Fig. 4. Right profile. The upper lip and the soft
part of the nose are deformed upwards as a
result of slight ice pressures. In addition one
can see the depression in the right ear.

(diastemna) between the two central, max-
illary incisors. Tremata of various forms are
frequently found in prehistoric populations
(3). Lastly, the nose was strongly pressed
upward to the right. The ossa nasalia re-
mained undamaged. All of these observa-
tions indicate the effects of telatively slight
but nevertheless continuous ice pressure in
ane direction. The right os zygomaticum
moved nearly 2 mm in the sutura frontozy-
gomatica toward the occipit; the right orhit
was slightly displaced (Fig. 1}.

One tematkable peculiarity was found
on the right earlobe. It is a pit-like, sham-
edged rectangular depression cavered by
skin that cannot have developed post-mor-
tem (Fig. 4). The edges are remarkably
straight. Inflammatory processes, whatever
their etiology might have been, would have
left ather facrus of scars. This find may have
tesulted from body ornamentation. In
graves dating from the Bronze Age, rings
have been found that could be considered
as earrings. This was shown by an archeo-
logical analysis of contents of graves (10).
The form of the pit-like depression on the
right earlobe could therefore be taken as
indicating that the man wore an ornamen-
tal scone that was fitted into the eatlobe a long
time before his death. The CT images re-
vealed that the distal humerus shaft of the left
arm was fractured slightly abave the trach-
lea. The possibility that the fracrure hap-
pened during an initial recovery attempt
cannot yet be excluded.

A word of warmning is necessary in line
with the importance of these data. From a
scientific standpoint all efforts to describe
the morphology and dimensians of the soft
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tissues and skeletal parts of the mummy
must be viewed under the aspect of the
singularity of the “man in ice.” We have no
knowledge abour the variabiliry of the pop-
ulation from which he descended. Especial-
ly the examination of small, sometimes
lacally closely neighboring Late Neolithic
pepulations shows that there are remark-
able differences of types (4). Very probably
such differences depend on a strong endog-
amy, although additional barriers due to
soctocultural reasons could have enhanced
them. Although media coverage resubted in
wotldwide notoriety, it is important to rel-
egate the individuality of this find into the
form of a valuable piece of informartion
about the development of human culture
and history.
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Slowing of Mortality Rates at Older Ages
in Large Medfly Cohorts

James R. Carey,* Pablo Liedo, Dina Orozco, James W. Vaupel

It is generally assumed for most species that mortality rates increase monotonically at
advanced ages. Mortality rates were found to level off and decrease at older ages in a
population of 1.2 milion medflies maintained in cages of 7,200 and in a group of approx-
imately 48,000 adults maintained in sofitary confinement. Thus, life expectancy in older
individuals increased rather than decreased with age. These results cast doubt on several
central concepts in gerontology and the biology of aging: (i} that senescence can be
characterized by an increase in age-specific martality, (i) that the basic pattern of mortality
in nearly all species follows the same unitary pattern at older ages, and (jii) that species

have absolute fife-span limits.

Age-speciﬁc mortality rates (I} are used by
gerontologists, demographers, and biolo-
gists in a number of interrelated ways in-
cluding quantifying senescence in popula-
tions (2), compating species (3), and infer-
ting species-specific life-span limits (4).
Surprisingly, the pattern of age-specific
mortality is well known only for Hemo
sapiens, and even for humans dara are sparse
after age 85. For 48 species scattered across
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various phyla, Finch estimated the level of
mortality at the age of sexual marturity and
the increase in the mortality rate wich age,
but he warned that the estimates “should be
considered fitst approximations within a
ewofold range” (5). The estimates depend
on the untested assumption that mortality
increases at the same rate from sexual ma-
turity ta advanced old age; as Finch noted,
“thete is no a prioti reason why mortality
rates should conform to functions” of this
type {8). The number of observations of age
at death for any nonhuman species is small.
In a eypical study of moreality, the life-spans
of some 20 ta 50 individuals are observed in
laboratory or field sertings (7); only rarely
has mortality in several thousand individu-
als been monitored (§). When only a few
hundred individuals are observed, the pat-
tern of age-specific mortality at older ages,
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Fig. 1. Age-specific mortality rates for experi-
ment 1 in which 21,204 medflies were main-
tained in individual cups (top); experiment 2 in
which 27 181 mediflies were held individually in
tisaue cells (middle), and experiment 3 in which
1,203,646 medflies were held in cages of ap-
praximately 7,200 each (bottormn). Thin bound-
ing lines are the 95% confidence limits.
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when perhaps 90% of the population is
dead, is beyond the scope of definitive
study. It is unknown whether the pattern of
mortality at advanced ages is typically one
of high and increasing mortality, as among
humans; moderate and constant mortality;
or some other pattern.

