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Abstract

Although fitness is central to the evolutionary process, metrics vary by timescale. Different time-
scales may give rise to different estimates of selection, especially during demographic transitions
caused by rapid environmental and socioeconomic change. In this study, we used a dataset of a
human population in Finland from 1775 to 1950 to compare two fitness metrics and their esti-
mates of selection pressures, before and during a demographic transition. Both metrics, lifetime
reproductive success and an annual metric of individual performance, declined while selection on
the ages at first and last reproduction remained nearly constant, favouring individuals with wider
reproductive windows. The ability to partition the annual metric into contributions from repro-
duction and survival revealed the short-term effects of a famine and the reversal of selection pres-
sure via the survival component of annual fitness. Although the metrics generally agreed, the
annual metric detected the effects of environmental variation and demographic change occurring

within a generation.
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INTRODUCTION

The concept of fitness is at the core of our understanding of
evolutionary change. In general, fitness measures an individ-
ual’s genetic contribution to a future population. However,
there is no single method for defining and calculating fitness;
approaches are very different when considering a gene or allele
vs. a phenotype. For phenotypic traits, fitness definitions and
metrics differ at the individual vs. population level (McGraw
& Caswell 1996; Link et al. 2002) and by timescale (Mylius &
Diekmann 1995; Coulson et al. 2006). Metrics may also be
affected by intraspecific variation in generation time (Kruuk
et al. 1999; Brommer et al. 2004). The timescale over which fit-
ness is measured is especially important for populations in
variable environments with changing or variable demographic
rates (Mylius & Diekmann 1995; Coulson et al. 2006). Long-
lived species with overlapping generations can be affected by
variation within a generation and datasets that capture multi-
ple generations are rare (Benton & Grant 2000). Metrics are
rarely compared across timescales with respect to the predic-
tions of selection gradients on a trait. Here, we evaluate two
metrics of individual fitness measured over different timescales
for their ability to detect trends in selection on phenotypic
traits during a demographic transition in a human population.

Fitness is commonly measured empirically with a genera-
tion-based metric that can be clearly defined, estimated with
little error, and cleanly separates the fitness of individuals in
one generation from any differences in their offspring in
response to selection (Arnold & Wade 1984). However, esti-
mates of fitness using a generational metric such as lifetime
reproductive success can be sensitive to variation in genera-
tion time (Brommer ef al. 2004) and to environmental

variation within a single generation (Benton & Grant 2000;
Coulson et al. 2003). Annual metrics have been developed as
an alternative to generational metrics to better represent the
variation present within a generation in populations with
overlapping generations, where the contributions of different
year-cohorts to the population in any subsequent year will
vary (McGraw & Caswell 1996; Benton & Grant 2000; Lande
et al. 2003; Brommer et al. 2004; Coulson et al. 2006; Cour-
tiol et al. 2013). A few studies have compared the two types
of metrics (Korpelainen 2003; Coulson ez al. 2006), but none
have tested the predictions of the strength of selection over
periods of dramatic and rapid change such as the human
demographic transition. This gap in our ability to estimate
selection on phenotypic traits, regardless of fitness metric rep-
resents a serious limitation to future studies of selection over
short time periods or time periods with rapid demographic
change.

Modern human societies have recently experienced demo-
graphic transitions marked by shifts in environmental pres-
sures due to advances in medicine, hygiene, and food
availability and corresponding declines in childhood mortality
and fertility rates (Korpelainen 2003; Moorad 2013). Though
declines in demographic rates have been hypothesised to
weaken selection, shifting environments can alter the strength
of selection in complex ways. The underlying environmental
changes can directly affect the contribution to fitness of phe-
notypic traits. Changes in demographic rates also alter the
opportunity for selection: the variance of relative fitness and
the variance in the fitness contributions from mortality or fer-
tility (Korpelainen 2003; Courtiol ez al. 2013; Moorad 2013).

