nebulosa and D. serrata together by the serial transfer
system. After 22 weeks the numbers of D. nebulosa increased and this
was due to an increase in the competitive ability of this species (Ayala,
1969). After only three generations of selection Seaton and Antonovics
(1967) recorded increases in the lines of D. melanogaster relative to their
unselected stocks. Despite these positive findings, numerous studies have
recorded no changes in compelitive ability (Futuyma, 1970; Pruzan-
Hotchkiss ef al., 1980; Sulzbach, 1980). It is worth noting that the studies
reporting negative findings often contain more replicates.

Bierbaum and Ayala (1986) conducted experiments with D. willistoni
and pseudoobscura to test hypotheses in the coevolution of interspecific
competitors. The major evolutionary hypothesis they tested was proposed
by Pimentel et al. (1965), which states that when two species compete,
natura! selection will most strongly favor an increase in the competitive
ability of the less frequent species. Such a process may be responsible
for the reversals of competitive dominance seen by Ayala (1966). To test
the Pimentel hypothesis, Bierbaum and Ayala (1986) established three
different selection regimes: in each both species were maintained in a
serial transfer system and the total density of the egg-laying adult pop-
ulation was kept at 300 flies. The three treatments differed in their fre-
quency of D. willistoni, which was either 20, 50, or 80%. The D. willistoni
adults for each generation came from the competition cultures, while the
pseudoobscura came from single-species stocks. Thus, only the D. wil-
listoni population could adapt to the competitive environment. Eight in-
dependent populations were maintained in this fashion and allowed to
respond to the competitive environment for about 30 generations.

The expectations of Pimentel ef al. (1965) were not met. The lines
kept at 50 and 20% willistoni had evolved a lower competitive ability than
the 80% lines. Bierbaum and Ayala conclude that the primary adaptations
of these populations may be to density-dependent intraspecific interac-
tions, and that interspecific interactions play a minor role.

The conclusions of Bierbaum and Ayala are supported by quite dif-
ferent evidence from Wijsman (1984). In this very interesting study the
effects of new mutations on the intra- and interspecific competitive abil-
ities of two lines of D. melanogaster and one line of D. simulans were
determined. Lines were treated with ethylmethanesulfonate and the inter-
and intraspecific competitive abilities of all pairwise compatisons of
treated and untreated lines were determined. Competitive ability was es-
timated by following the numbers of each competing type in population
cages over many generations. Such a procedure was possible for the two
lines of melanoggster, since one line had a compound third chromosome
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which causes it to be reproductively isolated from populations with normal
third chromosomes. Although inter- and intraspecific competitive ability
were reduced in the newly mutated populations, these mutations had a
significantly larger effect on intraspecific competitive ability than they
did on interspecific competitive ability. These results may have significant
implications for the evolution of intra- versus interspecific competitive
ability.

Clark (1979) reports experimental evidence that interspecific com-
petition may alter allele frequency dynamics. Clark studied a fourth-chro-
mosome polymorphism in D. melanogaster. He determined the equilib-
rium allele frequencies in pure populations of melanogaster and in
populations where D. simulans was maintained at a frequency of one-
third or two-thirds. The allele frequency equilibrium reached in the two
populations with D. simulans were similar to each other but different from
that reached in the pure melanogaster population.

Island Biogeography

MacArthur and Wilson (1967) first suggested that the number of spe-
cies on an island may represent a balance between immigration and ex-
tinction. Although the vast majority of empirical work in this field has
been conducted with natural populations, laboratory populations of Dro-
sophila offer a tremendous opportunity to study this process.

Wallace (1975) has conducted the only detailed study of island bio-
geography with Drosophila to my knowledge. Wallace’s experimental
technique was very precise and not surprisingly he was able to obtain
much more detailed information than is possible in field studies. The reg-
ularity of migration episodes and the maintenance of island populations
actually allows, and probably requires, a much different description of
the immigration and extinction process than that given by MacArthur and
Wilson (1967). 1 will try to outline how one might model the immigration
and extinction processes on these islands, after describing the experi-
mental techniques of Wallace.

Migration took place inside a large cage called “‘the island machine.”’
On the bottom of the cage were numerous holes to which were attached
shell vials with food. At regular intervals 18 species of Drosophila were
placed in the island machine. Migration was said to occur when a fly
entered a particular vial. Four preidentified vials represented the migrants
for one of 30 different islands. Each group of four vials is called a unit.
Rates of immigration were controlled by the duration of time that vials
were attached to the machine. ‘*Distant’’ islands were left on the machine
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for only 4 h, while *‘near”’ islands were attached to the machine overnight.
The units of each island can be thought of as different niches. At the same
time that migration occurred, a specified number of females from each
unit were transferred to fresh vials. On some islands the vials of each
unit were maintained independently; on others there was some exchange
of flies between vials of the same vnit. Units were maintained until there
were no flies to begin the next generation (extinction) or until 24 time
units had passed (1 time unit = 3-4 weeks).

Using only species-specific extinction and immigration rates, one can
describe the number of units occupied by species i on a particular island,
X(1), at any time. Such a derivation will assume that there is mixing of
individuals between the vials of a single unit and the immigration and
extinction probabilitics apply to whole units. At any time 7 only immi-
gration events that have occurred in the last 24 time units will be of in-
terest. Let the total number of such events be N(). The time to ex-
tinction for each successful immigration event is ¥, j = 1, ... ,N(1),
and Y, < 24. Let the time at which the jth immigration event took place
be Y;, t — 24 = Y; < 1. Then X“)() is given by

NW1)
X = 3 wit—Y,Y)

J=1

wherew(t — Y, ¥) = 1if0<1 - Y, = Y; or 0 otherwise. The statistical
problem is then to find the distribution of X() assuming NY(¢) has a
binomial distribution and Y; has a truncated geometric distribution. Once
this distribution is known, the probability that XU(s) = 0 can be calculated
and thus the total expected number of specics on the island can be de-
termined. This model provides even more detailed information. It would
give the expected number of units that should be occupied by each species
and the variance of this expected value. Such expectations could be com-
pared to the observed values from Wallace’s data set to determine if
immigration and extinction probabilities alone can adequately predict the
species composition of islands.