We monitared age-specific morctality in
more than 1 million Mediterranean fruit flies
(Ceratitis capitata) over their lifetimes to
determine the pattern of mortality at ex-
treme ages. Cohorts that totaled 1 million
flies were used to ensure that mortality rates
at older ages would be based on large num-
hers. We used this information to determine
whether mortality rates increased at ad-
vanced ages, whether the Gompertz mortal-
ity madel (9) fit the mortality data at older
ages, and whether patterns of age-specific
mortality implied an upper life-span limit.

We studied medflies at a large rearing
facility in Metapa, Mexico (10), where we
were provided with essentially unlimired
numbers of pupae of the same age. Three
separate trials were conducted. In experi-
ments 1 and 2, death rates were monitored
in mare than 20,000 medflies maintained in
solitary confinement. In experiment 3, more

Fig. 2. Smoothed age-specific mor-
tality rates for the three medfly mor-
tality experiments plotted on a lin-
ear scale (legend to Fig. 1). In all
three experiments the upper 95%
confidence limit when mortality
rates were declining was lower than
the lower 95% confidence Iimit at
the mortality high point. Thus the
observed declines were significant-
ly differerit than & pattern of level
martality rates. The tatal number of
individuals remaining alive at age
100 days for experimerts 1 (cups),

0,16L
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Table 1. Number alive, age {days), and remaining life expectancy (g,} of medflies in each of three
experiments. Survival rates at which these three parameters are reported differ by four to six orders
of magnitude starting at 100% survival (proportion = 1.0} for flies in all three experiments to survival
at one-millionth (propartion = 0.000001} of the original cohart in experiment 3. The greatest ages
altained by flies in each of the experiments are as follows: experiment 1 = 216 days, experiment 2

= 241 days, and experiment 3 = 171 days.

Prapartion Experiment 1 (cups) Experiment 2 (cells} Experiment 3 {cages)
remaining

alive* Number  Age e, Number  Age 4, Nurnber Age 2,
1.0 21,204 0 308 27,181 0 282 1,203,646 0 208
0.1 2120 64 19.5 2,718 45 13.7 120,365 33 73
0.01 212 103 158 272 79 129 12,036 50 67
0.001 21 125 18.2 27 106 13.7 1,204 64 9.7
0.0001 2 170 345 3 117 868 120 86 2438
0.00001 12 148 1.3
0.000001 1t 165 6.5

*Day an which the number living was = the specified propartion.

TThe last two flies died on the same day.

Thus, the age corresponding to this proportion remaining alive represents the age at which the initial cohort of 1.2

million flies were reduced to the last two flies.
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than 1.2 million medflies were maintained
in groups of approximacely 7,200 {I1).

Life expectancy at eclosion was highest
for flies maintained in solitary confinement
and lowest for fies maintained in groups
(Table 1). Life expectancy decreased slight-
ly in the interval between the age when
10% of the original cohort remained alive
to the age when 1% of the original cohort
remajned alive. [t then increased at the
oldest ages. In all three experiments, the
life expectancy for flies at the age when
90% of the original cohort was dead was
similar to the life expectancy for individuals
still alive at the age when 99.9% of the
original cohort was dead. Life expectancy
for medflies in each experiment either re-
mained the same or increased with age at
advanced ages (=45 days old).

