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Abstract

Variation among individuals in robustness has been posed as a general explanation for the lack
of increase in late-life mortality rates. Here, we test corollaries of this heterogeneity theory. One is
that populations that have undergone strong laboratory selection for differentiated stress resistance
should show significant differences in their late-life mortality schedules. To test this corollary, we
employed 40 410 flies from three groups Dfosophila melanogastepopulations that differ
substantially in their resistance to starvation. No significant differences between these groups were
found for late-life mortality. Another corollary of the heterogeneity theory is that there should be
late-life plateaus in stress resistance that coincide with the plateau stage of the mortality curve. In
20 994 flies from six replicate outbred laboratory populations, we measured mortality rates every
other day and starvation and desiccation resistance every 7 days. Both male and female starvation
and desiccation resistance clearly decreased with time overall. There was no late-life plateau in male
desiccation resistance. A late-life plateau in male starvation resistance may exist, however. To-
gether, these two experiments generally constitute evidence against heterogeneity as a major
contributor to the phenomenon of late-life mortality plateaus. © 2000 Elsevier Science Inc. All
rights reserved.
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1. Introduction

Recently, some evolutionary biologists, demographers, and gerontologists have di-
rected their attention toward the now well-documented plateau in age-specific mortality
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rates late in the life oDrosophilafruit flies and a number of other organisms, including
medflies, wasps, nematodes, yeast, and humans (Charlesworth and Partridge, 1997;
Vaupel et al, 1998). Because late-life plateaus in cohort mortality rates indicate that there
is no “wall of death” past which no organism can survive, some individuals can theoret-
ically live indefinitely. Understandably, researchers have been intrigued by this phenom-
enon since its first experimental demonstration (Carey et al., 1992; Curtsinger et al., 1992).
Indeed, late-life mortality plateaus seem to challenge current definitions and theories of
aging (see Finch, 1990; Rose, 1991). Since 1992, some theorists have risen to this
challenge of explaining late-life mortality plateaus by using population genetic theories of
senescence (e.g., Mueller and Rose, 1996).

In addition, non-population genetic theories have been proposed that purport to fully
account for mortality patterns in late life (Vaupel et al., 1979; Abrams and Ludwig, 1995;
reviewed in Charlesworth and Partridge, 1997). One such theory postulates that the
differential ability of individuals in a population to resist stress can account for the
occurrence of late-life mortality plateaus (Vaupel et al., 1979; Vaupel, 1988, 1990). This
“heterogeneity theory” or “frailty theory” predicts that stress resistance is intimately tied
to mortality: individuals in a population who die early in life will tend to be those who are
less resistant to stresses in their environment. Those individuals with high longevity are
those who are extremely resistant, and these individuals as a group may have a very slowly
increasing mortality rate, yielding an approximate mortality plateau as the less-resistant
groups die off. The required heterogeneity may be genetic or environmental (cf. Curt-
singer et al., 1992; Fukui et al., 1993).

Currently, little experimental evidence exists that supports individual heterogeneity as
a general explanation of late-life mortality patterns. Although a theoretical analysis of the
Carey et al. (1992) medfly mortality data has shown that it can be fitted post hoc to a
cohort heterogeneity model (Kowald and Kirkwood, 1993), this is weak support at best.
Brooks et al. (1994) demonstrated that mortality rate in an isogenic population of the
nematodeCaenorhabditis eleganshowed a less-distinct plateau than in a genetically
heterogeneous population, but Vaupel et al. (1994) were quick to point out that the
isogenic line was grown at a higher temperature and in higher food concentration than the
heterogeneous line, greatly complicating the interpretation of the mortality patterns. In
addition, isogenic versus heterogenous populationBrosophila melanogastedo not
consistently show these same patterns (Curtsinger et al., 1992; Fukui et al., 1996).
Furthermore, although the relevance of individeaVvironmentaheterogeneity to late-life
mortality rates is extremely difficult to test effectively (Curtsinger et al., 1992; Fukui et al.,
1993; Vaupel and Carey, 1993), an intricate experiment by Khazaeli et al. (1998) found
no evidence to support the hypothesis that environmental heterogeneity among individual
flies is a primary factor in determining late-life mortality rates. In another experiment,
Khazaeli et al. (1995b) seemingly demonstrated environmental heterogeneity for stress
resistance by subjecting genetically homogenous populations to a 24-hr heat stress and
comparing their poststress mortality patterns to control lines; however, this paper was later
retracted after new research revealed that the experimental method was flawed (Curtsinger
and Khazaeli, 1997; Khazaeli et al., 1997; Tatar et al., 1997).

