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Abstract

We critically review the use of the term “life history theory” in recent publications
on evolutionary psychology, focusing on how the idea of a fast-slow continuum is

deployed in that literature. We raise four issues:

First, concerning plasticity, should we expect the effects of plasticity on the
developmental response of a trait to mirror the effects nt _=lection on the mean
of that trait? We conclude that we should not. Do or.. \.\astic responses to harsh
or unpredictable environments accelerate maturaion, or are there plausible
alternatives, such as nutrition? In many situatio.:< better nutrition is a plausible

alternative.

Second, how should we conceive of che harshness of an environment? It has
severalimportant dimensions. Itcould mean an increase in the mean mortality
rate, a decrease in the mean gru'vtn rate or fertility rate, or increases in the
variances of any of thoserates. Our judgement of harshness will also be affected
by the distribution of su.~h efects across patches in space and through
generationsin tim_ he combination and distribution of effects make important

differences to predictions.

Third, where did the fast-slow idea come from, and how much does it explain? It
was initially detected in comparisons across higher taxonomic levels, whose
relevance to variation among individuals is unclear and where it fails to explain

much of the variation.



Fourth, what sorts of processes could generate the fast-slow pattern? Here we
expand on insights mentioned earlier in passing to make clear how spatial

population structure and class effects generate alternative predictions.

We conclude with some thoughts on the nature of theories and research

strategies and on how one might respond to empirical puzzles.

Keywords: life history theory; fast-slow; patterns; cause.: research strategies



1.

Introduction

Because the term “life history theory” is increasingly used by somein
evolutionary psychology to support explanations of developmental responses of
human behavior, cognition, and physiology along a fast-slow continuum
associated with psychosocial stress (Nettle and Frankenhuis 2019), this is a good
time to take a step back to ask, what exactly does life hi tory theory predict, and
is the way in which it is deployed in evolutionary psyctiolc gy appropriate?

Specifically, we address these questions:

1. Should one expect the effects of plastici* / tc mirror the effects of selection
on the mean of a trait? What effects .on accelerate maturation?

2. How should we represent the h~rshness of an environment? Several
combinations of the means anu variances of age-specific vital rates are
candidates.

3. Where did the idea of i1 10s1-slow pattern come from, how much variation
does it explain, anc si.quld we expect it to explain variation among
individuals withi,. ncpulations?

4. What sorts of .vocesses could each generate the fast-slow pattern? Spatial
population structure and class effects can both generate alternative

predictions.

These considerations reveal a general issue that arises when one borrows ideas
from other fields and has surfaced in many, including our own. While borrowing
can be powerful, it has pitfalls. I1ts power comes from a new point of view that
suggests new questions —a precious commodity in science. The usual reaction is

to analogize: this pattern in my field (e.g. inter-individual correlations among



traits related to behaviour, cognition, physiology, and psychosocial stress) is like
that pattern in the other field (e.g. among-species correlations among life history

traits), therefore what they found there should apply here.

But analogies mislead if the underlying causes differ. Insights from analogies
must be validated by showing that the predicted effects also result from tracing
causes in the new context. That requires building and testing formal models that
demonstrate that the borrowed predictions also arise nz.irally from the causal
relationships of the new field. In formal models, carefi!' at.ention to assumptions
is important, for predictions are only meaningful il ti.~ assumptions hold. For
example, in the population under study, can oi.= di:monstrate that individuals in
which age at first birth is earlier are also tho: 2 in which both psychosocial stress
and risk of adult mortality are higher zr e they simply the ones who are better

nourished?

Why do people doing research or ;€2 history evolution find formal models useful?
First, by setting down explici. assumptions and analyzing their consequences, it
was, very early on, possibic to distinguish between two major causal claims: r&K
selection on the one han, age-specific selection on the other. The clarifying
effect of that experien ce shaped the field for decades to follow. Second, the
interactions with various intrinsic tradeoffs of age-specific changes in fertility and
mortality produced a complex conceptual structure that could only be handled
with confidence by building mathematical models capable of keeping track of all
those interactions. Third, many of the predictions depend on quantitative effects,
for the costs and benefits of tradeoffs change both with trait values and with
environmental gradients. Qualitative, verbal models cannot handle such effects,

which can lead to major changes in predictions.



The quantitative nature of relationships is thus central. Drawing qualitative
conclusions from a body of theory in which quantitative effects are important can
be dangerous when predictions change qualitatively for quantitative reasons —as
when the balance of benefits and costs in a trade-off shifts from positive to

negative.

While many of the tests of quantitative life history theory in biology have been
done with qualitative comparisons, as have applications _f life history theory in
evolutionary psychology, there are somein which it ha- bs.en possible to predict
evolutionary trajectories quantitatively. For examolc, '*vhen Ackermann and
colleagues (Ackermann et al. 2007) made quar. itarive predictions of changes in
age at first birth and interbirth interval in ka: teria undergoing experimental
evolution, they found changes in age =* fst birth close to those predicted, but
changes in interbirth interval much sn.>ller than those predicted. This result
suggested that interbirth intervzi '= constrained in ways not previously expected
and productively focused attenu~n on why the mechanisms that determine
reproductive rate are not ~a.ily changed by strong selection. Here the useful

feature of the quantitau ‘e prediction was its capacity to fail in an interesting way.

Those using life histor ; theory to support claims in evolutionary psychology
therefore need answers to these questions: What is assumed? How were the
models built? When assumptions change among models, do predictions change?

Is whatis thought to be a general prediction in fact context-dependent?
To be clear, we define the senses in which we use terms in a Glossary.

[Glossary near here]



We next unpack the fast-slow continuum as it is understood in life history theory

through answers to four expanded sets of questions:

How do the reaction norms for age and size at maturity as functions of
environmental quality evolve? Is the evolved mean population responseto a
deterioration in environmental quality expected to be the same as the evolved
individual plastic response? The answer is often no, but not always. Note that the
predictions of reaction norms for age and size at maturit, are the only part of life
history theory in which explicit predictions have been 1 ~ar.e for plastic responses
of individuals to environmental variation encountered during development, a
type of response that is particularly relevant tc =vc lutionary psychology.

What are the impacts of the means and variz.nces of mortality rates on the
evolution of repeated reproduction (.c-o,arity) and therefore lifespan? One
could define a high-mean mortality ra.> as reflecting a “harsh” environment, or a
high-variance mortality rate as rei'=c.ing an “unpredictable” environment. All
depends on whether such ve “iav.on affects juveniles or adults more strongly — the
issueis atits heart quanti.atice, not qualitative (Bulmer 1985). Increased
temporal variation in juv =nile mortality selects for longer, not shorter,
reproductive lifespan. Increased temporal variation in adult mortality does select
for a shorter reproductive lifespan. We are not aware of any formal models that
predict plastic responses of reproductive lifespan to changes in the means or
variances of mortality rates.

Where did the idea of a fast-slow continuum come from, and how much of the
overall variationin life histories among species is in fact explained by it? Itis an
important but not the only axis of variation (a second axis ranks mammals from

precocial to altricial). The effects that it represents originate mostly at higher



taxonomic levels and are correlated with body size; they are not strong amongor
within species nor among individuals.

How do spatial structure and class effects impact predictions? With spatial
structure there can be local mate competition and local kin competition; both can
produce surprising effects. With class effects the environmentin which
development occurs differs among individuals, who may use quite different
strategies to produce the same phenotype. Insuch cascs, inferring evolutionary
causes from phenotypic patterns is not reliable, for th( saine patterns can be

produced for quite different reasons.

We begin with a model for the evolution of ma urz tion reaction norms, the
phenotypically plastic reactions that occur a: individuals respond developmentally

to environmental variation.
Reaction norms for age and size ct maturity

In this section we state the assuriptions and predictions of one life-history model
to make these points: (a) otie van only predict how selection will change traits
when one can write dov.n e uations that link changes in those traits to changes in
fitness; (b) changir.z te ussumptions about the trade-offs between traits changes
the predictions; (c) t\.e model presented has been criticized for several reasons,
and the resulting modifications to it have revealed an entire range of possible
predictions (something that could happen when formal models are produced in
evolutionary psychology); (d) one frequent prediction remains the initial one
presented here, which also appears to be the one consistent with plasticity in

humans: organisms should mature young and large when growing rapidly and old

and small when growing slowly. If growthis correlated with the harshness of the



environment, then this is not consistent with first-order expectations based on
fast-slow continuum as it is used in some of the evolutionary psychology

literature. Although some evolutionary psychologists — to their credit — have suggested

that environmental gradients can affect life history traits in ways that are inconsistent
with the proposed fast-slow continuum (e.g. Ellis 2004, Coall and Chisholm 2003), the

idea of the continuum remains widespread.

2.1 The classical model of an age-structured population

Please bear with us while we step through the setup for tie model. Such
equations are essential for understanding how biolcgis s model life histories. The
devil is truly in the details.