Constant or increasing life expectancies
with age can only occur if the undetlying
age-specific mortality rates are also constant
ar are decreasing at older ages. This pattern
of martality rate decrease was observed for
flies maintained in solitary confinement
{experiments 1 and 2) and for flies main-
tained in groups (experiment 3) (Figs. 1
and ? and Table 2}. Rate of change in
moartality slowed in each. of the 167 cages of
flies in experiment 3 at older ages (Fig. 3}.
There was little ovetlap in the distributions
of rates of change in mortality with age
between medfly cohorts 10 days old and
cohorts 30 and 43 days old. In virtually all
cohorts the rate of change in mortality at

40
aor . 45 days
20} 5 1

10} B

201

10F

Number of cages

10} ]

. P
-0.10 0 010 020 030
Slape of log {age-specilic martatity)

Fig. 3. Distribution of the estimated slopes of
the logarithms of age-specific martality at 10,
30, and 45 days in each of 167 medfly cages
with an average initial density of 7200 adults
{experiment 3). Slope estimates were made
with a least-squares linear regression of the
smoaaothed mortality curve for each cage cen-
tered on the specified age =5 days.



alder ages slowed down, leveled off, or
decreased.

As flies aged, mortality rates decreased
from a positive rate to a negative ane in
each experiment. For example, mortalicy
rates decreased in the interval from 20 to 35
days in experiment 1, in the interval from
40 to 55 days in expetiment 1, and in the
interval from 60 to 100 days in experiment
3. Mortalicy rates in all cages increased at
age 10 days hut mortality rates decreased in
aver half of all cohorts after 30 and 45 days
{Fig. 3). Mortality rares were not monoton-
ic; rather they increased and decreased with
age. Slowing of the change of mortality
with age resulted in daily mortality rates
that were uniformly low for the oldest flies
in all three experiments. For example, av-
erage daily mortality for the last 1000 med-
flies was 4% in experiment 2 and 6% in
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experiments | and 3.

Mortality rates were similar at the maost
advanced ages for flies maintained under
different physical and biological conditions.
Flies maintained in solitary confinement
were subject to conditions that minimize
mortality risk. Activity was restricted by
the small cage size; there was no mating and
little egg-laving. There was also minimal
mechanical wear and no stress due to
crowding. In contrast, flies held in groups of
7200 were subject to conditions that in-
crease mortality risk—Ilarge cage size for
flying, mating, some egg-laying, mechani-
cal wear, and considerable stress due to
crowding ([2, 13).

There are numeraus reasons why mortal-
ity rates may slow, remain constant, or
decline with age among older individuals in
various species (14), including the passibil-
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ity that repair mechanisms at older ages can
compensate for damage at younger ages.
Slowing of the rate of change in mortality
with age may also be an artifact of composi-
tional change in the cohort, resulting from
heterogeneity in martality patterns within
the population of genotypes and phenotypes
(15). As the population ages, it becomes
more and more selected because individuals
with higher death rates will die out in greater
numbers than those with [ower death rates,
thereby transforming the population into
ane consisting mostly of individuals with low
death rates. Therefore, the paossibility exists
that death rates fell at older ages, not he-
cause of a decrease in the risk of dying at the
individual level, but because of heteragene-
ity at the cohort Jevel.

Leveling off of mortalicy at older ages
was reported in other insect studies on

Table 2. Survival of 1,203,646 medfly adults menitored in expariment 3. The N, colurnn gives the number remaining alive at age x in days and the g,