Here, instead of directly testing the heterogeneity theory itself, we indirectly test two
of its corollaries. One corollary is that populations that are greatly differentiated for stress
resistance should show great differences in their late-life mortality schedules. To test this
corollary, we estimated mortality rates of cohorts derived from populatioBsagophila
melanogastethat have evolved very different levels of resistance to starvation (Rose et



M.D. Drapeau et al. / Experimental Gerontology 35 (2000) 71-84 73

al., 1992). Variation for stress resistance between these three types of populations is far
greater than that found within natural populationdofmelanogasterand therefore, this

is a conservative test of the heterogeneity theory. It has been established that the level of
stress resistance affects mortality bmosophila (Rose et al., 1992; Chippendale et al.,
1993), with greater stress resistance giving increased longevity in most experiments. This
makes theDrosophila stress-resistance system an appropriate one for testing theories
about the relationship between late-life mortality and robustness. In particular, the invo-
cation of differential robustness by the heterogeneity theory in turn implies that significant
differences should be found in late-life mortality between populations having highly
differentiated levels of stress resistance. This is because the genotypes contained within
populations selected for increased starvation resistance are a rarefied subset of the
genotypes contained in the outbred starting population which the selected lines are all
derived from. Indeed, they will tend to be the “hearty” genotypes. We note that we have
estimated previously that starvation resistance accounts for approximately 22% of the
difference in longevity between long-lived laboratory selection lines and their controls
(Rose et al., 1992). This calculation was based on lines in which selection was imposed
specifically on starvation resistance and no other character. Thus the present study is not
one in which the relationship between robustness and survival is purely conjectural; it has
already been shown experimentally. Therefore, it is reasonable to choose starvation
resistance as a character for the present study because it plays a major role in determining
the longevity of theDrosophila populations used here. If heterogeneity of robustness is
indeed central to late-life mortality rate plateaus, then this is a good experimental system
in which to demonstrate it empirically, as opposed to merely assuming it.

A second testable corallary of the heterogeneity theory is that age-specific stress
resistance should be directly related to age-specific mortality. Depending on the assump-
tions that are made under the general heterogeneity model, we expect a variety of results.
If we assume that within-individual stress resistance is constant with age, but that
between-individual stress resistance can differ, less-resistant individuals will die before
more-resistant ones. From these assumptions, we predict that when a cohort of individuals
is sampled throughout its “lifetime,” the mean level of stress resistance in the sample will
increase with the age of the flies. Alternatively, we might assume that overall stress
resistance decreases in every individual with age. Therefore, overall stress resistance will
decrease with the age of a cohort. However, because according to frailty theories the
population will be purified of the less-frail individuals with time (age), the theory predicts
a steep decline in stress resistance before the time of onset of a mortality plateau, and a
less steep decline postonset due to the hypothesized predominance of a highly robust
subgroup within the aging cohort. This reduction could in fact also be thought of as a
plateau in stress resistance late in life.

By using cohorts 0f-3500D. melanogastetaken from six outbred laboratory-selected
populations with identical demography, we investigated these predicted relationships
between stress resistance and mortality rates. Sex-specific mortality rates for each cohort
were estimated every other day, and measures of sex-specific starvation and desiccation
resistance were made every 7 days. Itis to be expected under the heterogeneity theory that
either: (1) starvation and desiccation resistance will increase overall; or (2) although
starvation and desiccation resistance will decrease overall, as the mortality rate plateaus,
there will be no significant change in either form of stress resistance during the plateau.
Hence, before the plateau, the stress resistance should change, whereas during the plateau
stage of life there should be no significant change in either character, if stress resistance
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is closely linked to mortality rate. Again, we stress that Rose et al. (1992) calculated that
both starvation resistance and desiccation resistance account for large amounts of the
difference in longevity between long-lived laboratory selection lines and their controls
(22% and 11%, respectively), making these characters reasonable choices for this exper-
iment.