Define terms as follows: t = time, x = age, B(t) -- thc sum of all births at time ¢,
n(x,t) = the number of individuals of age <a.*ime t, b(x) = the expected number of
births for a female of age x, /(x) = su.¥i»,al from birth to age x, r = instantaneous
rate of growth of a clone with the given life history traits, i.e. fitness in this
context (see Glossary), a=ag~ atl fi;st birth, and » = age at last birth.

B(t) is the sum of births in c'l age classes x (i.e. between the age at first birth, «,
and the age at last birth, =) where each age class has n females with average

fertility b:
B(t) = j b(On(x, O)dx

So, the sum of all births at time t equals the number of individuals of age x at time
t times the expected number of births per female of age x summed over all ages x.
We also know that the number of females at time t is the number born at time t—
x times the probability of surviving to age x, I(x):

n(x,t) = B(t — x)l(x)

Substituting in the equation aboveyields the renewal equation:



B(t) = f "Bt — 0)1(0)b(x)dx

o

While it can be demonstrated that a population with constant birth and death
schedules will grow exponentially, that demonstration (Lotka 1907, Euler 1970)
takes many steps, so here we simply assume that it has an exponential solution

B(t) =e"

ett zf er(t_x)l(x)b(x)*’x

Dividing both sides by e" yields the classic Euler-Lotk> euation:

1= f;e‘”‘ L(x):(x )dx

This equation holds whenever the schedule of hir th and death rates is constantin
a population growing independent of deris."v Such a population will converge to
a stable age distribution — one in wt «ch cthe proportion of individuals in each age
class remains constant and in which the absolute number of individuals in each
age class changes at the same ra’e :hat the population grows. That growth will be
exponential, with the rate - f n.ultiplication per time unit A = €', the measure of
fitness in this model. Itcan ve positive, zero, or negative depending on the vital

rates.

This equation does something both simple and powerful: it explicitly relates key
life history traits — age at first birth «, survivalto age x, births at age x, and age at
last birth @ —to fitness, allowing us to ask, how does a changein any of those
traits change fitness? However, that power and simplicity are bought at the cost
of important assumptions: constant birth and death schedules in an environment
with no density dependence. Building an explicit model made these assumptions

clear.



2.2 Relating vital rates to age at first birth

To understand how changes in vital rates will affect fitness, we need to represent
the relationships between age at first birth and survival to age x and births
expected at age x. Because survival and fecundity often depend onsize, we allow
them to depend on both age and individual growth rate during development k.
With those relationships defined, we can ask how a change in age at maturity will
affect fitness by examining the sensitivity of fitness to ch_nges in birth, death, and
growth rates. To understand the impact of tradeoffs. \ ‘e rhoose the functions
relating those three traits to represent the following i?2as (Stearns and Koella

1986):

e Survival to maturation improves as age at ‘irst birth is delayed because mothers
who are older and larger when they ‘irs: give birth can produce offspring whose
instantaneous survival rates are higher, more than compensating — up to a point —
for the longer periodin which tley cre exposed to mortality before they mature.
So let instantaneous survivn ~hip =some such function of age at first birth ¢,
growth rate k, and age x.

e Births at age x are 7ei o until maturation and depend on size after maturation,
wheresize is a functioa of growth rate and age. So let instantaneous fertility =

some such function of age at first birth «, growth rate k, and age x.

Note that earlier maturation will resultin higher juvenile mortality rates, and later
maturation will result in higher birth rates because females who are older when
they first give birth are larger. Thus, the functions chosen for survival and fertility

represent the costs and benefits of earlier versus later maturation.



We insert those functions for survival and fertility into the Euler-Lotka equation
and ask, whatis the age at first birth & that maximizes fitness r? Answering that

guestion involves calculations that can be found in (Stearns and Koella 1986).

With one further, critical assumption —that all growth environments are
encountered equally frequently — we can predict the age at first birth that
maximizes fitness for each growth rate given the functions specified for
survivorship and fertility. The result is a graph of the ma..'ration reaction norm in

a space defined by age and size (Figure 1).
[place Figure 1 her ]

The message of Fig. 1 is clear: when growing rzpiclv (k;) mature young and large;
when growing slowly (k,) mature old anc s.12!i. Thatis an evolved rule for a
conditional response to environmer ral'y induced variation in growth rates. If
organisms grow more rapidly in a more secure and nurturing environment, then
this prediction is the opposite or :hat of the fast-slow continuum as it has
sometimes been used in th.: evolutionary psychology literature. If slower growth
caused by nutritional st: =ss 1 epresents “harshness”, then this prediction is also
opposite to that of 2 10st slow continuum. While we note that evolutionary
psychologists have scmetimes distinguished nutritional from psychosocial stress
and have suggested that the two types of stress would have opposite effects on
age at maturation (Ellis et al. 2009), thereis to our knowledge no formal life
history theory concerning the effects of psychosocial stress on age at maturation,
and there is a reason for that: we have information on the relationships between
growth and mortality and growth and fertility, but we do not have information on

those relationships for psychosocial stress.



2.3 Separating “nature” from “nurture”

Fig. 1 describes what one would expect to see in a population in which the
relationships among age and growth rates, births and deaths remained constant.
But what happens when extrinsic mortality changes? The age-specificity of that
change is important: whether the changein extrinsic mortality affects primarily
juveniles or adults is critical. Consider a decrease in juvenile mortality, which
decreases the cost of early reproduction. That change h i< been caused in humans
over the last two centuries in developed countries by b etv>r water supplies,
better nutrition, antibiotics, vaccines, and medical care Itis predicted to causea
genetically based response to selection in whic'i .~e entire reaction norm moves

down and to the left (Fig. 2).
[place FigLre 2 here]
Figure 2 contains severalimportant me-sages.

e First, the empirical responseis ccnsistent with the major prediction of Figure 1:
when the nutritional envircnient improved (large arrow pointing up and to the
left under the upper rez<tioc > norm), women did in fact mature earlier and at a
larger size (Frisch 7nc. Rey elle 1970).

e Second, when such e~.vironmental changes endure long enough and consistently
enough to produce an evolved response to lower juvenile mortality, then the
model predicts that the entire reaction norm will move down and to the left
(small arrow pointing down) —under all growth conditions, women are then
predicted to mature younger and smaller. This is precisely the direction of
selection on age at maturity (but not on size at maturity) measured for women in

developed countries like the United States, Finland, and Australia (Stearns et al.



2010). Notethat the prediction of earlier maturation when juvenile mortality
decreases is the opposite of that predicted by the fast-slow continuum as used in
some of evolutionary psychology if juvenile mortality reflects psychosocial stress.
Third, the model also predicts what will happen when the change in the
environment affects adults more strongly than juveniles. We focus here on
changes in the average extrinsic adult mortality rate, where extrinsic mortality is
the component of mortality due to the environment (as ~pposed to intrinsic
mortality, which can be ascribed to tradeoffs and agin,’ —: ee Glossary). When the
extrinsic mortality rate of adults increases with little change in extrinsic juvenile
mortality rates, then the same shiftin the reactior. norm seen in Fig. 2 is predicted
— down and to the left (Stearns and Koella 1286). rhatresponse is consistent with
the claims about the fast-slow continuui as used in some evolutionary
psychology literature, and it occurs a- an evolved, not a plastic, response if the

deterioration of the environment a\‘acts adults more strongly than juveniles.

Thus, this (relatively) simple life history model yields predictions some of which
are not consistent with a /2s. slow continuum as it is understood in some of the
evolutionary psycholrgy Inerature. Some them are, but we do not yet know
whether the assumpuns thatyield such predictions about plastic responses hold

for the cases claimed by evolutionary psychology.
2.4 How well has this model stood up?

Criticisms of and modifications to the model have come primarily from three

directions.

First, the assumption that all growth environments are encountered equally

frequently was pointed out as being particularly onerous. When the environment



is spatially heterogeneous and organisms flow from sources to sinks (see
Glossary), populations will be better adapted to the source than to the sink, and
this will change the shape and position of a reaction norm that spans source-sink
conditions (Kaweckiand Stearns 1993). For human populations, the source-sink
structure informs analysis of large-scale movements from rural to urban habitats
and of migration from developing to developed countries.

Second, in recent years much work has been done on ec~-evolutionary feedbacks
and the resulting adaptive dynamics. When the envirc nm2nt causes plastic and
demographic changes in life history traits that chan,e ropulation dynamics, that
change in population dynamics changes the sel2cu.nn pressures operating on life
history traits. Those traits then respond with geneuically based, evolved changes
that are expressed in new generations ¢: organisms that now have different
evolved responses to environmentai sriation. The feedback cycle continues,
with ecological conditions drivine evnlutionary changes that resultin different
ecological conditions. Such a:i ~cu-evolutionary dynamic produces continued
change in both evolved anau nlastic responses. Oneimportant changein the
environment is the der=<i of the evolving population. When eco-evolutionary
dynamics are moaeicd w include density-dependent variation in growth and its
relationship with mortality rates (Marty et al. 2011), a whole range of predictions
are made that depend on the nature of the growth-mortality tradeoff (their Fig.
4). Some of the predicted plastic responses are consistent with Fig. 1, whereas
others make a contrasting prediction that could be interpreted as being more
consistent with the picture of life history theory presented in the evolutionary
psychology literature, i.e. when growing rapidly mature young and small, when

growing slowly mature old and large. Such an interpretation depends on



assuming that faster growth reflects greater psychosocial stress. The question
then becomes, do the assumptions made in the model when it produced that
prediction hold in the human populations for which those effects are claimed?
That open research question needs an answer.