colurnn gives the age-specific probability of dying in the interval xto x + 1 (g, = 1 — (N /N
Age NlLi:\:Fnt;]er Age-specific Age Nl'i"\m]%er Age-specific Age Nl?\:?n%er Age-specific Age NlLiJ\Tnbger Age-specific
i rmiartali rnartalit mortalit
™ () martality (g, {4 ) tylg) O (N yi(ad (% (V) y (G
0 1203646 0.00000 44 26214 0.14393 a7 109 0.10092 130 21 (.00000
1 1,203,646 0.00144 45 22,441 0.13596 88 98 0.07143 131 21 0.00000
2 120,913 0.00401 46 19,390 0.13063 89 a1 0.00000 132 21 0.04762
3 1,197,098 0.00508 47 16,857 0.13615 g0 91 0.05495 133 20 (.00000
4 1,191,020 0.00638 48 14,562 0.14524 91 896 0.01163 134 20 0.00000
) 1,183,419 0.00753 44 12,447 0.13377 a2 a5 4.07059 135 20 0.00000
6 1,174,502 0.00977 50 14,782 0.15146 93 74 (.07595 136 20 0.05000
7 1,183,026 0.01232 51 9,148 0.13597 94 73 0.02740 137 19 (.00000
8 1148693 0.01642 52 7.905 0.14560 a5 71 0.05634 138 19 (.00000
9 1,129,836 0.02184 a3 6,754 0.15013 96 67 (0.01493 139 19 0.00000
10 1,105,164 0.02382 54 5740 0.13258 97 Gé Q.01515 140 19 0.00000
11 1,072,200 0.03786 55 4979 0.18027 98 &5 0.04615 141 19 0.10526
12 1,031,620 0.04521 58 4181 0.16049 a9 62 0.00000 142 17 (.05882
13 984,980 0.05885 57 3,510 0.15812 100 62 (.00000 143 16 0.12500
14 927,011 0.06344 58 2955 016717 101 62 (.00000 144 14 0.00000
15 868,202 0.07223 a9 2,461 0.16010 102 62 0.06452 145 14 (0.14286
16 805,489 0.07569 60 2,067 0.13159 103 58 0.01724 148 12 (.08333
17 744,520 0.07925 61 1,795 0.13092 104 57 0.03509 147 11 0.08091
18 685,514 0.08264 62 1,560 0.12500 105 55 0.01818 148 10 0.10000
18 628,866 1.08499 63 1,365 0.13407 108 54 0.01852 149 g 0.00000
20 575,420 0.09228 64 1,182 014129 107 53 0.00000 150 Q Q11111
21 522 319 (.09680 65 1.015 0.16847 108 53 0.01887 151 3 0.00000
22 471,756 .10024 66 844 0.12204 108 52 0.01923 152 8 0.00000
23 424 469 .10585 a7 741 0.13630 110 51 0.03922 153 8 0.12500
24 379,537 011022 &8 840 0.10469 111 49 0.04082 154 7 0.14286
25 337,704 0.11581 69 573 0.12565 12 47 0.04255 155 & 0.16667
26 298,596 0.12989 70 501 0.07984 113 45 0.04444 156 ) 0.00000
27 259,811 0.13360 71 461 0.11931 114 43 0.02328 157 9 0.00000
28 225,101 0.13610 72 406 0.12069 115 42 0.04762 158 5 0.20000
29 194,464 ¢.12802 73 357 0.10824 116 40 0.00000 159 4 0.00000
30 169,569 0.12129 74 318 0.10377 117 40 0.00000 160 4 0.00000
31 149,002 0.12141 75 285 0.09123 18 40 0.00000 161 4 0.00600
3z 130,211 0.11682 76 259 Q12741 118 40 0.02500 162 4 0.00000
as 115,618 0.12409 77 226 0.06637 120 a9 0.05128 163 4 0.00000
34 101,271 0.12500 78 211 0.08057 121 37 0.02703 164 4 0.50000
35 ag.612 0.12664 79 194 0.06701 122 36 0.08333 165 2 0.00000
36 77.390 0.12235 80 181 1.08630 123 33 0.00000 168 2 0.00000
37 67,921 0.13385 a1 169 ¢.07692 124 33 0.06061 167 2 0.00000
38 58,830 0.115837 a2 156 (.08974 125 3 0.09677 168 2 0.00000
3a 52,043 0.12488 a3 142 0.08451 126 28 010714 168 2 0.00000
40 45,544 012125 84 130 0.06154 127 25 0.04000 170 2 0.00000
41 40,022 012793 85 122 0.05738 128 24 0.04167 171 2 100000
42 34,902 0.13014 a6 118 0.05217 129 23 (.08696 172 0
43 30,360 (.13656
SCIENCE + VOL. 138 + 16 OCTOBER 1992 458
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Fig. 4. Age-specific mar- 04
tality rates computed for
cohorts of six different siz-
es from n = 25 to n =
100,000. Cohaorts were cre- 0.2
ated by randomly subsam-
pling the 1.2 millian medfly
deaths observed in exper-

=100

iment 3. The results reveal
the inadequacy of small
cohort size for determining
age-specific mortality rates
even at young ages and
show that large cohorns are
needed to determine mor-
tality patterns at advanced
ages. Larger n values pra-

n=1,000

Mortality rate
=

n= 10,00 n= 100,000

vide new information on
maortality rates at progres-
sively older ages.

