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15. Demographic Sources of
Variation in Fitness

Silke van Daalen and Hal Caswell

Heritable variation in fitness is required for natural selection, which makes identification
of the sources of variation in fitness a crucial question in evolutionary biology. A
neglected source of variance is the demography of the population. Demographic
processes can generate a large amount of variance in fitness, but these processes are
stochastic and the variance results from the random outcomes of survival, development
and reproduction, and will therefore be non-heritable. To quantify the variance in fitness
due to individual stochasticity, the mean and variance of lifetime reproductive output
(LRO) are calculated from age-specific fertility and mortality rates. These rates are
incorporated into a stochastic model (a Markov chain with rewards) and the statistical
properties of lifetime reproduction — including Crow’s Index of the opportunity for
selection — are calculated. We present the basic theory for these calculations, and
compare results with empirical measurements of the opportunity for selection. In the
case of a historical population in Finland, 57% of the empirically observed opportunity
for selection can be explained by individual stochasticity resulting from demographic
processes. Analysing the contribution of demography to variance in fitness will improve
our understanding of the selective pressures operating on human populations.

Introduction

Natural selection on a trait is an automatic consequence of three conditions: (1) there is variation
among individuals, (2) the variation is heritable and (3) the trait is correlated with fitness, so
that individuals differing in the trait experience differential reproductive success (Darwin, 1859;
Lewontin, 1970; Brandon, 1978; Endler, 1986). Disentangling the underlying sources of variation
in fitness, and of traits correlated with fitness, is a critical component of evolutionary biology,
because not all variation is heritable or correlated with fitness.

Quantitative genetics provides powerful statistical tools for partitioning phenotypic variance
into its components (e.g. Falconer, 1960; Kempthorne, 1957). The total phenotypic variance is
customarily partitioned into genetic variance, environmental variance and variance that occurs
as a result of gene-environment interactions. The genetic variance is further partitioned into
additive and non-additive components (see Figure 1). Additive genetic variance is due to the
linear contributions of alleles to the trait, and is the component of variance that determines
the response to selection (Falconer, 1960; Lande, 1979). Non-additive variance arises due to
dominance effects and epistatic effects. Heritability in the broad sense is the ratio of the genetic
variance to the total variance. Heritability in the narrow sense, which determines the response

© 2024 Silke van Daalen and Hal Caswell, CC BY 4.0 https://doi.org/10.11647/0BP.0251.15


https://doi.org/10.11647/OBP.0251.15

346 Human Evolutionary Demography

to selection, is the ratio of additive genetic variance to the total variance (Crow and Kimura,
1970, p. 124).

In this chapter, we distinguish demographic analyses from other kinds of population
calculations. By the demography of a species, we refer to the life cycle and its stages, the
differences among individuals due to those stages, and the stochastic outcomes (surviving or
not, reproducing successfully or not) of demographic processes in these stages. The familiar
analysis of variance in quantitative genetics was developed with only minimal consideration
of demography. As we will show, the contributions of these demographic processes (known as
individual stochasticity; see Caswell, 2009) can be sizeable and should not be ignored. Methods
now exist to calculate the demographic contributions to variance from standard life table
information (Caswell, 2011; van Daalen and Caswell, 2015, 2017) and we will present these
methods, together with examples, below.

Fitness and the Response to Selection: Crow’s Index

Selection requires genetic variance, and the rate at which a trait responds to selection depends
on the genetic variance in the trait and on the correlation of the trait with fitness. Fitness is,
of course, perfectly correlated with itself, and so the response of fitness to selection is a useful
starting point for analysis. Crow (1958) derived an index that measures the opportunity for
selective improvement in fitness from the variance in fitness.

