
Part 5. Trait design
How selection shapes traits!

1. Adaptation to a static environment

• Optimal foraging (optimality models)

2. Adaptation under coevolution

• Predator – prey interaction

• Aposematism and mimicry

3. Adaptation and Evolutionary stable strategies

• Game theory     



Using optimality models to predict trait evolution
Cost and benefit analysis allow to predict individual behaviour
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A brood of starlings consumes hundreds of insect 
larvae per day. To feed them, their mother may 
do up to 400 feeding trips per day (from nest to 
feeding grounds and back). From each trip she 
brings up to 8 larvae back to her young. Larvae 
(mainly Cranefly larvae (Tipula, Schnaken) are 
collected from meadows. Starlings are effective in 
probing the soil for larvae, but when they have a 
load of larvae in their bill, they become less 
efficient. Thus, for each additional larvae the 
mother needs more time to collect it.

How many larvae should the mother bring home 
from a trip? 

Optimal foraging
How can the gathering of food be optimised?
Example: Feeding offspring of the Starlings 



Diminishing returns and the marginal value 1 
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Searching time
Travelling time between nest 

and feeding grounds

Optimal total time for travelling and foraging

Optimal load

The optimal load is determined by the steepest slope, i.e. the largest ratio between insect 
larvae collected (benefits) and the total time spend (costs). This is the rate of food delivery 
(= food items/time unit).



Diminishing returns and the marginal value 2 
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Optimal load (long)

The optimal load depends on the travelling time. The shorter the 
travelling time the lower the optimal load.

Optimal load (short)
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Diminishing returns and the marginal value 3 
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Starlings trained to collect food in a feeder 
brought larger loads from larger distances. The 
prediction and the observed data agree well. 

What can we learn from the starling 
example?

1. A hypothesis was formed based on 
costs and benefits (time and food).

2. The hypothesis was based on the 
idea that starlings optimise foraging.

3. We assumed that starlings evolved to 
maximise the net rate of food delivery 
to their young (max. larvae/unit time).

4. We assumed certain constraints in 
the behaviour of starlings (for example 
the shape of the loading curve) and that 
the starling behaves as if it knows 
about the shape of the loading curve 
and about travelling time. 

Observations
Prediction
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Predators use optimality 
criteria as well to  
maximise their benefits. 
They also use an 
economic approach, but 
again the variables which 
determine the costs and 
benefits are different. 
Shore crabs 
(Strandkrabben), given a 
choice of different sized 
mussels, prefer sizes 
which give them about 
the highest profitability, 
that is the most 
energy/time unit. But 
why not take only those 
mussels which give the 
most energy (2 - 2.5 cm 
length). The predator has 
to find the mussels, and 
this takes time. Large 
mussels are less common 
and therefore it takes 
more time to find them.

The economics of prey choice
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Economics of prey choice: A model of choice between big and small prey
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Assume 2 prey types: big (1) and small (2). They have energy values of E1 and E2 and require 
handling times of HT1 and HT2. The energy gain for the two preys is  E1/HT1 and E2/HT2. 
Assume that the big prey is more profitable: 

How should the predator choose its prey? 
Assume the predator found a prey item. Should it eat it or not?
If it encounters prey 1 it should always eat it, because it is more profitable. If it encounters prey 
2, it should eat it provided that 

Gain from eating prey 2  > Gain from rejection and searching for a more profitable prey 1.

, where S1 is the searching time for prey 1.

Thus, the choice of the less profitable prey depends on the abundance of the more profitable 
prey. The model makes 3 predictions:
1. The predator should either specialise on prey 1, or eat both prey. 
2. The decision to specialise depends on the searching times  S1 and S2.
3. The switch to specialise on prey 1 should be sudden and occur when S1 decreases.

E1     E2
HT1    HT2>

E2        E1
HT2    S1 + HT1>



Testing the model of choice between big and small prey
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Great tits were trained to eat food presented to them on a conveyor belt. Prey items were 
either big or small. When the bird picks one item it may miss the chance to pick the next 
one. Thus, by picking a small prey, it may miss a big one which appears a short while 
later. Under which conditions should it specialise on big prey? 
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The model predicted 
that it specialises 
when it gains more 
prey per unit time by 
ignoring the smaller 
prey. Great tits do so. 

big and
small prey

only big
prey



Summary of optimal foraging

Page  9

• Animal behaviour often allows optimality approachs, to test whether a particular 
behaviour evolved to maximise net benefits. To take this approach one has to 
consider specific details of the biology of the animals, most importantly the role 
of constraints (trade-offs, physical constraints) and the currency for measuring 
benefits. The ultimate measure of benefits is fitness, but this is usually not easy 
to measure. However, fitness components can be used instead. 

• In the two examples we maximized the currency "Net rate of gain". In other 
examples one may need to maximize other currencies, for example efficiency 
(energy spend /energy gained) or survival. 

