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It is well known that many populations
possess substantial amounts of electropho-
retically detectable genetic variation. There
is accumulating evidence that this varia-
tion has adaptive significance, and that
environmental heterogeneity is an impor-
tant factor in the maintenance of this vari-
ation (see Hedrick et al., 1976, for a re-
view). In the case of clonal organisms,
genetic diversity can be maintained in a
population if no clone is relatively most fit
in all environments. This argument may
be applied to a variety of ecological rela-
tionships, including that of an aphid to its
host plant. Specifically, we hypothesize
that there is an interaction between aphid
genotypes and host plant phenotypes such
that no aphid clone is relatively most fit
on all host phenotypes. The plausibility of
this hypothesis is supported by three re-
cent studies of natural populations of phy-
tophagous insects (Edmunds and Alstad,
1978; Mitter et al., 1979; Moran, 1981),
and by the vast literature on crop plants
and their arthropod pests (e.g., Cartier,
1963; Hatchett and Gallun, 1970; Lowe,
1974; Gould, 1979).

In this paper we report on an experi-
ment designed to test the hypothesis of in-
teraction between aphid genotypes and
host plant phenotypes, using a new meth-
odology for the analysis of life history data
(Lenski and Service, 1982).

MATERIALS AND METHODS
The Organisms

The host plant of the aphid Uroleucon
rudbeckiae (Homoptera: Aphididae) is
Rudbeckia laciniata (Asteraceae), an her-
baceous perennial. All plants used in this
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experiment were of a single clonal lineage
derived from a plant collected in Chapel
Hill, N.C. Individual plants were propa-
gated by repeated separation and division
of root crowns.

Uroleucon rudbeckiae is a large, red
aphid. It has a typical aphid annual life
cycle without host alternation. The two
aphid clones used in the experiment were
started from single parthenogenetic indi-
viduals collected from sites in Chapel Hill,
N.C. All plants used for aphid culture were
of the same genotype used in the experi-
ment.

Plant Conditioning

Forty-eight plants were randomly as-
signed to one of four conditioning treat-
ments. The height and number of stem
nodes for each plant were recorded before
conditioning began. All plants were con-
ditioned and maintained in a single growth
chamber. Half of the plants were subject-
ed to a light intensity of 200-310 microein-
steins-m~2-sec™!. The remaining plants
were placed under a canopy of fiberglass
window screening, and received an illu-
mination of 10-15 wE-m=2-sec™®. (For
comparative purposes, the intensity of full
sunlight at midday in June was deter-
mined to be 1,125-1,275 puE-m™2-sec™!,
and intensities in heavily shaded regions
of a forest floor were 6.4-25 uE-m™2-
sec™!.) Half each of the high and low light
plants were watered freely, so that the
potting medium remained moist at all
times. The remaining plants were watered
only when when their leaves were notice-
ably wilted.

These light intensity and watering re-
gimes were maintained for two months
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prior to placing aphids on the plants, and
were continued for the duration of the ex-
periment. Conditioning treatments pro-
duced four distinct host plant phenotypes.
Plants which were freely watered in-
creased more in height than those which
were water stressed. Freely watered plants
flowered, while stressed plants did not.
Plants exposed to high light intensity
changed from green to a purplish color,
presumably due to production of antho-
cyanin.

Experimental Procedure

At the end of the plant conditioning pe-
riod, apterous adults or late instar nymphs
were taken from stock cultures and placed
in individual cages on plants. Each cage
was inspected daily. Because of evidence
that first-born nymphs develop differently
from later nymphs (Blackman, 1979), the
first nymph produced in a cage was dis-
carded. When a subsequent nymph was
born, the adult was removed from the
cage. The retained nymph was the exper-
imental animal. The cage was inspected
daily for the remainder of the life of this
aphid. Once reproduction began, births
were recorded, and young were removed
from the cages daily. When an experimen-
tal aphid died, it was preserved in ethanol
and later measured.

Experimental Design

The experimental design consisted of
three fully crossed factors: aphid clone,
light intensity, and water regime; and a
fourth factor, individual plant, which was
nested within the other three. Aphid clone
is considered a random effect. The light
intensity and water treatments are consid-
ered fixed effects. Data were obtained for
144 aphids grown on 48 plants. These were
divided among two aphid clones, two light
intensities, and two watering regimes.
Thus, there were 18 aphids for each of the
eight combinations of crossed effects. Each
plant had three aphids.

The Dependent Variable

The notation used here follows our pre-
vious usage (Lenski and Service, 1982).
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Sz is the survivorship of individual i to
age class x. S,; must be one or zero. B,;
is the number of female offspring born to
female ¢ in age class x which survive to
enter age class 0 (at which time the mother
enters age class x + 1).

