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Abstract

The nematode Caenorhabditis elegans is a well-known model organism for research on aging and
life span, but very little is known about its ecology and natural history. The strain N2 is the standard
wild-type C. elegans and arose from the progeny of a single hermaphrodite. Since N2 has passed
through laboratory culture, the influence of inadvertent selection and genetic drift on C. elegans
strains kept in culture is unclear. Because it seems that other wild-type strains have also been subject
to lengthy laboratory culture, the life span and biodemography of wild-caught C. elegans is of interest.
We recovered C. elegans from snails (Helix aspersa) in ca. 50% of the California locations where
we made collections. In experiments with one of the wild-caught isolates, it differed in important
demographic properties, mortality, fertility, .tness, and activity patterns, from the standard N2 strain,
when both strains were evaluated in a common laboratory environment. The differences were not
only statistically significant; they were also large enough to be biologically important. The
differences are consistent with the hypothesis that N2 has adapted to laboratory conditions.
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1. Introduction

The nematode Caenorhabditis elegans is arguably the most completely characterized metazoan
organism; as a result, it is widely used as a model system for studies of the biology and genetics
of aging (Gems and Riddle, 1996, 2000; Johnson, 1984, 2003; Johnson and Hutchinson,
1993; Johnson et al., 2001; Kenyon et al., 1993; Klass, 1977; Walker et al., 2000); however,
very little is known about its ecology, natural history, or life span in the wild (Hodgkin and
Doniach, 1997; Gershon and Gershon, 2002; Reznick and Gershon, 1999). The evolution of
life span and senescence (the increase of mortality rate with age) is a difficult evolutionary
problem (Hamilton, 1966; Medawar, 1957; Rose, 1991; Williams, 1957). One explanation,
termed antagonistic pleiotropy (Rose, 1991; Williams, 1957), considers senescence to be an
indirect effect of selection for genes with favorable effects on fitness at early ages but negative
effects at later ages. To understand the selective forces acting on life history characteristics
that contribute to life span, longevity patterns must be evaluated by examining fitness. Fitness,
in turn, can be understood only in the context of the vital rates that contribute to it, including
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survival, fertility, and the timing of events in the life cycle (Carey, 2003; Caswell, 2001;
Charlesworth, 1994, 2000). Comparisons based only on survival, or only on fertility, or only
on summary statistics (e.g., median lifetime instead of the survival schedule, or total brood size
instead of the age schedule of reproduction) cannot be relied upon to indicate the direction, let
alone the magnitude of fitness differences. And, of course, all these vital rates are affected by
the ecological environment of the population, and, with a few exceptions (Barriere and Felix,
2005; Caswell-Chen et al., 2005; Haber et al., 2005), very little is known of the ecology of C.
elegans (Hodgkin and Doniach, 1997).

The canonical wild-type strain (N2), which is used as a comparison for studies on the effects
of longevity mutants, has been cultured for many generations in the laboratory. It was originally
isolated in 1956 from mushroom compost in England by Warwick Nicholas (Hansen et al.,
1960). It is descended from the progeny of a single hermaphrodite picked from a nutrient agar
plate (Nicholas, personal communication). The strain was moved from the United Kingdom
to the Berkeley, California laboratory of Ellsworth Dougherty, and from there sent to Sydney
Brenner who grew it on Escherichia coli and isolated a hermaphrodite that gave rise to the N2
strain (Brenner, 1974). Thus, the N2 strain has been subject to selection through laboratory
culture and has grown for an unknown (but apparently large) number of generations in
conditions very different from those of its natural habitat (Gershon and Gershon, 2002). The
extent to which the demographic properties of N2 have changed because of selection in the
laboratory environment, and the implications of such changes for studies of aging, are not
completely clear, but it has been suggested that laboratory stocks may have adapted to
laboratory conditions through maximized fertility (Johnson and Hutchinson, 1993), or through
shortened life span and reduced brood sizes (Gems and Riddle, 2000). Other important
possibilities have been reviewed (Gershon and Gershon, 2002; Reznick and Gershon, 1999).
Given the life history variation that exists among N2 strains (Gems and Riddle, 2000) and the
variable history of time in culture for the non-N2 wild-type strains (Hodgkin and Doniach,
1997), demographic comparison of recently wild-caught C. elegans isolates with laboratory
strains would seem to be useful in determining wild-type life history traits, and here we present
an example of such an analysis.

