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A B S T R A C T

Life history theory has become a prominent framework in the evolutionary social sciences, and the concept of
trade-offs, the cornerstone of life history theory in studies on non-human taxa, has likewise been widely adopted.
Yet, human life history research often assumes trade-offs without demonstrating them. This is not surprising
given the practical difficulties in measuring trade-offs in long-lived animals, like humans. Four main methods are
used to demonstrate trade-offs: phenotypic correlations, experimental manipulations, genetic correlations and
correlated responses to selection. Here, I discuss challenges with these methods along with potential solutions.
For example, individual heterogeneity within a population in quality or access to resources can mask underling
trade-offs, and this can be accounted for by careful experimental manipulation or proper statistical treatment of
observational data. In general, trade-offs have proven more difficult than expected to measure, and evidence
across species is mixed, but strong evidence exists in some cases. I use the key trade-off between reproduction
and survival to exemplify methods, challenges and solutions, and review the mixed evidence for a cost of re-
production in humans. I conclude by providing directions for future research. Promising avenues are opening
thanks to recent advances in quantitative genetic and genomic methods coupled with the availability of high-
quality large-scale datasets on humans from different populations, allowing the study of the evolutionary im-
plications of life history trade-offs in humans.

1. Introduction

No other species attracts research interest from such a wide array of
disciplines as humans. This opens for truly interdisciplinary research,
with different research traditions enjoying the fruits of cross-pollina-
tion. However, if different disciplines venture into the domains of each
other without much communication, there is a risk of misapplying
theories or methods that have been developed for decades in one field,
before being applied in a new context in another field of enquiry. This
inherent challenge in interdisciplinary research is underappreciated,
yet highly relevant for research designed to understand the peculiar life
history of humans.

A striking example is the study of fertility patterns among in-
dividuals and populations of a species. Researches in the social sciences
have a long history of studying human fertility patterns, e.g. the
changing fertility and mortality patterns over the demographic transi-
tion (Demeny, 1968), economic (Doepke, 2015) and social (Group,
2001) determinants of fertility, or fertility from the life course per-
spective (Huinink & Kohli, 2014), but it has been highlighted (e.g.
Belsky, 2012; Sear, 2015) that this considerable body of work has often
been conducted without reference to evolutionary processes.

Evolutionary biologists instead approach fertility patterns from a life
history perspective, using the concept of costs of reproduction (whereby
a cost of current reproduction, mediated through one or more me-
chanisms, leads to a trade-off with future reproduction, Williams, 1966;
Reznick, Nunney, & Tessier, 2000). Life history theory aims to explain
the remarkable diversity in patterns of how organisms develop, grow,
reproduce and finally age and die (Roff, 2002).

Life history theory first entered onto the diverse scene of studies on
humans in the early 1980s. Early work in anthropology focused on
classical life history trade-offs such as that between current and future
reproduction and quality and quantity of offspring (reviewed in Hill,
1993; Hill & Kaplan, 1999; Mace, 2000, Voland, 1998). Meanwhile, in
psychology, life history was introduced with a focus on the relationship
between individual differences and life history strategies along the
slow-fast life history continuum (based on the concept of r/K strategies,
coined by Macarthur & Wilson, 1967, modified and introduced into
psychology as Differential K Theory by Rushton, 1985). This is paral-
leled in evolutionary life history theory in the recent trend to integrate
physiological, behavioural, and life history traits and place species or
individuals within species along a pace of life nexus from fast to slow
(termed POLS, Dammhahn, Dingemanse, Niemelä, & Réale, 2018). See
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Gruijters and Fleuren (2018), Sear (2020), Stearns & Rodrigues (this
issue)(Stearns and Rodrigues, 2020), and Zietsch & Sidari (this issue
(Zietsch and Sidari, 2019)), for critical appraisals of this trend. Life
history theory has since grown to become one of the major theoretical
frameworks in evolutionary social sciences (Belsky, 2012; Clarke &
Low, 2001; Nettle & Frankenhuis, 2019; Smith, Mulder, & Hill, 2001).

In this paper, I focus on the concept of trade-offs, the cornerstone of
life history theory in studies on non-human taxa (Garland, 2014; Roff,
2002). In a broad sense, trade-offs are a fundamental aspect of all goal-
directed systems that perform multiple tasks, because all traits cannot
be optimised simultaneously (Del Giudice & Crespi, 2018; Shoval et al.,
2012).

In evolutionary biology, much empirical life history research is
aimed at teasing out the proximate mechanisms that cause trade-offs
between traits, in an effort to demonstrate the validity of the assump-
tions of theories of life history evolution (Reznick, 1985; Roff, 2002;
Zera & Harshman, 2001). In contrast, much empirical research in the
evolutionary social sciences on life history implicitly assumes that un-
derlying assumptions about trade-offs are valid and proceeds to test
predictions following from these assumptions. Here, I aim to bridge this
gap. Using empirical examples from the non-human literature and fo-
cusing mainly on the fundamental trade-off between reproduction and
survival as an illustrative example, I show the advantages and pitfalls of
different methods to demonstrate trade-offs in life history evolution. I
then turn to examples that illustrate what is feasible in studies that aim
to understand the life history of humans and conclude with directions
for future research.

2. Trade-offs in life history evolution

All living organisms grow, reproduce and die. In the absence of
trade-offs, an organism could optimise all traits simultaneously and
become a ‘Darwinian Demon’. The evolutionarily best phenotype is
therefore always a compromise and trade-offs are ubiquitous in the
evolution of traits that are related to fitness (Stearns, 1976; Stearns,
1989). Classical life history theory is built on optimisation models
where the currency to be maximised is fitness (reviewed in Roff, 2002).
Without an understanding of how and why trade-offs exist in our spe-
cies of interest, we can therefore not hope to fully understand its life
history. Thus, much research has been aimed at identifying proximate
mechanisms to answer the question: What costs cause trade-offs? Un-
derstanding these proximate mechanisms is pivotal to understand the
ultimate consequences of the costs in different ecological and evolu-
tionary contexts (Harshman & Zera, 2007; Reznick, 1985; Zera &
Harshman, 2001).