Sz is the proportion of the entire cohort
of N = 144 experimental aphids which
survived to enter age class x. B, is the
average number of female offspring born
to females in age class x.

51‘ - ]V 1=1S‘m"
d  B,=-L_%$B
n = =
a x NSx ;_1 xi

The finite rate of increase for the entire
experimental cohort, Fy, can be obtained
from the familiar stable-age equation:

1= 2 FN_(I+1)S-‘TB‘T.
x=0

The dependent variable with which we
are most concerned is F';, where

F'y = E Fy™%S2iBai

8
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It can be shown that the mean of the F';
is equal to the finite rate of increase of the
entire experimental cohort (Lenski and
Service, 1982). F'; is the lifetime contri-
bution of individual i to population
growth. It is a measure of the future rep-
resentation of i’s offspring in a population
growing at the rate Fy.

Within the context of this experiment,
we believe that F'; is, in fact, an opera-
tional definition of individual fitness. In
this respect, F'; has the following impor-
tant qualities. First, it takes account of the
ages at which offspring are produced, not
just total fecundity. (We assume that there
are no systematic differences in quality of
offspring: e.g., females which are more fe-
cund do not tend to have less viable off-
spring.) Second, by virtue of using the
common factor, Fy, in the calculation of
F’;, an individual’s reproductive output is
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TABLE 1.

P. M. SERVICE AND R. E. LENSKI

Summary data. Numbers presented are means except for ¥, and number reproducing. Sample

sizes are 18 unless otherwise specified. Ages ave in days. H and L denote high and low.

Aphid clone BC-3 BG-2

Light H L H L

Water H L H L H L H L
F’T 3.01 1.14 0.94 0.69 1.60 0.32 1.11 0.24
F, 1.202 1.131 1.115 1.105 1.156 1.081 1.121 1.069
Number reproducing 18 10 12 12 11 4 14 10
Age of first reproduction¥ 12.17 14.70 14.75 16.92 12.00 15.50 15.29 18.80
Daily reproductive outputi 1.36 1.04 0.71 0.79 1.06 1.11 0.59 0.57
Age of death 37.00 25.06 29.17 25.67 26.17 11.44 35.06 27.39
Length, mmi 1.86 1.74 1.55 1.52 1.73 1.70 1.53 1.47

T Adjusted for covariable Nodes.
+ Sample size is number reproducing.

considered in relation to the entire “pop-
ulation” or cohort of which she is a part.

REsuULTS

The experimental data are summarized
in Table 1. Preliminary analysis indicated
that individual plants were responsible for
alarge amount of variance in F';. Because
the mean square of the plant effect is used
in the denominator of several F ratios (Ta-
ble 2), we introduced a covariable into the
model in order to reduce this mean square.
We selected the number of plant stem
nodes at the beginning of the conditioning
period as the covariable. Number of nodes
resulted in a greater reduction in the sum
of squares associated with the plant effect
than did either plant height or an index
based on height and number of nodes.

The analysis of variance for the depen-
dent variable F'; is presented in Table 2.
There are statistically significant (P < .03)
effects due to aphid clone, watering re-
gime, the aphid clone by light intensity
interaction, the number of stem nodes, and
to “other” (unexplained) individual plant
characteristics. :

Aphid Clone X Light Intensity
Interaction

The interaction between aphid clone and
light intensity is shown graphically in Fig-
ure 1. Both clones had a lower mean F’;
(hereafter F') under low light intensity than
under high light intensity. The interaction
results from the fact that the response of
one clone to the different light intensities
was much more marked than was that of

TABLE 2. Analysis of variance for dependent variable F';.

Source d.f. SS MS F ratio F P R?
Model 47 177.3249 M1 M1/M11 5.3525 <.0001 0.7238
Aphid clone 1 14.2201%* M2 M2/M10 8.4043 .0061
Light treatment 1 20.8089* M3 M3/M5 2.4128 .3641
Water treatment 1 40.1140% M4 M4/M6 13,764.9099 .0054
Aphid X light 1 8.6245* Ms MS5s/M10 5.0972 .0296
Aphid X water 1 0.0029%* M6 M6/M10 0.0017 L9671
Light X water 1 8.9887% M7 M7/M8 2.6536 .3505
Aphid X light X water 1 3.3874% M8 M8/M10 2.0020 .1650
Plant 40 76.6177
Nodes 1 10.6300 M9 M9/M10 6.2825 .0165
Other 39 65.9877 Mi10 M10/M11 2.1200 .0016
Error 96 67.6682 Mi1
Total 143 244.9931

* Sums of squares adjusted for covariable Nodes
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triangles the other. H and L denote high and low.

the other clone. Under the high water
treatment (Fig. 1a), this interaction re-
sulted in a reversal in order of F’ for the
two clones. The difference between the two
clones under low light intensity (and high
water) was not statistically significant,
however.