In sum, we found that populations differentially selected for stress resistance show no
differences in day of plateau onset nor mortality rate on the plateau, that both overall
starvation and desiccation resistance decrease with age, that there is no late-life male
desiccation resistance plateau, and that there possibly is a late-life male starvation
resistance plateau. In its entirety, the data collected in this study constitutes additional
evidence against heterogeneity theories as general explanations for late-life mortality
plateaus. Alternative theories to explain such plateaus are then discussed briefly.

2. Materials and Methods
2.1. Stress resistance and mortality plateaus

Three groups of 5-fold replicated populations that previously had undergone different
stress selection regimes were used in this experiment. Populations undergoing the SO
selection regime have evolved an increased ability to resist starvation; these populations
are designated SQ. Populations CQz have the same demography as the SO populations
(Rose et al., 1992), but they are different from the SO lines in that they are not selected
for starvation resistance. $Q@ and CQ_g were derived from the Qg populations (re-
spectively) of Rose (1984). At the time of the study, the SO and CO populations were in
generation 118 of selection. R$@populations were derived from SQ (respectively)

25 generations before the start of this experiment. They were then maintained exactly like
populations CQs.

For each SO and RSO replicate population, 70 8-dram glass banana—agar—corn syrup
food vials each containing 6€ 5 eggs were prepared. For each CO population, 50 food
vials containing 60+ 5 eggs were prepared. On the ninth and tenth days after the egg
collection (but within a 24-hr period), all eclosed adult flies were sexed and placed into
new food vials in groups of 24 (1:1 male : female) that would be used to start the
mortality assay.

Survival was determined every other day. Any flies that were living but stuck to a part
of the vial were scored as dead 2 days later. Living flies were transferred to new vials with
fresh food. When necessary, flies within replicates were recombined in order to maintain
a density of approximately 24 flies/vial, to rule out any possible density effects on both
early- and late-life mortality rates (cf. Graves and Mueller, 1993, 1995; Curtsinger,
1995a,b; Khazaeli et al., 1995; 1996). Survival assays were continued until every fly was
dead. Mean £SD) sample sizes for the populations of each group were the following:
CO, 2121+ 397; RSO, 2906 373; SO, 3054+ 249. Detailed sample sizes are provided
in Table 1. We deliberately used high sample sizes to reduce sampling variance in our
estimations of mortality rates (cf. Promislow et al., 1999).

The data for each cohort were then fit to a two-stage Gompertz equation by using
maximum likelihood techniques, as follows. Lét be the age at which mortality rates
become constant with age (the “breakday”). Then, at agekegs thand*, age-specific
mortality rates were modeled by the continuous time Gompertz equation and set equal to
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Table 1
Data on mortality plateau breakday, mortality rate on the plateau, mean longevity, and sample size for males
and females of 15 populations diverged for resistance to starvation. See text for statistical analysis

Breakday of plateau

Males Females
Replicate CO RSO SO CO RSO SO
1 42 76 44 50 78 46
2 42 44 44 50 66 52
3 46 68 70 46 52 72
4 44 44 44 50 52 46
5 44 44 72 52 52 46

Plateau mortality rate

Males Females
Replicate Cco RSO SO CO RSO SO
1 0.10 0.21 0.07 0.10 0.14 0.07
2 0.10 0.07 0.05 0.13 0.15 0.08
3 0.13 0.11 0.10 0.12 0.07 0.16
4 0.12 0.08 0.07 0.15 0.10 0.09
5 0.10 0.08 0.19 0.12 0.09 0.07

Mean lifetime (days)

Males Females
Replicate Cco RSO SO CO RSO SO
1 44.0 54.1 44.0 42.1 54.4 34.6
2 45.6 49.6 53.9 46.2 46.7 42.2
3 45.9 58.9 53.7 43.9 52.6 37.6
4 43.3 51.5 46.5 40.6 45.6 38.9
5 45.5 50.4 46.0 46.3 49.1 32.7