The evolutionary goal of every living organism is to maximise their
long-term genetic contribution to future generations. Therefore, all
individuals face a trade-off between investing into two key activities to
achieve this goal: survival and reproduction (Roff, 2002). Once re-
production is set to occur, further trade-offs follow, for example be-
tween investment into mate searching versus parental effort (Trivers,
1972), and the number versus quality of offspring (Lack, 1947). Thus,
the trade-off between reproduction and survival is fundamental to life
history evolution (Williams, 1966). In the face of limited resources, an
increased investment into reproduction necessitates a decreased in-
vestment into somatic maintenance and thus a shortened lifespan,
leading to the classical Y-model of resource allocation, with two traits
competing for a common resource pool (van Noordwijk & Jong, 1986;
Williams, 1966). While trade-offs are traditionally seen as the result of
investment choices of limited energy budgets, resources could also in-
volve other currencies, such as time or effort (Cody, 1966; Cohen,
Isaksson, & Salguero-Gómez, 2017).

Recently, research on the evolutionary causes of ageing suggests
that organismal function may be optimised for functions that are im-
portant in early life (such as growth and reproduction), at the cost of
suboptimal physiology late in life (for functions such as somatic

maintenance). Thus, ageing would be caused not primarily by limited
energetic resources for somatic maintenance (the disposable soma
theory of ageing, Kirkwood, 1977), but by suboptimal physiology in
late life (the hyperfunction theory of ageing, reviewed in Maklakov &
Chapman, 2019). This trade-off between early- and late-life function
occurs because natural selection is stronger in early life, creating a
‘selection shadow’ in late life (Haldane, 1941), leading to such func-
tional trade-offs. For example, genes that are involved in the regulation
of metabolic pathways may be optimised for the high levels of bio-
synthesis required for growth and reproduction in early life, and be-
cause of the lowered selection pressure, this leads to overexpression (or
‘hyperfunction’) in late-life, causing cell senescence and death
(Blagosklonny, 2012; Gems & Partridge, 2013; Maklakov & Chapman,
2019). Both the disposable soma theory and the hyperfunction theory
trace back to the original antagonistic pleiotropy theory of ageing
(Williams, 1957), positing that genes or physiological processes that
increase early life fitness can have pleiotropic negative effects on late
life fitness. The two theories thus constitute alternative physiological
routes behind antagonistic pleiotropy (Maklakov & Chapman, 2019).
Emerging empirical evidence is supporting the hyperfunction theory by
showing that optimising physiology in adulthood (by downregulation
of nutrient sensing pathways that extend life) result in prolonged life
and increased offspring fitness in C. elegans (Lind et al., 2019). Im-
portantly, such metabolic pathways tend to be highly conserved across
taxa (Gems & Partridge, 2013; Templeman & Murphy, 2018), and thus
similar trade-offs mechanisms are expected to be prominent across a
range of organisms.

Functional trade-offs can also involve simultaneously competing
functions, for example over different functions that determine organism
performance (Careau & Wilson, 2017). In cognition research, recent
efforts attempt a unified framework for such functional trade-offs, that
also applies more broadly to any system where performance, efficiency,
robustness, and flexibility must be traded off against each other to
optimise function (Del Giudice & Crespi, 2018). In general, trade-offs
occur whenever one trait cannot increase without a decrease in another
trait, and as such are an inevitable consequence of limited resources
and/or competing functions (Garland, 2014).

3. Demonstrating trade-offs in non-human animals

Four main methods have been used to measure trade-offs (Table 1).
While methods one and two can demonstrate the existence of a trade-
off on the phenotypic level, methods three and four are necessary to
understand the evolutionary implications that follow, because the
phenotype has to have a genetic basis that is inherited to the next
generation in order to respond to the selection pressure that a trade-off
imposes (Fisher, 1930).

3.1. Phenotypic correlations: The role of individual heterogeneity

Demonstrating trade-offs has proven to be empirically challenging
(Stearns, 1989). If we compare different individuals in a population
with respect to two life history traits, for example reproduction and
survival, individuals that invest more into reproduction often also have

Table 1
Four kinds of methods to measure trade-offs (modified from Reznick, 1985)

1) Phenotypic correlations, where the naturally occurring variation in two traits is
used to estimate a phenotypic correlation.

2) Experimental manipulations, where a single factor is manipulated, and all other
factors held constant

3) Genetic correlations, where quantitative genetic breeding designs or pedigree data
is used to estimate the genetic correlation between two traits

4) Correlated responses to selection, where the genetic correlation between two traits
can be estimated because artificial selection on one trait causes correlated
changes in the other trait
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higher survival. This has an almost trivial explanation if there is a
difference in resource access between individuals. This has been mod-
elled repeatedly, but most well-known is the acquisition and allocation
model (the Y-model, Fig. 1, van Noordwijk & Jong, 1986), which gives
a wonderfully intuitive framework for the study of trade-offs and re-
mains a milestone in evolutionary ecology (Metcalf, 2016). The authors
use an example from economics to illustrate the basic principle: if the
budget is fixed, households that spend more on housing should spend
less on cars. What we observe is often the opposite (the ‘big house, big
car’ syndrome) because households differ in the total amount of re-
sources available (van Noordwijk & Jong, 1986). Thus, variation be-
tween individuals in resource acquisition means that individuals with
better resource access can circumvent trade-offs, and we therefore need
to control for differences in resource acquisition when we study trade-
offs.

An important simplifying assumption of the Y-model is that resource
acquisition and allocation to a function vary independently of each
other. Empirical studies indicate that this is not always the case, be-
cause studies show that resource acquisition and allocation can be ge-
netically correlated, and this correlation can depend on the resource
environment (e.g. King, Roff, & Fairbairn, 2011; Messina & Fry, 2003).
Thus, later theoretical work relaxed this assumption, and explored what
happens if individuals for example consistently skip investment (allo-
cation) into reproduction in years when resource availability (acquisi-
tion) is very low, leading to a covariance between acquisition and al-
location. This influences the probability of detecting trade-offs, which
means that it is necessary to assess this relationship between the ac-
quisition and the allocation of resources to a trait in studies of trade-offs
(Fig. 1C, Descamps, Gaillard, Hamel, & Yoccoz, 2016). The optimal
resource allocation pattern can also differ between the two sexes when
they have different reproductive strategies (Zajitschek & Connallon,
2017). The models above were developed with energy-based trade-offs
in mind. Similar reasoning applies to performance-based trade-offs over
organismal function, which occur whenever an increase in one aspect of
performance necessitates a decrease in another aspect of performance
(e.g. speed and endurance, Lailvaux & Husak, 2017). Researchers often
try to understand variation between individuals in functional perfor-
mance trade-offs by studying within-individual variation in perfor-
mance (reviewed in Careau & Wilson, 2017). If individuals vary in
overall ‘quality’ or ‘condition’ (analogous to resource access above), this
can mask trade-offs on the individual level because individuals of
higher quality will perform better on all performance related traits.
Alternatively, the opposite can occur if changes within individuals in
condition masks trade-offs among individuals (Careau & Wilson, 2017).