We have assumed that light intensity
acts on aphids through modification of
plant phenotype, although this assump-
tion is not critical to the existence of a
genotype X environment interaction. It is
possible, for example, that the interaction
is one of aphid genotype X temperature.
During the 15 h photoperiod, tempera-
tures in individual aphid cages were un-
avoidably about 2 C higher on plants un-
der high light intensity than on those under
low light intensity.

Determinants of F';

The rate of increase of a population de-
pends not only on the lifetime fecundity of
females but also on the timing of repro-
duction, particularly the age at which re-
production begins (Cole, 1954; Lewontin,
1965). Because lifetime fecundity may be
confounded with age of first reproduction,
as well as with longevity, our analysis
considered daily reproductive output rath-
er than lifetime fecundity. Daily repro-
ductive output was obtained by dividing
lifetime fecundity by the difference be-
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F'; (mean * 2 SE) by light intensity and watering regime. Circles denote one aphid clone,

tween age of death and age of first repro-
duction. We performed a stepwise regres-
sion of F'; on age of first reproduction,
daily reproductive output, and age of death
(Table 3). This regression included only
the 91 aphids which reproduced.

As expected, age of first reproduction
was the most important of the three fac-
tors in explaining variation in F’;. All three
independent variables contributed signif-
icantly to the model, however, and this
model accounted for more than 87% of the
variation in F';. These results indicate that
reliance on any one life history variable
may be misleading when making assess-
ments of relative fitness. It is also note-
worthy that F'; was significantly associ-
ated with aphid length (P {8 =
0} < .0001, 2 = .4560).

The Interpretation of F' and F,

F, (Table 1) is the finite rate of increase
calculated separately for each of the eight
cohorts defined by the possible combina-
tions of the three crossed factors. That is,
1= 2 Fn_(x+1)srk31'ky
r=0
where S, is the proportion of cohort &
which survived to enter age class x and
B, is the per capita fecundity of females
in cohort £ while in age class x. In every
case, F, is greater than one, indicating that
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TABLE 3. Stepwise regression of F'; on age of first veproduction, daily veproductive output, and age of
death.
Regression
Source df. SS coefficient F P R?

Model 3 120.205 201.00 <.0001 0.8739

Age of first reproduction 1 95.532 —0.216 479.23 <.0001

Daily reproductive output 1 22.785 1.603 114.30 <.0001

Age of death 1 1.888 0.020 9.47 .0028
Error 87 17.343
Total 90 137.548

both aphid clones could increase in num-
ber under all four light and water treat-
ment combinations. This is so in spite of
the fact that four of the eight F’' were less
than one. For reasons which we have ex-
plained elsewhere (Lenski and Service,
1982), the range in F, is less than the range
in F', but the ranking of the F, over the
eight treatment combinations is the same
as the ranking of the F'. Also, the mean
of the F,, is not necessarily equal to Fy.

An F' less than one in a particular en-
vironment does not necessarily indicate
that an organism is unable to increase in
numbers in that environment. F' mea-
sures the ability of a cohort to increase
proportionally in a larger population which
is itself growing at the rate Fy. An F' less
than Fy indicates that a cohort is declining
in size relative to the total population. (In
this experiment, Fy = 1.1319.) F, is an
estimate of adaptedness (sensu Dobzhan-
sky, 1968) to a given environment. F' is
an estimate of mean individual fitness in
an environment.

Assumptions of Analysis
of Variance

This paper presents the first use of F';
in a statistical analysis. We will consider,
therefore, at somewhat greater length than
usual, the degree to which the data meet
the underlying assumptions of the analy-
sis. The discussion in this section refers to
the analysis of the mean F'; per plant. This
analysis is identical (in terms of F values
and significance levels) to the analysis of
the individual F’; (Table 2), with the ex-

ception that there is no explicit “other”
(unexplained) plant effect. The use of F'/
plant greatly facilitates the testing of as-
sumptions.

A graphic analysis of residuals using
rankits (Sokal and Rohlf, 1969) indicated
that the error terms are not normally dis-
tributed, although the deviation from nor-
mality is not extreme. In general, nonnor-
mality has minor effects with respect to
inferences about means in random effects
models (Scheffé, 1959). Homogeneity of
variance was verified by Bartlett’s test and
the F-max test (P > .05). Both tests,
however, assume normality.