Selection on phenotypic traits is ongoing in contemporary
human populations. Many human populations have high
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variation in reproductive success (Brown ez al. 2009) and key
life-history traits such as age at first and last reproduction
and interbirth interval have high heritability (Pettay et al.
2005; Stearns et al. 2010; Milot et al. 2011; Vink et al. 2012;
Bolund ez al. 2015). Studies of human populations that have
experienced a demographic transition have found continued
selection on age at first and last reproduction and age-specific
fertility and survival (Byars er al. 2010; Milot et al. 2011;
Moorad 2013). However, there is also evidence that selection
on some traits may change direction during a demographic
transition (Courtiol ez al. 2013). Consequently, it is likely that
human life-history traits are under selection during a demo-
graphic transition, but the relative ability of different fitness
metrics to estimate the strength of that selection is unknown.

In this study, we evaluate two metrics of individual fitness
that operate on different timescales for their ability to detect
secular trends in selection on two key life-history traits during
the demographic transition in a human population. The first
goal is to determine whether changes in fertility and survival
are associated with secular trends in the mean and variance of
each fitness metric and whether our conclusions depend on
the timescale at which fitness is measured. The two fitness
metrics we compare are lifetime reproductive success (LRS)
and an annual metric (W) related to individual performance.
Our second goal is to use estimates of the selection gradients
on individuals’ ages at first and last reproduction (AFR,
ALR) to determine whether selective pressures change across
the demographic transition. To do so, we contrast the two fit-
ness metrics, comparing overall strength of selection and the
trends in selection through time to see whether our conclu-
sions depend on the method of calculating fitness.

MATERIALS AND METHODS
Dataset

We used demographic data from human populations
throughout Finland to characterise the demographic transi-
tion. Demographic transitions in contemporary human popu-
lations are characterised by shifts from high fertility rates
and high mortality to low fertility and low mortality, due to
economic and industrial growth and the cultural shifts that
follow (Korpelainen 2003). The demographic transition in
Finland began between 1870 and 1880 (Korpelainen 2003;
Bolund et al. 2015). We used the subset of data on individu-
als alive between 1775 and 1950 to capture the trends in
selection before and during the demographic transition. We
used data from inland parishes (Ikaalinen, Jaakkima,
Rautu, Pulkkila and Tyrvad) and coastal parishes (Kustavi,
Rymattyla, Hiittinen). Lutheran churches were required by
law to track births, deaths and marriages in each parish, and
we used these records to create pedigrees and life histories
for a total of 82,961 individuals from the 15th through 21st
century (Bolund ez a/ 2015). We restricted our analysis to the
39,773 individuals who lived between 1775 and 1950 with
complete life histories. We only used individuals who were
observed for the complete reproductive period (to age 50) to
avoid incomplete reproductive histories of those people who
emigrated or dispersed to untracked parishes in Finland. We
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calculated annual birth rates and survival rates for adults
and children (under 16 years) for the 175 year time period.

Calculating fitness metrics

We used two metrics of fitness in our analyses: lifetime repro-
ductive success LRS and annual fitness . We measured LRS
as the total number of offspring per individual. We calculated
relative LRS by standardising within a birth cohort (subtract-
ing the cohort mean and dividing by the cohort standard devi-
ation) in order to address the changes in cohort mean and
variance over time.

To calculate the annual metric W, we followed Courtiol
et al. (2013) and partitioned the population by year, so that
each row is a ‘person-year’ corresponding to each person alive
in that year. We estimated an individual’s annual total fitness
(Wy.1ota1) as its genetic contribution to the population in the
next year: the sum of the contribution from survival (1 for
surviving from year y to y + 1, 0 otherwise) and from repro-
duction (0.5 for each offspring produced in year y). In this
way, there were several discrete scores possible: 0 for dying
without reproducing, 0.5 for producing one offspring and
dying, 1 for surviving without reproducing, 1.5 for surviving
and producing one offspring, 2 for surviving and producing
two offspring, and so on for each additional birth. If no indi-
viduals in the population had multiple births, there would be
only four categories, but births of twins or triplets allowed
higher annual fitness values. We parsed the metric into the
contribution to each individual’s fitness from reproduction
(Wertitity) and survival (Wsyrviva). We also analysed childhood
fitness using the individual total fitness from children under
the age of 16, excluding adults (Wpiia)-

We calculated the relative total fitness of an individual i
within a given year y as Wpuriy = Ww/,’[;/’“‘ We similarly calcu-
lated the relative fitness contributions from reproduction
Weerdlity and childhood survival wepig. Relative annual fitness is
the more appropriate metric for studies of selection as a trait
confers an advantage to an individual only as compared to the
rest of the population. The variance in relative annual fitness
Wiotal Tepresents the ‘opportunity for selection’ 7, which sum-
marises the total capacity for adaptation: the total selection on
all possible traits (Moorad 2013). We calculated the variance
of relative total fitness and each of its components and esti-
mated the errors by bootstrapping annual populations.