Suppose that the population contains k trait values and that individuals with trait value i
have fitness w, and occur with frequency p,. The mean fitness at a given time is the sum of all
possible fitness values weighted by their proportions, w(t) = Zpi w.. The frequency of trait i will
change over time according to its current frequency and fitness:

wp(t)
w(t)

where the mean fitness scales p(t + 1) so that it sums to one.

p(t+1)=

Mean fitness in the next generation is w(t + 1) = ZP,-(t + Dw, which, by replacing p,(t + 1),
can be written as
Zwipiwi

w(t)

The change in mean fitness from ¢ to t + 1 over time is Aw = w(t + 1) — w(t). Crow (1958)
writes this change as a proportion, relative to the mean fitness at time ¢, to obtain

AW WE+1)-wE)  2pw? - WX pOw,  V(w) .

w(t) w(t) w(t)? w(t)?
This is obviously related to Fisher’s fundamental theorem of natural selection, which states that
“the rate of increase in fitness of any organism at any time is equal to its genetic variance in
fitness at that time” (Fisher, 1930: p. 35).

Crow’s index I gives the proportional rate of increase in fitness when fitness is perfectly
heritable, so that all the variance is genetic. The rate of change of any other trait would depend
on the correlation of that trait with fitness (Crow, 1958). Crow’s I has been referred to as “the

”

index of total selection”, “the intensity of selection”, and “the opportunity for selection”, the

wit+1)=
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latter of which most accurately represents its interpretation (Crow, 1958; Arnold & Wade,
1984; Cavalli-Sforza & Bodmer, 1999). Crow’s I is an upper limit to the rate of the response to
selection, but this limit is realized only if fitness is completely heritable and selection is not
frequency-dependent.

Fitness and its Components

The definition and measurement of fitness are matters of great debate in ecology and evolution
(e.g. Mills & Beatty, 1979; Metz, Nisbet & Geritz, 1992; Roff, 2008; Barker, 2009). It is clear that
fitness is a demographic concept, because it measures the rate at which a particular phenotype
or genotype is able to propagate copies of itself to future generations (Fisher, 1930; Dobzhansky,
1951; Hedrick, 1983; Barker, 2009, Metz, Nisbet, and Geritz, 1992). Such a rate is a demographic
outcome.

Crow’s definition of fitness avoids this; it simply states that the number of individuals
with trait i increases by a factor w, in each generation, without specifying how that factor is
determined. Fisher (1930) suggested the use of the intrinsic rate of increase r (the Malthusian
parameter in Fisher’s terminology) as a measure of fitness. It is calculated from survival and
fertility schedules as shown in Table 1 (Fisher, 1930; Charlesworth, 1994). Metz and others have
made a case for taking a similar, but more stringent measure of fitness: the rate of increase of
a rare mutant in a resident population in a given environment, as measured by the dominant
Lyapunov exponent (Metz, Nisbet, and Geritz, 1992; Metz, 2008). The discrete-time version of
the population growth rate is A = e".

All these demographic measures incorporate the life cycle, the changes that happen to
individuals as they develop through the life cycle and some measure of rate of increase. Most
evolutionary studies, however, must be satisfied with components of fitness that capture some
aspects of survival, reproduction, growth, etc. even if they do not suffice to compute A. The
component perhaps most closely related to 4 is lifetime reproductive output (LRO). The mean
LRO, if measured as the number of daughters per female, is equivalent to the net reproductive
rate R (see Table 1), which is the per-generation rate of increase and, as such, serves as an
indicator of population growth, decline or stability (Heesterbeek, 2002; Caswell, 2001). Both R,
and LRO are often taken as a proxy for fitness (Grafen, 1988; Clutton-Brock, 1988; Newton, 1989;
Partridge, 1989; Stearns, 1992; Roff, 1992; Charlesworth, 1994).

Measurement of LRO for a sample of individuals from a population provides an empirical
estimate of the mean and variance, and thus of Crow’s I, as

V(LRO) 2

E(LRO)?
Such calculations are regularly carried out by demographers, anthropologists and population
biologists (e.g. Clutton-Brock, 1988; Brown, Laland, and Borgerhoff Mulder, 2009; Courtiol et
al., 2012). We will discuss these further below.

Lifetime reproductive output is, however, a demographic consequence of the complete
set of stage-specific vital rates throughout the life cycle. It integrates the rates of survival,
development and reproduction across age classes or stages, no matter how those stages are
connected. Thus, LRO can be calculated from life tables or projection matrices, provided that
they contain information on age-specific mortality and fertility (Caswell, 2001; 2011).