Cohort size

Males Females
Replicate CcOo RSO SO CcO RSO SO
1 595 1212 974 857 1815 2258
2 800 1176 1118 1266 1855 2022
3 995 915 828 1352 1330 1813
4 937 1269 1124 1475 1811 1890
5 936 1176 952 1394 1972 2293

Aexp (@X), whereA is the age-independent rate of mortality anis the age-dependent

rate of mortality. For ages greater thah, mortality rates were assumed to equal a

constant value Aspecific to each population. i& independent of age but different from

A. All of these parameters were estimated by maximum likelihood techniques (Mueller et

al., 1995). The Pascal program used can be obtained from the corresponding author.
Six one-way analyses of variance (ANOVAs) were performed to determine the pres-

ence of significant differences between both the males and females of the SO, CO, and

RSO populations for plateau breakday, mortality rate on the plateau, and average lifetime.

In addition, ana posteriorinonparametric binomial test was used to test whether the SO
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populations exhibited higher mortality rates than the CO and RSO populations during the
first 30 days of the assay.

2.2. Early- and late-life stress resistance patterns

Six outbredDrosophila melanogastgropulations, derived from a common ancestor in
1980 and maintained under identical demographic laboratory selection, were used in this
experiment. These are the, Band IV populations of Rose (1984). These stocks have
undergone no previous stress or longevity selection. They have been maintained on a
14-day life cycle at low densities, 25°C, and constant light for over 500 generations. On
Day 14 after egg collection, 2—-3-day old adults were dumped into Plexiglas cages at
densities of approximately 200 per cage. For 4 days, flies were given yeasted food to
increase their fecundity. On the fifth day, approximately 60 eggs were collected for each
of 130 vials, for a total 0~8000 eggs per replicate. These eggs developed and became
the adults assayed in this experiment.

On Day 0 of the experiment, adult flies were lightly anesthetized with carbon dioxide
and separated into new 8-dram food vials, in groups of 12 males and 12 females per vial.
The mortality assay for each replicate started witB500 adults, a total of 20 994 in the
whole experiment. These 20 994 flies were used not only in the mortality assay but also
as a source for flies to be used for the stress assays each week. Both starvation resistance
and desiccation resistance were assayed for males and females. The same assay proce-
dures were followed every 7 days.

Mortality was estimated every 2 days. The data were collected by transferring the
living flies into a new vial, leaving any dead flies in the old vial stuck to either the fly
media or the walls. Living flies that were trapped in the food or on the vial wall were
counted as dead 2 days later. The starvation assay procedure began by removing a random
sample from the common pool. A total of 40 flies per sex per replicate population were
assayed each week for starvation. These samples were lightly anesthetized using carbon
dioxide and then placed into 8-dram vials as described by Service et al. (1985). Four flies
(either male or female, never mixed) were constrained to the bottom 15 mm of space with
a foam sponge. Two cotton balls were placed at the top of each vial, and 3 ml of water
was pipetted onto the cotton. The vials were then securely sealed with Parafilm. Death
counts took place every 6 hours until all flies were dead. This procedure was repeated for
5 weeks for males and 6 weeks for females. The means for each sex of each replicate
population were tabulated and graphed. To compare resistance before the plateau and
resistance on the plateau, two slopes were calculated. The data points before the breakday
were used to determine a preplateau slope and the data points collected postbreakday were
used to calculate a slope on the plateau. The significance of any difference between mean
hours to death before the plateau and mean hours to death on the plateau were analyzed
by using Mann—Whitney tests.

Desiccation assays were also carried out in a manner similar to Service et al. (1985).
The flies were lightly anesthetized using carbon dioxide and placed at densities of four
flies per sex per vial. A total of 40 flies per sex per replicate were assayed each week. A
sponge was placed into the vial, confining the flies to the bottom 20 mm of space, and
approximately 10 g of Drierite desiccant was then added to each vial. The vials were then
sealed with Parafilm and checked every hour for deaths until no flies were alive. Mean
times to death for each sex of each replicate were calculated and graphed. Analysis of the
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Fig. 1. Male age-specific mortality rates in 15 cohorts differentiated with respect to starvation resistance. Solid
lines, CQ_g dashed lines, SQ,; dotted lines, RSQs. There are no significant differences between the different
sets of populations with respect to either plateau breakday or mortality rate on the plateau, the opposite of the

prediction made by the heterogeneity theory. Early male mortality rates (Days 1-30) were significantly higher
in the SO populations.

mean hours to death and the pre- and postbreakday slopes of the replicate populations
before the plateau and on the plateau was done taiists.