3.2. Phenotypic correlations: observational studies

A common assertion in evolutionary biology is that only experi-
mental data can be used to draw causal conclusions (Roff, 2002). For
example, patterns in observational studies may be due to confounding
unmeasured variables. Further, individual heterogeneity in resource
access or quality can mask trade-offs, as described above (van
Noordwijk & Jong, 1986). Such individual heterogeneity can also result
in a biased sample of individuals at young and old age classes, because
the ages at which individuals recruit into and leave the breeding po-
pulation are not random, but partly determined by selection processes,
termed selective appearance and disappearance, respectively. If high
quality individuals have higher survival, changes within individuals
over life (increased reproductive performance due to experience, de-
teriorating performance due to senescence) can be masked by changes
between individuals due to selective appearance and disappearance
(high quality individuals are overrepresented at low and/or high age-
classes), making it difficult to detect age-specific trade-off patterns
(Fisher, 1930; Hamel et al., 2018). This is analogous to the concept of
health selection, prevalent in social science studies of the cost of re-
production, whereby reproducing individuals are a non-random subset
of the population with respect to health, and individuals with many
children may further represent a robust subset of very healthy in-
dividuals, potentially obscuring trade-offs. This may be more important
in historic populations, and less relevant in contemporary populations
with access to modern contraception (Hurt, Ronsmans, & Thomas,
2006; Reibling & Möhring, 2018).

However, observational studies can, at least to some extent control
for biases due to confounding variables and individual heterogeneity, as
the following examples illustrate. In a study on North American red
squirrels (Tamiasciurus hudsonicus), Descamps, Boutin, McAdam,
Berteaux, and Gaillard (2009) found that the cost of reproduction in-
creased with increasing age, despite the potential for individual het-
erogeneity in quality to obscure the effect. Thus, while we need to be
keenly aware of limitations due to confounding variables, if expected
patterns are present despite such potential limitations, we can still draw
strong conclusions. The opposite may however also be true, observed
patterns can be exaggerated or completely driven by confounding
variables if the effect of the confounder is in the same direction as the
expected effect (the third variable effect, Roff, 2002). Clear previous
knowledge of potential confounders and the direction of their effects is
therefore pivotal.

Hamel et al. (2018) thoroughly discusses commonly used methods
to account for individual heterogeneity, such as that caused by selective
appearance and disappearance. They conclude that to assess its im-
portance, we need data on large numbers of individuals that are fol-
lowed from birth to death. Such data has only become extensively

Fig. 1. A simple representation of the Y-model of resource acquisition and allocation. The base of each Y represents resource acquisition and the branches represent
resource allocation to two life history traits, R and S. Arbitrary resource units are assigned to illustrate absolute investment levels. Insets show the resulting
correlation on the population level between investment into R and S. A) variation between individuals in acquisition is large while variation in allocation is small: no
trade-off is visible. B) the opposite scenario: the trade-off is visible. C) variation in both acquisition and allocation is large. In a later extension to the original model,
variation in allocation is dependent on variation in acquisition, making multiple outcomes possible. For example, if acquisition and allocation into R is positively
related, this may result in a positive, a negative, or no correlation between R and S across individuals, depending on the relative investment into R and S.
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available in the last decades on a number of wild animal species
(Clutton-Brock & Sheldon, 2010). In a recent example, Festa-Bianchet,
Côté, Hamel, and Pelletier (2019) used data from 44 years on bighorn
sheep (Ovis canadensis) and 30 years of data on mountain goats (Or-
eamnos americanus). Such long-term data allows to at least partially
account for individual heterogeneity in reproductive potential and for
changes in the environment, and the authors could show that females
pay a cost of reproduction, that varies with resource availability. Si-
milarly, McLean, Archie, and Alberts (2019), used extensive long-
itudinal data on complete life histories of female savannah baboons to
show that individual heterogeneity in quality, mediated by variation in
resource acquisition, influenced the relationship between reproduction
and survival. After accounting for individual heterogeneity statistically,
they found support for trade-offs between aspects of reproductive in-
vestment and survival.

Thus, large datasets combined with rigorous statistical methods
allow us to demonstrate apparent trade-offs on the phenotypic level,
but establishing causality remains a challenge that is chiefly addressed
with experimental approaches.

3.3. Experimental manipulations

Lack (1947) used optimality models to answer the question: why do
altricial birds not lay more eggs? These models were later tested em-
pirically in an elegant experiment looking at the trade-off between
current and future reproduction, whereby Daan, Dijkstra, and
Tinbergen (1990) manipulated clutch sizes of pairs of breeding Eur-
opean kestrels (Falco tinnunculus), to force increased versus decreased
investment into reproduction. They observed strong effects on the
survival of parents until the next breeding season, and these results
have since been confirmed in many species (Roff, 2002; Stearns, 2000).
However, the costs can vary, and in the few studies that have experi-
mentally increased litter sizes in mammals, increased litters result in
costs in terms of negative effects on offspring size or survival, rather
than parental survival (Mappes, Koskela, & Ylönen, 1995; Skibiel,
Speakman, & Hood, 2013).

It is well-established that sexual selection can result in a “life-fast-
die-young” strategy in males, trading investment into traits that pro-
mote reproductive opportunities against lifespan in a condition de-
pendent manner (Bonduriansky, Maklakov, Zajitschek, & Brooks, 2008;
Hooper, Lehtonen, Schwanz, & Bonduriansky, 2018). Interestingly, a
recent clutch size manipulation study in collared flycatchers (Ficedula
albicollis) showed that this can apply also to females, by showing that
high-condition females who had been raised in reduced broods in-
creased early-life reproduction, but payed a cost in terms of accelerated
ageing (Spagopoulou et al., 2020). Such effects have rarely been studied
in females, but one previous study on drosophila also found support for
a life-fast-die-young strategy in females (Travers, Garcia-Gonzalez, &
Simmons, 2015), illustrating the importance of considering sex-specific
perspectives in the evolution of life history trade-offs (see Zajitschek &
Connallon, 2017).