Despite the large and growing literature on the genetics of aging in C. elegans, demographic
analyses have been surprisingly limited in scope. Among the many excellent studies of survival,
and the smaller number of studies of reproduction, there are almost no estimates of the
population growth rate A (or r = log)); but see (Chen et al., 2006; Hodgkin and Barnes, 1991,
Shook and Johnson, 1999; Vassilieva and Lynch, 1999; Vassilieva et al., 2000; Venette and
Ferris, 1998). Of these, some are simply measurements of the increase in population size in
batch culture (Hodgkin and Barnes, 1991; Venette and Ferris, 1998). While these data provide
a sort of estimate of A, they provide no information on the specific contributions of the vital
rates (age-specific survival and reproduction) to fitness. Evolutionary interpretations of aging
require estimates of the selection gradients on survival and fertility (i.e., the rate at which fitness
changes as a result of changes in those traits), and on how the selection gradients change with
age (Hamilton, 1966; Charlesworth, 2000), but these gradients have never been reported for
C. elegans.

In this paper, we use some of these quantitative methods in a case study with a small cohort of
wild-caught C. elegans to illustrate an approach to defining life span and fitness in wild-caught
worms as compared to a standard laboratory strain, N2 (Bristol). The experiment we report
uses a small cohort of wild-caught worms, and hence should be regarded as an initial foray
rather than definitive, but in spite of this we document significant differences in mortality,
fertility, fitness, and activity patterns between N2 and wild-caught C. elegans. The differences
are consistent with the hypothesis that N2 has adapted to laboratory conditions. Our approach
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has potential applications to many other problems in the evolutionary biodemography of C.
elegans.

2. Materials and methods

2.1. Experiments and culture methods

The experiments described here were performed with cohorts of individual nematodes. Wild-
caught C. elegans, isolated from snails in Davis, California (Caswell-Chen et al., 2005) were
obtained from surface-sterilized eggs (0.5% sodium hypochlorite for 3 min) placed on
nematode growth medium (NGM) seeded with E. coli strain OP50 (Brenner, 1974) at 20 °C.
Four days later, eggs were transferred to new NGM with OP50; in three days they developed
into mature hermaphrodites. Newly hatched first-stage juveniles produced by these
hermaphrodites, only three generations removed from nature, were used to initiate cohorts for
demographic and behavioral experiments.

We obtained “wild-type” C. elegans (N2 var Bristol; DR subclone of CB original, Tc1 pattern
I) from the Caenorhabditis Genetic Center at University of Minnesota, St. Paul in October
2000. The plate we received contained both males and hermaphrodites. Upon arrival, the stock
was re-cultured to be maintained at —80 °C immediately. Experimental cohorts were two
generations removed from this frozen culture maintained at —80 °C. To initiate cohorts, frozen
stock was placed on NGM with E. coli strain OP50 at 20 °C. Four days later, the eggs laid on
the plate were transferred onto new NGM with OP50, and in three days they developed into
mature hermaphrodites laying eggs. First-stage juveniles, newly hatched from these eggs, were
used to initiate experimental cohorts.

Cohorts of 20 wild-caught and 1000 N2 individuals were followed until the death of the last
worm, with the 1000 worms followed 200 at a time. Experiments were conducted in the same
laboratory using the same equipment under the same conditions, with the same lead personnel
to provide experimental consistency and reduce possible environmental variation (Johnson and
Hutchinson, 1993). We treat the data from the 1000-worm cohort as a reference data set (Chen
etal., 2006; Miiller et al., 2004). Combining the 200-worm subcohorts that comprise the cohort
includes a component of variation due to the laboratory environment in the reference
distribution. In spite of this component, our statistical procedures detected significant
differences between N2 and wild-caught C. elegans.