I=
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Table 1: Mathematical definitions of a few familiar fitness measures.

Measure | Variable | Equation

Total fertility rate TFR Jo m(x)dx

Net reproductive rate Ro fooo £(x)ym(x)dx
Intrinsic rate of increase r 1= [y e ™0(x)m(x)dx
Population growth rate A e

Individual Stochasticity in LRO

Demography is a source of variance in fitness. In general, variance among individuals arises
from two sources. One is heterogeneity: genuine differences among individuals, which translate
into differences in the rates of mortality and fertility experienced by those individuals at any age
or stage. This is the variance that is decomposed into the familiar environmental and genetic
components (Figure 1). The other source is individual stochasticity, variance that arises from the
stochastic outcomes of probabilistic transitions (living or dying, giving birth or not, maturing
or not, etc.) within the life cycle. Variance due to individual stochasticity is unavoidable in any
quantity that results from demography, but it is invisible in fitness calculations that ignore the
demographic structure of the population.

Consider an extreme example, where every individual experiences the age-independent
mortality rate w. The longevity of individuals has an exponential distribution with a mean of
1/u (life expectancy), and a variance of 1/u? This variance is a result of individual stochasticity,
because by assumption we have eliminated every source of heterogeneity from this example.

The same principle holds when the vital rates depend on age — conditional on age,
individuals experience the same rates and probabilities, but may differ in their outcomes.
Calculating the amount of variance in LRO produced by stochastic events in the life cycle has
been a long-standing problem, which has recently been solved (Caswell, 2011; van Daalen,
and Caswell, 2017). In the next section we will present these results, and we will apply them to
Finnish population data as an example.

Variance

Heterogeneity

Stochasticity

Y
Genetic G x E| [Among pathways| |Within pathways|

[Additive] [Non-additive|

Fig. 1 Variance among individuals is caused by heterogeneity, i.e. actual differences between individuals,
and by stochasticity, i.e. differences in outcome by chance.
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A Markov Chain Model for Stochasticity in LRO

Individual stochasticity can be calculated by incorporating demographic processes into
a stochastic model for individuals. An individual in age class i may survive and advance to
the next age class (with probability p,) or die (with probability 1 — p). It will reproduce with
probability f.' The probabilistic nature of surviving or dying at a given age class causes random
variation among the pathways individuals follow through their life course. Similar random
variation is caused within pathways by probabilistic fertility (Figure 1).

These probabilities are captured in a stochastic model framework referred to as absorbing
Markov chains with rewards (Caswell, 2011; Caswell and Kluge, 2015; van Daalen and Caswell,
2015; 2017). The Markov chain describes the movement of individuals among a set of states,
in this case, among age classes. An individual of any age has a probability of surviving to the
next age class. These probabilities appear on the sub-diagonal of the transition matrix of the
Markov chain (see Box I). Individuals who die are captured into the absorbing state of death.
This model keeps track of all possible trajectories that individuals take through their life course,
from birth to eventual death, and the probabilities of each.

At each step in its trajectory, an individual may accumulate offspring. These offspring are
treated as “reward” in the Markov chain model. Rewards accumulate until the individual
dies. Thus, defining rewards as offspring in this analysis leads directly to a measure of lifetime
reproductive output. The statistical moments of rewards are incorporated into a set of reward
matrices (see Box II). For humans, we assume that the fertility at age i is the probability of
producing a single child, which implies the higher moments of the reward matrix follow a
Bernoulli distribution. With this structure, a Markov chain with rewards model incorporates
the full range of stochasticity, as it arises partly as a consequence of probabilistic survival and
transitions, and partly as a consequence of probabilistic success at reproduction.

Box I - Markov Chains

The Markov Chain is specified by a transition matrix P, which includes a
submatrix U describing transitions and survival. Given w age classes, the ma-
trix U contains survival probabilities p; on the subdiagonal and zeros elsewhere;
e.g., forw =4,

00 0 0
_|mo o0 o0
U_Op200’

0 0 p3 [p4

where the optional p4 in the lower right corner creates an open-ended final age

class.
Uujo

The transition matrix P is
where M is a 1 X w matrix of age-specific mortality probabilities. The final state
is death; the 1 in the lower right corner indicates that death is a permanent
absorbing state.