Third, at the same time that work on eco-evolutionary dynamics advanced, work
on evolutionary medicine developed in parallel. In evolutionary medicine
mismatch is a core concept: modern humans can be mismatched to their current
environments because they spent most of their evolut onc ry past under different
conditions. We cannot expect traits to be well adapted to circumstances that are
being encountered at quite different frequencii:s than they were in our
evolutionary past —in some cases, for the fir<t time. When that happens, a
reasonable expectation is that variation i1 responses will increase, some of which
may be maladaptive or pathological \S.earns and Medzhitov 2015): one
alternative explanation for responscs to psychosocial stress is that they are not

adaptive but mismatched.

Thus, the message from ti:2 L art of life history theory that tries to predict optimal
plastic responses to e.iv.-onmental variation is complex. Some of its predictions
are opposite to the cicims made in evolutionary psychology; some are not; but we
do not yet know whether the assumptions that one needs to make to get
predictions that match those claims hold in the relevant cases. We would not be
aware of any of those nuances if formal models had not been built for which

assumptions were stated explicitly.

Now we turn to the second issue, what is the predicted impact of changes in

means and variances of adult and juvenile mortality rates on lifespan?



3. Means and variances of mortality rates: the evolution of reproductive lifespans.

Here we rehearse some history to make clear that important qualifications to the

fast-slow paradigm were known practically from the start.
3.1 Semelparity, iteroparity, and mean mortality rates

Formal modeling of life history evolution began with Cole’s 1954 paper (Cole
1954), which posed a paradox that was not resolved until 1973 by Charnov and
Schaffer (Charnov and Schaffer 1973). Colefound the ~aistence of any organisms
that reproduced more than once puzzling, for unde' hi. assumptions, any
organism that reproduced just once and then di~1 (<emelparity) could
outcompete an organism that reproduced annua.'v forever (extreme iteroparity)
by just increasing its fertility by one offscri-e. In other words, “a clutch size of
101 at age 1 would servethe same r.urr,ose as having a clutch of size 100 every

year forever” (Charnov and Schai/~r 1973, p. 791).

Charnov and Schaffer resolvez th~ paradox by noting that Cole had assumed that
juvenile and adult annual s.rvival were equal. Because annual juvenile survival
(p;) is usually much lowe: than annual adult survival (p,), they suggested that for a
semelparous specie. 1. absolute gain in fitness that could be achieved by
changing to iteroparity would be equivalent to adding p, / p; to the average
annual fertility. For example, if adult annual survival were 0.90 and juvenile
annual survival were 0.30, a semelparous mutant would have to produce at least
3 more offspring than an iteroparous organism to invade a resident iteroparous
population. That implies that higher annual adult survival and lower annual
juvenile survival select for a longer reproductive lifespan. This confirmed one

prediction made by Gadgil and Bossertin 1970, who stated it the other way



round, in terms of mortality rather than survival (Gadgil and Bossert 1970): if
mortality increases in all age classes after a certain age x, age at first birth will
decrease, reproductive effort in all age classes younger than x will increase, and,
because of the tradeoff between reproduction and survival, lifespan will
decrease. Inother words, if life becomes harsher on average for older adults,
faster life histories will evolve. This is consistent with some versions of the fast-

slow interpretation of evolutionary psychology.

However, there was, even at that time, an exception rclevant here. Schaffer
found that either semelparity or iteroparity could 2vo'. e and remain stable under
realistic assumptions about fertility and growti: sin ply depending on where the
species started in trait space (Schaffer 197 +). life could end up being fast or slow
depending only on starting condition<, n¢* on differences in the harshness or

unpredictability of the environment.

These models all considered the irr.act of changes in the means, not the

variances, of age-specific mo.taliy rates. So what about variances?
3.2 Bet-hedging, variance ir. mo. tality rates, and lifespan

The idea that it pays to redge bets by spreading risk originated with Bernoulli in
1738 (translated in Bernoulli 1954) in a paper in which he also first noted that the
appropriate way to measure the outcome of a multiplicative process, such as
fitness measured across generations, is the geometric mean. The geometric
mean weights small values more strongly than large ones; it emphasizes the
avoidance of failure more strongly than the benefits of success. Bet-hedging was

first applied to life history evolution by Murphy, who noted a strong positive



relationship between variation in spawning success in fish and their reproductive

lifespan (Murphy 1968; Murphy was not aware of Bernoulli’s results).

Bulmer formalized and generalized Murphy’s insight by analyzing the ability of
annuals (semelparous) to invade perennials (iteroparous) and vice versa under
two forms of density dependence, depending on the relative means and variances
of juvenile and adult mortality rates (Bulmer 1985). He found that, other things
being equal, variation across generations in the juvenile . ~ortality rate favors
iteroparity and variation across generations in the adu.* mortality rate favors
semelparity. Many other studies, summarized by W.'>ur and Rudolf (Wilbur and
Rudolf 2006), confirm this prediction. They ad.' to t the prediction that certain
types of environmental stochasticity can lead” to the evolution of both longer

reproductive lifespans and delayed a2 a. maturation (Wilbur and Rudolf 2006).

Now translate those results into *he larguage used to describe life history theory
by some evolutionary psychologic.. One might describe an environmentin which
adult mortality varies stocha_ticaily from generation to generation as
unpredictable. Because o1 the way that the geometric mean measures fitness,
such an environment rea Jces the contribution of adult survival to fitness and
favors the evolution o faster life histories. In contrast, one might describe an
environment in which juvenile mortality varies from year to year and from
generation to generation as unpredictable. Such an environment reduces the
contribution of juvenile survival to fitness, increases the relative contribution of
adult survival to fitness, and favors the evolution of slower life histories. Thus,
whether one should expect a faster or slower life history when the
unpredictability of the environment increases depends very much on whether it is

primarily juveniles or primarily adults who experience that increase in



unpredictability. The actual outcome will depend on the quantitative relationship
of both the means and the variances of adult and juvenile mortality. While this
nuance has been recognized by some evolutionary psychologists (e.g. Ellis et al.
2009, Del Giudice et al. 2015), it often gets buried when one categorizes
environments simply as unpredictable without specifying precise impacts on age

classes.
3.3 Conclusions on reproductive lifespan

The impact of environmental changes on lifespan ca:. he Lompactly summarized
by recognizing that an increasein variation in mo. *ality rates in a given age class
has an impact on fitness similar to an increase in. t«& mean mortality rate of that
age class. Either effect reduces the amouit chat age class contributes to fitness.
We therefore arrive at the following prt diction: from a given starting point, things
that reduce the relative contribu*ion o1 juveniles to fitness will increase lifespan;
things that reduce the relative co’i.~ibution of adults to fitness will decrease
lifespan (Stearns 1992, Chan.=r 5). Note that this is a prediction about the mean
value of the evolved lifesp.n in a population experiencing such conditions; it is
not a prediction of th 2 plostic response of a developing individual to the
perception of such cor.ditions. As we saw above (Section 2.2), plastic responses
can be in the opposite direction to population mean responses. Notonly does
formal theory for plastic responses of lifespan to environmental variation not yet
exist — there is not yet any formal theory for plastic responses of the suites of
correlated life history traits to which evolutionary psychologists often refer. The
reason is simple: in such cases the interactions are so complex that analytic
theory has proven intractable. Although computer simulations can be used, these

often come at a cost, as it can be difficult to gauge with precision the underlying



causes of the results. A compromise solution is to develop the model analytically
and solve the equations numerically. This is certainly an area where further

developments in analytical methods could be useful.

4. Where did the fast-slow idea come from, and how much does it explain?

4.1 Where it came from.

An early and influential prediction about the evolution of life histories was made
by MacArthur and Wilson in their book on island biogeosrcnhy (MacArthur and
Wilson 1967). They called it r&K selection, a patterr that arranged species along a
spectrum from those that evolved under density-.ndependent regulation where
rapid population growth was advantageous to t..~se that evolved under density-
dependent regulation where ability to rep ‘cducein spite of competition was
advantageous. Species that were r-s:le ste were supposed to be smaller,
reproduce earlier, have more smaller o:fspring, and live shorter lives than those
that were K-selected (Pianka 19/(},. Thatis the origin of the idea that life histories
can be arranged along a sing. > dinension from fast (r-selected) to slow (K-

selected).

