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The evolution of life histories 
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Trade-offs and constraints 
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Directional and stabilizing selection 
Phenotypic plasticity 
One trait in more detail: The evolution of ageing 
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Life cycles 

The study of life-history evolution involves a quantitative assessment of 
development throughout the entire life. It mainly concerns aspects related to 
timing of events, body size, reproduction and survival. Demography plays a 
central role in our understanding of life history evolution.  4 

There is strong 
variation among 

species and 
taxonomic 

groups in life 
history traits. 

 
Why? 
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There is also 
strong variation 
within clades in 

life history 
traits. 

 
Age at maturity as a function of length at  

maturity in a variety of fish species. 
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There is also 
strong variation 
within species 
in life history 

traits. 
 

How can we 
explain this? 

Plaice (Hippoglossoides 
platessoides), Scholle 

Population        Scottish coast  Grand banks 
     Newfoundland 

 
Age at maturity   3 years   15 years 
 
Size at maturity   20 cm   40 cm 
 
Max. size   25 cm   60 cm    
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Semelparity  - reproduce once 
and die - usually short-lived 
(annual plants), but salmon and 
agave are long lived. 

Daphnia 

Agave 

Iteroparity: Repeated reproduction (very 
common)(e.g. Daphnia, many insects, most 
fish, mammals (incl. humans)) 

8 

Indeterminate growth: Body growth continues after maturation: perennial plants, many 
fish, many crustaceans. 
 
Determinate growth: Body growth stops at maturity. Found in insects, most mammals 
(incl. humans)   

Growth curves of zebrafish (Danio) and giant danio (Devario) from to 60 weeks of life. 
                  (Fröhlich et al 2013, Front. Genetics) 

Determinate and indeterminate growth 
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Key events in a life cycle 

Birth 
Juvenile period 

Growth 

Maturation 
Adult period 

Reproduction (+ Growth) 

Death 

Individual level 

Population level 
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Species differ in their demography: survival 
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Species  Max. recorded (or estimated) lifetime offspring 

Elephant seal   8 

Red deer   14 

Kittiwake gull   28 (monogamous species) 

Homo sapiens   69 (in 27 pregnancies) 

Daphnia (waterflea)   268 

Salmon   > 1 Million 

Oak tree   > 10 Million 

Orchids   > 1 Billion 

 
 Species differ in their demography: Fecundity 
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Calculation of the net reproductive rate 
R0:	The	net	reproduc,ve	rate	or	expected	life0me	fecundity	is	a	measure	of	fitness:		
	

R0	=	mx	lx	=	(Number	of	offspring)		x		(probability	of	survival	to	reproduc0on)	
	

e.g.	a	salmon	produces	10	Million	eggs,	but	has	a	probability	of	egg	to	adult	survival	of	1	in	5	
Millions.	R0	=	10'000'000		X		1/5'000'000	=	2	
	
0	<	R0	<	1	popula0on	size	declines.			
R0	>	1	popula0on	size	increases.			
R0	=	1	constant	popularion	size.	
	

R0 = (0.5 x 0.5) x 2.2 
     = 0.55 

mx = 2.2 

lx = 0.25 
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Calculation of the net reproductive rate 

For iteroparous organisms we 
have to add the lxmx values of all 
reproductive age classes. lx   and 

mx are calculated per capita. 
 

R0 = Σ lxmx 

Barnacles (Seepocken) 

Age, 
x 

Number 
alive 

lx mx lxmx 

0 1‘000‘000 1.0000000 0 0.0 
1 62 0.0000620 4600 0.285 
2 34 0.0000340 8700 0.296 
3 20 0.0000200 11600 0.232 
4 15.5 0.0000155 12700 0.197 
5 11 0.0000110 12700 0.140 
6 6.5 0.0000065 12700 0.082 
7 2 0.0000020 12700 0.025 
8 2 0.0000020 12700 0.025 

R0 = 1.281 
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Calculation of the Malthusian parameter 
A different way to calculate population growth is the Malthusian parameter. 
 
r :  Mathusian parameter (after Thomas Malthus) is the rate of increase for a given life 
table. It is sometimes also called the population growth rate.  
 

r = loge ( N(t) / N(t-1) ) 

In 1998, a population had a size of 850, one year later it reached 1000. 
The population growth rate during this period was: 
 
r = loge ( N(t) / N(t-1) ) = loge (1000 / 850) = 0.16 individuals per ind. per yr. 