• The two examples differ in the constraints considered. In case of the starling we 
used travel time and the loading curve, in case of the Great Tit we used 
handling time and search time for food. Also here, other constrains may exist. 
Good knowledge of the system allows you to find which constraints may be 
most important. Experiments allow us to test alternatives.



Arms races: Antagonistic interactions!
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Arms races are notoriously difficult to study. The big question is:

Do the proposed adaptations by one of the antagonists (for example a prey 
species) make functional sense, given the adaptations by the other antagonist 
(the predator)?

Did zebras evolve to run fast because they needed to escape from lions, or did lions 
evolve to run fast because zebras were running fast? Can we answer such questions? 
In some cases we can! Rigorous experimental approaches may help to find answers.

Lioness with killed zebra



Predators versus cryptic prey
Did prey evolve to escape predation? 
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The example of moth wing coloration.

The forewings of many moth species 
appear to be cryptic, while the 
hindwings may startle predators.

Catocala neogama  Catocala retecta
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A blue jay in an apparatus to test whether moth 
wing coloration influences the chance to be 
detected by a predator. Slides with or without 
moths are projected on a screen in front of the 
bird. A mealworm is delivered through the 
circular hole if the jay detects a moth on the 
slide and picks on the screen. 

The jays were more likely to detect 
Catocala moths on a conspicuous 

background than on a cryptic 
background. On a cryptic 

background the jays made more 
mistakes. Thus, the prey would 

have had more chances to escape. 
Successive trials
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Predators versus cryptic prey
Did prey evolve to escape predation? 
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Even cryptic prey can be detected 
once a  search image is formed. 

When jays experience the same 
Catocala species over and over, 
they learn to find them even on a 
cryptic background. If presented 
with different Catocala species in 
random order, the jays do not form 
a search image and detect the 
moths less often. 
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Catocala neogama C. retecta

Predators versus cryptic prey
Did prey evolve to escape predation? 



In experiments volunteers had 
to search displays with 3, 6, 12 
and 18 items in which rare (1%, 
blue bars), less rare (10%, 
yellow) and common (50%, red) 
targets were hidden.

a, % of targets missed. 

b, Reaction times. Typical 
reaction times are longer when 
the target is absent (circles) 
than when targets are present 
(squares). Diamonds show 
miss-error reaction times. 

c, Reaction times for tests with 
rare targets (1%). At low 
prevalence (i.e. rare), 'absent' 
responses (circles) are faster 
than 'present' responses 
(squares). This leads to 
increased error rates.

From: Wolfe et al. Nature

Humans: Rare 
items are often 
missed in visual 
searches.

Important problem 
in security 
(finding knifes in 
luggage), 
medicine (tumours 
in mammograms), 
every day (finding 
your keys).

Predators versus cryptic prey
Did prey evolve to escape predation? 

The biology of
searching
rare items.

1%

10%

50%

c)   1% trials onlyb)  all trials

Number of objects in search display

Number of objects in search display

with target

with target
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Some prey are very brightly coloured, rather than 
cryptic. Fruit becomes brightly coloured when ripe to 
increase the probability that it gets eaten so the 
seeds can be dispersed. Many insects, however, are 
brightly coloured to avoid being eaten by predators. 
Bright colour is often associated with distastefulness. 
Thus, bright colour may be a signal to the predator 
that it is distasteful. Such bright colouration is often 
called aposematism. Other bright colours are 
associated with the ability to defend oneself, for 
example, in many wasp and bee species. 

Cinnabar moth caterpillars 
(Callimorpha jacobaeae) are 

distasteful and coloured warningly.

Predators versus cryptic prey
Did prey evolve to escape predation? The evolution of warning coloration
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The evolution of warning coloration: Testing hypotheses

Test of Fisher’s hypothesis about 
the evolution of aposematism. 

Brightly coloured species of British 
butterflies are often found to live in 

family aggregations (groups):

No. species

Dispersion

Groups
Solitary

Coloured

9
11

Cryptic

0
55

(Figure legend on next slide)
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Chicken learn to avoid bad tasting food: To test whether predators learn to associate warning 
colouration with distastefulness, Gittleman and Harvey (1980) did an experiment with chicks, 

presenting them different coloured breadcrumbs. In the experiment, crumbs were made 
distasteful by dipping them in quinine sulphate and mustard powder. Distasteful blue and well 
tasting green crumbs were presented on a green background (upper graph). Thus green was 
cryptic, while blue was the 'warning colouration'. Initially more of the non-cryptic (blue) crumbs 
were taken. However, as they were distasteful, the chicks learned to avoid them and go for the 
cryptic crumbs. A control experiment (showing the same result) was done with reversed 
treatments and colours (lower graph). Thus, warning colouration can reduce predation risk if 
associated with distastefulness and the predator has a chance to learn. (see next page)

The evolution of warning coloration: Testing hypotheses

These experiments solve one problem, but poses a different one. 
Imagine a species without warning colours. One day an aposematic mutant is born. Being 

easy to detect, it will be the prime target of predators. Although the predators may learn 
now to avoid the coloured form, it is too late for the mutant. The mutant would not spread. 