. J

1 If we ignore multiple births, probabilistic fertility for humans takes the form of a Bernoulli random
variable, so that reproduction is 1 with probability f, or 0 with probability (1- f)).
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Box II - Reproductive “rewards”

In Markov chain models, reproduction can be incorporated as a reward as-
sociated with a transition from one age class to the next. Individuals moving
from age class i to age class j thus collect the reward rj;. Age-specific fertility
rates f; can be treated as the age-specific probabilities of collecting a reward,
under the assumption women produce 1 child at a time (disregarding twins),
making the reward a random Bernoulli variable;

- 1 with probability f;
JE7 | 0 with probability (1— f;)

In order to calculate the statistical moments of lifetime accumulated re-
wards, we must define the different moments of the reward matrix. Ry, is a matrix
of the kth moment of the transition-specific rewards rj;. Under the assumption
that rewards depend only on the current age class of the individual, the first
moment reward matrix becomes

with the last column corresponding to rewards accumulated by individuals
who are dead; these are, unsurprisingly, always zero. Due to the fact that re-
production is treated as a Bernoulli random variable, the higher moments of
the reward matrix are easily obtained as

R, = R; = R;.

[—Sweden 1891 - -Sweden 2010

1 ———— . . 0.25
N
N
AN
0.8f \ 0.2+
\
2 \
5060 ! >0.15
fae \ =
g \ =
> \
504 \ w01
2 \
\
0.2f \ 0.05¢
\
\
0 : : : : 0
0 20 40 60 80 100 120 0 60 80

Age

Fig. 2 Survivorship (left panel) and fertility (right panel) for Sweden at two different points in time, 1891
(solid blue line) and 2010 (dashed red line).

The accumulated number of children over the lifetime of an individual, i.e. lifetime
reproductive output, is then a function of the Markov chain P, the reward matrix R,, and the
fundamental matrix N. The latter is obtained from the Markov chain and provides information
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on the occupation times of different age classes and longevity (see Box III). Calculating Crow’s
index of the opportunity for selection requires the first two moments of LRO (see Box IV), but
calculation of all higher moments is also possible (van Daalen and Caswell, 2017).

As an example, consider Sweden in 1891 and 2010 (Figure 2). Survival was higher in
2010 than in 1891; fertility was lower in 2010 than in 1891. The Markov chain with rewards
calculation shows that, given these rates, a Swedish woman in 1891 would produce an average
of three children (of either sex) over her lifetime. The variance in lifetime reproduction, among
a cohort of women identically experiencing the rates of 1891, would be 5.6. Crow’s index would
be I = 0.62. This variance is due to the random outcomes of the age-specific probabilities of
survival and reproduction. By 2010, mean LRO had declined to two children. The variance,
again among individuals identically experiencing 2010 rates, would be 1.8, with Crow’s I = 0.46
(see Table 2).

Table 2: Mean lifetime reproductive output, variance and opportunity for selection calculated
using Markov chains with rewards for Sweden at two points in time. The model was
parameterized using mortality and fertility as shown in Boxes I and II.

Model outcome | Sweden 1891 | Sweden 2010
Mean LRO 2.997 1.972
Variance in LRO 5.595 1.788
Opportunity for selection 0.623 0.460

Box III - Longevity and the fundamental matrix

U contains all the information of a life table, and makes it possible to calcu-
late survivorship, life expectancy, variance in longevity, and other statistics. We
will use the fundamental matrix

N=(1-0)",

where X! is the inverse of the matrix X. The entries of N correspond to the
mean amount of time spent in any age class, given that you start in any age
class. For example, the first column of N will be a vector of mean time spent
in age class i for any individual starting life in the first age class. By summing
over all the columns in N, as

n' =1'N,

a vector of remaining life expectancy from each starting age is obtained. The
first entry of this vector is mean longevity, or life expectancy at birth.
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Box IV - Lifetime reproductive output