Estimating selection coefficients

We estimated the strength of selection on AFR and ALR in
each year using relative cohort LRS, relative annual fitness
Wiotal and the components Weeriiity, Wsurvival. Analysing age at
first and last reproduction necessarily restricts our data fur-
ther to those individuals who reproduced; only those individu-
als have a recorded AFR or ALR trait. This leaves 18,362
individuals in the total population and 17,685 individuals in
annual birth cohorts. We used the annual estimates of the
selection gradients to determine whether selective pressures
changed across the demographic transition.

We performed basic linear regressions using the relative
LRS data of each year’s birth cohort to estimate selection
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coefficients for age at first reproduction (AFR) and age at last
reproduction (ALR). We used a linear model (Im in R) while
controlling for three additional fixed effects: gender, lineage
parish as an 8-level factor and socioeconomic status, as esti-
mated from an individual’s occupation (Pettay ez al. 2007).
Individuals were grouped into one of two categories: landed
and landless, to create an indicator of socioeconomic status
based on property that is known to associate with key life-his-
tory traits and fitness in the study population (Courtiol et al.
2012; Liu et al. 2012). ‘Landed’ individuals were those who
either owned or rented property (or were married to such an
individual) and ‘landless’ were those without property, who
were likely servants or itinerant poor. We fit this full model as
well as all of the limited models with any of the five fixed
effects, without including any interactions. This created 32
possible models, including the null model of equal fitness. We
fit all models and ranked them by AIC. We selected the model
with the lowest AIC value, unless the full model’s AIC is
within A2 of the minimum value, in which case we took the
full model. If the model with the lowest AIC value did not
have AFR or ALR as a factor, we considered the strength of
selection on that trait to be zero. We followed the same proce-
dure for each year’s cohort to create a dataset of independent
annual regression coefficients.

We then estimated a linear model for the response of regres-
sion coefficients on AFR and ALR over time. We used the
estimated selection coefficient (or zero) regardless of p-value,
but substituting zeros for coefficients with P > 0.05 did not
qualitatively change our results. This yielded slopes B,z and
B4rr that represent the change in the strength of selection
over time.

We similarly performed regressions in each year using rela-
tive annual fitness (W) to determine the strength of selec-
tion on AFR and ALR. However, the relative fitness values
within a year can take one of several discrete, ordered values,
necessitating an ordinal regression without the proportional
odds assumption using a cumulative link model with a probit
link. We performed analyses in R with the package ordinal
(Christensen 2015). In order to extract information specifically
on the contributions to fitness from fertility and survival, we
performed binomial regressions using the binary data of indi-
vidual reproduction Weiiy and survival Wyyrviva. We could
not isolate childhood survival in this analysis because this
subset of data included only individuals who had a trait value
for AFR and ALR, excluding those individuals that did not
survive childhood. As in the LRS analysis, we fit all 32 mod-
els including the full model with five fixed effects and all
nested limited models (excluding interactions). We performed
model selection by comparing AIC values and extracted the
regression coefficients on AFR and ALR in the same way as
above.

To determine if there were any trends in selection over time,
we would have liked to perform a linear regression of selec-
tion coefficients on time, but the annual populations are not
independent. There was in fact a moderate to high degree of
autocorrelation (lag 1) in the time series’ of selection coeffi-
cients (on ALR as measured by relative annual fitness: 0.646,
by the contribution from reproduction: 0.585, and the contri-
bution from survival: 0.444, and on AFR as measured by

relative annual fitness: 0.712, by the contribution from repro-
duction: 0.636). The selection coefficients on AFR as mea-
sured by the contribution from survival showed almost no
autocorrelation (0.0455) but we proceeded with the analyses,
as we know the data points are not independent.