Worms were transferred individually onto 60 x 15 mm NGM plates seeded with 1-day-old
OP50 and then maintained in the dark at 20 °C in a constant temperature incubator. While
laying eggs, worms were transferred each day to new NGM. To avoid mechanical damage, a
small block of agar was cut from beneath the worm and transferred, with the worm, to new
medium. After the worm had crawled off the agar block, the block was removed from the plate.
Progeny were counted as juveniles emerging from eggs (one day after eggs were laid).

Survival was determined by observing worms for movement, if no movement was observed
for 5-10s, the plate was gently tapped to elicit movement. Absent motion, the worm was gently
touched near the head with a small piece of agar and then a nematode pick (Chen et al.,
2001). Worms that then failed to move were considered dead. Worm survival was evaluated
daily. Adults that died because of the internal hatch of eggs (facultative vivipary) (Chen and
Caswell-Chen, 2003, 2004) were recorded as dead and included in the analysis. Nematode
movement was video-recorded for 2-min intervals every 2 days.

2.2. Demographic analysis

Our demographic methods are well-known and are described only briefly here; for details see
(Carey, 2003; Caswell, 2001; Charlesworth, 1994). Age-specific survivorship I(x) was
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measured by the proportion of worms surviving to age x. Age-specific maternity m(x) was
measured by the mean number of juvenile progeny produced per day at age x. The mortality
rate p(x) was calculated as
I(x+1)—I(x)
ux) = ———————

I(x) (1)

and the distribution of age at death as
d(x) =I(x) = Ux+1). (2)

The life expectancy at birth (the average days remaining to an individual at birth) is given by
eo= [, lx)dx. ®

In practice, it was calculated from the fundamental matrix (Caswell, 2006, Eq. 3.5). The cohort
generation time (the mean age of the parents of offspring born to a cohort over its whole
lifetime) is given by

f ;Oxl(x)m(x)dx _

- f;ol(x)m(x)dx ' @)

we calculated it from the fundamental matrix and the maternity function (Caswell, 2006).

For analysis of population growth, age-classified, birth-flow population projection matrices
with a projection interval of 1 day were calculated for each strain following (Caswell, 2001,
Section 2.4). Population growth follows

n(z+ 1) = An(?), (5)

with n(t) a vector giving the number of individuals in each age class at time t and A the
projection matrix. For an age-classified model, A contains non-zero entries only on the first
row (fertilities F;) and the subdiagonal (survival probabilities P;).

A population growing according to (5) eventually converges to a stable age distribution (the
proportions of the different age classes) and grows exponentially at a rate A. This growth rate
integrates the entire age schedules of survival and fertility into a single measure which, with
slight complications caused by diploid genetics, measures fitness in age-structured populations
(Charlesworth, 1994, 2000). It is calculated as the dominant eigenvalue of A; the continuous-
time rate of increase is r = log\. The stable age distribution w is given by the right eigenvector
of A corresponding to A. The reproductive values of each age class are given by the entries of
the corresponding left eigenvector v.

These quantities permit calculation of the sensitivity of A to changes in entries of A:
ol uw;
6a,-j B VTW ’ (6)

Sometimes it is convenient to consider the effect of proportional rather than absolute changes;
these are given by the elasticity of 1 to ajj:

ajj 04

A daij: ()
Because natural selection responds to phenotypic changes that translate into changes in fitness,
the sensitivities of A to any trait are proportional to the selection gradient on that trait. The rate

of change in a trait is proportional to the product of the selection gradient and the additive
genetic variance in the trait (Lande, 1982).
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Demographic data on two or more strains yields estimates of the differences in fitness among
those strains. Such differences integrate all the inter-strain differences in survival and fertility.
The contributions of each age-specific survival and fertility difference can be calculated using
LTRE (life table response experiment) analysis (Caswell, 2001, Chap. 10). For age-classified
models of the sort used here, the difference in fitness between wild-caught and N2 worms is

Aw — Ay, = Z (P?W) _ P?NZ)) :—;’

]
+ 5 (F - po) 92

Zi: ( ' ' ) oy (®)
Each term in the first summation is the contribution of the difference in survival at one age to
the fitness differential. Each term in the second summation is the contribution of the difference
in fertility at one age to the fitness differential. The contributions are the product of the
difference in a vital rate and the sensitivity of A to that rate; even large inter-strain differences
will make negligible contributions to the fitness differential if A is very insensitive to that rate.