Much of the subseucnt work in life history theory showed that concentrating on
the age-specificimpcits of the environment on vital rates, rather than on mode of
population regulation, was a more powerful and precise way to make predictions
that could survive both comparative and experimental tests (Stearns 1992).
However, much of that subsequent work did not include the important effects of
density that had originally been represented by K-selection. This deficiency has

since been redressed with ever-increasing success by more recent work in



adaptive dynamics and eco-evolutionary feedbacks (e.g. Marty et al. 2011, one of

many examples).
4.2 How much it explains.

Although the initial descriptions of r&K selection were based on an analysis of
causes that was at best a partial truth, they did point to an important pattern that
is most easily perceived in large-scale comparisons of the mean values of life
history traits in species, genera, families, and orders. Tha. nattern depends

strongly on the correlations of life history traits with =2y size.

An early comparative study of patterns of variatinr, ~f life history traits in the
mammals using principal component analysis fou.~d that body weight was
associated with much of the tendency fo~ v 1evies to fall on a “single axis ranging
from early maturing, highly fecund, «nc short-lived small animals to the opposite”
(Stearns 1983, p. 173). Thatfirst .rincipal component accounted for either 68%
or 75% of the variation among rn ainymal species, depending on which of two data
sets was used. When order ai.1 family effects were removed by subtracting order
and family means and ronecting the analysis on the residuals, the variation
accounted for by t)>e [rs? principle component dropped to either 29% or 36%. It
still described the faz*-slow continuum, but that continuum accounted for much
less of the variation. Analyses done within families showed that the loadings of
the life history traits on the first two principle components varied among families.
The point here is that much of the variation captured by the fast-slow idea resides
at the level of differences among higher taxonomic units, not at the level of
individual responses. The closer one approaches the individual level, the weaker

the pattern becomes, and it weakens in a heterogeneous fashion, differently in



each taxonomic family. What causes the pattern to shift as the focus shifts down
the taxonomic hierarchy is not currently known and relates to the difficulty of
understanding the meaning of terms such as “phylogenetic constraint.” The

patterns are real; the causes remain obscure.

Then, starting in the mid-1980’s, methods of comparative analysis developed
rapidly, driven by improvements in the logic of phylogenetic analyses and
remarkableincreases in the amount of reliable DNA sequ.~nce data. These
methods allow more reliable estimates of the amount ~f variation in life history
traits that should be attributed to phylogenetic eflec:- inherited from ancestors
and to body size. Itis the residual variation, th.» variation that remains after
accounting for such effects, that might “in pc it represent species-specific
responses to unique ecological select.~ ~gimes” (Miles and Dunham 1992, p.
848). For example, in the lizard family 'gsuanidae, only 4-22% of variation in age at
first reproduction, clutch size, ar.c neonate size was explained by species-level
effects after body size was cr.nti nlled in nested analyses of covariance. The
proportion of variationin ho.ly size, age at first reproduction, and neonate size
that was attributable ‘o ~hared common ancestry in a phylogenetic
autocorrelation mode' was 51%, 36%, and 56%, respectively (Miles and Dunham
1992). This study confirmed that most of the variation among species in life
history traits, and thus most of the fast-slow pattern, should be attributed to the
effects of body size and shared ancestry rather than to local adaptation to specific

environments.

Ina comprehensive study of fish, mammals, and birds based on data from nearly
2,300 species, Jeschke and Kokko (2008) reinforced the earlier conclusions: the

traits associated with a fast-slow continuum change if one removes body size; the



associations change differently in different clades; and the amount of variation
explained by a single fast-slow axis drops significantly when size and phylogeny

are taken into account.

Thus, multiple studies report that the comparative fast-slow patternis neither as
strong nor as consistent as is claimed in many recent papers in evolutionary
psychology, and whereit is found, it is much stronger in comparisons of higher
levels of the taxonomic hierarchy thanit is in compariso:.= among species, much
less among individuals within a population. Thus, the ffe:ts of body size and
phylogeny do much to explain the perception of a fa_* slow pattern at higher
taxonomic levels, where the mechanisms that . 1igt t have produced the patterns
remain obscure, as does their relationship Lo patterns that arise when comparing
individuals within populations, an enti; =1y different level of analysis. Now we turn

to the effects of spatial structure and 'asses within and among populations.

5. Similar patterns for different re 1so ~5: spatial structure and class effects
Here we expand on some of cur comments above to further clarify the challenges
posed by alternative explai.ations when analyzing life history traits within
populations. In contrist 12 Section 2, which deals with maturation, here we deal
with fertility.

5.1 Models and mechanisms

Because life history patterns can be generated by multiple mechanisms, the
assumptions of models must be tested, and the structural assumptions of models
matter. Whereas most life history models assume spatially-unstructured

populations, human populations are highly structured.



We illustrate these points with a specific problem. Several populations show
fertility and life expectancy gradients that are inversely correlated. That is, while
some individuals have higher fertility rates and die younger, other individuals
have lower fertility rates and live longer. A common explanation for the negative
correlation between the fertility rate and life expectancy gradientsis a
corresponding gradient in maternal extrinsic mortality (Fig. 3B; see Appendix for
details). However, this negative correlation among grac.inonts can also emerge for
nutritional reasons (Fig. 3A). Both better nutritional state and higher maternal
extrinsic mortality predict higher birth rates and shcrte " lifespans (Fig. 3A and 3B).
Conversely, both poorer nutritional state and lcwer adult extrinsic mortality

predict lower birth rates and longer lifespar<{rig. 5Aand 3B).

At first sight, the impact of nutrition > ' =*span may seem counter-intuitive.
After all, we often observe a positive Lrrelation between nutritional state and
longevity. However, a closer insp.cuon of the model explains this apparent
contradiction and yields som 2 i1,mights. Nutrition affects organisms in many ways,
and while some of these fte ~ts influence fertility and growth patterns, others
influence survival. Pcor nutcrition, for instance, can lead to amenorrhea, which
reduces fertility, but 1. can also depress the immune system, which impairs
survival rates. The model assumes that nutrition has an impact on fertility-related
traits only (i.e. we hold the impact of nutrition on survival constant). Under such
conditions, natural selection favours mothers who increase their reproductive
effort in proportion to their nutritional state, a pattern that is often seen across

natural populations.

But why does the model predict a negative association between nutritional state

and lifespan? This happens due to the costs of reproduction. Because mothers in



better nutritional state invest more in reproduction, their intrinsic mortality rate
(see Glossary) increases, which, all else being equal, leads to shorter lifespans. In
natural populations, it is often the case that nutritional state is correlated with
phenotypes and social conditions that contribute to both fertility (or growth) and
survival. Forinstance, nutritional state may be correlated with food availability
but also with an extended and supportive network of kin members. These factors
improve fertility and also allow individuals to live longer, '~ith the result that at
the population level nutritional state, fertility, and life< pa1 are positively
correlated. Here the direct positive effect of nutrition ¢n longevity buffers the
indirect negative effects of nutrition (via increased reproductive effort) on
longevity, which may be difficult to detect i natural populations (e.g. Hurt et al.

2006).

Our relatively simple model illustrates ~n important point about the use of
mathematical models: a match kc*woen the predictions of a model and observed
patterns does not mean that the model explains the observations. Unless the
assumptions and mechan.=<n.- of the model are themselves tested, one risks
mistaking correlation 7o, causation. To avoid such errors, it is useful to ask: do
the parameter values -equired to generate the observed patterns correspond to
those measured in the study? For studies involving cognition, is there a

conceivable mechanism that allows individuals to infer these parameter values?

Often mathematical predictions are also sensitive to the underlying assumptions
of the mathematical framework, a problem that is frequently neglected
(Rodrigues and Kokko 2016). For instance, the predictions outlined above assume
a population without group structure. If populations are structured into groups,

then the predictions may change. In group-structured populations, we still find



that higher maternal extrinsic mortality is associated with higher reproductive
rates and shorter lifespans (Fig. 3D). However, nutritional state no longer has an
effect on optimal reproductive effort strategies, and therefore lifespan remains
invariant in relation to nutritional state. This is becausein a group-structured
setting, better nutritional state increases the number of offspring born in the local
habitat, which, in turn, increases local competition for resources. Thesetwo
guantities affect fitness in opposite directions, with the -asult that nutritional
state has little or no effect on reproductive effort and "ifes 2an (Fig. 3C).
[place Figure 3 here]

5.2 Class-effects
Suchresults illustrate how difficult it can be tc infe: behaviour from life history
data in complex environments. Natural : eleccion operates through the
differential reproductive success of g>res. All else being equal, genetic variants
that have higher fitness will spreaa throughout the population. Often, however,
all else is not equal. Within a . ~ruiation, some individuals will live in supportive
areas, others in deprived a1 ~as; some will be strong and vigorous, others will be
weak and feeble; some w !l pe females, others will be males; and some will bein a
dominant positiori, c*hers in a subordinate position.
Such categories are what evolutionary geneticists call classes. They are the focus
of much interest in part because they impact the way natural selection operates.
Individuals in privileged classes (e.g. areas with abundant resources) may have
higher reproductive success, not (necessarily) because they have superior genes
but because they live in an affluent area. This will lead to evolutionary change
(i.e. change in gene frequency; see Glossary) thatis due to what we can call

“class-effects.” “Classes” can change the costs and benefits of behaviours and



strategies. For instance, in a harsh environment natural selection may favour
riskier behaviours depending on whether they increase or decrease fitness. The
details of the cost and benefit functions will matter, and these details will be
class-dependent.