To account for the non-independence, we estimated the
trend in selection coefficients in two ways: with a corrected
Mann-Kendall test and with Spearman’s correlation coeffi-
cient. We used two approaches because the analyses account
for autocorrelation in fundamentally different ways and have
slightly different null hypotheses. First, we performed a cor-
rected Mann-Kendall test for a trend in a time series that
accounts for autocorrelation (Hamed & Rao 1998), using the
R package fume. This test relaxes the assumption that the dif-
ferences between pairs of values in a time series are indepen-
dent of all other pairs, making it appropriate for any
autocorrelation structure in a dataset (Hamed & Rao 1998).
It tests against the null hypotheses that the data are randomly
ordered in time, specifically the population-level associations
between trait and fitness are unordered in time.

We also estimated trends by calculating Spearman’s non-
parametric correlation coefficient p between each time series
of selection coefficients and time. In order to account for
autocorrelation, we created a null distribution of correlation
coefficients that explicitly recreated the source of autocorrela-
tion. Autocorrelation in this dataset comes from the fact that
populations in subsequent years are comprised of many of the
same individuals (with a few births and deaths). We specified
a null hypothesis that individuals are randomly ordered in
time, or the individual-level associations between trait and fit-
ness are unordered in time. We created a null distribution by
simulating datasets by bootstrap resampling on individuals,
then shuffling birthdates without replacement, realigning each
individual in the 175 year window. This breaks the correla-
tions of individuals’ traits and fitness with time, but leaves the
sequence of each individual’s annual fitness values and the
subsequent autocorrelation intact. We created 1000 replicate
bootstrapped datasets in this way, ran the annual regressions
to estimate the selection coefficients, and recalculated Spear-
man’s correlation coefficient between selection gradients and
time. We compared the correlation coefficient p calculated
from the original dataset to this set of 1000 p, values simu-
lated under the null hypothesis.

RESULTS

The shifts in the reproductive and survival rates around 1870
correspond to the beginning of the demographic transition
(Fig. la). The annual per capita birth rate decreased by more
than half from 0.094 in the 1870’s to 0.037 in 1950 (Fig. la
dashed line). This would correspond to a decline from c. nine
births each year for every 100 people in the population to
about four births per 100 people. Childhood mortality also
decreased from 4.9% in the 1870's to 0.7% by 1950 (Fig. la
solid line). Compounded, these annual rates would correspond
to a cumulative childhood survival rate (survival from birth
until the age of 15) of 47% before the transition and 90%
after the transition. The famine of 1866-1868 (Hayward et al.
2013) had drastic effects on the population, causing childhood
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Figure 1 Demographic rates and fitness metrics for the sampled population in Finland 1775-1950. (a) Annual rates of birth (dashed line), adult mortality
(dotted line) and childhood mortality (solid line), (b) the mean (solid line) and variance (dashed line) of LRS of the cohort of individuals born in each
year, (c) mean annual fitness (W, solid line) and the contribution from reproduction (V_V/@r,,-,i,y, dashed line) and from childhood survival (W4, dotted
line). All rates and metrics were estimated from the population of 39 773 individuals with fully tracked life histories. The shaded grey area shows the time

period since the start of the demographic transition.

mortality to increase four-fold (from 5.9% in 1864 to 19.7%
in 1868, Fig. la) and per capita birth rate to decrease by
about a third (from 0.079 in 1864 to 0.050 in 1868, Fig. 1a).

Shifting demographic rates were accompanied by decreases
in fitness, as measured by both LRS and annual fitness W.
The mean LRS of annual birth cohorts started to decline just
before 1850 (Fig. 1b solid line), corresponding to those indi-
viduals who were reproductively active at the beginning of the
demographic transition. Variance in LRS within each birth
cohort also declined with a similar pattern to mean cohort
LRS (Fig. 1b dashed line). Mean annual fitness of the popula-
tion (W) was fairly constant before the demographic tran-
sition and declined slightly from 1.023 in the 1870's to 1.000
by 1950, with a sharp drop during the famine (Fig. 1a dotted
line). This slight secular decline in annual fitness (Wy;4/) rep-
resents a change from a growing population to a population
in stasis.