        This is about an increase of 16% per year. 

r is calculated for specific time intervals. In this example: a yearly growth rate.  
r = 0 indicates zero growth. 
r < 0 indicates a decline in pop. size.  
r > 0 an increase in pop. size. 
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Calculation of the Malthusian parameter from a life table 

x (Age) lx mx lx mx r
0 1 0 0 0.0368
1 0.25 2 0.5
2 0.1 5 0.5
3 0.03 2 0.06
4 0 0 0

While the calculation of R0 is straight forward (the sum of all lx mx), the calculation of r is more 
complicated. The Euler-Lotka equation can only be solved analytically for special cases. 
Usually it is solved numerically with the help of computer programs. The simplest way is to 
guess a value for r and calculate the right hand term. If it is different from 1 you change r 
accordingly and try again. Repeat this until you find the value for r which satisfies the 
equation. There are several computer programs on the internet available doing this.  

R0 = Σ lxmx = 1.06

Euler-Lotka equation: 
1 = Σ e-rx lx mx 

 

A hypothetical life history: 
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Some properties r and R0: The effect of delayed maturity 

x (Age) lx mx lx mx r R o

0 1 0 0 1.15 10
1 1 0 0
2 1 10 10
3 0 0 0

0 1 0 0 0.77 10
1 1 0 0
2 1 0 0
3 1 10 10
4 0 0 0

0 1 0 0 0.57 10
1 1 0 0
2 1 0 0
3 1 0 0
4 1 10 10
5 0 0 0

In these 3 hypothetical examples 
survival is maximal (1.0) until 
reproduction. Reproduction 
occurs once (10 offspring, 
followed by death). Age at 
maturity is 2, 3 and 4 years in the 
three life tables. Nevertheless, all 
three life tables result in an R0 of 
10. In contrast, r declines strongly 
when age at maturity is delayed. 
The population growth rate is 
very sensitive to age at first 
reproduction.  
This effect may be compensated 
when delayed maturity results in 
higher fecundity, which is often 
the case.       
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r and R0 can be used as fitness measures 
They allow to predict life histories 

The idea is that a genotype with a higher growth rate is able to       
out-grow other genotypes with a lower growth rate.  
   
r is used for species with overlapping generations. 
 
R0 is used for semelparous species or species with non-overlapping 
generations. 
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Optimal age at maturity for semelparous organisms 

R0 = (Number of offspring, m)  x  (probability of survival to maturity, l(α)) 

Assume that in a semelparous species fecundity increases with age at maturity. 
However, the chance to survive until maturity decreases if maturity is delayed.  
What is the optimal age at maturity?  

Fecundity Survival 

Optimal age at maturity , α 

Per generation fitness, R0 for a 
semelparous organism in 
which fecundity, m, increases 
with age at maturity (α). The 
probability of surviving to 
reproduce, l, decreases even if 
the mortality rate is constant. 
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r as a fitness measure allows to predict life histories 

For salamanders, delayed 
maturity results in higher 
fecundity. This leads to a 

theoretical fitness maximum 
of 5 years at maturity. In 

nature, H. nebulosus matures 
after 5 yr. 

Optimal age  
at maturity 

Clouded Salamander, Hynobius nebulosus 

Optimal age at maturity for iteroparous organisms 

 
Estimated relationship between fitness (r) and the age at first 
reproduction in the clouded salamander (from Kusano 1982). 
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When be 
iteroparous and 

when semelparous? 

In a first approximation, it 
appears that repeated 

breeding must be 
beneficial.  

 
Is this still so if being 

iteroparous has costs in 
terms of reduced yearly 

fecundity?  
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When be iteroparous and when semelparous? (1) 

Ratio of 
yearly fecundity 
for iteroparous/ 
semelparous 
strategy 

Always be iteroparous 
if there are no fecundity 
costs (mi=ms=1). 
Otherwise, be 
iteroparous if the 
chance to reproduce 
again is high (i.e. high 
adult survival) and the 
annual population 
growth rate (here given 
as lambda) is low.  