Consider Fig. 3 again. In Fig. 3C, variation in fertility rates emerges solely because
of class-effects. Empirically, this can be quite difficult to detect, especially when
we only have a limited amount of life history data, as is ~*ten the case. Without
complete information, one may mistakenly infer that k ehc viour differs because
life history traits vary, when in fact it differs for other re asons.

In this scenario, natural selection favours a sim sle Hptimal resource-allocation
rule: “invest a proportion x of the resourcec in reproduction, irrespective of the
environment”. Here, individuals that ha 'e access to more resources will also
produce more offspring at no additic.~ul cost to their survival. Toinfer the rule
that governs the expression of thesc life history traits, one would need to
measure at least the correlat’c s etween the nutritional gradient and the
fertility and survival rates.

Cases in which differert L~Naviours or strategies cause the expression of similar
phenotypes are aiso ~oinimon in life history evolution. Under such circumstances,
inferring the underlying strategy directly from the observed phenotype can lead
to error. Organisms often evolve plastic responses that can be represented by
reaction norms, which give the conditional rules for producing phenotypes in
response to environments that vary. Such phenotypes depend both on the
condition of organisms and on their evolved strategies. For instance, an organism
bornin privilege may have a natural tendency for higher birth rates that are fully

explained by its privileged condition (i.e. its class), rather than some genetic



effect. A female bornin deprived conditions may be able to equal the birth rates
of her privileged counterparts, but only if she works harder (i.e. has a different
strategy).

Sometimes, natural selection favours adjustments in behaviour by mothers in
different condition that can lead to interesting predictions of phenotypic patterns.
For instance, under local mate competition, when mothers adjust their sex-ratio
according to their condition, they are predicted to prod.'ze exactly the same
number of sons whatever their condition (Yamaguchi  9&3). Under kin
competition, when mothers adjust the dispersal bei aviour of their offspring
according to their condition, they are predicter to vroduce exactly the same
number of philopatric offspring (Rodrigues ~nd4 Gaidner 2016). Thus, one has to
take class-effects into account when infc -ring behaviour from life history data.
For instance, simply observing that t..< number of sons in a patch remains
constant tells us little about the strctegic and behavioral “decisions” that have
shaped such patterns.

Insum, inferring behaviour ~r scrategic allocation of resources requires a careful
analysis of the probler al kand to identify the portion of the phenotype that is
attributable to “clas.-errects” and the portion of the phenotype that is
attributable to inherited behaviour or strategy. Observations of human responses
to psychosocial stress are often made in the context of highly variable
environments. Estimating how much of such variation can be accounted for by
“class-effects” is challenging but essential for understanding the inter-individual
differences in behavioural and cognitive traits studied in evolutionary psychology.

5.3 Social mobility, ageing and lifespan



Our model in section 5.1 highlights that lifespan is the product of biological
ageing, as measured by intrinsic mortality and reproductive effort, and extrinsic
mortality (see Glossary). Therefore, biological ageing and lifespan need not be
negatively correlated within populations. Good nutritional state can accelerate
biological ageing through the costs of reproduction, but good nutritional state can
also be correlated with low extrinsic mortality. This can lead to longer lifespans
but higher rates of biological ageing, and conversely to <~orter lifespans but lower

rates of biological ageing as measured when nutrition s cu ntrolled.

Although intrinsic mortality and biological ageing ..a. ke difficult to detect by
observational studies alone (Stearns et al. 200{), it is possible to find molecular
markers of senescence, which provide a pro»y for intrinsic mortality rates and
biological ageing. Forinstance, a molz-u.or analysis of telomere attrition in
meerkats (Suricata suricatta), a measu. e of senescence rates, has shown that
dominant female meerkats enjoy ' ger lifespans but suffer faster telomere loss
and therefore higher rates of biclogical ageing (Cram et al. 2018). This contrasts
with subordinate female i necrkats, which show slower rates of telomere loss but

shorter lifespans.

There are at least two potential hypotheses to explain this unusual positive
association between biological ageing and lifespan. The first focuses on the fact
that dominant females experience better breeding conditions and live in safer
conditions than their subordinates, which is in part maintained by the aggressive
behaviour of dominant females towards subordinate females. Dominant females
experience better breeding conditions because they enjoy better nutritional state
and higher offspring viability, and they experience safer conditions because they

occupy inner areas of the colony that are less exposed to extrinsic mortality



factors. This hypothesis hinges on how dominance affects the relationship
between breeding conditions (i.e. fecundity effects) and safety (i.e. survival
effects). More specifically, it assumes that dominant mothers enjoy both better
breeding conditions and lower extrinsic mortality than subordinate females, but
dominance confers proportionally better breeding conditions than safety (i.e.
extrinsic mortality). Ifthe hypothesis is correct, we expect that dominant females
have higher breeding rates —and therefore higher ageir.7 rates — as well as longer
lifespans, while subordinate meerkats should have fever . reeding attempts —

therefore lower ageing rates — and shorter lifespan-.

The second hypothesis, which we can call the s xcic/ mobility hypothesis, proposes
that subordinate females exercise reproduci ve restraint as a dominance-seeking
strategy. Under this hypothesis subo~dirote females show slower rates of
biological ageing because of reproduc.iverestraint rather than because of
relatively worse breeding conditicns - they are cautiously waiting for an
opportunity to move up the «ior:inance hierarchy when the dominant female

dies.

Fromthe verbal desc ‘iption of these two hypotheses it is difficult to evaluate
which of them best exlains the observed patterns in meerkats. Insuch cases,
mathematical models provide a valuable research tool, partially because the
differences between the competing hypotheses are quantitative, and becauseit is

difficult to determine how the different life history variables are intertwined.

To formalise the two hypotheses, we elaborate on a model (Rodrigues 2018b)
that studies the evolution of rank-dependent life history (see Appendix B for

details). Fromthe analysis of the model, we find support for the social mobility



hypothesis. In particular, the model shows that higher levels of inequality in
fertility rates and lifespan between mothers of different ranks are more likely to
be associated with faster biological ageing in dominant (high-ranked) females
when the social mobility scenario is considered (Fig. 4). The competing
hypothesis, i.e. the social immobility hypothesis, can also lead to faster rates of
biological ageing among dominant females, but this is associated with less
inequality in biological ageing and lifespan among moth >rs of different ranks.
Overall, our model suggests that the faster rates of bic log.-al ageing of dominant
meerkats can arise because of reproductive restrair.t ot subordinate meerkats as

a status-acquisition strategy.

Other evidence also supports the social mro'iity hypothesis. Ifit is correct, then
the benefits of waiting must be substz~ticl. In meerkats, this is determined by
tenure length and fertility rate of dom.nant females. Both are likely to be
significant: the tenure of domin~i.* temales is greater than that of males (Thorley
et al. 2020), and the fertility of cominant meerkats is relatively large. Moreover, if
the hypothesis is correct, then waiting must improve the chances of dominance-
acquisition. This is ex~.c.r what happens: older subordinate females are more
likely to inherit the duminant position than younger subordinate females (Sharp

and Clutton-Brock 2011).
[place Figure 4 here]

Although relatively simple, the model identifies the causal effects of empirically
measurable variables — such as biological ageing, extrinsic mortality, and nutrition

— on lifespan and other life history traits. The meerkat study illustrates how these



variables can be measured in natural populations by combining molecular and

statistical analysis (Thorley et al. 2020).

The model also suggests a different explanation for suites of life history traits.
While most models in the fast-slow continuum literature propose a positive
association between fertility rates and aggression and a negative association
between these traits and lifespan and senescence, our model suggests a
contrasting scenario in which fertility rate, aggression, lircspan and senescence
are positively correlated. Under this scenario, aggress.nn oy dominant females is
part of a maintenance-of-status strategy that ope. aic< when societies are
organised in hierarchies. This association amo. g atus, reproductive success,
and aggressionis shared by several animal si ecies, including our closest relatives
(Pusey and Schroepfer-Walker 2013, "~luhlum et al. 2014), and has been
observed in some human societies (Ci.~gnon 1988, Glowackiand Wrangham

2015).

Overall, the model supports the idea that social gradients have significant impact
on life histories. They probchiy emerge through plastic responses to multiple
social and ecological “actors. Social gradients are widespread among human
populations, shape mi.ch of human sociality and life history, and have been
associated, for example, with a predisposition to develop non-communicable
diseases. Despite this, models that explore the impact of social gradients on life

history evolution are relatively scarce. Further work on this area is required.