2.3. Statistical analysis

Confidence intervals were calculated using bootstrap resampling methods and hypothesis tests
conducted using randomization methods. Bootstrap confidence intervals (Efron and Tibshirani,
1993) were computed on all estimated quantities, following (Caswell, 2001, Section 12.1).
Each individual, with its age at death and its history of reproduction and/or movement, was
treated as a unit. Bootstrap data sets were created by randomly sampling 1000 (for N2) or 20
(for wild-caught) individuals, with replacement, from the real data set. Each bootstrap data set
was subjected to the same algorithm used for the real data; 95% confidence intervals were
computed using the percentile method (because all quantities were nearly median-unbiased,
no bias correction was applied). Results for all scalar quantities are shown in Table 1.

Significance tests were carried out using nonparametric randomization tests (Manly, 1997;
Caswell, 2001, Section 12.3). Test statistics, measuring the differences between strains, were
defined for each estimated quantity, as follows.

1. Life expectancy, A, generation time: the absolute value of the difference between N2
and wild-caught C. elegans.

2. Survivorship: let | be the vector of age-specific survivorship. The test statistic was the
oo-norm of the difference between the two functions, |1 — I, = maxy|l1(x) — 12(x)|.
Because survivorship is the complement of a cumulative probability distribution, this
test statistic is equivalent to that used for the two-sample Kolmogorov—-Smirnov test
of the difference between two cumulative probability distributions.

3. Age at death: let d be the vector giving the probability of death at each age. The test
statistic was the 1-norm of the difference between the two distributions, |[d; — do|; =
>xld1(x) — do(x)|; this is a standard measure of the difference between two probability
distributions.

4. Fertility and movement: let m be the vector giving age-specific fertility. The test
statistic was the 2-norm of the difference between the two vectors,

p— = _— 2 - - - - -

lImy = myf|; = \/Z_\-(m‘(x) m2(N)” \vhich is appropriate since these are simply
non-negative vectors. The same test statistic was used for the age-specific movement
data.

To obtain the distribution of the test statistic under the null hypothesis, individuals (with their
complete record of reproduction, movement, and age at death) were randomly permuted
between treatments, maintaining sample size. The permuted data were subjected to the same
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analyses as the original data, and the appropriate test statistic calculated for each of 2000
permuted data sets. The statistical significance of the observed test statistic is the proportion
of the permutation statistics greater than or equal to the observed value.

These tests naturally account for the difference in sample size between N2 and wild-caught C.
elegans. Because the N2 and wild-caught cohorts were measured at different times (although
in the same lab and under virtually identical conditions) the possibility of environmental
differences cannot be ruled out. Given that the 1000-worm N2 cohort was obtained from five
different experiments however, the randomization distribution of the test statistics under the
null hypothesis includes a component due to environmental differences, which would bias our
tests against significance, thus compensating to some degree for the possible environmental
component of the inter-strain differences.

Wild-caught and N2 worms exhibit significantly different survivorship (Fig. 1A; P = 0.0145).
Wild-caught worms had lower early survival and higher late survival (the difference in
distribution of age at death was significant, P <5 x 10~%). However, because of the survival
crossover apparent in Fig. 1A, life expectancy did not differ (wild-caught 16.1 days, N2 14.3
days, P = 0.1300). The fertility of wild-caught worms was lower than, and shifted earlier
relative to, N2 (Fig. 1B; P <5 x 10~%). The generation time of wild-caught worms was about
20% shorter than that of N2 worms (wild-caught 3.13 days, N2 3.85 days, P <5 x 1074).

The population growth rate of the wild-caught isolate is significantly lower than that of N2
(wild-caught A = 3.49, N2 1. = 3.85, P <5 x 10~4). The stable age distributions of the two strains
are very similar, and because of the high growth rate in the laboratory environment they are
both dominated (>99%) by individuals from 1 to 4 days old (Fig. 2). The reproductive value
distributions are similar in shape, but the relative value of individuals aged 4-9 days is higher
in N2 than in wild-caught (Fig. 2).