However, experimental studies do not universally find a cost of
reproduction (Roff, 2002). One reason for this may be the dominant
focus on energy-based trade-offs, where energy invested into re-
production cannot be invested into somatic maintenance. However,
costs in other currencies are possible, including increased exposure risk
to predation during activities related to reproduction, such as mating
displays and foraging for provisioning of offspring (Roff, 2002). A
trade-off between reproduction and survival can also result from a
trade-off between different life stages, for example, metabolic pathways
may be optimised for functioning in early life, resulting in detrimental
effects in later life (‘hyperfunction’ theory, section 2). Thus, failures to
demonstrate trade-offs may simply reflect a failure to measure the re-
levant costs. This can, however, lead to the role of trade-offs being
overstated, and hidden or difficult-to-measure trade-offs can be invoked
to explain suboptimal expression of any trait (Pigliucci & Kaplan,

2000). Therefore, careful consideration needs to be taken of the biology
of the species under study as well as the ecological setting, in order to
form realistic predictions.

Recent studies on the evolutionary causes of ageing are illustrating
the complexity in demonstrating energy-based trade-offs. Studies that
use dietary restriction (DR) to manipulate energy budgets have an al-
most century long history in evolutionary biology, and is one of the
most robust life-extending interventions in species as diverse as rats,
mice, nematodes, drosophila, and primates (reviewed in Selman, 2014).
These consistent results across taxa can be explained because growth,
reproduction, and somatic maintenance are regulated by nutrient sen-
sing pathways that are highly conserved (Templeman & Murphy, 2018).
Indeed, studies have used single-gene mutations or administration of
drugs that up- or downregulate specific metabolic pathways to replicate
the life-extending effect of DR, usually with the expected cost in terms
of decreased fecundity (reviewed in Partridge, Gems, & Withers, 2005).
The immense implications of life extending interventions for human
gerontology research have prompted human studies of DR, replicating
the health benefits seen in other species (Picca, Pesce, & Lezza, 2017,
but see Le Bourg & Redman, 2018). However, because of our long
lifespan, longitudinal studies that follow lifelong effects on health, re-
production and lifespan within the same individual are precluded, and
we are dependent on animal models that share the same underlying
causal mechanisms to study possible trade-offs of life-extending inter-
ventions (Cohen, 2018; Ricklefs, 2010).

To complicate the picture, however, life-extension studies in non-
human taxa are accumulating that did not find a reproductive cost
(reviewed in (Partridge et al., 2005)), and it has been suggested that
this may be due to trade-offs with other fitness-related traits, such as
growth or immune function (reviewed in Maklakov & Immler, 2016).
These costs may easily be missed in laboratory experiments, because
they are not measured or because the cost is not expressed, for example
if the immune system is not challenged. Studies under more natural
conditions in drosophila and nematodes are finding support for this
claim (reviewed in Maklakov & Immler, 2016). Alternatively, an en-
ergy-based trade-off may be absent under nutrient-replete conditions,
such as the typical ad libitum laboratory environment. However, a
study that manipulated the dietary environment in drosophila found a
consistent positive genetic correlation between mid-life fecundity and
longevity across ad libitum, moderately restricted, and severely re-
stricted diets, rejecting this ‘rich diet hypothesis’ (Curtsinger, 2019). It
has also been pointed out that the generality of the life extending effect
of DR is not as universal as is often assumed (Moatt, Nakagawa, Lagisz,
& Walling, 2016; Nakagawa, Lagisz, Hector, & Spencer, 2012) and the
mechanisms underlying the effects are far from elucidated (Adler &
Bonduriansky, 2014; Gems & Partridge, 2013; McCracken, Adams,
Hartshorne, Tatar, & Simons, 2020; Sohal & Forster, 2014; Speakman,
2020).

Nevertheless, while the simplified lab setting can miss important
costs, knowledge of the biology and ecology of a given study organism
can guide us to careful manipulations, that can reveal proximate me-
chanisms and convincingly demonstrate trade-offs. Still, studies on
mutants in the lab over a single generation may not be representative of
evolutionarily relevant conditions (Flatt, 2011). Further, experiments
manipulate only the environmental influences on traits, and without
also studying the underlying genetic basis of traits, we do not know
whether the observed trade-offs can lead to an evolutionary change
(Reznick, 1985).

3.4. Genetic correlations and correlated responses to selection

Trade-offs represent fundamental constraints in the evolution of life
histories. Quantitative genetic techniques are a dominant approach to
study constraints in evolutionary biology (Blows, 2007; Conner, 2012;
Kirkpatrick, 2009; Steppan, Phillips, & Houle, 2002), and have thus
been used to study the evolutionary implications of trade-offs (reviewed

E. Bolund Evolution and Human Behavior 41 (2020) 502–512

505



in Conner, 2012; Houle, 1991). If two traits have a shared genetic basis
(i.e. the same genes have pleiotropic effects on the expression of more
than one trait), this leads to a genetic correlation between the traits,
whereby a change in one trait will lead to concomitant change in the
other (Falconer & Mackay, 1996). Genetic correlations between life
history traits tend in general to be negative (Roff, 1996), and it is
tempting to infer evolutionary constraints from this alone. For example,
a negative genetic correlation between reproduction and lifespan im-
plies a trade-off between them. However, a genetic correlation poses no
constraint to an evolutionary response to selection if the direction of
selection on both traits is aligned with the genetic correlation, or if one
of the traits is selectively neutral. A correlation only becomes a con-
straint if a movement toward the fitness optimum of one trait would
drag the other trait away from its fitness optimum. In the absence of
estimations of selection pressures, genetic correlations thus cannot
provide evidence for constraint (Conner, 2012; Houle, 1991).