The components of the annual metric revealed compen-
satory changes in the contributions to annual fitness from fer-
tility and childhood survival. Decreases in Wieiiiy Wwere
almost balanced by increases in W4, reflecting the demo-
graphic transition in the population. The mean contribution
to fitness from reproduction (Wfér[j[,‘[y) declined from around
0.047 in the 1870s to 0.019 in 1950, mirroring the decline in
per capita birth rate (Fig. 1c dashed line). The mean contribu-
tion to fitness from childhood survival (W) increased from
0.95 in the 1870's to 0.99 in 1950 (Fig. lc dotted line), show-
ing the effects of decreased childhood mortality. The famine
was too brief to leave a signature in the generational metric
LRS, but was reflected in the annual metric.

The variance of relative annual fitness or opportunity for
selection declined during the demographic transition for
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relative annual fitness wo (Fig. 2a). The decline in the vari-
ance of relative annual fitness was dominated by a similar
decline in the contribution from childhood survival wguig
(Fig. 2b). The variance in the contribution to relative fitness
from fertility weeriiiry increased during the demographic transi-
tion (Fig. 2c), but that trend reflects the calculation of weeyiiity-
The variance of relative fitness was calculated as the variance
of absolute fitness divided by the mean of absolute fitness,
which each declined at different rates. This slight difference
caused an observed increase in relative annual fitness, consis-
tent with similar analyses of this annual metric (Courtiol et al.
2013).

Both fitness metrics revealed negative selection on AFR and
positive selection on ALR, favouring individuals with wider
reproductive windows (Fig. 3). Mean AFR and ALR were
27.2 years and 36.9 years, respectively, although both were
highly variable within cohorts. Selection as measured by
relative cohort LRS increased slightly through time for both
traits with significant, but very small effect sizes (Fig. 3a,
Burr=—-3 x 1074 P =19x 10" PByur=23x 104
P=98 x 107").

We used two methods to assess the trends through time in
selection as measured by annual fitness and its components.
The two methods were consistent, always estimating the same
direction of trend (increasing or decreasing). The strength of
the relationship was also consistent between analyses, but the
significance level differed slightly. Selection on AFR measured
by relative annual total fitness weakened through time
(Fig. 3b). The trend was significant for selection on AFR
through the Mann-Kendall test (Z., -z = 3.651, P = 2.61 x
107%), but not as measured by correlation coefficients
(parr = 0.68, P = 0.15). Selection on ALR remained
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consistently positive through time (p4 g = —0.24, P = 0.061,
ZL‘,ALR = —1165, P = 0244)

Selection as measured by the contribution to fitness from
reproduction showed similar trends as selection as measured
by relative annual total fitness (Fig. 3c). Selection weakened
through time for AFR, significantly according to the Mann-
Kendall test (Z. 4pr = 3.177, P = 1.49 x 10’3) and non-sig-
nificantly for Spearman’s correlation coefficient (prr - 0.58,
P = 0.099). Selection on ALR as measured through repro-
duction remained positive throughout the study period, but
did show a slight trend towards weaker positive selection
(parr = 037, P = 0.26, Z., 4.z = 2.05, P = 0.041).

However, selection as measured by the contribution to fitness
from survival was markedly different than selection as measured
by any other metric (Fig. 3d). In many years, we estimated zero
selection on AFR (118 of 175 years) and ALR (80 of 175 years).
Overall, we found a highly significant reversal of selection on
ALR through survival differences, moving from positive selec-
tion before the demographic transition to negative selection by
1950 (pyrr = —0.52, P < 0.001, Z,, 4y = —3.609, P = 3.07 x
10%. Selection on AFR also reversed, moving from negative to
positive, but with a very weak trend, non-significant in the Mann-
Kendall test (pAFR = 015, P = 0001, Zn,AFR = 0855, P =
0.393). By the end of the study period, the population experienced
positive selection on AFR and negative selection on ALR,
meaning individuals with narrower reproductive windows were
more likely to contribute to the population in the next year by
surviving.