Drasophila {16), houseflies {I7), medilies
{18), and bruchiid beetles {19). Also, sev-
eral studies have suggested a slowing of the
rate of increase of mortality with age for
humans after age 85 years (20-24).

The medfly mortality pattern casts doubt
on three central concepts in gerontology
and the biology of aging and mortality. One
concept is that senescence can be opera-
ticnally defined and measured by the in-
crease in mortalicy rares with age. Because
mortality rates fluctuate up and down
around a rough average over mast of the
life-spans of medflies, medflies’ lives, ac-
cording to this definition, are characrerized
by alternating periods of positive and neg-
ative senescence. [t is questionable whether
it is helpful to define the ward “senescence™
in this way.

Another concept that is not consistent
with our data is that the basic pattern of
mortality at adult ages in nearly all species
follows the same unitary pattern described
by the Gompertz model {expenential in-
crease). The finding that medfly age-specit-
ic mortality is not described by this model
at old ages provides direct empirical evi-
dence that Gompertz's law does not hold in
all populations {23).

Finally, our data are inconsistent with
the cancept that species can be characterized
by their species-specific life-spans as mea-
sured by: {i) the oldest age attained, even in
a relatively small populations of 100 or fewer
individual; or (i) a patrem of age-specific
mortality tending toward unicy at the maxj-
mal age. Different maximurmn life-spans were
observed in our experiments, and none of
the trajectories of age-specific moreality
tended toward unity as would have been
expected if a species-specific life-span [imic
existed. Furthermore, if small samples were
taken, different maximum life-spans would
he ohbserved. It is passible to estimate life
expectancy but medflies appear not to have a
charactetistic life-span.
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Qur results have two methodological
implications. One is cthat it may not be
possible to determine the mortality pattern
of a species from data on 100 or even fewer
individuals {Fig. 4). Only with 20,000 or
30,000 (experiments [ and 2) and more
than a million individuals (experiment 3)
was it possible to determine the pattern of
medfly moreality through advanced ages.
The second implication is that survival
curves are pootly suited for summarizing
morttality patterns. Survival curves are use-
ful in studying survival. That is, what pro-
portion of the initial cohort is alive at a
certain age. It is, however, difficult o
discern the pattern of morrality rates by
loaking at a survival curve; mortality curves
are superior for this purpose. Survival
curves are often plotted not because they
are the best curve for studying mortality
patterns but because they are fairly smooth
and regular, even for small populations. [n
contrast, mortality curves tend to fluctuate
errarically when population sizes are small.
This problem can be alleviated with the use
of larger populations or various techniques
of smaothing.
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Demography of Genotypes: Failure of the Limited
Life-Span Paradigm in Drosophila melanogaster

James W. Curtsinger,* Hidenori H. Fukui, David R. Townsend,
James W. Vaupel

Experimental systems that are amenable to genetic manipulation can be used to address
fundamental questions about genetic and nengenetic determinants of longevity. Analysis
of large cohorts of ten genctypes of Drosophila melanogaster raised under conditions that
favared extended survival has revealed variation between genotypes in both the slope and
location of age-specific mortality curves. Mare detailed examination of a single genotype
showed that the mortality trajectory was best fit by a two-stage Gompertz model, with no
age-specific increase in mortality rates beyond 30 days after emergence. These results are
contrary to the limited life-span paradigm, which postulates well-defined, genotype-specific
limits on life-span and brief periods of intense and rapidly accelerating mortality rates at

the cldest ages.