Indeed, empirical studies have found that genetic correlations be-
tween traits can both constrain and facilitate the response to selection
(reviewed in Agrawal & Stinchcombe, 2009; Teplitsky, Robinson, &
Merilä, 2014; Teplitsky et al., 2014). Therefore, estimates of genetic
correlations and phenotypic selection should go hand in hand (Kruuk,
Slate, & Wilson, 2008). A related issue concerns the use of a derived
variable: the genetic correlation, which is a ratio of genetic covariances
and variances. There are a number of alternative mathematical ap-
proaches to quantify constraints using quantitative genetic parameters,
(reviewed in Conner, 2012; Roff, Prokkola, Krams, & Rantala, 2012;
Teplitsky, Robinson, & Merilä, 2014). Further, it has been pointed out
that while most research on life history trade-offs focus on two traits,
the more likely scenario is that several life history traits are correlated
with each other, and therefore a multivariate perspective, including all
traits that are involved in a trade-off is necessary (Pease & Bull, 1988).
In addition, genetic variance in resource acquisition and allocation can
affect genetic correlations between traits and should also be accounted
for (De Jong & van Noordwijk, 1992; Houle, 1991).

These issues can be addressed in short-lived species in the lab,
where the estimation of genetic correlations and selection pressures can
be a first step, used to formulate predictions regarding the evolution of
life history trade-offs. Artificial selection experiments can then be
conducted to verify the predictions (Reznick, 1992). Selection experi-
ments allow the researcher to study life history trade-offs over evolu-
tionary time, because populations are selected with regards to the ex-
pression of one trait, and any trait that shares a genetic basis with the
target trait will be dragged along and change along with it over the
generations (Falconer & Mackay, 1996). In a classic series of experi-
ments on drosophila, Rose and Charlesworth (1981) first estimated the
genetic variance-covariance matrix of life history traits. They proceeded
to artificially select populations of flies for either early or late re-
production and found that there was an inverse relationship between
reproduction in early life and lifespan, indicating that a shared genetic
basis leads to a trade-off between them. These results have been con-
firmed multiple times in drosophila, but the reproduction-lifespan
trade-off can sometimes be uncoupled, leading to a search for a cost of
reproduction in terms of other fitness components (section 3.3, re-
viewed in Flatt, 2011; Maklakov & Chapman, 2019).

In one such study, a selection experiment over 12 generations that
extended lifespan in the nematode worm C. remanei did not find any
fecundity costs, but instead a cost in terms of slower development. The
authors proceeded to perform the reversed selection on development
time over 6 generations, and again found a trade-off with lifespan (Lind
et al., 2017). In this species, development time is under strong selection
in nature, because it occurs in ephemeral ‘boom-and-bust’ populations
on temporary food sources, where development time is a key predictor
of population growth rate (Cutter, 2015). This shows how the ecology
of a species can give clues to which traits are likely involved in key life
history trade-offs. As illustrated above, observational studies struggle to
establish causation, while experimental studies in the lab struggle to

identify and replicate ecologically relevant parameters. One way to
approach this is to perform long-term experimental studies in the wild.
Reznick, Bryga, and Endler (1990) made use of populations of guppies
(Poecilia reticulata) that live in streams and evolve under different levels
of extrinsic mortality, due to different predator composition in different
parts of streams. By transplanting guppies between sites with different
predator pressures, the authors could show that guppies evolved over
30-60 generations (11 years) in the directions predicted by life history
theory with regards to growth and reproduction, such that increased
mortality selected for faster growth and earlier reproduction.

Such studies that follow the evolution of life history trade-offs over
multiple generations can convincingly demonstrate that trade-offs have
a genetic basis and show how they evolve in response to altered se-
lection pressures. As these examples illustrate, selection experiments
are most suited for application on short-lived organisms, and care needs
to be taken to estimate selection pressures under realistic conditions.

4. Demonstrating trade-offs in humans

4.1. Challenges and opportunities in studies on humans

The last several decades have seen an enthusiastic application of
theories and methods from evolutionary biology across the social sci-
ences. Much research on other organisms focus on short-lived species
that can be studied under controlled conditions in the lab. It is not
surprising that theories and methods may need modification when in-
stead applied to a long-lived species with a slow rate of reproduction,
and where experimental studies are largely precluded because of ethical
considerations (Giaimo & Traulsen, 2019). Further, there is the danger
of cherry-picking the vast non-human literature in search of examples
from one or two species that can be used to support a specific claim in
humans (Barrett & Stulp, 2013). Indeed, such methodological concerns
are a frequent theme in human life history studies (Gagnon et al., 2009;
Helle, 2018b). Given these considerations, a great advantage with
studies on humans is the availability of long and detailed time series
datasets that have been collected for various purposes. This makes it
possible to study for example gradual changes in individual hetero-
geneity through time (Caswell & Vindenes, 2018; Hartemink, Missov, &
Caswell, 2017) and to apply quantitative genetic methods to study
evolutionary consequences (Stearns, Byars, Govindaraju, & Ewbank,
2010).

A major challenge with observational studies in all taxa is to infer
causality (section 3.2, Gagnon et al., 2009; Helle, 2017; van de Pol &
Verhulst, 2006(Van de Pol and Verhulst, 2006)). This challenge can be
summarised in four questions; 1) have I measured all relevant variables
that influence the focal traits or are there missing confounding vari-
ables?, 2) have I used appropriate proxies for my traits of interest, 3)
have I obtained valid measurements of these proxies, so that my mea-
surements actually reflect the underlying biological construct of in-
terest?, and 4) have I made sure that my sample is a random subset of
the population? After a brief survey of the literature regarding the cost
of reproduction in humans, I will highlight empirical examples that
attempt to address these questions during the stages of data collection
and statistical analyses. This allows observational studies to suggest
likely causal pathways, which can serve as a basis for general predic-
tions that can be tested with experimental manipulation to verify
causality. Importantly, such experiments need to be conducted in
comparable species. In general, biological mechanism that underlie
trade-offs often depend on evolutionarily conserved molecular path-
ways, making animal models suitable for untangling general biological
mechanisms and studying how they are influenced by ecology (see
section 3.3, Briga, Griffin, Berger, Pettay, & Lummaa, 2017; Cohen,
2018; Ricklefs, 2010; Templeman & Murphy 2018). Social and cultural
influences may be less comparable. However, the study of culture in
non-human species has recently gained traction, and the well-estab-
lished field of gene-culture co-evolution in humans (Laland, Odling-
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Smee, & Myles, 2010) has inspired similar perspectives in other taxa
(Whitehead, Laland, Rendell, Thorogood, & Whiten, 2019), but the
implications for life history trade-offs remain scarcely explored.