Wallace's (1975) data indicate that the immigration and extinction
probabilities can depend substantially on the current species composition
of an island. Such findings invalidate the considerations in the previous
paragraphs. However, Wallace's data indicate that it is largely the pres-
ence or absence of D. melanogaster that affects the success of the other
species. In the absence of this dominant species the extinction and im-
migration rates of other species may be less sensitive to the Drosophila
community composition.
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LIFE-HISTORY EVOLUTION

Life histories involve the timing of reproduction, maturation rate, and the
duration of life. The theory of life-history evolution attempts to explain
how natural selection might affect these various traits within certain con-
straints. These constraints or tradeoffs assume that limited energy will
prevent the limitless improvement of life-history traits. Natural selection
may fine tune a particular life-history character, such as increasing early
fecundity, but only at the expense of some other life-history component
(i.e., decreased late fecundity or survival). These ideas were articulated
carly by Pearl (1928) and have found their way into many recent for-
mulations of life-history evolution (Gadgil and Bossert, 1970; Roughgar-
den, 1971; Taylor et al., 1974; Stearns, 1976; Charlesworth, 1980; Iwasa
and Teramoto, 1980; Mueller and Ayala, 1981c; Schaffer, 1983).

Empirical verification of the tradeoff hypothesis has usually involved
the estimation of correlations between life-history traits from a collection
of genetically or phenotypically different populations. The design of these
studies is such that only estimates of phenotypic correlations are possible.
The arguments presented above emphasize the changes in life-history
traits during evolution. Predictions about this process require knowledge
of additive genetic correlations. Unfortunately, phenotypic correlations
not only may differ quantitatively, but also may be of a different sign than
the additive genetic correlations (Rose and Charlesworth, 1981a). Phen-
otypic correlations of life-history traits by themselves may give totally
misleading predictions concerning evolutionary dynamics. Phenotypic
correlations of life-history traits also seem to depend on the degree of
inbreeding in the experimental populations.

Covariation In Life Histories

_ The following studies were all performed with D. melanogaster.
Using vestigial and wild-type laboratory stock, Alpatov (1932} found a
consistent negative correlation between mean daily egg production and
the life span of a female. However, his method of calculating these sta-
tistics may have introduced some spurious correlation (Gowen and John-
son, 1946). Gowen and Johnson (1946) examined a large number of lab-
oratory and inbred strains. Although the average per-capita fecundity was
positively correlated with life span over all lines, when egg production
over a constant period was compared to longevity there was a negative
correlation.
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In a series of experiments Giesel and co-workers examined corre-
lations for inbred (Giesel, 1979; Giesel and Zettler, 1980; Giesel et al.,
1982a,b) and some outbred populations of D. melanogaster (Giesel et al.,
1982a,b) and D. simulans (Murphy et al., 1983). In general these studies
have shown positive correlations for a host of life-history traits. For in-
stance, the correlation among lines for reproduction at age 2 days and
age of death was 0.719 and 0.578 for inbred and outbred lines, respectively
(Giesel et al., 1982b). The most complete quantitative genetic analysis of
life-history traits was performed by Rose and Charlesworth (1981a) on
flies sampled from a large outbred population. This study yielded a num-
ber of interesting observations: (1) there is substantial additive genetic
variance for female fecundity at all ages and (2) there is sometimes little
relationship between phenotypic and additive genetic correlations. The
first observation has also been made for D. simulans (Murphy et al., 1984).
The phenotypic correlation between egg laying at days 11-15 and lon-
gevity is 0.210, while the additive genetic correlation is —0.7 12 (Rose and
Charlesworth, 1981a). In contrast to many of the results from Giesel and
co-workers, Rose and Charlesworth obtained negative additive genetic
correlations for many traits. For instance, egg laying from days 1o 5 is
negatively correlated with longevity, last day of egg laying, egg laying
days 6-10, and egg laying days 11-15 (Rose and Charlesworth, 1981a).
The biological significance of these negative correlations was tested by
conducting artificial and natural selection for early and late fitness com-
ponents (Rose and Charlesworth, 198tb). In some cases the selection
regimes produced no detectable direct or indirect results. However, nat-
ural selection for late fitness components resulted in increased late female
fecundity, longevity, and duration of female reproduction, with a con-
comitant decrease in early female fecundity and mean egg-laying rate (Rose
and Charlesworth, 1981b). The soundness of these results has been bols-.
tered by their recent successful duplication (Rose, 1984a). The reduction
in early fecundity exhibited by these populations appears 10 be due to a
significant reduction in ovary weight in young flies (Rose et al., 1984).

Work in this field has served to highlight problems that occur with the
use of inbred lines as experimental material. It appears that highly inbred
lines tend to exhibit correlations in fitness components that are unchar-
acteristic of outbred populations. Simmons et al. (1980) have noted a
qualitative difference between newly arisen and old mutations in heter-
ozygous condition. Viability of newly arisen mutants appeared to be un-
correlated with other fitness components in D. melanogaster, whereas
mutations from equilibrium populations that decrease viability are com-
pensated for by increases in other components of fitness. Perhaps of more
interest is the observation of Hiraizumi (1961). He obtained rates of de-
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velopment and estimates of fertility for various second-and third-chro-
mosome homozygotes and heterozygotes. These components of fitness
were negatively correlated for normal or high-fitness genotypes, but
showed a positive correlation for low-fitness genotypes. A similar phe-
nomenon was also seen by Mueller and Ayala (1981d). They looked at
the correlation between density-dependent rates of population growth at
high and low densities for a number of D. melanogaster populations is-
ogenic for whole second chromosomes. These correlations were consis-
tently positive. However, when genetically heterogeneous populations
were allowed to evolve at high and low densities the resulting populations
exhibited a tradeoff in density-dependent rates of population growth.

The usefulness of inbred lines for extracting evolutionary information
on life-history phenomena was rigorously tested by Rose (1984b). Using
the same populations that he had utilized in his earlier studies, Rose es-
tablished 30 inbred lines by full-sib mating. Longevity and age-specific
fecundities were determined for five females from each of the 30 lines.
The correlations among the lines between early and late fecundity and
fecundity at any age and longevity were consistently positive. As noted
previously, many additive genetic correlations measured in the outbred
population used to initiate this study are negative. This work shows con-
cisely that there need be no concordance between patterns of life-history
covariation derived from inbred and outbred samples of the same pop-
ulation.

The finding of large amounts of additive genetic variance for life-
history traits by Charlesworth and Rose (1981a) provides useful infor-
mation for predicting evolution in controlled laboratory environments.
However, the usefulness of this information for gaining insights into nat-
ural populations is reduced by the existence of genotype—environment
correlations. Such conditions have been observed for life-history traits
of D, simulans at several temperatures (Murphy et al., 1984) and for bristle
number in D). melanogaster measured at several temperatures and den-
sities (Gupta and Lewontin, 1982).