2.3. Presentation of mortality rates

Age-specific mortality rates are presented in Figs. 1-4, as a way of conveying the
inherent variability of our raw data. These figures do not include “smoothed” mortality
rates, which are weighted averages from a number of adjacent ages (Carey et al., 1998).
Because the age-specific mortality rates are not used to directly estimate any statistical
parameters used in this paper, we feel that smoothing would only obscure the true nature
of these raw data.

3. Results

3.1. Do differences in stress resistance result in differences in mortality schedules?

One corollary of the heterogeneity theory of late-life mortality plateaus is that popu-
lations with large differences in average stress resistance should have different mortality
schedules because laboratory-selected populations that have evolved high levels of resis-
tance to stress are equivalent to a “hearty” subset of the starting population. This corollary
was tested by using long-term outbred laboratory-selection lines that were greatly differ-
entiated with regard to resistance to starvation. Lifetime age-specific mortality rates of the
SO,.5, RSO 5, and CQ_g populations are shown in Figs. 1 (males) and 2 (females). No
significant differences were found between the age at which mortality plateaus started in
the SO, CO, and RSO population breakdays (One-way ANONA: 0.29, malesP =
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Fig. 2. Female age-specific mortality rates in 15 cohorts differentiated with respect to starvation resistance. Solid
lines. CQ_5 dashed lines, SQ;; dotted lines, RSQs. There are no significant differences between the different
sets of populations with respect to either plateau breakday or mortality rate on the plateau, the opposite of the
prediction made by the heterogeneity theory. Early female mortality rates (Days 1-30) were significantly higher
in the SO populations.

0.24, females). In addition, no differences were found among populations in the mortality
rate on the plateau for either males or females (One-way ANCR/A:0.88, malespP =

0.34, females). The above tests are relatively conservative. However, even when multiple
t tests are used to make every pairwise comparison between populations, for both plateau
breakday and mortality rate on the plateau, for both males and females, not a single
comparison shows significant differences between any pair of populations.

We tested a@a posteriorihypothesis that there was among-selection line differentiation
in early mortality rates (Days 1-30 of adult life). It was determined that the age-specific
mortality rates over the first 30 days of the studies were significantly higher in the SO
populations (Binomial test, Ny = Ngso = Ngo = 15; P = 0.042, malesP = 0.0005,
females).

Weighted average lifetimes of the SO, RSO, and CO populations were significantly
differentiated (One-way ANOVAP = 0.012, malesP < 0.0001, females). Specifically,
weighted average lifetimes were related to each other in the following manner (longest to
shortest): Males: RSO (53 days)SO (49)> CO (45); Females: RSO (50) CO (44)>
SO (37).

3.2. Does stress resistance plateau late in life?

Mortality assays

In order to ascertain the relationship between stress resistance (frailty) and mortality,
we first measured these characters. Here we present the sex-specific mortality rates
measured every two days in cohorts-e8500 individuals. Mortality rate breakdays and
plateau mortality rates for both males and females are presented in Table 2 and Figs. 3 and
4. Females had significantly later breakdays than males (2-tatk=st: d. f.= 5; Najes
= 6; Nigmales= 6; P = 0.0077). However, males and females did not have significantly
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Table 2

Data on mortality plateau breakday, mortality rate on the plateau, and sample size for males and females of
six populations diverged for approximately 500 generations, but under identical demographic selection.
Females had significantly later plateau breakdays, but mortality rates on the plateau were not significantly
different between them

Breakday of plateau Plateau mortality rate Cohort size
Males Females Males Females Males Females
Bl 18 48 0.145 0.478 1552 1634
B2 18 32 0.203 0.289 1813 1590
B3 24 24 0.291 0.157 1693 1297
B4 24 44 0.203 0.497 2310 2015
B5 24 46 0.203 0.430 1831 1875
vV 18 44 0.175 0.720 1751 1633
different mortality rates on the plateau (2-tailetest: d. f.= 5; Nyaes= 6; Niemales =
6; P = 0.0626).