4.2. Observational studies: the trade-off between reproduction and survival

Despite over a century of research attention, results regarding the
key life history trade-off between reproduction and survival remain
highly mixed. Hurt et al. (2006) reviewed studies on 12 historical and 8
contemporary cohorts and found no or small effects of fertility on fe-
male mortality that varied by time period and population. They con-
cluded that some of the mixed results can be explained by methodology
(how confounding variables are accounted for). Similarly, Le Bourg
(2007) found no increase in mortality with increasing fertility in a re-
view of natural fertility populations, but a weak increase in mortality at
high parities among women in modern populations practicing birth
control. Illustrating the importance of analysis methodology, Gagnon
et al. (2009) re-analyzed data from three large historical datasets that
had been used previously to study the cost of reproduction, with mixed
results. Using the same sample selection criteria and statistical methods
across the populations, they found a negative association between
parity and post-reproductive survival, supporting a cost of reproduc-
tion, chiefly at high parities. Zheng (2014) used meta-analysis and
found a J-shaped curve between fertility and parental mortality across
18 studies. Högnäs, Roelfs, Shor, Moore, and Reece (2017) extended
Zheng’s analyses to include 37 studies and confirmed this J-shaped
pattern. Further, they used meta-regression to assess the influence of
confounders, finding that health selection was an important factor.
Such meta analyses allow simultaneous comparison of studies from
different disciplines, theoretical, and methodological approaches. A
study of the relationship between reproduction and health in later life
across 13 European countries, found that number of children born had
little effect on health in later life, but fertility timing was important,
with differences between countries and cohorts suggesting the im-
portance of the socio-historic context (Reibling & Möhring, 2018). Si-
milarly, Sironi (2019) found that, across 11 European countries, age at
first birth was more relevant than parity for health outcomes in later
life.

Taken together, this wealth of results indicate that studies finding a
cost of reproduction in humans tend to show that the cost is mainly
apparent at high parities, under harsh environmental conditions, and
the few studies that include both sexes indicate that any costs are often
lower in men. Gagnon (2015), highlighted the need to study popula-
tions that do not practice modern means of birth control, where fertility
decisions are less dependent on conscious choice, and further suggested
that the role of early conditions in fertility and longevity have been
underexplored. One of the few studies looking at the potential for early
life conditions to affect the trade-off between reproduction and survival
did not find any support for this, however (in a historic Finnish popu-
lation, Nenko, Hayward, Simons, & Lummaa, 2018). Further, two stu-
dies on different populations without modern means of birth control
found either minimal health costs of reproduction in women (Gurven
et al., 2016), or a positive correlation between investment in re-
production and survival, which remained even after controlling for
differences in health between women (Sear, 2007).

4.3. Observational studies: methodological issues and solutions

Studies of the cost of reproduction in humans have variously fo-
cused on biological explanations (the disposable soma theory, section
2), social mechanisms (that influence both physical and mental health
of parents) and selection processes (such as health selection, whereby
reproduction is not random with respect to the health of individuals,
reviewed in Reibling & Möhring 2018). The interplay between these
three is difficult to untangle in human studies, but in one recent at-
tempt, Barclay and Kolk (2019) set out to distinguish between

physiological and social explanations for a cost of reproduction in both
sexes, by comparing biological and adoptive parents in contemporary
Sweden, and found that the mortality risk for adoptive parents was
always lower than for biological parents, with a U-shaped pattern be-
tween parity and mortality in biological parents. These associations
were modulated by both socioeconomic status and health.

To address the first of the four questions outlined in section 4.1
(accounting for confounding variables), one alternative is to use data
from natural experiments. For example, while socioeconomic status and
other socio-demographic factors are difficult to account for in human
samples, a sample where variation in fertility is unrelated to variation
in socio-demographic factors, would allow us to study the trade-off
between reproduction and survival. Rates of twin births can be assumed
to be random with respect to socio-demographic factors and have thus
been used to demonstrate costs of reproduction in humans (reviewed in
Lawson, 2011). (Bolund et al., 2016) used the demographic transition
as a natural experiment to study changing costs of reproduction over
time, showing that as fertility levels dropped over time, female but not
male, lifespan increased. The use of single population allowed the
control of confounding variables that are known to affect lifespan. A
cross-cultural study of 205 contemporary populations found that 17%
of the variation in relative sex differences in lifespan could be explained
by female birth rate (Maklakov, 2008). These two studies point to a cost
of reproduction that is higher in women than in men, and that is low-
ered over the demographic transition. In addition to natural experi-
ments, technological advances can offer pseudo experiments by chan-
ging a single environmental factor. For example, labor saving
technologies can result in increased fertility, presumably due to low-
ered energy constraints on the mother, but this may trade-off with the
quality of offspring (Gibson & Mace, 2006).

Humans are highly suited for comparative studies, because humans
display an extraordinary range of life history traits such as growth,
fertility, and lifespan across different populations (Lawson, 2011), and
we can make use of this variation to study how different ecological
contexts influence life history trade-offs. For example, short stature has
evolved repeatedly and independently in human populations across the
world. Early studies assumed that the short stature itself was adaptive
and had been selected for in response to different ecological circum-
stances (see Stulp & Barrett, 2016, for an in-depth review of evolu-
tionary perspectives on human height variation). However, by looking
at the relationship between growth, fertility and mortality, Walker et al.
(2006) argued that human populations with short stature have evolved
a fast life history in response to exceptionally high extrinsic mortality
compared to other human populations, selecting for early reproduction
(Stearns & Koella, 1986). Earlier reproduction necessitates earlier ces-
sation of growth. Thus, the short stature would be a result of trade-offs
between different life history traits, where selection on one trait results
in a concomitant change in associated traits. The same idea was sup-
ported in a comparative study of populations of short and average
stature (Migliano, Vinicius, & Lahr, 2007, but see Becker, Verdu,
Hewlett, & Pavard, 2010). To explain why not all high-mortality po-
pulations have evolved short stature, Walker et al. (2006) suggests that
ecological factors might modulate the effect of mortality on fertility.
Such comparative studies on human populations can be used to gen-
erate predictions regarding life history trade-offs that can subsequently
be tested experimentally in other species under controlled conditions in
the lab (Briga et al., 2017).