5.4 Diversified bet-hedging
Above, we discussed a particular form of bet-hedging called conservative bet-

hedging (see Glossary), and we showed how this can affect traits that are



associated with either faster of slower life histories. Diversified bet-hedging is a
different form of hedging one’s bets that may evolve when individuals face
fluctuating environments (Seger and Brockmann 1987, Starrfelt and Kokko 2012).
Seger and Brockmann (1987) showed that when environments fluctuate from
generation to generation, phenotypes with lower mean reproductive success can
nevertheless evolve if their fitness is uncorrelated with the fitness of the
remainder of the population. That s, it pays to be diffei ent in environments
where others perform poorly.

Because diversified bet hedging can maintain variat. on n the population, it has
received some attention from evolutionary psvche logists (e.g. Belsky 1997, Belsky
and Pluess 2009, Frankenhuis et al. 2016). Racause diversified bet-hedging can
lead to contrasting strategies, it has the 'otential to influence life history traits in
ways that are inconsistent with the 1c< ¢-slow continuum as it is usually
understood within evolutionary nsy ~hology. This is the case, for instance, when
fecundity within any given er.-o..mentis uncorrelated among individuals
(Rodrigues and Stearns, in . “eparation). Current models of bet-hedging do not
capture these effects hacorse of their simplifying assumptions, which often
include non-overlapying generations, lack of spatial or class structure, or density-
independent regulation. More realistic models that address these shortcomings
yield insights into how different forms of bet-hedging affect traits associated with
the fast-slow continuum and test the robustness of hypotheses in evolutionary

psychology that have been informed by older life-history models.

6. Discussion

6.1 The nature of life history theory



Life history theory is not a single statement about a fast-slow continuum. The
fast-slow continuum is an observation of a pattern, not a prediction froma
model; it is a pattern observed in comparisons among orders, families, genera,
and species, not among individuals responding with plasticity to environmental
variation encountered in the course of development; and where it has been
observed in comparisons of higher taxonomic units, it accounts for some but by
no means all of the variation in life history patterns (pre ~’se amounts vary among
studies, which use different samples) — other dimensic ns vf variation are

significant, and patterns vary among clades.

Life history theory is an overarching set of idea. ar. organizational paradigm,
about what questions to ask, whatassump u..ns to make, and what simplifications
to accept. Within it, specific models rzn 1 nake different predictions about the
responses to selection of population ri.=an values of traits and of the plastic
responses elicited as individuals 4 ~velop from birth to adult to old age in
interaction with their envirorimcnts, a point also made elsewhere in this issue
(Zietsch and Sidari 2019). Ti.~ predictions for population mean values and for
plastic developmenta’ i sponses can bein opposite directions for the traits, age

and size at maturatio: , that have been analysed in detail.

Note that the theoretical predictions for both population means and plastic
responses of individuals assume that they are genetically based and have evolved
in responseto selection, with the plastic responses having evolved as
developmental rules that are contingent on the environments encountered by
individuals. Plasticity can also be caused for non-adaptive reasons that are not

reflected in life history models.



One might claim that it does not matter what stimulates a hypothesis if it leads to
testable predictions and a research program that makes progress. The danger,
however, is that when a research program is getting the right answers for the

wrong reasons, it will be a house built on sand.

Is the point of doing science to identify patterns or to understand causes? That
deeper issue frames this conversation. Those who want to find patterns
sometimes trim variable and inconsistent results, cleanir.; them up to fit a
preconceived framework, as Procrustes trimmed his centi es to fit his bed. In
contrast, those who want to understand causes cliei =i exceptions for their
power to reveal what is not yet understood, re.maiing agnostic until predictions

have withstood strong tests.
6.2 The importance of formal models

For several reasons mathematica: models have strengthened the foundations of
evolutionary biology. First, our cz pacity to develop complex verbal arguments is
limited. For example, Darw n'. several attempts to explain verbally the evolution
of 50:50 sex ratios were 'ins uccessful: “... | now see that the whole problem is so
intricate that it is cofe te leave its solution for the future” (Darwin 1874, pp. 259,
260). This problem w.us later solved in a few lines of algebra (Edwards 1998,
2000). Second, our intuition is often wrong. For example, population viscosity was
seen as promoting the evolution of altruism (Hamilton 1964), buta simple
mathematical model uncovered a flaw in the argument (Taylor 1992): while
population viscosity does promote interactions among relatives, as Hamilton
suggested, it also increases competition for resources among relatives. These two

opposing forces can cancel each other out, yielding no net effect of population



viscosity on the evolution of altruism. This insight has led to significant theoretical
and empirical work that seeks to identify biological factors that modify this
cancelation result (Lehmann and Rousset 2010, Rodrigues and Kokko 2016): it has
had heuristic value. Third, the sensitivity of the predictions of mathematical
models to their underlying assumptions is not easy to see in verbal arguments.
For example, whereas single-population models predict lower reproductive effort
in poor environments, meta-population models predict ~‘gher reproductive effort
under the same conditions (Ronce and Olivieri 1997).

There are many approaches to model building, rarging irom proof-of-concept
models, that focus on a minimal number of kev tactors, to simulation models, that
caninclude a large number of variables (Seredio et al. 2014). Each approach has
its advantages and disadvantages: while -he simplicity of proof-of-concept models
gives great clarity and tractability bu. <acrifices realism, simulation models can
include complicated details that mc-e closely mirror reality but sacrifice clarity
and tractability to do so (Levi'ic 1268). One might start with simple models to
decide which biological fac.~rs areimportant, then build more realistic

assumptions into the made!,

The mathematical mc lels appropriate for evolutionary psychology include those
that study variation among individuals within populations by focusing on life

history patterns as a function of environmental gradients (i.e. reaction norms).

That said, there is room in science for a diversity of approaches, some of them
data driven. The success of an approach can best be judged by the progress made

by those using it over periods of decades.

6.3 The role of multiple working hypotheses



In addition to being more careful and nuanced in leveraging ideas from life history
theory, evolutionary psychologists might more frequently consider multiple
working hypotheses (Chamberlin 1995). The alternatives to a fast-slow life history
dichotomy include at least: (a) currentincentives shaping personal behaviour
beyond what evolutionary psychologists call an “evoked” response to
environmental conditions, (b) cultural evolution of norms that shape behaviourin
ways that may or may not converge on those predicted ~y biological evolution for
culturally inherited reasons (Sear et al. 2019); (c) misn atc arguments, which are
non-adaptive — they predict maladaptation or pathclogy but not necessarily any
consistentresponse to an environment that ha; not previously been frequently
encountered (some evolutionary psychologicts acknowledge mismatch but too
often seem to expect consistent responz=s). rhose taking this approach will
remain agnostic about a hypothesis v~ il plausible alternatives have been
excluded with confidence, i.e. until the hypothesis has survived strong tests. For
this reason, among others, w= orc surprised by the degree of confidence in life

history theory expressed in *he evolutionary psychology literature.
6.4 The logical power of i i "esting failures

In some of evolutiona'y psychology, the response to criticism of the use of the
fast-slow continuum to explain behavioural, cognitive, and physiological
responses to psychosocial stress has not been to welcome the failures as
informative but instead to try to preserve the paradigm by explaining away the
failures. In contrast, we believe that failures are informative, for science is the art
of efficiently making interesting mistakes. We find this a useful working definition
for those who are more interested in knowing the truth than they are in being

right.



6.5 Concluding thoughts
Evolutionary psychologists might find it productive to debate these larger issues:

e Whatis a theory? We consider a theory to be the tracing of the
consequences of explicit assumptions for specific predictions. Such analysis
can only be done mathematically when relationships are quantitative.

e What constitutes an explanation? We consider an explanation to be a body
of work that connects quantitative theory to quartictive tests in which
alternative hypotheses are explicitly evaluater coainst reliable evidence in
tests that are strong enough to change idea- Explanations are the ideas
that remain standing when repeatedly coi.“:onted with strong tests.

e What kinds of evidence are admissil'l:? We give greater credence to
experiments than to observation. il swudies, and within observational
studies, greater credence i~ prospective, randomized, case-control studies

than to those in which such..ethods are not used.
A self-critical conversation -1bc 't such issues could strengthen the field.
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Glossary

Adaptive evolution -- Changes in gene frequency that result from the action of
Natural Selection, i.e. from correlations with reproductive success (Price 1970).

Age-structured populations -- In such a population the individuals present at any
one time were born over a range of different times, and their fertility and survival
depend on age (Charlesworth 1994).

Conservative bet-hedging -- Such strategies are recogniz=d by a reduction in
individual-level variance in fitness, often measured by t\.~ y 20metric mean
(Starrfeltand Kokko 2012).

Constitutive traits -- Traits whose development i< 11.<ensitive to environmental
conditions; such traits are buffered against boti.* genetic and environmental
variation.

Developmental plasticity -- Environm~, ta. offects during development that
produce long lasting effect in pheno. mes (Nettle and Bateson 2015).