Density-Dependent Natural Selection

The theory of density-dependent selection has its origins in the works
of MacArthur (1962) and MacArthur and Witson (1967). In these works
the notion that density-dependent rates of population growth could be
viewed as measurements of fitness was introduced. It was also asserted
that extreme environmentai conditions might lead to the evolution of dif-
ferent population characteristics. Thus, populations kept at low densities
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by density-dependent mortality (and hence having abundant resources)
should evolve a high intrinsic rate of growth r, but be incapable of superior
preformance at high densities. In contrast, populations usually living at
high density and thus experiencing strong competition for limiting re-
sources) should evolve high intraspecific competitive ability and enhance
their carrying capacity K.

The basic ideas put forth by MacArthur and Wilson were made more
explicit with the formulation of several mathematical theories (Charles-
worth, 1971; King and Anderson, 1971; Roughgarden, 1971; Clarke, 1972).
For instance, Roughgarden (1971) assumes that the fitness of the ijth gen-
otype W is a linear function of total population size N,

W,-,- = 1 + rg — (ryN/Ky)

in which the values of r and K vary among genotypes. If it is assumed
that an initial population is polymorphic for genotypes that show a tradeoff
(i.e., genotypes with high r's have low K's and vice versa), the outcome
of evolution in Roughgarden’s model is dependent on the environment. In
stable environments the genotype with the largest value of K ultimately
becomes established and alt other eliminated. When the population is
often below its carrying capacity due to frequent episodes of density-
independent mortality, the genotype with the highest r value is favored.
Thus, according to this model, evolution favors the genotype that makes
the highest per-capita contribution to population growth at either high or
low densities, depending on environmental conditions.

Most empirical studies have dealt with the predictions of the verbal
theory of r- and K-selection (Pianka, 1970, 1972; Gadgil and Solbrig, 1972).
These theories have argued that phenotypes that should be correlated
with high r's or increased competitive ability will also respond to density-
dependent selection. Thus, r-selected phenotypes will be smaller in size,
with shorter generation times, and will be more semelparous than K-
selected species, which will tend to be large, long-lived, and iteroparous.
It should be noted that the verbal theory represents a substantial jump
from the mathematical theory. The verbal theory has used the qualitative
interpretation of parameters, such as r and K of the logistic equation, to
translate theoretical results of discrete-generation models to populations
with overlapping generations. More detailed examination of evolution in
populations with age structure and density-dependent regulation yields
results at odds with the verbal predictions. For instance, natural selection
will favor increased survivorship and fecundity at earlier ages in density-
regulated populations (Charlesworth, 1980). If fecundity is an increasing
function of size, then selection for delayed reproduction can depend on
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the life stage affected by density-dependent regulation (Charlesworth,
1980). Iwasa and Teramoto (1980) have shown that the evolution of high
fecundity versus high juvenile survival can depend on whether fecundity
or preadult survival is subject to density-dependent regulation. Thus, not
only is the presence or absence of density regulation important to life-
history evolution, but the details of the manner in which it operates can
be important,

Templeton and Johnston (1982) present an example of K-selection in
a natural population which is at odds with predictions of the verbal theory.
Templeton and Johnston studied the abnormal abdomen polymorphism
in natural populations of D. mercatorum. Abnormal abdomen shows a
number of pleiotropic effects, including increased early egg production
and decreased longevity. During 1981 there was a severe drought, which
resulted in marked declines in the size of many mercatorum populations
and a decline in the longevity of adult flies. Since these flies breed in
rotting pads of the cactus Opuntia megacantha, the number of available
pads and the length of time they were suitable for Drosophila was greatly
decreased as a result of the drought. During this same period there was
also a marked increase in the frequency of abnormal abdomen in many
populations. It appears that under these new ecological conditions the
decrement in fitness caused by the reduced longevity of abnormal ab-
domen was more than balanced by the increase in fitness due to high early
fecundity resulting in the net increase of abnormal abdomen. Thus, in an
environment in which the carrying capacity was reduced, and hence ov-
erpopufated with Drosophila, evolution favored traits typically associated
with r-selection. Templeton and Johnston correctly point out that pleio-
tropic genetic effects can result in life-history evolution that deviates sub-
stantially from what might be considered optimal.

The predictions of density-dependent natural selection clearly hinge
on fitness being equivalent to the per-capita contribution to rates of pop-
ulation growth. Obviously, to test this prediction directly one must have
a collection of genotypes whose density-dependent rates of population
growth can be measured and compared to an independent measurement
of fitness.. Such an experiment is possible with populations of D. melan-
ogaster isogenic for whole second chromosomes. The fitness of such gen-
otypes relative to wild-type flies has been determined several times by
direct observations of changes in genotype frequencies (Tracey and
Ayala, 1974; Seager and Ayala, 1982). These experiments have been con-
ducted in population cages at high densities. If one eliminates the data
for sterile populations from Tracey and Ayala’s study, the average relative
fitness of second-chromosome homozygotes is 0.23. The relative fitness
of these genotypes as estimated from density-dependent rates of popu-
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lation growth are given in Mueller and Ayala (19814) and reproduced in
Fig. 13. These data show that at low densities there is a substantial dif-
ference between the isogenic lines and the wild-type population in rates
of population growth that gradually diminish at higher densities.
Because the average isogenic line and wild-type population have sim-
ilar rates of population growth at high densities, they also have similar
carrying capacities. Mourdo et al. (1972) obtained a similar result with
D. willistoni. For 135 lines isogenic for whole second chromosomes they
determined fitness relative to wild-type flies and carrying capacity in the
serial transfer system. The correlation between fitness and the carrying
capacity was —0.16 and not significantly different from zero. ’
These observations can be explained if one assumes that the isogenic
lines differ most in density-independent fitness components of fecundity
or larval viability and that the density-dependent functions that determine
larval survival or female fecundity are quite similar for all populations
(Prout, 1980; Mueller and Ayala, 1981a). With these assumptions it is

1.2
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expected that at low densities the large differences in density-independent
components will produce large differences in number of offspring and
adults produced by the various lines. Such differences will be manifest
in the rates of population growth. At high densities one arrives at quite
different predictions. As long as most lines produce more than enough
eggs and larvae than can survive to become adults, due to limited food,
pupation sites, etc., then the assumption of similar density-dependent
regulating functions for each line will result in similar numbers of adults
appearing at these high densities. A phenomenon similar to the one out-
lined here may also explain the lack of correlation between competitive
and noncompetitive measures of fitness observed by Haymer and Hartl
(1983).