Regarding question 2 (using appropriate proxies), commonly used
proxies for reproductive investment in humans are the number of
children born or that survive to adulthood, both of which have short-
comings. Lifetime reproductive success is a suitable proxy for fitness in
demographically stable populations with no overlap between genera-
tions. In a growing population, offspring that are produced early in life
will have a greater contribution to population growth than offspring
produced later, and this is further compounded if generations overlap
(Charlesworth, 1994). Humans do not have discrete generations, rather
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the reproduction of different age-classes overlap in a population. Fur-
ther, samples from human populations that have not gone through the
demographic transition to low mortality and fertility rates (Demeny,
1968) frequently represent growing populations, while post-demo-
graphic transition populations are shifting towards slower growth and
eventually a stabilizing or even declining population size (Roser,
Ritchie, & Ortiz-Ospina, 2020). Thus, for many human populations, a
more suitable proxy for fitness is the intrinsic rate of increase (given by
the Euler-Lotka equation, Charlesworth, 1994), which places more
weight on early reproduction. This has only rarely been used in studies
of human life history evolution (Holland Jones, 2009).

Further, a focus on only number of children born, or number of
children surviving to adulthood, may neglect a number of reproductive
costs (Jasienska, 2009). For example, while some studies have shown
that sons are more costly than daughters for the mother (Galbarczyk,
Klimek, Nenko, & Jasienska, 2018; Helle & Lummaa, 2013), results on
this are mixed (mini-review by Helle, Lummaa, & Jokela, 2010), and
there is a risk that studies that do not find the expected trade-off are
explained by invoking hidden unmeasured costs, or the difficulty in
controlling for confounding factors. One such confounder is socio-
cultural factors in humans, e.g. daughters may provide more help than
sons to ageing parents in some societies, thus explaining why sons
would appear to carry a cost in terms of maternal lifespan (Grigoryeva,
2017; Pham-Kanter & Goldman, 2012). In an attempt to account for
this, Douhard (2017) looked at the relationship between sex of the
offspring and parental lifespan in four species of wild ungulates, com-
paratively long-lived mammals and thus with comparable costs of re-
production in terms of gestation and lactation, but with a simpler social
system than humans, allowing the ruling out of such culturally induced
sex-specific effects on parental lifespan. They found support for the
opposite pattern, that females with many sons lived longer than females
with few sons, in all four species. Another confounder can be that sex
allocation decisions are based on resource acquisition, with mother
preferentially producing, or investing into, the more expensive sex
when resource acquisition is high (Trivers & Willard, 1973; Veller,
Haig, & Nowak, 2016). Thus, individual heterogeneity in resource ac-
quisition obscures a trade-off at the population level. Evidence for this
is mixed in humans (Keller, Nesse, & Hofferth, 2001). Experiments that
cross-foster offspring to manipulate the sex ratio can potentially control
for such confounding factors and isolate the effect of sex ratio. How-
ever, mothers in mammal species frequently refuse to care for cross-
fostered offspring, rendering experimental manipulation difficult
(Schwanz & Robert 2016), and manipulation of litter sex ratio has only
been successfully performed in one mammal species (the bank vole,
Myodes glareolus, Rutkowska, Koskela, Mappes, & Speakman, 2011) and
one marsupial (tammar wallabies, Macropus eugenii derbianus, Robert,
Schwanz, & Mills, 2010, Schwanz & Robert, 2016), both showing lim-
ited support for a higher cost of sons.

Regarding question 3 (valid measurements of proxies), an illus-
trative study set out in search for a resource based trade-off between
reproductive effort and survival of women in a historic dataset from
Sweden, focusing on methodological issues that may prevent us from
detecting a trade-off (Helle, 2018b). Reproductive effort cannot be di-
rectly measured, because we cannot obtain measures of the proportion
of the total physiological energy available that a woman expends for
every reproductive attempt (including gestation, lactation, and care)
over the reproductive lifespan (Jasienska, 2009). Rather, the researcher
must rely on one or more proxies that capture this biological construct.
Because each proxy is measured with error, the problem arises when
these proxies are used in regression modelling as if they were perfectly
reliable measures of the reproductive effort, because most multiple
regression modelling assumes that the predictors are measured without
error (Mitchell-Olds & Shaw, 1987). The measurement error of each
proxy essentially becomes a missing variable that is not included in the
model, and estimates will be biased because of this (Antonakis,
Bendahan, Jacquart, & Lalive, 2010). Helle (2018a) uses structural

equation modelling with latent variables to account for this (Kline,
2016). The method assumes that a theoretical latent construct that
cannot be measured directly, in this case reproductive effort, will cause
variation in multiple variables that are related to reproduction, and that
can be measured as indicators of reproductive effort (addressing ques-
tion 2). The structural equations allow modelling and estimation of the
error variance in these indicator variables (addressing question 3), and
can also account for covariation between acquisition and allocation of
resources (section 2). Coupled with a thorough consideration of ques-
tion 1 (confounding variables) and question 4 (random subset), this
method allows us to suggest which causal pathways are more plausible
given our observational data. Using this method, Helle (2018b) found
weak evidence for a trade-off between reproduction and lifespan. To
verify the suggested causality, careful experimental manipulation is a
necessary next step. Gruijters and Fleuren (2018) made a somewhat
similar point regarding the use of K-factor scales to characterize human
life history tactics on a spectrum from fast to slow. Because life history
tactics cannot be measured directly, the researcher relies on latent
variables that are collected through self-report instruments, and this
can cause problems if these variables are treated in subsequent analyses
as perfectly reliable estimates of life history tactics.

Thus, by making use of natural experiments, comparative studies,
and methodological advances, trade-offs can be demonstrated in hu-
mans. Recent advances in quantitative genetic methods are now
opening the door to also study the evolutionary implications of trade-
offs in humans.