A limited life-span paradigm underlies
much gerontological thinking (). Indi-
viduals are assumed to be bhorn with a
maximum life-span potential that is “ge-
netically fixed” (2, p. 5). If an individual
survives the various hazards that might
result in premature death, life will be
“terminated by a sharp decline mandated
by senescence” (2), ending in “natural
death” (2). Environmental improve-
ment—including better health care and
mare salubrious bhehavior in the case of
humans—can reduce premature death hut
cannot delay senescent death (2). Fries
(3) provides the most specific hypothesis
for humans: Each individual is genetically
endowed with a maximum life-span paten-
tial chat is approximately normally distrib-
uted among individuals with a mean of 85
years and a standard deviation of 7 vears.

The limited life-span paradigm as well

J. W Curtsinger, H. H. Fukui, 0. A. Townsend, Depart-
ment of Ecalagy, Evalution, and Behaviar, University of
Minnesata, Minneapalis, MM 85455,

J.o W, vaupel, Odense University Madical Schaal,
Qdense, Denmark; and Center far Demagraphic Stud-
ies, Duke University, Durham, NC 27706.

*Ta whorn carrespondence should be addressed.

as FPries's specific hypothesis have come
under increasing scrutiny (4). We have
now performed experiments that directly
test the predictions of the limited life-span
paradigm in a model system. Qur findings
are based on a new approach that might be
called the experimental demography of
genotypes: We have applied methads of
demographic analysis te survival data from
large cahotts of genetically identical Dro-
sophila melanogaster teared under con-
trolled laboratory conditions. The combi-
nation of demography and genetics in an
experimental setting creates a hybrid pet-
spective that may provide insights beyvond
those attainable by either field in isolation
(3.

It there were well-defined limits an life-
span, they should produce rapid accelera-
tion in mortality rates and corresponding
sharp declines in survivorship at advanced
ages in large, single-genotype cohorts
raised under conditions chac favor surviv-
al. The absence of brief periads of intense
martality at advanced ages would consti-
tute evidence against the limited life-span
paradigm. Previous experimental studies
provide little information on this issue
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because, as noted by Finch (6, p. 16),
“survivorship curves are often based on
small samples, the curves may not be
smaoth, and the resulting moreality esti-
mates are not very precise.” [cis customary
in expetimental gerontology to use 100 ot
fewer individuals per strain or treatment,
vielding ten or fewer individuals in the
oldest 10% of cohorts. Qur experiments
were designed o provide estimates hased
on hundreds of individuals in the tail of
the survivorship curve.

We used genetically homogeneous lines
hecause age-specific and genotype-specific
mortalicy Tates are estimahble in cohorts but
nat in individuals. By studying highly
inbred lines, we were ahle to estimate
mortality rates for single genotypes—a feat
that cannat be accomplished by studies of
heterogeneous populations. We also stud-
ied crosses between inbred lines, which
are genetically homageneous in the F,
generation but lacking in the depression of
vigor and life span often associated with
complete homozygosity (7).

Four highly inbred lines (8) of D. mela-
nogaster were cultured under standard con-
ditions (9) for three generations and then
crossed within and between lines to pro-
duce ten genotypes: four inbred and six F,.
Genotype “t ¥ j" was produced by crossing
females from line i with males from line j.
Males of all ten genatypes were collected
within 12 hours of emergence, lightly anes-
thetized with O, and placed in groups of
five in 4-dram shell vials with medium.
Vials were assigned random locations in a
single incubator and were examined daily;
the numbers of both live and dead flies were
recorded. Flies were transferred ta fresh
medium once (blocks [, II, and [V) or twice
(block III} per week. Four experimental
blocks were set up: three with all ten
genotypes and one with a large sample of a
single genotype.

Average life-spans {(days after emer-
gence) far ten genatypes studied in three
nonoverlapping experiments are shown in
Tahle 1. Sample sizes varied from block to
block becanse of genotypic variations in
fertility. There is statistically significant
variation in mean life-span  between
blocks and between genotypes, as well as
block X genotype interaction (10). The
significant genotypic effect demaonstrates
genetic variation between lines that influ-
ences average life-span and is cansistenc
with previous demonstrations of genetic
variation for this character in Drosophila
(6, 11). The significant interaction, large-
Iy due to line 3 % 2 in block Il where the
estimated longevity was roughly 20 days
lower than expected, indicates that gena-
types responded differently ro microenvi-
ronmental variations from block to block.
Inbred lines tended to have lower longev-
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