This work shows that in general some caution must be made when
equating density-dependent rates of population growth with fitness. A
related question is: in genetically variable populations, how will density-
dependent rates of population growth respond to natural selection at ex-
treme densities? As argued previously, inbred lines may not provide in-
formation useful for answering this question. Consequently, Mueller and
Ayala (1981d) have carried out natural selection at high and low densities
on a genetically variable population of D. melanogaster. After eight gen-
erations of selection, rates of population growth at one low and two high
densities were measured for three low-density populations (r-selected)
and three high-density populations (K-selected). At the two high densities
the K-selected populations had significantly higher rates of population
growth and net productivity, while at the low density the r-selected pop-
ulations had the higher values, although only the difference for net pro-
ductivity was statistically significant (Mueller and Avyala, 1981d). These
results are in marked contrast to similar experiments with E. coli (Luck-
inbill, 1978). In Luckinbill's experiment the K-selected populations
showed higher rates of population growth at all densities relative to the
r-selected populations.

Additional work has recently been completed on the selected pop-
ulations of Mueller and Ayala (Bierbaum et l., 1986). Adult survival and
female fecundity were examined for r- and K-selected flies raised under
uncrowded conditions. There were no substantial differences between the
different selected populations for these traits, Density-dependent larval
survival was also examined and the weights of the emerging adults
recorded. At the lowest density tested the r-selected larvae had a higher
survival rate (0.927 versus 0.910), but the difference was not statistically
significant. At two higher densities the K-selected larvae had significantly
higher survival rates. In addition, adult male and female K-selected flies
emerging in these high-density vials were heavier than their r-selected
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counterparts. As discussed in the section on the laboratory ecology of
Drosophila, there is a strong correlation between female size and fe-
cundity for partially starved flies (Alpatov, 1932; Robertson, 1957). Using
Robertson’s data, it can be estimated that the r-selected females: raised
at the highest larval density should suffer an 11% reduction in lifetime
fecundity relative to K-selected females raised under the same conditions.
Thus, the higher rates of population growth exhibited by the K-selected
populations (Mueller and Ayala, 198id) may be due to both increased
larval survival and female fecundity.

One aspect of the Mueller and Ayala (1981d) and Bierbaum et al.
(1986) results is that the differences between the selected populations were
quite small and difficult to detect at low densities, but at high densities
the differences were easily detected. It may be that the selective pressure
on the r-selected lines is not as strong as on the K-selected lines and thus
the magnitude of response of the r-selected lines is diminished. It is also
possible that there are inherent asymmetries in the response that popu-
lations can demonstrate. For instance, larval survival at low densities is
greater than 0.90 in both populations and clearly cannot be greater than
1.0. Thus, to increase survivorship 1 or 2% may require substantial genetic
and physiological changes. Such asymmetries have been seen previously
with other characters (Falconer, 1981). Lastly, it is possible that as a
species Drosophila melanogaster has experienced conditions similar to
those experienced by the r-selected populations. Consequently, there
could be less additive genetic variation for the traits under selection in
these environments,

Several other studies have documented an increase in the carrying
capacity of laboratory populations of D. melanogaster (Buzzati-Traverso,
1955; Ayala, 19654, 1968a). Thus, itis likely that the process of adaptation
observed by Mueller and Ayala (1981d) and Bierbaum er al. (1986) is a
repeatable and consistent phenomenon in D. melanogaster.

Three other studies with Drosophila have attempted to observe di-
rectly the consequences of density-dependent natural selection (Taylor
and Condra, 1980; Barclay and Gregory, 1981, 1982). Taylor and Condra
conducted r- and K-selection with D, pseudoobscura. Consistent with
theory, a decline in the development time of the r-selected population
and increased adult survival of K-selected flies were observed. They saw
no differences in intrinsic rate of increase, carrying capacity, body size,
fecundity, and timing of reproduction. The r-selected populations were
maintained by using the first 100 adults to start the next generation; thus,
development time was under strong selection. Both adult survival and
fecundity were measured under uncrowded conditions. The fecundity re-
sults are consistent with Bierbaum et al. (1986). Taylor and Condra did
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not examine density-dependent rates of population growth directly, al-
though they attempted to estimate the intrinsic rate of increase from Eu-
ler’s equation and the observed birth and death reates. Thus, it is possible
that if they had measured fecundity, larval survival, or rates of population
growth at high densities, different results might have been obtained.

Taylor and Condra (1980) conclude that their selected populations
have similar carrying capacities, since there are similar numbers of prog-
eny produced from 2 weeks of egg laying by specific numbers of females
(2-15). Their test is not a reliable indicator of the carrying capacity for
two reasons. First, the equilibrium population size will depend not only
on the number of progeny produced, but also on the mortality of adults.
Taylor and Condra's own data indicate potential differences in adult mor-
tality, yet their method of estimating carrying capacity does not take adult
mortality into account. Second, the density conditions under which the
experimental females were raised were not varied. As the work of Bier-
baum et al. (1986) indicates, there may be substantial differences in fe-
cundity of females raised at high and low densities.

Two other studies have examined life-history evolution in Drosophila
melanogaster (Barclay and Gregory, 1981, 1982). Barclay and Gregory
(1981) examined life-history evolution in populations that were subject to
different combinations of larval and adult mortality. Although their de-

_scription of the experimental techniques is not entirely clear, it seems
that populations were given fresh food at 5-week intervals. The suitability
of Drosophila medium for oviposition and the number of larvae it can
sustain change drastically in 5 weeks. Barclay and Gregory would, at
regular intervals of | or 2 weeks, remove adults and/or larvae from these
cultures. Thus, in addition to the different regimes of adult and juvenile
mortality, flies had to contend with a rapidly deteriorating environment.
It is not at all obvious whether the most important evolutionary force in
these experiments was the mortality imposed by the experimenters or the
ability of larvae and aduits to tolerate and survive the putrid conditions
of the 5-week-old cultures. The second set of experiments by Barclay and
Gregory (1982) also contain methodological problems which leave one
somewhat skeptical of their results. In this study they again maintained
cultures for a very long time. Due to the aging of the food there was
probably little difference between their fast (changed every 20 days) and
slow (changed every 40 days) food rotations. They also attempted to im-
pose different levels of adult mortality. Unfortunately, this was not done
in a controlled fashion; instead, a frog (Hyla regilla), with no apparent
ecological relationship to D. melanogaster, was put in the population
cage.