4.4. Quantitative genetic and genomic studies

Over the last decades, methods that use pedigree data to estimate
quantitative genetic parameters (initially developed in animal
breeding, Henderson, 1975), have been increasingly applied to long-
term studies on wild populations of a number of species (reviewed in
Charmantier, Garant, & Kruuk, 2014; Kruuk et al., 2008). These
methods are opening an exciting avenue of research on historical and
contemporary human populations, where genealogical data is available
(reviewed in Bolund et al., 2016(Bolund et al., 2016); Stearns et al.,
2010). It is becoming feasible to estimate not only phenotypic selection
on life history traits in historical and modern populations (Byars,
Ewbank, Govindaraju, & Stearns, 2010; Courtiol, Pettay, Jokela,
Rotkirch, & Lummaa, 2012; Moorad, 2013; Stearns et al., 2010), but
also the underlying genetic basis of these traits (Bolund, Hayward,
Pettay, & Lummaa, 2015; Bürkli & Postma, 2014; Milot et al., 2011;
Pettay, Kruuk, Jokela, & Lummaa, 2005; Stearns et al., 2010; Vink
et al., 2012). Very few studies have made use of these resources to study
life history trade-offs, and the sparse initial results point to differences
between populations. A study on a 19th century Swiss village found
phenotypic selection for an earlier age at first and later age at last re-
production, but a strong genetic correlation between early and late
reproduction, which would constrain an evolutionary response to the
selection (Bürkli & Postma, 2014). In contrast, a study on historical
Utah found no genetic correlation between early and late-life fitness
(Moorad & Walling, 2017). The authors highlighted the need for studies
on human populations from different environments, because we know
little about how changes in ecology alters the genetic basis of life his-
tory traits in humans. Studies on non-human species have shown that
the environment can strongly influence genetic correlations between
traits, but it remains obscure what environmental conditions are
driving these differences (reviewed in Wood & Brodie, 2015). A pro-
mising avenue would be to compare the pattern of life history trade-
offs, preferably including multiple traits at once, in human populations
at different points along the demographic transition. Large genealogical
datasets thus provide a largely untapped resource to study life history
trade-offs in both historical and contemporary human populations.

Genomic approaches have virtually exploded in the last two dec-
ades. Because of intense interest from medical and health sciences in
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establishing the genetic causes of disease, large datasets that include
genotyping of tens of thousands of individuals are rapidly accumulating
(Timpson, Greenwood, Soranzo, Lawson, & Richards, 2017), and can
now be used to study life history trade-offs. For example, Wang, Byars,
and Stearns (2013) found a negative genetic correlation between the
total number of children born to a woman and her lifespan, in a con-
temporary sample from the US. However, this result was sensitive to
changes in the sample, illustrating the difficulty in pinpointing the
exact genetic locations that underlie variation in complex traits that are
likely influenced by thousands of loci. Byars et al. (2017) combined
samples from several large genomic databases on contemporary popu-
lations and found that the same genes that underlie cardiovascular
disease also extensively contribute to reproduction. Thus, genes that
contribute to increased reproduction early in life (when natural selec-
tion is strong) carry the cost of increased risk of a disease that shortens
lifespan later in life (when natural selection is weak).

Thus, the combination of large datasets and quantitative genetic and
genomic methods makes it possible to estimate both phenotypic selec-
tion pressures (method 1 in table 1) and genetic correlations (method 3
in table 1) between life history traits. This opens exciting possibilities to
study the evolutionary consequences of trade-offs in historical and
contemporary human populations. A strong limitation with these kinds
of studies on humans is the number of generations available, because
even long-term genealogical datasets rarely reach more than 10-15
generations back in time.

5. Conclusions

Trade-offs remain a central pillar in the study of life history evo-
lution. To understand how different life histories evolve, we need to
understand the underlying trade-offs that shape trait variation. A tra-
ditional focus on energy-based trade-offs has recently been broadened
to include other currencies or trade-offs between different organismal
functions. I have focused mainly on the cost of reproduction to illustrate
how trade-offs can be studied using observational, experimental and
quantitative genetic methods. These methods can easily be applied to
other life history trade-offs, such as for example that between quantity
and quality of offspring (Hill & Kaplan, 1999; Lawson & Borgerhoff
Mulder, 2016), between mating and parental effort (Trivers, 1972), or
between development time and reproduction or lifespan (Lind et al.,
2017; Reznick et al., 1990).

The cost of reproduction has been studied extensively across taxa
over two centuries and in evolutionary biology, it has been used to test
the central assumptions of life history theory. In observational studies
on the phenotypic level, it is difficult to establish causation, because
third variables that are not taken into account can drive relationships
between traits. Further, differences in the acquisition and allocation of
resources between individuals can obscure trade-offs, such that a trade-
off between for example reproduction and lifespan can be present
within individuals, yet not be visible between individuals in a study on
the population level. Experimental studies that manipulate a single
aspect of the environment can control for third variables and individual
heterogeneity. However, to study the evolutionary implications of
trade-offs, it is necessary to disentangle the genetic basis of the traits
involved. This can be achieved with selection studies over many gen-
erations on short lived organisms. Alternatively, the application of
quantitative genetic methods developed in animal breeding allows the
use of pedigree or genealogical data to estimate both selection pressures
and underlying genetic correlations between traits. Such methods are
notoriously data-hungry (Falconer & Mackay, 1996), meaning that the
increasing number of very large-scale datasets on human populations
can offer possibilities that are hard to achieve in wild populations of
other organisms. Further, growing genomic databases are opening the
door to the genomic basis of life history trade-offs, across ecological
contexts and cultures (Guo, Yang, & Visscher, 2018; Roff, 2007). Thus,
these methods are opening largely unexplored possibilities to study the

evolutionary implications of life history trade-offs in humans.
In conclusion, while studies on humans are inherently constrained

to a largely observational approach and few generations, carefully
conducted studies can convincingly demonstrate the existence of trade-
offs between life history traits, and go on to study the evolutionary
implications over shorter evolutionary time scales. The unusually large
variation in life history between human populations, the diversity of
environments that humans inhabit, and the availability of very large
high-quality datasets means that studies on humans can also contribute
to the further development of life history theory, by generating general
predictions that can subsequently be tested under standardised condi-
tions in model organisms (Briga et al., 2017). Conversely, the accu-
mulated knowledge regarding the mechanistic basis of trade-offs in
other taxa (Zera & Harshman, 2001) forms a valuable resource to draw
on when forming predictions for studies on life history evolution in
humans.
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