Population growth rate 
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When be iteroparous and when semelparous? (2) 

A comparison between 
iteroparous (perennial) grass 
species and semelparous 
(annual) grass species shows 
that perennials invest less in 
reproduction (lower 
reproductive effort, i.e. lower 
proportion of biomass invested 
in flowers). This holds true 
even if we correct for plant 
size. Thus, iteroparous 
grasses invest more in growth 
and less in reproduction. This 
is necessary to survive to the 
next year.  
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Does the mortality rate influence the evolution of life history traits?  
The evolution of guppy life history in response to predation 

Guppy (Poecilia reticulata) 

Crenicichla preys on large, mature guppies 
 
Guppies are small and mature early and 
have more and smaller offspring. 

Crenicichla alta 

Rivulus hartii 

Correlation between predation regime and life history traits in Guppies 
 

Rivulus preys on small guppies 
 
Guppies are bigger and mature later 
and have more and smaller offspring. 

Are these differences due to natural 
selection imposed by the different predators 
influencing the Guppy demography? 24 

Experimental evolution in the field:  
1976: 200 individuals from a site with high adult mortality (predator Crenicichla) were 
used to establish a new population at a site with Rivulus (preys on small guppies).  
1987: the new population compared with the ancestral one  

Trait Control
Crenicichla

Introduction
Rivulus

Statistical
significance

Male age at maturity 48.5 58.2 p < 0.01
Male size at maturity 67.5 76.1 p < 0.01
Female age at maturity 85.7 92.3 p < 0.05
Female size at
maturity

161.5 185.6 p < 0.01

Size of litter 1 4.5 3.3 p < 0.05
Offspring weight litter 1 0.87 0.95 p < 0.1
Reproductive effort 22.0 18.5 NS

Does the mortality rate influence the evolution of life history traits?  
The evolution of guppy life history in response to predation 

The introduced population evolved in the predicted direction.  
Predation regime affects the evolution of life history traits. 
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The role of trade-offs in life history evolution 
Trade-off: a relationship between fitness related traits (fitness components) such 
that a change in one trait in the direction of higher fitness is associated with the 
change in the direction of lower fitness in other traits. They reflect costs of 
adaptations. 
 
For example, there may be a trade-off between the total number of eggs 
produced and the average egg size. Thus, increasing egg size would have costs 
in terms of reduced egg number. Producing more eggs would result in smaller 
eggs.  

Number of eggs 

Size 
of  

eggs 
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Source: Clutton-Brock et al 

Trade-off: Cost of reproduction 
Among the most commonly observed trade-offs is the cost of reproduction.  
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Broods reduced or enlarged by transferring 1-3 eggs ten days
after laying

Brood: Reduced Control Enlarged

number of broods: 28 54 20
mean clutch size: 5.25 5.19 5.40
mean change in brood size: –1.74 0.00 +2.51
mean number fledged: 2.60 3.95 5.84
Vc - reproductive value of clutch 2.52 4.20 5.59
Parents:
Local parental survival, p1: 0.65 0.59 0.43
Vp - residual reproductive value: 9.88 8.89 6.49

Total:
V -  total reproductive value: 12.40 13.09 12.08

Source: Daan et al. 1990

Experimental phenotype manipulation:  
cost of reproduction in kestrel (Falco tinnunculus) 
Is the clutch size laid by kestrels influenced by trade-offs? 

Clutch size laid by the 
kestrels maximizes their 
fitness (reproductive 
value). This is brought 
about by a trade-off 
between current 
reproduction and survival. 

Reproductive value: an index measuring expected  
genetic contribution to future generations  

Number of eggs 

Survival 
of 

parents 
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How many eggs should a bird produce?
As many as possible?
Great tits produce, on average, 8.5 eggs.  
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Clutch size
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Weight/
chick

Clutch size

Weight per chick (g) 

Survival
until

3 months

Multiple trade-offs in Great tits
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5  6  7  8  9 10 11 12

Number 
of

clutches

Clutch size

 0 2 4 6 8 10 12 14 

Recapture
per clutch
one year 

later

Clutch size

1.0
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0.4

0.2

0.0

Clutch sizes between 8 and 12
eggs leave the most surviving offspring

The trade-off between offspring number and survival alone does not explain the 
clutch size in great tits. What about the survival of the mother? Does she suffer 
from a cost of reproduction?