Most models of density-dependent natural selection have relied on
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very general descriptions of the effects of density on rate of population
growth. This generality is often achieved with a model that is less realistic
for many specific populations (Levins, 1966). Such problems led Stearns
(1977) to point out that the parameter K of the logistic equation is unrelated
in any simple or obvious way to life-history traits that can be measured
in many populations. Current efforts to understand density-dependent
natural selection in Drosophila are limited largely by the absence of
models that incorporate important ecological aspects of Drosophila bi-
ology. Although such models would be of limited applicability, they could
be extremely useful for interpreting the results of studies such as that of
Bierbaum ez al. (1986). Such a model would make possible the study of
the interaction between density and larval competitive ability (Bakker,
1961, 1969; Nunney, 1983). Although competitive ability should change
according to the verbal theory of r- and K-selection, it is seldom explicitly
included in theories of density-dependent natural selection [for exceptions
see Christiansen and Loeschcke (1980), Anderson and Arnold (1983), and
Asmussen (1983)]. Results of Bierbaum er al. have also suggested that
adult size, and therefore female fecundity, may change as a result of
density-dependent natural selection. A complete model of density-de-
pendent natural selection would also incorporate this aspect of Drosophila
biology. Thus the most desirable theory would incorporate these relevant
aspects of Drosophila ecology as functions of parameters that could be
empirically estimated.

Progress toward this goal has been made recently by L. D. Muellcr
(in preparation). In this model the number of eggs at time ¢ + 1, e, + 4,
is related to the number in the previous generation by

e + 1 = F(veYW(ve)ve,

The model assumes that density-independent mortality v leaves ve, larvae
in the population. Due to limited resources (¢.g., food), there is additional
mortality W(ve,), which results in W(ve,)ve, adults to produce the next
generation of eggs. The density-dependent mortality function W(ve,) is
precisely the normal truncation function described by Nunney (1983) and
outlined here in the section on the laboratory ecology of Drosophila. The
value of this function depends on the competitive abilities o, of the various
types in the population and the minimum amount of food required for
successful pupation m;. The recursion is completed by specifying the adult
per-capita fecundity F(ve,}, which is also density-dependent. This func-
tion assumes that adult size, and therefore female fecundity, increases
with the amount of food consumed in excess of the minimum m;. Such
an assumption is warranted given the data in Fig. 7 and Robertson’s (1957)
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results. This model can be used to investigate the consequences of natural
selection on the evolution of intraspecific competitive ability a; and the
efficiency of food utilization m,. This model predicts that natural selection
favors increasing a and decreasing m. The intensity of selection for these
parameters increases with increasing population size. Thus, they can be
thought of as components of K-selection. However, changing a does not
affect the equilibrium population size, while decreasing m increases the
carrying capacity. Lastly, decreasing m not only will result in increased
larval survival at a given density, but also will increase the fecundity (and
size) of females emerging at a given density. Such results are in accord
~ with the empirical results of Bierbaum et al. (1986). Finally, this model
has as an additional asset parameters that can all be empirically estimated.

OVIPOSITION AND HABITAT CHOICE

Importance of Oviposition and Habitat Choice

Maintenance of Genetic Polymorphisms

Concomitant with the revelation of the large amounts of genetic var-
jation in natural populations during the mid and late 1960s was an interest
in developing theoretical explanations for the maintenance of this genetic
variation. Population genetic models that incorporated different selection
regimes in a variety of niches or habitats with some specified pattern of
dispersal could maintain genetic variation even in the face of directional
selection within each habitat. Karlin (1981) has recently provided a com-
prehensive review of the theory in this field. Three important character-
istics of these models are; (I) the selection regime in each deme, (2) the
specification of random mating either within each deme, in a common
area, or in some mixture of both, and (3) a description of migration from
one deme to every other. For instance, the island model (Wright, 1943)
assumes that each deme receives the same fraction of migrants, while the
Levene (1953) model permits a different, but constant, fraction of the
adult population to disperse to each deme. Mating can occur entirely
within 2 common area (Levine, 1953) or a fraction may stay in their deme
to mate (Deakin, 1966). It is interesting that despite the variety of migra-
tion and mating structures considered in the review by Karlin (1981),
observations obtained from Drosophila research suggest a new model.
Jaenike's (1982) data on larval and adult conditioning effects on female
oviposition behavior suggest the following life cycle. Viability selection
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acts on egg to adult survival. Although the larval environment does not
appear to affect oviposition behavior, adult conditioning does. Thus,
newly emerged adults may linger in their larval habitat and become con-
ditioned to either prefer, avoid, or be indifferent to the larval substrate.
Mating then occurs in a common area and migration back to the available
demes depends on the larval habitat. Although it was not motivated by
specific observations, the assumption was made by Jaenike that the num-
ber of adults emerging from a niche was a function of the fitnesses of
various genotypes, that is, that hard selection was operating. Jaenike's
model demonstrated how environmentally induced habituation to a nor-
mally repellant substrate (niche) or an induced preference can weaken
the conditions necessary for new alleles to increase when rare. Since
individuals with new alleles demonstrate increased viability in the repel-
lent substrate, the population can be thought of as adapting to a secondary
host.

As discussed by Jaenike, environmentally induced dispersal and hard
selection will result in the change over time of the proportion of eggs laid
in (or individuals dispersing to) each environment, even in the absence
of genetic variation. The dynamics of this change is described by a linear
fractional equation which depends on the viability of individuals in niches
a and b (W,, W,) and the probabilitics of females dispersing to niche b,
given that they were raised in niche a (c) or b (¢’). It is possible that if
enough time lapses, the proportion of eggs laid in each niche will approach
an equilibrium. However, if

[e'Ws — Wl + ) + 4cW (W, - W) <0
or
W, — W,(1 + P =0

the number of eggs laid in each niche will not reach an equilibrium, but
rather will oscillate in a regular fashion. Clearly, Jaenike’s analysis of
evolution in this system is predicated on the resident population having
reached a stable equilibrium with respect 1o the number of eggs laid in
each niche. The genetic model of Jaenike has recently been extended to
include soft selection and an arbitrary number of niches (M. Moody and
L. D. Mueller, in preparation).

The efficacy of a heterogeneous environment and habitat selection
in maintaining genetic variation has been demonstrated by Jones and
Probert (1980). They studied the dynamics of the white-eye allele w in D.
simulans in constant and heterogeneous environments. White-eye flies
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(wiw) avoid bright white light and move toward dim red light. Wild-type
flies seem to mate less well in dim red light. Control population cages
with either bright white light or dim red light were established. In each
case the w allele was eliminated after 30 weeks, although the rate of
elimination was slower in the dim red cage. An experimental cage was
established that gave flies access to areas of bright white light and dim
red light. The frequency of the w allele was quite higher in the dim red
area after just a few generations. After 20 weeks the frequency of the w
allele was still 0.32. It is quite possible that the w allele would have been
eliminated had this experiment been continued; however, it is clear that
the rate of decline of the w allele was much slower in the experimental
cage than in either control.