The sensitivities and elasticities of A to changes in survival and fertility show similar patterns
in both strains (Fig. 3 and Fig. 4). The sensitivities to P; and F; fall off. nearly exponentially

with age, as does the elasticity to Pj. The elasticity to F; first increases (up to age 3) and then
declines.

The fitness differential A,, — An2 = —0.36 is due almost entirely to differences in the vital rates
between ages 1 and 7; the large survival differences between the strains at later ages make no
detectable contribution (Fig. 5). The contributions of survival differences are smaller in
magnitude than those of fertility differences, and are consistently negative. The contributions
from fertility differences are positive early, and then negative later, reflecting the shift in
reproduction in wild-caught relative to N2. Summing the contributions reveals nearly equal
contributions to survival (=0.176) and fertility (—0.183).

Given that behavior is important because of its use in aging studies as a biomarker of
senescence, we also compared distance moved per unit time of N2 and wild-caught worms as
they aged. The wild-caught worms were more active, and remained active longer, than did the
N2 worms (Fig. 1C; P = 0.0038). We also observed the percentage of time spent moving, and
with age, wild-caught nematodes remained active longer.

4. Discussion

Caenorhabditis elegans can be reliably collected from snails (Helix aspersa) (Caswell-Chen
etal., 2005), and we used this method to obtain wild-caught isolates of C. elegans in California.
We recovered C. elegans from H. aspersa in locations in northern and southern California,
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including some areas from which C. elegans has not previously been recorded. Locations
included Berkeley, Davis, and Palo Alto, in snails collected from urban street yards, gardens,
and outdoor areas or parks (Caswell-Chen et al., 2005). Interestingly, H. aspersa is an invasive
species, and was introduced to San Jose, California from France in ca. 1850 (Basinger, 1931,
Stearns, 1900). We propose that because H. aspersa shows metapopulation structure (Arnaud,
2003), it is probably significant in moving C. elegans among locations, and the question of
how C. elegans moves among locations arises relative to understanding gene flow (Barriere
and Felix, 2005; Haber et al., 2005). Among individual snails from Davis and San Diego, C.
elegans occurred in 26% of the snails examined, and among bulk collected snails at other
locations, 30% yielded C. elegans. We repeatedly isolated C. elegans from snails obtained
from Davis over one year. Of the California locations we have sampled for snails, 56% have
yielded C. elegans, suggesting that collecting H. aspersa represents a method for predictably
collecting “wild” C. elegans that will be useful to the C. elegans research community.

The association of C. elegans with snails may contribute to the widespread distribution of the
worm and its seeming association with human habitation (Barriere and Felix, 2005), as snails
move in human commerce as food, with plant material in agriculture, and predators may move
snails for considerable distances. It is not clear whether the association is simply phoretic or
if other aspects are involved.

Our study of a single small cohort of wild-caught C. elegans found significant differences from
the standard N2 strain in important demographic properties, when both of them were evaluated
in a common laboratory environment. A larger-scale comparison, applying the methods used
here to larger cohorts of a greater number of wild-caught isolates, would permit more definitive
conclusions about differences in survival, fertility, age-specific selection gradients, and fitness.
Our results are the first, but definitely not the last word. Even so, the differences we found are
not only statistically significant; they are also large enough to be biologically important. The
difference in fitness in our experiments would result in a decline in the abundance of the wild-
caught isolate, relative to N2, of 10% per day. That is enough to reduce the relative frequency
of wild-caught from 0.5 to 0.03 within 10 generations (=35 days). This is comparable to the
fitness differences we have found in similar experiments comparing N2 with the longevity
mutants clk-1 and daf-2 (Chen et al., 2006). However, the fitness differences in those
experiments arise from different sources. The differences between N2 and clk-1 and N2 and
daf-2 are almost completely due to early fertility (Chen et al., 2006), whereas the differences
reported here between N2 and wild-caught show equal contributions from survival and fertility.