Multiple trade-offs in Great tits
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Mother
survival
to the

next year
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Clutch size
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Great tits with large clutches have 
a lower chance to reproduce the 
following year. This indicates a 
cost of reproduction. 

Multiple trade-offs in Great tits

Optimal clutch size 

The optimum is only apparent after 
taking into account trade-offs with 
juvenile and parental survival.  

From Boyce & Perrins 
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Trade-off between mating and longevity in male fruit 
flies (Drosophila melanogaster) 

From Partridge and Farquhar 

In one treatment, males were regularly supplied with virgin females, so they mated 
many times. In the other, they were given mated females which are usually not 
receptive. 

Frequent mating reduced 
male longevity. The same 
holds for females 
(not shown). 

Male 
Longevity 

(days) 
 

Inseminated 
females 
added 

Virgin 
Females added 
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Evolutionary trade-off between learning ability and 
competitive ability in Drosophila melanogaster 

Fruit fly populations were selected for improved learning for almost 50 
generations ("selected"); other lines ("controls") were maintained without 
selection.  

Intelligent flies lose in competition for limited food. 
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Directional and stabilising selection 
Guppies evolved an altered life history 
when introduced to a site with a 
different mortality regime. Selection 
acted in one direction. This is called 
directional selection. It is most 
commonly found after a change in the 
environmental conditions.  Trait value 

Fitness 

Trait value 

Fitness 

Trait value 

Fitness 
The fitness of kestrels was lower when the clutch size 
was either reduced or enlarged. The clutch size in 
kestrels seems to be under stabilising selection, i.e. 
deviations in both directions from the optimum result in 
lower fitness. Stabilising selection is the rule for most life 
history traits, once they are near their optimum. Often, 
trade-offs are involved.  
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Stabilising selection. Extremes are selected against 

Babies of too high or too low weight at birth face a 
higher mortality. Mortality of too large babies is in 
part caused by death of mother at birth. Thus, birth 
weight in humans is under stabilising selection, with 
optimal birth weight of about 3.5 kg 

Infant mortality as a function of a 
mother�s age. United States 1960-61, 
107'038 infants. Each point is a 5 year 
age class. Babies of mothers aged 20 to 
35 have the highest survival chance. 
 
 
 
From Stearns & Hoekstra 
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Optimal time to kill the host 
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Phenotypic plasticity 
The ability of a genotype to express (produce) different phenotypes depending on 
environmental conditions. 
Plasticity may be a direct results of environmental influences or an evolved adaptive 
response. 

Plasticity of a behavioral trait 
Webs spun by spider Parawixia bistriata at night 
(left) and at day during termite swarming (right) 

Sandoval 1994 

 Submerged  Air-water  Aerial 
  interface 

Plasticity of a morphological character 
Leaf shape in Rannunculus aquatilis 
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Phenotypic plasticity: predator induced defence 
Daphnia are planktonic crustaceans (0.5-5 mm), which are often eaten by fish and insect predators. 
Predation varies strongly through the seasons. Therefore, it is advantageous to produce the costly 
defensive structures only in the presence of the predator. This is what Daphnia does. When they 
"smell" the presence of a predator, they develop defensive spines. Experiment confirmed that spines 
are protective and that their production is costly. 

D. longicephala D. pulex 

The very left and the 
very right Daphnia are 
predator-smell induced 
forms. The smell of 
predators is called 
kairomone.  

Chaoborus larvae 
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Phenotypic plasticity: predator induced defence 

Fish prefer larg Daphnia. In the presence of fish, Daphnia mature at a smaller 
size and an earlier age. In this way, they reduce the elevated fitness costs due 
to increased adult mortality caused by fish predation. The offspring produced 
by fish exposed Daphnia is already smaller at birth. 

Size 

Time 

Maturity 

no fish 

with fish 

Offspring 
size 
at 

birth 

No fish 
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Why are there traits which seem to deviate from the optimum? 