Promotion of Sympatric Speciation

The idea that insects may become locally adapted to specific hosts
and preferentiaily seek out this host is a long-standing one. Indeed, Hop-
kin's (1917) host selection principle stated that ‘*an insect species which
breeds in two or more hosts will prefer to continue to breed in the host
to which is has become adapted.” Just as geographic isolation has been

-invoked as a first step in the genetic differentiation of species (Mayr,
1963), it has been suggested that ecological isolation due to host prefer-
ences may serve a similar function (Thorpe, 1945). Maynard Smith (1966)
showed that even in the face of random mating in each generation, the .
presence of niches that favored alternative genotypes and the appropriate
migration schemes could maintain a genetic polymorphism. The model
of Maynard Smith is actually a special case of the model developed by
Moody and Mueller. Maynard Smith went on to argue that once such a
polymorphism was established, the evolution of isolating mechanisms, by
a number of different means, should be favored.

There are a vatiety of examples of potential host races that have led
or are leading to speciation (White, 1978). Some of the most convincing
evidence comes from Bush’s work (1974) on Rhagloetis pomonella. How-
ever, Jaenike (1981) and Futuyma and Mayer (1980) point out that it is
important to distinguish between host-associated sibling species and host
races. In the later case gene flow is restricted solely or primarily because
of differential host preference. Jacnike (1981) provides a list of criteria
which he believes are necessary for demonstrating the existence of host
races.
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Oviposition Site Preference

Although oviposition site preference is a very labile behavior in Dro-
sophila, progress has been made in studying environmental factors that
affect this behavior. Chiang and Hodson (1950) showed that D. melan-
ogaster females prefer to lay eggs on a scored surface rather than a smooth
surface. Once egg laying has begun on a fresh surface, the deposition of
eggs may not be random. Females of D. pseudoobscura and D. melan-
ogaster tend to lay eggs in close proximity to other eggs (Del Solar and
Palomino, 1966; Del Solar, 1968). Del Solar (1968) has also shown that
there is genetic variation for this gregarious egg-laying behavior and has
been successful in selecting lines of D. pseudoobscura that show very
strong and weak propensities to aggregate their eggs.

The behavior of the neotropical species D. flavopilosa is opposite to
the gregarious egg-laying behavior of D. pseudoobscura and D. melan-
ogaster (Brncic, 1966). The larvae of this species develop in the flowers
of the solanaceous plant Cestrum pargui and females lay only one egg
per flower.

In addition to a preference for laying eggs near previously laid eggs,
females of D. melanogaster seem to prefer to lay eggs in medium already
colonized by larvae even if these are of a different species (Del Solar and
Patomino, 1966). The effects of larval preconditioning on viability have
also been studied, but the results have been equivocal.

An important component of many natural habitats of Drosophila is
the concentration of ethanol. Indeed, the tolerance of both adults and
larvae to ethanol can vary greatly between species (McKenzie and Par-
sons, 1972). Ethanol can also affect oviposition preference. McKenzie
and Parsons (1972) report that female D. simulans rejected alcohol-im-
pregnated sites, while D. melanogaster showed a slight preference for
these same sites. Richmond and Gerking (1979) have carried out a detailed
analysis of oviposition site preference in 14 species of Drosophila as a
function of ethanol concentration. Richmond and Gerking offered females
two different substrates for oviposition: agar-cornmeal-molasses me-
dium with 9% ethanol by volume and the same medium with distilled
water as the additive. For each species the percent of all eggs laid on the
ethanol medium was tabulated. There was significant heterogeneity
among species. The preference for the ethanol medium ranged from 7.9%
for D. paulistorum 1o 97.4% for one strain of D. melanogaster. Unlike
the study of McKenzie and Parsons, Richmond and Gerking found no
significant differences between D. simulans and four strains of D. me-
lanogaster.
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The results of Richmond and Gerking depart substantially from those
reported by Jaenike (1982). Jaenike utilized females of D. melanogaster
raised on standard cornmeal-agar-molasses in oviposition preference
tests. When these females were provided with a choice of standard me-
dium and standard medium plus 7% ethanol, only 24% of all eggs were
laid on the ethanol medium. It is quite difficult to explain these discrep-
ancies in results other than to assume that some subtle difference in ex-
perimental technique is responsible. It is possible that the temperature of
the medium may have differed at the time the ethanol was added. The
final concentration of ethanol in the medium could thus be much less than
reported. There may have also been genetic differences between the lines
used in each study. Regardless of the cause, these results demonstrate
that caution should be exercised when results from different labs are being
compared.

Given the evolutionary significance of habitat or oviposition site pref-
erence, it is not surprising that a number of studies with Drosophila have
been initiated to uncover environmental and genetic variation for these
traits. Takamura (1980) studied the oviposition preferences of D. melan-
ogaster when offered a soft (standard medium) versus a hard surface
(paper). Forty isofemale lines from two natural populations showed sig-
nificant variation for preference of hard versus soft medium. Takamura
conducted a similar experiment on two populations of flies collected in
wineries. One population was derived from eggs collected from grape
seeds; the other was derived from eggs laid on grape sacs. In preference
tests those flies derived from seeds laid a significantly larger proportion
of their eggs on the paper sutface. Thus, the hard grape seeds and soft
sacs may represent different ecological niches for D. melanogaster and
genetically based oviposition site preferences may be resulting in genetic
differentiation of these subpopulations.