For any age x, the individual age-spe-
cific fecundities, B,;, are statistically in-
dependent, as are the sums of the B,; for
individuals. In the calculation of F';,
however, the B,; are discounted by the
factor Fy~*. Since Fy is calculated from
the pooled survivorship and fecundity data
of the entire experimental cohort, the F’;
are not strictly independent. We have
shown (Lenski and Service, 1982) that Fy
is a biased estimator of the true finite rate
of increase, ¢, of the statistical population
of which the experimental cohort is a sam-
ple. When the bias of an estimator is a
decreasing function of sample size, as is
the case with Fy, jackknifing may be used
to further reduce bias (Keyfitz, 1968). Close
correspondence between Fy and the jack-
knifed estimate, F*, of ¢ provides evi-
dence that Fy is a good approximation to
¢. In this experiment, F* = 1.1325 and
Fy = 1.1319. As Fy approaches ¢, the
question of independence among the F’;
becomes moot.
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DiscussioN

We have determined individual lifetime
contributions to population growth under
minimum density conditions. We believe
that the use of minimum density condi-
tions is less objectionable in the case of
aphids than for many other organisms. The
reproductive adaptations of aphids, par-
ticularly parthenogenesis, strongly imply
that aphids have been selected for high
rates of increase. To the extent that the
capacity for rapid increase is associated
ecologically with low density conditions,
laboratory procedures which minimize
density effects are justifiable. Field obser-
vations of U. rudbeckiae (Service, unpubl.
data) support the thesis that aphids are
frequently exposed to low densities.

We have assumed that the aphid clone
effect (Table 2) is due to genetic differ-
ences between the clones rather than to
differences in culture conditions of the two
clones. We defend this assumption on three
grounds: (1) culturing and experimental
procedures were designed to minimize any
possible culture effects; (2) the culture of
each clone was large and apparently
healthy at the time of the experiment; and
(3) females used to produce the experi-
mental aphids showed no culture related
size differences (¢ = 0.36, P > .70).

Since aphid clone has been treated sta-
tistically as a random effect, we conclude
that there is genetic variation within the
larger aphid population in ability to sur-
vive and reproduce under the environ-
mental conditions established in this ex-
periment. The statistically demonstrated
aphid clone X light intensity interaction
can also be generalized to the larger aphid
population. Therefore, it is highly unlikely
that any one aphid clone would be more
fit than all other aphid clones in both light
intensity regimes used in this experiment.

The existence of interactions between
aphid genotypes and plant phenotypes
suggests that parthenogenesis in aphids
may have an advantage in addition to that
of rapid population increase. Given ap-
propriate behavior, genotypes may be
matched to suitable environments and then
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replicated rather than destroyed by sexual
recombination. A supply of novel geno-
types is assured by sexual recombination
once each year.

We believe that the quantity F’; sum-
marizes life history information in a useful
and intuitively meaningful way. F’; can
be calculated for a wide variety of organ-
isms, including those with complex life
cycles for which it is convenient to observe
only a single life stage (e.g., adults in Dyo-
sophila). It is also possible to observe
groups of individuals and to calculate F’;
for each group, thus facilitating investi-
gation of density effects. For some organ-
isms, it may be possible to calculate F’;
from field observations. Lack of strict sta-
tistical independence among the F’; is not
a practical impediment to their use in sta-
tistical tests in any case where the esti-
mate, Fy, of the population finite rate of
increase is based on a reasonably large
sample. Any effects due to lack of inde-
pendence should be negligible and far out-
weighed by the utility of a quantity which
condenses life history data into a single
estimate of fitness (see, e.g., Rose and
Charlesworth, 1981 p. 193).

SUMMARY

Two clones of the aphid Uroleucon rud-
beckiae were grown on a single clone of
the host plant Rudbeckia laciniata. Four
different host phenotypes were created by
growing plants at two light intensities and
under two watering regimes. Age-specific
fecundity and survivorship were obtained
for individual aphids. These data were
used to calculate the lifetime contribution
of each aphid, F';, to population growth.
F';is an estimate of individual fitness, and
is distinguished from adaptedness.

An analysis of covariance with F'; as
the dependent variable revealed: (1) an ef-
fect due to aphid clone; (2) an effect due
to water treatment; (3) an effect due to the
aphid clone X light intensity interaction;
and (4) effects due to uncontrolled phe-
notypic differences among individual host
plants. In a stepwise regression, age of first
reproduction, daily reproductive output,
and age of death all contributed signifi-
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cantly to variation in F';. The results are
consistent with the hypothesis that geno-
type X environment interactions main-
tain clonal diversity in aphid populations.
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