Stress resistance

Every 7 days, starvation and desiccation resistance were assayed for 40 males and 40
females from each of the six populations studied in the mortality assay (above). One-way
ANOVA detected no significant variation between populations for either mRles@.97,
starvationP = 0.99, desiccation) or femaleB & 0.96, starvationP = 0.73, desiccation;
Figs. 5 and 6).

Relationship between mortality and stress

If within-individual stress resistance is constant with age and there is variation in
between-individual stress resistance levels, less-resistant individuals will die before more-
resistant ones. From this, we predict that when a cohort of individuals is sampled
throughout its “lifetime,” the mean level of stress resistance in the sample will increase

1
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Fig. 3. Male age-specific mortality rates of six demographically identical laboratory selected populations sharing
a common ancestor. There is no significant between-line variation with respect to either plateau breakday or
mortality rate on the plateau. The mean plateau breakday, Day 21, is indicated by the vertical dashed line.
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Fig. 4. Female age-specific mortality rates of six demographically identical laboratory selected populations
sharing a common ancestor. There is no significant between-line variation with respect to either plateau breakday
or mortality rate on the plateau. The mean plateau breakday, Day 40, is indicated by the vertical dashed line.

with the age of the flies. Our data are clearly inconsistent with this prediction: all 20 sets
of points have negative slopes as ascertained by standard parametric linear regression
(results not shown; Figs. 5 and 6).

Alternatively, overall stress resistance may decrease in every individual with age, and
overall stress resistance will therefore decrease with the age of a cohort. Because accord-
ing to heterogeneity theories the population will be purified of the less frail individuals
with time (age), we predict a steep decline in stress resistance before the time of onset of
a mortality plateau, and a less-steep decline postonset due to the hypothesized predomi-
nance of a highly robust subgroup within the aging cohort. This reduction could be
thought of as a plateau in stress resistance late in life.

Mean Hours Until Death

0 10 20 30 40 50 60
Adult Age (days)

Fig. 5. Male () and female [(J) age-specific starvation resistance. Mortality under starvation conditions was
measured every 6 hours in each assay. Assays were performed once every 7 days.
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Mean Hours Until Death
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Fig. 6. Male ) and female[(J) age-specific desiccation resistance. Mortality under starvation conditions was
measured once per hour in each assay. Assays were performed once every 7 days.

To determine if there were late-life stress resistance plateaus, or any other causative
relationship between stress resistance and mortality rate, we divided both the starvation
and desiccation data for each sex into two domains based on mean mortality breakdays
calculated from data in Table 2 (mean male breakday was Day 21, and mean female
breakday was Day 40). These domains will be called the prebreakday and postbreakday
domains. Day 0 was excluded from all analyses due to the fact that the density that the
assayed flies were contained in immediately before the ass@§ {lies/vial) was over
twice as high as it was immediately before any other assay (24 flies/vial). Therefore, the
number of hours of survival under stress conditions is not due completely to age at this
initial stage, but is likely to be confounded with density effects. Standard parametric linear
regression through data gathered on Days 7, 14, 21, and 28 was used to calculate slopes
for both pre- and post-breakday domains of both assay types. Day 21 was included in the
male post-breakday period for the purposes of this analysis.