A substantial contribution to the empirical foundation of oviposition
site preference in Drosophila has been made by Jaenike. In his first major
work (Jaenike, 1982) the oviposition site preference of Drosophila me-
lanogaster, pseudoobscura, immigrans, and recens was tested. Females
used in this study were characterized by having developed in either stan- -
dard or experimental medium as either larvae, adults, or both. The ex-
perimental medium had one of the following substances added to standard
medium: NaCl, ethanol, ethyl acetate, lactic acid, piperidine, or pepper-
mint oil. Females were placed in vials with a single slide containing the
standard medium and one with the experimental medium. The percent of
all eggs laid on the experimental medium was recorded. The effect of each
experimental substance on a given life stage can be characterized by com-
paring the proportion of eggs laid on the experimental medium when the
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particular life stage was raised on standard medium (c) versus this same
proportion when the life stage was raised on experimental medium (c’).
One very consistent result was that exposure of larvae to the experimental
substances had no effect on the oviposition preference of adults; however,
exposure of adults did have an effect in a number of cases. Females that
show an active preference (c > 0.5) or aversion (¢ < 0.5) to a particular
substance are said to be habituated if c > ¢’ > 0.5 or ¢ < ¢’ <0.5. Females
may show an induced preference or an induced aversion if ¢' > 0.5 and
¢ >corc <0.5and ¢ < ¢, respectively. Drosophila melanogaster,
pseudoobscura, and immigrans raised on standard mediuvm all show an
aversion to peppermint oil, but when these flies have experienced pep-
permint oil as adults, D. pseudoobscura and immigrans show a significant
habituation effect and melanogaster shows an induced preference. It is
also clear from Jaenike's results that oviposition site choice is not always
adaptive. For instance, D. recens is indifferent to 0.025% peppermint oil,
whether or not there has been prior conditioning, even though a 0.05%
concentration is lethal to adults. ,

The larval environment consistently has no effect on the oviposition
preference of females. However, the larval environment may have a sub-
sequent effect on adult oviposition choice if these adults linger in the larval
environment for some time after emergence. Under these conditions
models that assume that adult migration is dependent on the larval en-
vironment may still be justified.

Jaenike (1983) has performed similar experiments on D. melanogas-
ter using several ‘‘natural’’ larval habitats: apples, tomatoes, bananas,
and squash. The choice by females followed the same patterns previously
seen: the larval environment had no appreciable effect on oviposition
preference, while adult exposure to either apples or tomatoes enhanced
the preference for these fruits as oviposition sites. Jaenike (1983) con-
ducted a second set of experiments in which larval D. melanogaster were
raised on apples, oranges, grapes, tomatoes, or onions. Females were
then given a choice of all five foods for oviposition. One interesting result
from this study was that adult exposure to one food (e.g., apple) resulted
in an increase in the preference for another food (e.g., grape). Jaenike
has called this phenomenon cross-induction.

It is logical to study the degree to which genetic differences might
affect oviposition preference. Jaenike and Grimaldi (1983) studied the
oviposition preference of 13 strains of D. tripunctata and four strains of
D. putrida raised under identical conditions. Females were given a choice
of lettuce, tomato, and three species of mushroom. The oviposition pref-
erence of D. fripunctata shows a significant food by strain interaction,
while D. putrida shows no such interaction. These results indicate that
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D. tripunctata has the appropriate genetic variation for host plant differ-
entiation.

Although it appears that adult conditioning can affect female ovi-
position choice in an artificial situation, it would be of interest to know
if such conditioning can be detected in the field. Jaenike (1986) has con-
ducted a series of experiments with D. melanogaster to collect such in-
formation. His study only addresses the lability of food preference, so
some caution must be exercised in extrapolating these results to ovipo-
sition preference. Adult flies were conditioned on tomatoes, grapes, and
standard medium. These flies were then marked and released at field sites
and the frequency of capture on either tomato or grape baits was recorded.
Twenty-four hours after conditioning and release, attraction to grape or
tomato in the field still depended on the prior conditioning. Those flies
that were raised on grapes showed an increased preference for this bait.
These resuits are in qualitative accord with Jaenike (1983), in which the
frequency of eggs laid on grape nearly tripled in those females raised on
grape rather than other foods. When the flies were again tested 4 days
after conditioning there was no detectable difference in their preference
for grape or tomato baits in the field. Thus, environmental conditioning
of food preference is a {abile behavior, with the effect vanishing between
1 and 4 days. It is interesting that laboratory studies of conditioned be-
havior show that D. melanogaster will exhibit these effects for up to 24h
(Tempiel et al., 1983). One should not conclude that any correlation be-
tween the larval environment and aduit food preference will be completely
lost in a single day, since those adults returning to their larval environment
due to conditioning will have this preference reinforced and thus continue
to prefer (or avoid) their larval environment for a few more days. These
results do imply that one would expect a gradual decay in the correlation
between food preference and larval habitat.

Habitat Choice in the Fleld

Certninly the relevance of genetically or environmentally induced
habitat choice is greatest if these effects can be demonstrated in the field.
Consequently, a large number of studies have been aimed at determining
the degree of habitat choice in natural populations. The various studies
sometimes differ substantially, which makes comparisons difficult. Some
factors which seem to be important in habitat choice are sex, genotype,
previous experience, food used in baits, and species of yeast. This review
of habitat choice will proceed by considering each of these factors.
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Previous Experience

Several studies have already been considered which convincingly
demonstrate that adult conditioning can have a substantial effect on sub-
sequent oviposition and habitat choice. In addition, this conditioning ef-
fect appears to be lost in 1-4 days if not reinforced, at least for D. me-
lanogaster. Several studies have indicated the lack of detectable habitat
preferences in the field (Jaenike, 1978; Atkinson and Miller, 1980; Turelli,
Coyne and Prout, 1984). Jaenike (1986) argues that this may largely be a
consequence of conditioning that results in less than perfect fidelity. Sup-
pose that there are two habitats A and B in which Drosophila breed and
feed. Assume also that the choice exhibited for either A or B is determined
in part by prior conditioning. The standard field experiment consists in
collecting flies in habitat A or B, and marking and releasing them, and
then recapturing flies in the same two areas. Clearly, if flies that were
originally caught in area A are almost always recaught in area A, then
some degree of habitat preference can be inferred. However, in the sample
of flies originally caught in area A there will be some that actually prefer
area B due to less than perfect conditioning or genetic effects. This same
error of misclassification occurs among the recaptured flies. If one knew
the genotype and prior conditioning of released flies, then the sort of errors
just described would only occur among the recaptured population. In the
Jaenike (1986) field study prior conditioning and genotypes were known
for released flies and thus the ability to detect differences in habitat choice
is much greater than in previous studies. Jaenike (1986) shows how this
prior information can allow one to detect statistically significant differ-
ences with sample sizes an order of magnitude less than those required
by standard methods.

Food Used in Baits .

From a number of studies considered previously it is clear that the
attractiveness of certain foods varies with species, sex, and genotype and
also depends on the prior experience of an individual. These facts imply
that it will be difficult to make inferences concerning the absolute or
relative abundance of species of Drosophila by just enumerating the spe-
cies caught in a particular trap.