Some possible reasons: 
1.  Optimum is not yet reached (e.g. the environment changed 

recently) “The mismatch hypothesis” 
2.  Gene flow between populations (inflow of bad genes) 
3.  Mutation - selection balance (new mutations occur at the same 

rate that selection acts against them). 
4.  Constraints (physical, chemical, mechanical, or other) prevent 

evolution to reach the optimum. 
5.  Unrecognized trade-offs influence the position of the optimum. 
6.  Cost - benefit analysis misses an important aspect. 
7.  Antagonistic coevolution (the optimum is a moving target) 
8.  Traits may be misunderstood (e.g. Nausea, fever, vomiting, 

coughing, anxiety, etc.  are painful, but may be useful)  
40 

Why do we get old? 

1816 1840 1854 1880 1874 

One trait in more detail: The evolution of ageing 

The evolution of life histories 
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Demography of ageing 
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The decline in survival is mainly due to intrinsic mortality. 
Extrinsic mortality is low and plays hardly a role in modern societies.  
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A demographic definition of ageing 
 

Ageing (= senescence): an intrinsic, irreversible increase of 
mortality and decline of fertility with advancing age 
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A prokaryote that shows ageing:Caulobacter crescentus 

swarmer cell stalked cell

birth age at second
reproduction

age at first 
reproduction

flagellum

swarmer cell

stalked cell
stalk
holdfast

a)

b)

parent 

offspring 

The rate of offspring 
production declines 
with age 

Ackermann et al. 2003. Science 44 

Quantification of ageing: the reproductive value 
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Humans, 
Taiwan 1906 

Ageing can also be 
defined as the 
intrinsic, irreversible 
decline of the 
reproductive value 
with advancing age 
Reproductive value: the 
expected future 
contribution of an 
individual to the future 
gene pool of the 
population 
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Mechanistic 
explanations 

for aging 
(proximate) 

Lopez-Otin et al. Cell 2013  

The 9 hallmarks 
of Aging  

 

A few key words: 
•  somatic 

mutations 
•  loss of telomers 
•  death of neurons 
•  osteoporosis 
•  menopause 
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Do we need an ultimate explanation for ageing? 
Asking for the evolutionary history and function  

in terms of contribution to Darwinian fitness 
•  If development is possible, why wouldn�t maintenance be? 

•  Our germ line does not age 

•  Large differences between  

 genetically similar individuals  

          (e.g., Bee queen-workers) 

 

 

•  Some organisms seem to age less 

•  Large differences between related taxa in the rate of ageing 

•  Genetic variation for the rate of ageing within populations 
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Large differences between related taxa in the rate of 
ageing 
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Genetic variation for the rate of ageing within 
populations 

The response of D. melanogaster populations to 
4 generations of selection on lifespan.  

Zwaan, B., R. et al. Evolution 
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The force of natural selection declines with age 

The logic:  
•  the world is a dangerous place 
•  only few individuals survive to an advanced age 
•  good or bad conditions at an advanced age will rarely make a difference 

50 

Human paleolitic population, 
females (reconstructed) 
(Hamilton 1966) 

The force of natural selection declines with age 
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The force of selection is a measure of the strength of selection to alter this trait. 
The higher the mortality, the stronger the decline in the force of selection.   

The higher the 
mortality the 
steeper the 
decline of the 
curve. 
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The force of natural selection declines with age 
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A hypothetical species with no ageing:  
- constant mortality 5 % /year  or 3% per year 
- constant fertility as of age 18 

Force of 
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The lower the extrinsic 
mortality the flatter the 
decline of the curve. Thus 

with low extrinsic mortality 
we have a stronger force of 

infection in higher age. 
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Available 
energy 

Reproduction now 

Somatic 
maintenance 

and repair 

Survival 
(if lucky) 

and future 
reproduction 

? 

Hypothesis 1: The antagonistic pleiotropy theory of ageing 

Ageing evolved through accumulation of alleles that are beneficial early, but 
deleterious late in life 

More reproduction now 

Insufficient  
somatic 

maintenance 
and repair 

Ageing 

Available 
energy 

Soma is 
disposable! 

After: George Williams (1926 – 2010), an American evolutionary biologist. 
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The disposable soma in extremum: semelparous organisms 

Hypothesis 1: The antagonistic pleiotropy theory of ageing 
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Testing the antagonistic pleiotropy theory:  Semelparous organisms have a much higher fertility 
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Hypothesis 1: The antagonistic pleiotropy theory of ageing 
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Tests: Physiological manipulations and natural plasticity 

•  Castration in semelparous animals (salmon, octopus) extends 
lifespan several-fold. 