With the ingredients described in the previous boxes, we can calculate the
different statistical moments for the lifetime number of children for women at
any starting age. The vector gy represents the kth moment of accumulated re-
wards for individuals who start their life in any of the living classes. The first
moment of lifetime reproductive output is mean lifetime reproductive output,
obtained as

pr=N"Z(PoRy)'1,

where Z is a matrix that cleaves off the absorbing state of death, N™ refers to the
matrix transpose of N, the product P o Rj is the element-by-element product of
P and R, and 1 is a vector of ones. The second moment of lifetime reproductive
output is

pr =N [Z(P oRy)"1+2(Uo Rl)Tﬁl} .
From these, the variance in lifetime reproductive output can be obtained, as
V(p) = p2— p1° p1.
The mean and variance combined provide the opportunity for selection,
I=V(p)D(propm) ",

where D (y) puts the entries of the vector y on the diagonal of a matrix con-
taining zeros elsewhere. Further details and derivations of these equations are
shown in van Daalen and Caswell (2017).

\ J

It is important to be clear about what this variance reflects. The calculations assume that
every woman experiences the same fertility and mortality rates at every age, so there is no
heterogeneity involved on which to select. This lack of heterogeneity, genetic or otherwise,
means that this estimate of Crow’s Iis based on demographic variation with a completely
non-heritable basis. We therefore refer to it as an apparent, rather than a real opportunity for
selection.

These values of Crow’s I due to individual stochasticity are not unusual. In an analysis of
fertility during the second demographic transition, we calculated Crow’s index for a set of forty
developed countries (van Daalen and Caswell, 2015), based on age-specific demographic data
from the Human Mortality Database (Human Mortality Database, 2014), the Human Fertility
Database (Human Fertility Database, 2014) and the Human Fertility Collection (Human
Fertility Collection, 2014). We found values of Crow’s I in the range of roughly 0.25 to 1.0,
increasing slightly between 1960 and 2000, with a slight decrease after 2000 (see Figure 3). Van
Daalen and Caswell (2017) found values in a similar range for two hunter-gatherer populations
and the high-fertility Hutterites.
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Fig. 3 Apparent opportunity for selection calculated using the Markov chain with rewards method for
forty developed countries between 1960 and 2010. Values fall broadly within a range of 0.2-0.8.

Empirical Estimates of the Opportunity for Selection in Human
Populations

Given individual lifetime data, it is possible to make empirical estimates of Crow’s I. Such
data have been used to investigate reproduction in a number of human populations. The index
is often partitioned by sex (Crow, 1962; Wade, 1979; Brown, Laland and Borgerhoff Mulder,
2009), by episodes of selection (Crow, 1958; Arnold and Wade, 1984) or by the type of selection.
The latter partitioning was developed by Wade (1979; 1995), who derived an expression for the
opportunity for sexual selection from Bateman’s observations on variance in number of mates
(Bateman, 1948).
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Table 3: Empirical measures of opportunity for selection (OFS) in reproductive success of
women in 18 populations, with a median of 0.34, and an interquartile range of 0.16-0.46.

Country or population Mean LRO Variance OFS

Paraguay, Ache 7.8 3.6 0.06
Chad, Arabs 8.3 5.1 0.07
C.AR, Aka 6.2 5.2 0.14
Kenya, Kipsigis 6.6 59 0.14
Chad, Dazagada 6.4 6.5 0.16
Tanzania, Pimbwe 6.1 7.3 0.20
Botswana, Dobe !Kung 4.7 49 0.22
Mali, Dogon 3.2 2.3 0.22
Brazil, Xavante 3.6 3.9 0.30
Venezuela, Yanomamo 3.4 4.4 0.38
Tanzania, Hadza 3.6 5.1 0.39
Norway 1700-1900 4.5 8.3 0.41
USA social survey 2.0 1.8 0.45
Dominica locals 5 11.6 0.46
Iran, Yomut Turkmen 3.9 7.1 0.47
Finland 1745-1900 35 7.6 0.62
Pitcairn Isl. genealogies 4.7 23.2 1.05
Sweden, 1825-1896 24 9.7 1.68

Brown, Laland and Borgerhoff Mulder (2009) have compiled such empirical estimates of the sex-
specific opportunity for selection in eighteen human populations. In Table 3 we have tabulated
their estimates as female opportunity for selection. The values (median=0.34, interquartile
range=0.16-0.46) are similar to those produced by individual stochasticity in typical human
life tables, with only three populations exceeding 0.5. The estimates of opportunity for selection
were higher in males in most populations, something that might reflect sex roles, but for which
there was not sufficient evidence (Brown, Laland and Borgerhoff Mulder, 2009).