Diversified bet-hedging -- Such s a >tegies are recognized by a reduction in
between-individual correlatic..<i.: iitness. Conservative and diversified bet-
hedging are not mutually e:.cic'sive. Both can often be found in the same
population (Starrfeltand 1iok702012).

Evolutionary chanze - - Ct.anges in gene frequency (Frank 2012).

Extrinsic and intrinsic mortality -- Extrinsic mortality is the portion of total
mortality that can be directly ascribed to the effects of the environment, such as
predation, infection, starvation. Intrinsic mortality is the portion of total mortality
that is internal to the individual, such as cancer, cardiovascular disease and
behaviour (Stearns et al. 2000, Stearns and Medzhitov 2015).

Fitness -- There are many definitions: in general, the maximand of Natural
Selection (Grafen 2007); in particular models, r, K, w, or G; a convenient
approximation for empiricists is lifetime reproductive success, whose ease of



measurement comes at the cost of missing multi-generation effects (see bet-
hedging).

Mismatch -- Recognized when evolutionary traits that were once adaptive are no
longer beneficial in the current environment (Lieberman 2013).

Non-overlapping generations -- Populations in which the current generation dies
before the new generation start breeding, as opposed to overlapping generations,
which refer to populations in which individuals of many ages are present and may
be breeding.

Phenotypic plasticity -- The production of alternative n. er.otypes by single
genotypes in response to variation in the environmont Stearns 1989).

Reaction norm -- The range of potential pheno. 'oe; a single genotype can
develop when exposed to a range of environm.ental conditions (Stearns and
Koella 1986).

Sources and sinks -- A population inhokiting patches in a spatially heterogeneous
environment can consist of “sink " sub-populations maintained by immigration
from “source” sub-populations- s).~ks absorb and the individuals in them are

maladapted to local circumstz. cuz; sources export excess individuals (Pulliam
1988).

Tinbergen’s four questing, - - - Four levels of analysis in evolutionary biology:
function, phyloger:s, \'\evi:lopment, and mechanism. Our understandingis not
complete until all hav. been explored (Tinbergen 1963).

Unconditional phenotypes -- Phenotypes (or strategies) that arise from genes
whose expression is independent of role or environment; genetic polymorphisms
can be maintained in the population through frequency-dependent selection
(Maynard Smith 1982, Parker 1989).

Vital rates -- The age-specific survival and fertility rates of a population
(Charlesworth 1994).
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Appendi¥ A - Epvironment-dependent life history (section 5.1)

Appendix A.1. Models and methodology

We consider two types of models. While the first model assumes a population
subdivided into a very large number of patches, the second model does not make
such assumption. We first describe the model with patch structure, and we then

describe the model without patch structure.



We assume a population subdivided into a very large number of patches (i.e. the
infinite island model of Wright (1931)), and for simplicity we assume asexually-
reproducing and haploid individuals. There are n breeders per patch. Patches

experience different environments, such that a proportion p; of the patches are in

Q

environmenti, with Y-, p; = 1, where Q is the total number of environments.

Each breeder in environment j produce f; offspring. Offs,"cing may remainin the
local patch with probability 1 —d,;, and disperse with pi abe bility d;. Dispersed
offspring arrive at a random patch in the populaticn *~ich probability 1 — k, where
k is the cost of dispersal. Mothers in environm~nt , survive with probability S;, and
die with probability 1 —S;. The death of mo*i:ers frees up breeding spots that are
then contested at random by both native and immigrant offspring. After

competition, offspring that obtain a L 2eding spot become adults and initiate

their reproductive lives. At this st~gc the life-cycle of our model species resumes.

The model without spatia! scructure follows a similar life-cycle, but some of the
variables have a differ_~t iterpretation. In the unstructured model, 1 —d; is
interpreted as the probability of remaining in the same environment, while d is
the probability of moving to a random environmentin the population. In addition,

all offspring become adult breeders.

We are interested in understanding the evolution of reproductive effort. We
assume a trade-off between maternal fecundity (i.e. f;) and maternal survival (i.e.

Si; Stearns (1992)). In particular, we consider that fecundity and adult survival are

mediated by reproductive effort, denoted by x;, where f; = sixil/z, and



S; = (1 — x;)*/2, where: and s; is the nutritional state of a mother in
environment i ; and oj is the baseline survival of a mother in environment i. We
employ standard optimisation methods to determine the optimal reproductive
effort strategies (Frank 1998, Otto and Day 2007). Optimal strategies are those
strategies that cannot be invaded by slightly higher or slightly lower values of the
optimal strategy (Otto and Day 2007). Below, we describe the different steps

required to find these optimal strategies.

Appendix A.2. Reproductive success and reproducti-evalue

Here, we start by defining the reproductive cticcess of a focal mother. The fitness
of a focal mother in any environment de;>enus on her fecundity and survival. A
focal mother produces two types of c*’spring, philopatric and dispersed offspring.
Philopatric offspring remain in th= 1c~al habitat, while dispersed offspring leave
the local habitat. Let us first co.siaer a mother’s reproductive success through

philopatric offspring, whirr, ‘s given by

W(b — fiu fli:
P nfio-dD+2E rinfadi(1-k)

(A.2.1)

where: f; is the fecundity of the focal mother in environmentj; f; , is the average
fecundity in the local patch; f; , is the fecundity of a random mother in

environment/.

The reproductive success of a focal mother in environment j through dispersed

offspring is given by



5 _ fidi(1—k)
Winj = nfj2(1-d))+IL pinfizdi(1—k) (A.2.2)
The average reproductive success in the population is given by
w = Z:?=1 pi(Si + Wid)oi + Z?:lwi(ijpjoj) (A.2.3)

whereo; = (1-S;)nis the expected number of empt s b 2eding sties in a patch in

environment|.

The reproductive value of a mother in envi. ~~.ment via the production of

offspring, both philopatric and dispcrse d, is given by

f_1( ¢ Q 8 1 aq )
v == (Wi o;v; + Zj=1 Wil Byt ). (A.2.4)
wherev; is the reprod-.ctiv : value of a focal mother in environment i, and where
reproductive value g ‘es the contribution of an individual to the future gene pool
of the population (Fisher 1930). The reproductive value of a mother in

environmenti through her own survivalis given by

1

1
vs = %Sivi, (A25)



The total reproductive value of a focal mother in environment i is then given by
the reproductive value obtained via fecundity and the reproductive value

obtained via survival, which is given by

v; = vf + v (A.2.6)
Because reproductive value is a relative measure, we ca.» set the reproductive
value of mothers in environment 1 to one, and solve tl e ri:mainder system of

equations to find the reproductive values of other n att.ers. Thus, the full system

of equations is given by
=1
{”,1_ €20} (A.2.7)

After replacing equation (A.2.6) i1tnie system of equations (A.2.7), we can then

solve that system.

Appendix A.3. Rep ncict.ve value of offspring

Alongside the reproductive value of adults, it is also useful to consider the
reproductive value of offspring. The reproductive success of an offspring when

she remains in the local patch is given by

¢ _ (1-d;)
i nfi,o(1—di)+Z?=1p1nfllzd1(1—k)'

(A.3.1)



The reproductive success of an offspring when she leaves the local patch is given

by

di(1-k)

T nf]-,o(l—d]-)+Z?=1plnfllzdl(l—k)' (A.3.2)
The reproductive value of an offspring in environment i is then given by
Vi=Ww + 32 WS pow, A.3.3

: o1 =1 Wi2pi05;. (A.3.3)

Note that the reproductive value of a mother thrcugh the production of offspring

is given by her fecundity times the reproriL- tir e value of each offspring, thatis

v, = fVi. (A.3.4)

Appendix A.4. Selection gradients

We now want to ctan tae effect of a slight increase in the breeding value of the
focal individual, denc'ed by g,, on the fitness of the focal individual (Frank 1998,

Rodrigues 2018a). The selection gradient is given by

f S

dv; dv; dv;
L= —1 4 1 (A.4.1)

dgq dga dgq

If we expand the right-hand side of equation (A.4.1), we obtain



dv; 1(0151 dw? Q dwis_,]-

v, +—Lov;, + ).
dgq ! dgq e =1 dgq

dgg W Pjoi”i>- (A.4.2)

We can now expand the derivatives with respect to the breeding value of the

focal individual. This is given by

¢ 8

dvi 1 (09Sj dxyqdgqy ow{ dxy dggy Q IWiLjdxydgg

= L(Pdmediey, S Batin gy, 30 MRS tey o) (A4
Xaddadgp Xa Aga AGp Xa A9 99p

dge W
where g, is the breeding value of the recipient. Th2 ~rcial derivative means that
a slight increase in the breeding value of the fc-al i11dividual influences the fitness
of the recipient-i by the impact of the indiviuv yal-a phenotype on the fitness of the
recipient. The derivative of the breedi~g 'alue on the phenotype, i.e. the
genotype-phenotype mapping, can be arbitrarily set to one (i.e. dx,/dg, = 1).
The slope of the focalindividual’s hreading value on the recipient’s breeding value
gives the coefficients of cons anguinity between the two individuals (Bulmer
1994). When the recipier.t ¢*the behaviour is the focal individual, then the slope
is one. Because we assume a very large number of individuals in each patch (i.e.