DISCUSSION

We have shown the advantages of using an annual metric of
fitness to elucidate the effects of environmental variation and
demographic change that occur within a generation. The
effects of a short, severe famine were reflected in fitness as
measured by the annual metric but not by the generational
metric LRS. The components of the annual metric, the contri-
bution from reproduction and childhood survival, revealed
that compensatory changes in fitness occurred during the
demographic transition. Both metrics consistently estimated
negative selection on AFR and positive selection on ALR,
favouring wide reproductive windows. The annual metric and
LRS produced qualitatively similar patterns of selection
through the demographic transition. However, the ability to
break down the annual metric into survival and reproductive
components revealed a reversal of selection as measured by
adult survival.

The main advantage of the annual metric is its ability to
capture temporal variation or secular change in selection
within a generation. The ability to estimate a time series of
selection pressures allows us to quantify the trends in selection
and their association with environmental processes (King-
solver et al. 2001; Coulson et al. 2003; Courtiol et al. 2013).
Our results are consistent with other evidence for directional
selection on life-history traits (Kingsolver et al. 2012). The
direction of selection on the traits in our study is also con-
stant, with very weak trends in intensity through time. This is
of interest in the light that also the genetic structure and herit-
ability of those traits were relatively stable across the
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demographic transition (Bolund et a/ 2015). We do see some
temporal variation in strength of selection, particularly in
selection as estimated by the survival component of annual fit-
ness and at the end of the study period in selection as esti-
mated by LRS. As shown in previous reviews and meta-
analyses (Kingsolver et al. 2012; Morrissey & Hadfield 2012),
sampling error may contribute to the variation in selection as
estimated by LRS: our sample size decreases after about 1925
due to the difficulty of tracking individuals as many emigrated
from Finland.

The demographic transition in recent human populations
offers the most dramatic and rapid shift in mortality and fer-
tility observed in any species (Bolund ez al. 2015), and thus an
excellent opportunity to test how these two approaches to
measuring fitness perform under changing environmental con-
ditions. Both metrics estimated the ongoing selection on
human life-history traits during the demographic transition,
an interpretation that has been widely debated (Smith ez al.
2001). The congruence of estimates produced by different met-
rics has not been tested before in such rapidly changing condi-
tions as this human dataset offers. Although we use this
human demographic transition to illustrate the similarities
and differences in the two metrics, our results would apply to
the many ecosystems in which species experience considerable
fluctuations in selection pressures over time (Bell 2010).

The ability to estimate multiple snapshots of selection over
short time periods also allows us to identify dramatic changes
in fitness that may be of short duration. Although we used
the famine of 1866-1868 (Hayward et al. 2013) as an example
of dramatic, short-lived environmental conditions, the metrics
would perform similarly in any swift, dramatic change, such
as a pulsed resource input (Holt 2008). Using an annual met-
ric will also allow future studies to use shorter datasets to
assess the ongoing selection for populations of long-lived spe-
cies; long-lived species with overlapping generations require
very long datasets to produce reliable estimates of fitness and
selective pressures using LRS (Grafen 1988). In fact, the met-
ric could be modified to estimate fitness as the contribution to
the population over any time interval (a day or an hour
instead of a year) for a species with a shorter generation time.

Another advantage of using annual fitness is the ability to
decompose it into contributions from reproduction and sur-
vival. The ability to combine the effects of selection through
reproduction and survival allows a more nuanced analysis of
selection, which can operate through either (or both) life-his-
tory processes (Lande 1982). Recent extensions of stage struc-
tured models to explicitly allow trait evolution have allowed
exploration of the differential contributions of survival and
reproduction to fitness, selection intensity, phenotype mean
and variance (Coulson et al. 2010; Barfield er al. 2011; Steiner
et al. 2014). Theoretical studies of eco-evolutionary dynamics
have shown that selection on a phenotype can act through
both survival and reproduction, in opposite directions in some
cases (Rees & Ellner 2016). Especially in temporally variable
environments, the ability to partition fitness into demographic
components can be essential (Horvitz et al. 2010).

Both fitness metrics produced similar qualitative trends of
selection, overall, estimating negative selection on AFR and
positive selection on ALR. However, although our dataset
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spanned an extraordinary length of time, only a few traits
were recorded. Other unmeasured traits might be correlated
with AFR and ALR, creating tradeoffs of which we are una-
ware (Stearns 1989). It is not surprising that there were strong
similarities in the trends of selection estimated by both metrics
since they measure the same fundamental processes of repro-
duction and survival in the same population.