Brown, Laland, and Borgerhoff Mulder (2009) also found differences among mating systems
(i.e. monogamy, serial monogamy, polygyny, etc.) in the degree to which male opportunity for
selection outweighed female opportunity for selection. A more robust study by Moorad et al.
(2011) showed that a shift in the mating system of a frontier population in Utah between 1830
and 1894 reduced the opportunity for selection over time. The opportunity for selection was
high in males in 1830 (approximately 1.1) and decreased by almost half around mid-century,
corresponding to the shift from polygyny to monogamy. For women, the opportunity for
selection was quite stable across this time period (around 0.5-0.6).

Nulliparity as an Issue

A confounding issue in empirical measurements of variance in LRO is the treatment of
individuals that do not reproduce at all (nulliparous individuals), either because they die before
reproducing or simply never produce children. These individuals are often excluded from
estimates, thereby underestimating the variance in lifetime reproduction. The study by Moorad
et al. (2011) is an apparent exception, but to our knowledge, the only study of opportunity for
selection in human populations that includes explicit counts of nulliparous individuals is that
of Courtiol et al. (2012). They used detailed church records of preindustrial populations in
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Finland between 1760 and 1849 to obtain counts of lifetime reproductive output for all women,
nulliparous or not.

Courtiol et al. (2012) estimate the opportunity for selection for women as I = 2.03, which is
distinctly higher than other empirical estimates (Table 3) and higher than estimates calculated
from life tables (Figure 3). They found no evidence for effects of social status on the opportunity
for selection. The opportunity for selection was again higher in males, estimated at around 2.52.
The larger values in this study are most likely due to the inclusion of nulliparous individuals in
the estimates of Crow’s I, and as such they are a benchmark estimate, at least for a preindustrial
European population.

Pre-industrial Finland: Variance and Stochasticity

The empirical estimate of the opportunity for selection reported by Courtiol et al. (2012) for
Finnish women in the late eighteenth to mid-nineteenth century provides a valuable opportunity
for comparison with the level of variance due to individual stochasticity that is implied by the
mortality and fertility schedules of that era. To make such a comparison, we require mortality
and fertility schedules as comparable as possible to those of the Finnish population represented
by the parish register data. If the variance in LRO due to individual stochasticity is similar to
the observed value, invoking heterogeneity to explain the variance is, strictly speaking, not
necessary without additional evidence (Steiner and Tuljapurkar, 2012).
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Fig. 4 The straight back line represents the empirically measured opportunity for selection for Finnish
women living between 1760 and 1849; the window of time wherein this measure was obtained is
indicated by vertical red lines. The black dash-dotted line represents apparent opportunity for selection
obtained from life table data on Finnish women living between 1776 and 1925. Peaks correspond to
famines and wars, times when mortality was higher. The apparent opportunities for selection for forty
developed countries are shown as a reference in the bottom-right corner of the figure (coloured lines).

Turpeinen (1979) reported estimates of age-specific mortality and fertility for Finland, from
1776 to 1925. We interpolated Turpeinen’s results from five-year age classes (or, for the first
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years of life, two-year age classes) to single-year age classes using cubic splines. We used the
resulting mortality schedules to create the matrix U, and the fertility data to create the reward
moment matrices R, and R,, for each year (see Boxes I and II), and calculated the resulting
values of Crow’s I, as shown in Figure 4.

The mean value of opportunity for selection between 1776 and 1849 was 1.15, which is 2-3
times the value for current developed countries. This value declined gradually from the mid-
nineteenth century to the typical modern values. This is at least partly a result of the reduction
in mortality since that time, because such changes reduce I (see the sensitivity analysis results
in van Daalen and Caswell, 2017).