n — 00), this slope is .2ro when the recipients of the behaviour are all other

individuals in the patch. Thus, if we expand equation (A.4.3), we obtain

dvi _ 1 (0S; dfi (1-dy)
~w i 0 (1-d)+22 (-0 1V
09q 0gaq \nfjo1-dj)+ 1= P11z (1-Kk

dgq w
Q di (1—k;) . )
T z:J' =1 nf,-,O(1—d,~)+2?=1p1nf1,zd1 (1-k) P;io;V;

(A.4.4)




If we plug in equation (A.3.3) into equation (A.4.4), we obtain the selection

gradient
= L( By 420y, (A.4.5)
dga W \0gq 0dq

If we define the cost of an increasein reproductive effort as

95
¢ = _Ja, (A46)

and if we define the benefit of an increase in rr.pi1 2ductive effort as

a.
bi:i

, A.4.7
%, (A.4.7)

equation A.4.5 becomes

dvj
dga

- %(—Civi + bIV) (A48)

Appendix A.5. Optimal strategies

To find the optimal reproductive effort strategies, i.e. xi*, we use an iterative
algorithm (see Rodrigues (2018a) for details). We first find the reproductive value
of each individual assuming a neutral population (equations A.2.7). We then
determine the selection gradients (equation A.4.8). If the selection gradient is

positive, we update the resident reproductive effort strategy by a slightly higher



value. If the selection gradient is negative, we update the resident reproductive
effort strategy by a slightly lower value. We repeat this iterative process until we

find the equilibrium values of the reproductive effort strategies.

Appendix A.6. Reproductive success and reproductive value in unstructured

populations

In unstructured populations, the reproductive success of < focal mother in

environment i through offspring that remain in envi-on nenti is given by
w?® = £i(1 - dy. (A.6.1)

The reproductive success of a focal m« ther in environment i through offspring

that become breeders in envirormetjis given by

wd,; = fidi(1 - k). (A.6.2)
The average reproduc‘ive success in the population is given by

W=y pi(Si +w? + 2&1 wis_)]-pj). (A.6.3)

The reproductive value of a mother in environment i via the production of

offspring is given by



1
vi = - (Wi¢vi + Z?:lwiijpjvj). (A.6.4)

The reproductive success of an offspring when she remains in the local

environmentis given by
W = (1-dy. (A.6.5)

The reproductive success of an offspring when she le2'e 2 the local environment

to a random environmentis given by

WP, = d;(1—k). (A.6.6)

The reproductive value of an offs ring m environment i is then given by

Vi = W+ 32 We pv (A.6.7)
1 i 1 j=1""1=>)) 7 e

As in the patch-str..~tured model, we can now find the optimal reproductive

effort strategies using equations (A.2.7) and (A.4.8) and the iterative process

described in Appendix E.

Appendix A.7. Figure and results

For each model, we consider two scenarios. In thefirst scenario, we consider a

nutritional gradient, where the fertility of mothers increases with nutritional



state. In particular, we assumethats; =0.7,s,=0.8,5;=0.9,and s, = 1.0. The
results for the nutritional gradient are depicted in Fig. 3, panels A and C, in the
main text. In a second scenario, we consider a gradient in maternal extrinsic
mortality. In particular, we assume that o, =0.90, 0, =0.85, 03=0.80,and 0, =
0.75. Theresults for the maternal extrinsic mortality scenario are depicted in Fig.
3, panels B and D, in the main text. The parameter values used in Fig. 3 are as

follows:n — o, d;=0.1,k=0.5,Q=4, p;=0.25.

Appendix B — Social mobility, ageing and .ife.pan (section 5.3)
We follow the model of Rodrigues (2018b) that studies the evolution of
reproductive effort in stratified societies Here, we provide a brief description of
the model and we refer to Rodrigues ‘~018b) for an in-depth outline of the

methods and analysis of the modei .

Appendix B.1. Life-cycle

We consider Wrigni'~ (1931) infinite island model and a population composed of
asexually-reproducing haploid breeding mothers. Each patch is inhabited by a
group of four females that form a society stratified into four different ranks. Rank-
i females give birth to f; offspring who become juveniles with probability s;, which
means that of the f; offspring only F; = f;s; each the juvenile stage. Adult females
reproduce regularly, and they survive each breeding cycle with probability S;.

Offspring that reach the juvenile stage, either remain in the local patch with



probability 1 — d, or disperse with probability d;. Disperses can suffer in-transit

hazards such that only a fraction 1 — k survive dispersal.

We assume two types of social dynamics: social immobility and social mobility.
Under the social immobility scenario, once females acquire a rank they keep it
until they die, and therefore they experience neither upward nor downward
social mobility. Under the social mobility scenario, femc !2s can experience
upward social mobility when females in higher ranks d'e. 'Jnder this scenario,
although females can improve their rank during the <ot rse of their lifetime, the

relative rank of surviving females remains cons ar.*.

Under social immobility, surviving juven: es compete for the breeding places left
vacant by the decreases mothers fro.» which they inherit their social rank. Under
social mobility, surviving adult moti.=rs occupy the upper most social ranks, and
therefore only the bottom mr..* 1 2nks remain available for juveniles, who
compete for these breeding olaces. Irrespective of the social mobility scenario,
juveniles who fail to okbta:n a breeding place die, while successful juveniles

become adult breeacrs.

Appendix B.2. Reproductive effort

We assume a trade-off between the fecundity and survival of a mother. Thus,
mothers who invest more in reproductive effort pay a survival cost. In particular,
we assume that the fecundity of a mother is given by f, = z,* while her survival is

given by S; = g, (1 - z;)”, where z, denotes her reproductive effort. The parameter o,



= 1 - g denotes the extrinsic survivorship of rank-i mothers, where g is the

extrinsic mortality.

We are interested in finding the rank-dependent optimal reproductive effort
strategy, which we denote by zi*. Optimal reproductive effort strategies are the
values of reproductive effort zi* at which natural selection favours neither a slight

increase nor a slight decrease in trait value (Otto and Dz 2007).

Appendix B.3. Total mortality, ageing and extrinsic r.~or.ality

The total mortality rate of an individual is gi*'en by M, = 1—-§;. We partition total
mortality into two components: extrinsic anu intrinsic mortality. Thus, intrinsic

mortality, denoted by gz, is given by i, - M, — &. We assume that intrinsic mortality
provides a proxy for ageing rate. ~nd therefore «; = 1;,, where ¢; is the ageing rate

of a rank-iindividual.

Figure Captions

Fig. 1.- The predicted reaction norm for age and size at maturity is the thick black
line. The dotted lines represent growth from fast (k;) to slow (k,). Such a
maturation reaction normis an evolved rule of thumb for when to mature
conditionally, based on the environments encountered. Redrawn from (Stearns

and Koella 1986).



Fig. 2.- Optimal reaction norms for age and size at maturity in human females
evoked by different growth rates (thin dashed lines). The upper, solid black
reaction norm depicts the plastic shift from the 19" to the 20™ century (blue
dotted line), when better nutrition and growth caused women to mature larger
and younger. The lower reaction norm (think red dashes) depicts the predicted
evolved shift of the entire curve down and to the left. Redrawn from (Stearns and

Koella 1986).

Fig. 3.- Reproductive effort, fertility rate and expect>d | fespan as a function of an
environmental gradient (from 1 to 4; see Apper.u../1or details). Inthe absence of
spatial structure (panels A and B), a nutritiona’ gradient (panel A) and a gradient
in maternal extrinsic mortality (panel B) hou: iead to an inverse correlation
between fertility rate and lifespan. \*’F.en we consider spatial structure (panels C
and D), these predictions change. 1~ particular, maternal nutritional state has no
impact on expected lifespan (=ar.=' C). In panels A and C, the environmental
gradient is defined bys; =T 7,.,=0.8,5;=0.9, and s, = 1.0; while in panels B and
D, the environmental graient is defined by 0, = 0.90, 0,=0.85, 0;=0.80,and g, =
0.75, wheres; is the nutritional state of the mother, and g, the instantaneous

survivorship.

Fig. 4. Life history traits as a function of social rank for a social immobility and
social mobility scenarios. Females at the top of the social hierarchy (rank-1
mothers) always produce more offspring (panel A) and have longer lifespans
(panel D) than lower-rank females, irrespective of the degree of social mobility.

Under social mobility, however, dominant females show higher ageing rates



(panel C) but longer lifespans. Despite their higher ageing rates, dominant
females have longer lifespans because they experience lower extrinsic mortality
rates (panel B). Parameter values: f,={1.4,0.3,0.2,0.1}, 5,={0.9,0.5, 0.45, 0.4},

k=0.5,d=0.1.
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