Both wild-caught and N2 C. elegans exhibit the dramatic (orders of magnitude) decline in
selection gradients on survival and fertility with age. This decline has long been recognized as
one of the keys to the evolution of senescence (Hamilton, 1966; Charlesworth, 1994, 2000); it
implies that small positive changes in survival or fertility early in life can more than compensate
for large deleterious changes later in life. Part of the reason for the magnitude of this decline
is the extremely high rate of population growth exhibited by C. elegans under these laboratory
conditions. Care is needed in making evolutionary inferences from such ecologically
unrealistic conditions (e.g., E. coli as food, superabundant food, constant food, predator-free
environment, etc.).

The biodemographic differences between wild-caught C. elegans and the N2 strain might result
from the different geographical origins (and associated genetic divergence) between N2 and
our California worms. Alternatively, they might result from adaptation by N2 to the laboratory
environment (taken as a whole, including the food source). For example, it has been suggested
that E. coli may have a negative influence on C. elegans (Gershon and Gershon, 2002; Johnson,
1984), and so wild-caught isolates may be more sensitive to such an influence and respond
through altered behavior. The latter hypothesis is supported by the pattern of movement; wild-
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caught worms were more active, and remained more active as they aged, than N2 worms (Fig.
1C; P =0.0038). The influence of alternative bacterial food sources on C. elegans fitness under
natural conditions may provide additional insights on selection for life history characters.

Because environment and genetic background may influence gene expression patterns (Gems
and Riddle, 2000; Shook and Johnson, 1999), further comparisons of aging and demography
of C. elegans, in nature and in the laboratory, will provide an important frame of reference for
detailed genetic analyses of aging in laboratory worm strains (Gershon and Gershon, 2002).
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(A) Survivorship measured in cohorts of 20 wild-caught and 1000 N2 worms. Estimates and
95% bootstrap confidence intervals are shown. (B) Fertility (eggs per individual per day) in
cohorts of 20 wild-caught and 1000 N2 worms. Estimates with 95% bootstrap confidence
intervals. Survival with color-coded representation of reproduction for a cohort of 20 N2 and
20 wild-caught worms is shown in the inset. (C) Movement (mm per minute) in cohorts of 10
wild-caught and 10 N2 worms, recorded using a digital video camera. Estimates and 95%
bootstrap confidence intervals are shown.
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Fig. 2.
The stable age distribution w and the age-specific reproductive value schedule v for N2 and
wild-caught C. elegans.
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The sensitivity of A to changes in age-specific survival probability (P;) and age-specific fertility
(F;) for N2 and wild-caught C. elegans.
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The elasticity of A to changes in age-specific survival probability (P;) and age-specific fertility
(F;) for N2 and wild-caught C. elegans.

Exp Gerontol. Author manuscript; available in PMC 2008 May 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al. Page 14

o
(6}
()]
o

P differences
o ¢
F differences
|
(@)
o

-100
10 20 30 0 10 20 30

|
o
o
o

o
-

0.5

I

0 10 20 30 0 10 20 30
Age Age

P contributions
: o
F contributions
o

Fig. 5.

LTRE (life table response experiment) analysis of the fitness differences between wild-caught
and N2 C. elegans. Above: the differences in age-specific survival and age-specific fertility
between the strains. Below: the contributions of the differences in survival and fertility to the
difference in fitness, measured as Ay — Ano-
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Estimates and 95% bootstrap confidence intervals for life expectancy at birth (eg), cohort generation time (G),

and fitness (1) for wild-caught and N2 strains of C. elegans

Quantity Estimate Confidence interval
Wild-caught

Life expectancy? (eg) 16.10 [11.72, 20.45]
Generation time™ (G) 3.13 [2.83,3.47]

Fitness (1)° 3.49 [3.10, 3.80]

N2

Life expectancy (eg) 14.33 [14.00, 14.65]
Generation time (G) 3.85 [3.84, 3.87]

Fitness (A) 3.85 [3.83, 3.87]

00
8Life expectancy €0 = f o l(0)dx,

bGeneration timeG = f;" xl(x)m(x)dx/f;o l(x)m(x)dx.

Fitness is the dominant eigenvalue of the population projection matrix A.
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