•  In many organisms, ageing is delayed when reproduction is 
prevented. 

•  Dietary restriction slows down ageing but prevents reproduction 
in a variety of organisms (worms, flies, mammals). 

•  Some organisms have a facultative life stage with no 
reproduction and much-delayed ageing (diapause in insects, 
dauer larva in the nematode worm C. elegans). 

Hypothesis 1: The antagonistic pleiotropy theory of ageing 
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Tests: Correlated responses to selection  

Mode of selection            Response  Source 
 
Late reproduction  ↑Longevity  ↓Early fecundity  1   

Late reproduction  ↑Longevity  ↓Early fecundity  2   
Late reproduction  ↑Longevity  ↓Larval viability  3   
Extrinsic mortality  ↑Longevity  ↓Early fecundity; ↑Dev. time  4   
Long lifespan  ↑Longevity  ↓Fecundity  5   

Selection experiments involving lifespan in D. melanogaster 

1Rose and Charlesworth 1980, Nature 287:141-142; 2Buck et al. 2000, J. Gerontol. A 55:B292-301; 
3Partridge et al. 1999, Proc. R. Soc. Lond. B 266:255-261; 4Stearns et al. 2000, PNAS 97:3309-3313;  
5Zwaan et al. 1995, Evolution 49:649-659 

Hypothesis 1: The antagonistic pleiotropy theory of ageing 
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Hypothesis 2: The mutation accumulation theory of ageing 

Mutations with no effects early in life and deleterious effects at an 
advanced age are effectively neutral (they are not seen by natural 
selection, as the force of selection is too weak in an advanced 
age). Accumulation of such mutations have contributed to the 
evolution of ageing. 

After Peter Brian Medawar (1915 – 1987), a British biologist. 
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Test: Genetic variance for age-specific reproductive 
success increases with age in Drosophila 

Hughes et al. 2002, PNAS 
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Hypothesis 2: The mutation accumulation theory of ageing 
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General predictions of the evolutionary theory of ageing 
Low extrinsic mortality favours delayed ageing 
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A comparative analysis of birds and mammals 

(Ricklefs, R., Am. Nat. 152 
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Ficus indica 
Calcutta Botanical Gardens 

Experimental evolution in Drosophila melanogaster 
 

Selection regimes: 
High extrinsic adult mortality (HAM): 99 % killed/week 
Low extrinsic adult mortality (LAM): 36 % killed/week 
 
Age-specific intrinsic mortality after 5 years of selection: 

Stearns et al 2000 PNAS 
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General predictions of the evolutionary theory of ageing 
Low extrinsic mortality favours delayed ageing 
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General predictions of the evolutionary theory of ageing 
 

There should be many mechanisms of ageing (Ford T principle) 
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Conclusions: Ageing 

•  Ageing is a product of evolution 

•  It does not have a function 

•  Death is not "programmed" 

•  It is a price of high survival and fertility at young age 

•  It evolved because the force of natural selection declines with age 

•  Two hypotheses can explain aging: antagonistic pleiotropy and the 

accumulation of deleterious mutations with age specific effect. 
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Lopez-Otin et al. Cell 2013  
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Summary: The evolution of life histories 

1.  Life history traits are shaped by differential fecundity and survival. Life tables 
are a tool to study age dependence of survival and fecundity.   

2.  Population growth rate, r and the net reproductive rate of increase, R0 are 
useful measures of fitness and can be calculated from life tables.  

3.  Trade-offs play an important role in life history evolution. Examples are: 
•   cost of reproduction 
•   evolution of parasite virulence 
•   early versus late fecundity. 

4.  As a consequence of trade-offs, most life history traits are under balancing 
selection (e.g. birth weight in humans, clutch size in great tits). Directional 
selection often happens after a change in the environment (guppy example). 

5.  Trade-offs may explain the evolution of traits with apparently no function, e.g. 
ageing. 

6.  Phenotypic plasticity is a way to express different phenotypes under different 
environmental conditions.  