However, there were slight differences in the secular trends
of the strength of selection. Selection as measured by relative
LRS did significantly strengthen through time, but with very
small effect sizes and with increased residual variance. In con-
trast, selection as measured by relative annual fitness showed
signs of weakening selection that varied in the significance
compared to a null hypothesis. One reason for the differences
in the analyses is that LRS fully describes reproduction, but
only implicitly captures survival: individuals with more off-
spring must live long enough to reproduce repeatedly. Varia-
tion in longevity and in the timing of reproduction caused the
discrepancies between the fitness estimates of the two metrics.

There was also a lag time between the response from the
annual metric and from LRS because they represent funda-
mentally different populations. In any year, the annual metric
summarises the survival and reproductive output of all indi-
viduals alive in that year, while LRS summarises future repro-
ductive output of individuals born in that year. The same
individuals contribute to the metrics in different years: to
LRS when they are born and to the annual metric throughout
their lifetime. The analyses of the annual metric that account
for autocorrelation differed in the significance level of the
trends, reflecting the fundamental differences in the two tests:
the Mann-Kendall test applies a general model of autocorrela-
tion structure, whereas the null distribution of p values recre-
ates the underlying source of autocorrelation in the data. The
differences in significance level could also be due to the null
hypotheses of random ordering of trait-fitness associations at
the population vs. individual level.

Resolving the annual fitness metric into its contributions
from survival and reproduction showed that selection as mea-
sured by the contribution to fitness from reproduction pro-
duced patterns of selection coefficients similar to those
produced by LRS. However, selection as measured by the
contribution to fitness from adult survival was markedly dif-
ferent, reversing direction on both AFR and ALR. We do
note that estimated selection coefficients via the survival com-
ponent were variable throughout the study period. In many
years, we estimated zero selection via annual survival on AFR
(118 of 175 years) and ALR (80 of 175 years), indicating that
the reproductive window was not always linked to annual sur-
vival. In spite of periods of negligible selection via survival,
the positive correlations between annual survival and early
age at first reproduction and late age at last reproduction
reversed during the demographic transition to become nega-
tive. The comparisons between the estimates of selection made
via reproduction and survival highlight the fact that selection
may be acting through both life-history processes simultane-
ously (Lande 1982) with variation in the relative importance
of each component (Coulson et al. 2003).

Our results agree with previous studies that have compared
fitness metrics on different timescales. An analysis of another

dataset of the human population in Finland found similar
patterns of declining LRS and steady individual fitness (mea-
sured as A) during the demographic transition, but did not
compare estimates of selection on any trait (Korpelainen
2003). Using a ‘de-lifing’ approach to estimate annual fitness
and selection on birth weight in Soay sheep, Coulson et al.
(2006) found that an estimate of selection using LRS fell close
to the mean of selection coefficients estimated with their
annual metric. Our results mirror the qualitative similarities
between metrics and the ability of the annual metric to pick
up variation smoothed by LRS. Our results also extend the
analyses to comparing trends of selection over periods of
demographic change. The similarities between previous studies
and aspects of our results lend confidence to the use of the
annual metric in future studies.

In conclusion, we found that both metrics revealed ongoing,
relatively constant selection before and during the demographic
transition, favouring individuals who begin reproducing earlier
and those who cease reproduction later in life, providing more
evidence for the importance of selection in contemporary
human populations. The annual metric of fitness yielded the
same qualitative conclusions about the direction of selection
operating on a human population across the demographic tran-
sition as lifetime reproductive success, lending confidence to the
use of such an annual metric. Further, decomposing the annual
metric into components contributed by survival and reproduc-
tion revealed details about the ways selection acts through dif-
ferent life-history processes, especially important for the
unparalleled rapid change in vital rates during demographic
transitions. The annual metric was also better able to detect the
effects of the short dramatic change in environmental condi-
tions during the famine. Our results encourage the use and
application of the annual metric in other ecosystems with any
species, especially when radically shifting environmental condi-
tions cause swift changes in demographic rates.
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