Because there was an insufficient humber of postbreakday female data points to
estimate slopes from both starvation and desiccation assays, further analysis was carried
out on males only. Mean hours of male starvation resistance were significantly lower
post-breakdayt{test: N,iepreakday= 6; Npostbreakday= 6t = 4.81;P < 0.005). In addition,
post-breakday starvation resistance slopes were significgrabter (i.e. less negative)
than prebreakday slopes (Mann-Whitrgyest: N, epreakday= 6; Npostbreakday= 6; P <
0.05; see also Fig. 5). This indicates a possible plateauing of starvation resistance during
the same period that mortality rates plateau. Testing the slope of starvation resistance
during the plateau period indicates that the preceding decline in starvation resistance has
ended, with a marginally significant increase in starvation resistance (two-tailet test:
2.290; N = 6; P < 0.10; ). Mean hours of male desiccation resistance were also
significantly lower post-breakday-(est: Ny epreakday™ 65 Npostbreakday= 6; 1 = 15.2;P <
0.005). However, there was no difference between pre- and postbreakday desiccation
resistance slopes (Mann-Whitneytest: N, epreakday™ 6; Npostoreakday= 6; P > 0.05; see
also Fig. 6).
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4. Discussion

In this study, we conducted three critical tests of the heterogeneity theory of late-life
mortality plateaus. With respect to the first test, the data presented here do not indicate any
clear relationship between late-life mortality rates and large genetic differences in stress
resistance. In this respect, our results provide a refutation of the heterogeneity theory of
late-life mortality.

With respect to the other two tests, the results are mixed. Male desiccation resistance
continues to decline during the period in which late-life mortality has plateaued. This also
refutes the heterogeneity theory. On the other hand, male starvation decelerates once the
late-life mortality rates plateau, suggesting the possibility that starvation resistance shows
a concordant plateau with late-mortality, as required by the heterogeneity theory. There is,
however, an important asymmetry between the desiccation resistance and starvation
resistance results. It is possible for stress resistance to stabilize for reasons unrelated to the
loss of heterogeneity. But the converse is not true. As the heterogeneity theory is based on
robustness, and it has been shown that desiccation is a mortality-rate determinant and thus
part of robustness, it is a refutation of the heterogeneity theory that desiccation resistance
does not follow the required pattern, even though starvation resistance does.

Our general conclusion, then, is that the heterogeneity theory has received another
refutation from our work, as it did from the work of Khazaeli et al. (1998). Although the
Carey et al. (1992) medfly mortality data have been fitted to a cohort heterogeneity model
(Kowald and Kirkwood, 1993), a weak post hoc corroboration, other experiments (Brooks
et al., 1994; Vaupel et al., 1994; Curtsinger et al., 1992; Fukui et al., 1996) have not been
successful in finding consistent evidence for this theory. Provisionally, we regard it as
falsified.

Despite this, other tests that use laboratory cohorts could be performed in order to test
further the validity of the heterogeneity theory. First, experiments could be done the
purpose of which is to observe age-specific mortality differences between groups of
populations that are diverged in other stress-related traits besides the one tested here,
resistance to starvation. Such populations are available for traits such as desiccation
resistance (Rose et al., 1992; Hoffman and Parsons, 1993) and ethanol tolerance (Kerver
et al., 1992). Second, composite cohorts could be constructed and then their aggregate
age-specific mortalities could be measured. Such composite cohorts could be created from
stocks differentiated for stress resistance. On the frailty theory, the prediction would be
that populations that are more heterogenous in frailty should show more pronounced
mortality plateaus in comparison to less heterogenous populations. Laboratory-selected
populations such as the ones used in this paper would be ideal to use in an experiment of
this type. A definitive study of this type would consist of composite cohorts constructed
from different subpopulations with different degrees of divergence in frailty. Yet other
lines of testing could no doubt be found. Additional work would be helpful either in
definitively obliterating the heterogeneity theory or in resuscitating it. However, until
good corroborative evidence is found, the heterogeneity theory cannot simply be assumed
by theoreticians who find it a convenient assumption for spinning demographic. The
theory has no convincing experimental support at this time, despite its primacy in
theoretical and empirical research on late-life mortality.

Without a viable heterogeneity explanation for late-life mortality plateaus, evolutionary
theories for late-life mortality should receive greater consideration in future empirical
work. Mueller and Rose (1996) used population genetic models to demonstrate that the
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late-life plateau in the force of natural selection can give cohort mortality plateaus late in
life. This particular evolutionary theory of mortality plateaus has, however, recently been
challenged on theoretical grounds (Pletcher and Curtsinger, 1998). In any case, evolu-
tionary theory concerning the action of selection and mutation on late-life mortality can
still be pursued, because it has not yet been empirically refuted.
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