Like all empirical estimates, the values of Crow’s I reported by Courtiol et al. (2012) reflect
both sources of variance in LRO (see Figure 1). Compared to their value of 2.03, the value
of apparent opportunity for selection implies that slightly more than half of Crow’s I can be
accounted for by individual stochasticity. The remainder, approximately 0.8, could be due to
heterogeneity. This heterogeneity could be genetic, or it could be non-genetic, such as marital
status, parity or geographical location (Figure 1).

Discussion

Natural selection is, at heart, a demographic process, concerned as it is with the differential
propagation of genes, genotypes or traits (Metcalf and Pavard, 2007). This demographic basis
is recognized in the calculation of fitness (measured as some rate of increase that integrates
survival and reproduction) and fitness components (measured by indices that capture some,
but not all, aspects of survival and reproduction).

To this familiar concept, we must also add demography as a source of variance in fitness
and its components, due to individual stochasticity. The existence of random events within the
life cycle makes this stochasticity an unavoidable result, implicit in any demographic model. It
has now been shown, by a variety of methods, that individual stochasticity creates significant
amounts of variance in human and non-human populations (e.g. Caswell, 2009; Tuljapurkar,
Steiner and Orzack, 2009; Steiner, Tuljapurkar and Orzack, 2010; Caswell, 2011; Steiner and
Tuljapurkar, 2012; van Daalen and Caswell, 2015; Hartemink, Missov and Caswell, 2017; van
Daalen and Caswell, 2017).

Human life tables imply a degree of individual stochasticity in LRO that is sufficient to
create values of Crow’s I that are on the same order as empirical measurements of variance
in lifetime reproduction. This result has several implications. It provides a baseline against
which empirical measurements can be compared. It serves as a neutral model (sensu Steiner
and Tuljapurkar, 2012), eliminating all sources of heterogeneity, and implies the need to search
for evidence of heterogeneity in order to invoke it as a source of the variance. The variance
produced by individual stochasticity can be expected to reduce the efficacy of natural selection,
by masking variance produced by genetic differences (Steiner and Tuljapurkar, 2012).

In the case of the high-quality empirical measurements of lifetime reproductive output in pre-
industrial Finland, roughly 60% of the empirically measured value of Crow’s I can be accounted
for by individual stochasticity arising from the demographic properties of seventeenth-century
Finland as reported by Turpeinen (1979).

Whether the Finnish population serves as a general or an exceptional example, we cannot
say. The Finnish data are exceptional with regard to their inclusion of nulliparous individuals
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(Courtiol et al., 2012), whereas other studies try to compensate their results for nulliparity
(Moorad et al., 2011). It is clear that leaving out unsuccessful individuals changes estimates of
the variance and the opportunity for selection (Klug, Lindstrém and Kokko, 2010; Courtiol et al.,
2012). Although in many studies there will be logistical limits, including nulliparous individuals
in empirical studies is essential for comparisons that allow insight into the underlying sources
of variance, in addition to providing representative data with which to parameterize models.

Showing that individual stochasticity can account for some fraction (or all) of the observed
variance does not prove that it does so. To measure the contributions of individual stochasticity
and heterogeneity, one must incorporate the relevant source(s) of heterogeneity into the Markov
chain model, and assign reproductive rewards to both age classes and heterogeneity categories.
It is then possible to decompose the variance in LRO into components due to heterogeneity
and stochasticity (Caswell et al., 2018). Variance decomposition has been applied to longevity
in both humans (Hartemink, Missov and Caswell, 2017) and animals (Hartemink and Caswell,
2018, Jenouvrier et al., 2017) and to LRO (Jenouvrier et al., 2018; van Daalen and Caswell,
in prep.). The data requirements are more demanding, but the matrix framework for such
analyses exists.

The methods presented here (and in more detail in Caswell, 2011; van Daalen and Caswell,
2017) make it possible to calculate the individual stochasticity in lifetime reproductive output
implied by any set of mortality and fertility schedules. This opens the way for increasingly
detailed study of the demographic contribution to variance in fitness, and its implications for
human evolutionary demography.
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