The choice of food used in traps also has important consequences
for habitat choice experiments. Most studies can be divided into two
categories: those that use food unlikely to be encountered by Drosophila
out of doors (Taylor and Powell, 1978; Aikinson and Miller, 1980) and
those that use foods that represent natural oviposition and larval habitats
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(Turelli et al., 1984). When ‘‘unnatural’’ foods are used, the habitats under
consideration are really different geographic localities chosen by the ex-
perimenter for reasons that may or may not be important in habitat se-
lection by Drosophila. Those studies may fail to detect ‘*habitat™ choice
for the geographic areas chosen even when there may be highly specific
preferences for the unknown and unobserved oviposition sites. Similarly,
these experiments may uncover a preference for the habitat in which a
fly is initially captured even though utilization of oviposition sites and
foods may be identical across habitats.

Such problems as those just discussed are clearly reduced when nat-
ural oviposition sites can be identified and utilized in baits. Turelti ef al.
(1984) studied habitat choice of D. melanogaster/simulans and pseu-
doobscura in fruit orchards. Two experiments studied attraction to known
breeding sites: oranges and grapefruits in one, figs and peaches in the
other. Turelli er al. quantify their resuits with an index of choice 4 =
P.x — Py, where Py, is the probability of recapture in habitat x given
that the fly was initially caught in y, and P,y is similarly defined. Thus,
—1 =< A <1, with A = | implying absolute habitat fidelity and A = ~1
implying absolute avoidance. Their results indicate a smali but significant
fidelity for the pooled D. melanogaster/simulans sample (A = 0.087) on
figs and peaches, but pseudoobscura shows no preference or negative A.
This last result is in sharp contrast to the habitat preference (A = 0.185-
0.306) Taylor and Powell (1978) found for D. pseudoobscura. Given the
differences in techniques utilized by Taylor and Powell and by Turelli e
al., one can only conjecture about the reasons for the different results.
As mentioned previously, it might happen that despite the preference for
geographic localities observed by Taylor and Powell (1978), there may be
no difference in underlying preference for oviposition sites. If one as-
sumes that the results of Taylor and Powell imply differences in ovipo-
sition preference, then one might conjecture that their study sites rep-
resent different but relatively stable oviposition sites. This situation can
be contrasted with the orchards studied by Turelli ef al., which have an
abundance of different oviposition sites over short distances. If adult hab-
itat preference is largely governed by prior experience, then a difference
in oviposition site availability could explain the different results from
these field studies.

Sex

Differences between sexes in habitat choice have been seen by Ri-
chardson and Johnston (1975), Shorrocks and Nigro (1981), and Jaenike
(1985, 1986). For instance, Jaenike (1986) saw that prior adult conditioning
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could affect subsequent attraction to baits in the field. Drosophila me-
lanogaster males and females were both affected, although there were
quantitative differences in the response. In contrast, D. tripunctata males
were unaffected by prior experience, while females showed a marked
effect; that is, those females raised on tomatoes showed a preference for
tomato relative to controls.

Genotype

Several lines of evidence indicate that there are genetic differences
between flies found in different habitats (Stalker, 1976; Taylor and Powell,
1977) and that genotypes differ in their habitat preference (Keki¢ et al.,
1980: Jaenike and Grimaldi, 1983; Jaenike, 1986). Keki¢ et al. (1980) re-
port habitat preference for individuals of D. subobscura caught in light
and dark areas. Flies from each area were brought into the laboratory
and the phototactic behavior of the F,’s was observed in a light maze.
Offspring from flies caught in light areas were more positively phototactic
than those caught in dark areas. As discussed previously, Jaenike and
Grimaldi (1983) reported that oviposition preference varied significantly
among strains of D. tripunctata, but not in strains of D. putrida. Similarly,
for D. tripunctata that had been preconditioned and released in the field,
strain genotype had a significant effect on habitat preference.

Yeasts

Differential attraction to yeasts has been demonstrated in D. buzzatii
and aldrichi (Barker et al., 1981a,b), pseudoobscura and persimilis (Dob-
zhansky et al., 1956; Klaczko et al., 1985), azteca, occidentalis, pinicola,
miranda, melanogaster, californica, immigrans, and victoria (Carson et
al., 1956), and a variety of tropical species (DaCunha et al., 1957). Al-
though these results indicate that preference tests should standardize the
type of yeast used, it is not clear how important this phenomenon may
be in nature. In many hosts a large number of yeast species have been
isolated (Carson et al., 1956; de Cunha ef al., 1957; Heed et al., 1976;
Starmer et al., 1976, 1981). This lack of correspondence between yeasts
and habitats means that preferences for different yeasts need not translate
into habitat preference. Heed et al. (1976) conclude that yeasts alone do
not limit certain desert Drosophila (o particular cacti. Drosophila pachea,
for instance, is found almost exclusively in senita cactus rots (Fellows
and Heed, 1972). This is apparently due to D. pachea’s nutritional re-
quirement for a sterol found in the senita cactus. However, the profile of
yeast species found in the gut of adult D. pachea is similar to the species’
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composition of the senita cactus (Starmer et al., 1976, 1981). It should
be noted that several species of yeast were misclassified or lumped to-
gether in Starmer er al. (1976); however, a more precise classification of
these species was carried out by Starmer et al. (1981). Thus, although D.
pachea is a specialist on senita cactus, it seems to be a generalist with
regard to available yeast species.

SUMMARY

In addition to the many empirical findings of interest on their own,
this review has attempted to outline the importance of research on a model
organism. The depth of knowledge of the ecology and genetics of Dro-
sophila permit a more detailed analysis of evolutionary phenomena. A
few examples that illustrate this point follow.

A large number of seemingly unrelated observations from intra- and
interspecific competition experiments can be understood after considering
the details of Drosophila larval competition. Repeated observations show
faster than linear declines in per-capita rates of population growth in lab-
oratory populations of Drosophila. This can be explained, at least partly,
by the great sensitivity of female fecundity to changes in adult density.
Even determining population dynamics in simplified faboratory environ-
ments can require a detailed knowledge of Drosophila ecology. As shown
by Prout (1985), the life stages affected by changes in density can have
significant effects on estimates of rates of population growth. Density-
dependent natural selection may resuit in increased larval viability and
female fecundity in Drosophila. These predictions follow only after con-
sidering the details of Drosophila ecology.

Many of the recent results in life-history evolution, density-depen-
dent natural selection, the evolution of competitive ability, and oviposi-
tion preference suggest and will be followed by more detailed studies, It
is hoped that future studies will attempt to integrate findings from past
research and gather more information on the genetic basis of these traits.
Drosophila should continue to be a unigue research tool for some of the
more interesting questions in evolutionary ecology.
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