How did aposematism evolve from the beginning? R. A. Fisher proposed a solution to this 
problem: Brightly coloured insects often live in family groups. Thus, it is likely that the first 
mutants were not alone, but were surrounded by equally bright-coloured relatives. In this case, 
one or some of the bright coloured morphs die, but the others now have  an advantage. (see 
next page for a test using a comparative approach).



Generally: Mimicry describes signals which evolved to be deceptive. They are meant to mislead 
somebody, e.g. a predator, a herbivore, a pollinator, a victim (prey or host), but also conspecifics 
(members of the opposite sex). The mimic gains fitness via convergent evolution, which results in 
resemblance to another species or signal.

With regard to warning colours: Mimicry are usually colourful signals which evolved to dupe predators 
into avoiding the mimic. Mimicry differs from camouflage in that the mimic does not try to blend with 
the surroundings, but to appear as some other creature. It gains an advantage from this similarity. 

Mimicry: Evolution of warning colours

There are different forms of mimicry associated with warning colours:

Batesian mimicry (after Henry Walter Bates): The mimic resembles a protected species but does not 
share the attribute that discourages predation. E.g. the model is poisonous the copy is not. Models are 
usually more abundant than copies. Too many copies reduce the value of warning colour for the model. 

Müllerian mimicry (after Fritz Müller): Two or more species share anti-predation attribute(s) 
(dangerous, unpalatable.). Often it is unclear who is the model and who the mimic. The protective 
function of the two species enforce mutually their effectiveness against predators.  
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Mimicry: Evolution of
warning colours.

Convergent evolution

Viceroy butterfly and Monarch butterfly
Limenitis archippus,   Danaus plexippus

Batesian mimicry

Müllerian mimicry

family Danaidae,  Papilio dardanus
Females       

Papilio dardanus in Madagascar
left male, female right

M
adagascar

A
 f r i c a

Two (or more) poisonous species indicate 
their toxicity in the same way. The more 
similar they are the better the protection 
against predators.

A protected toxic species (the model) is 
“copied” by an unprotected species. 
Models are always in the majority. 
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Aggressive mimics: the mimic resembles a harmless 
species in order to lure prey. E.g. Photuris fireflies 
(Leuchtkäfer) lure other firefly species with light 
signals.

Bakerian mimics (after Herbert G. Baker), where the 
mimic resembles members of the receiver species in 
order to lure pollinators or gain other benefits.

Vavilovian mimics (after Nikolai I. Vavilov): The 
mimic resembles a domesticated plant, but through 
generations of artificial selection becomes 
domesticated. This type of mimicry does not occur in 
natural ecosystems. E.g. Echinochloa mimics 
domesticated rice (Oryza sativa).

Automimicry: The mimic has some part of its body 
resembling some other part. Example: snakes with tail 
resembling the head and show behaviour such as 
moving backwards to confuse predators. Insects and 
fishes with eyespots on their hind ends to resemble 
the head. Fish with eye spots on anal fins to induce 
fertilization of eggs in female mouth (mouth brooding 
cichlids). 

Other forms of mimicry Photuris fireflies

Hummelragwurz
Ophrys holoserica

Echinochloa
oryzoides

Egg spots of male cichlid

Oryza sativa
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Predator - prey arms race: Summary 
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The arms race is notoriously difficult to study. The big question is:

Do the proposed adaptations of one antagonist (for example a prey species) make 
functional sense given the adaptations by the other antagonist (the predator)?

Rigorous experimental approaches may help to find answers.

Examples of predator adaptations and counter-adaptations by prey:

Predator activity Predator adaptation Prey counter-adaptation

Searching for prey Improved vision Crypsis
Search image Polymorphism

Recognition of prey Learning Mimicry, polymorphism

Catching prey Motor skills (speed, agility) Escape flights
Weapons of offence Weapons of defence

Handling prey Detoxification ability Toxins



Gametheory: Fighting and assessment
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�Waiting game' or the 'war of attrition'.

Example: How long should male dung 
flies wait for females?
Many male dungflies wait at fresh 
cowpats for females to arrive. When a 
female arrives, the first male to 
encounter her copulates with her and 
then guards her while she lays eggs. 
The older the cowpat, the fewer 
females arrive. The problem for the 
male is how long it should wait on a 
fresh cowpat. 

The answer is It depends on what the 
other males do. 

Male yellow dung fly, Scatophaga stercoraria, guards a 
female as she deposits eggs into the dung.

• If all other males leave after 100 minutes,  it is best to stay and wait longer. 

• If all other males stay very long, it is best to leave and find a fresh cowpat. 
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Gametheory: Fighting and assessment
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How long should male dung flies wait for 
females?
Experiments have shown that males leave with 
a constant rate per unit of time. This could 
come about if the population had males with 
different fixed waiting times or if all males had 
flexible waiting times (each may have the same 
constant probability of leaving  per unit of 
time).
As a result of this, the mating success of males 
adopting different waiting times is about equal. 
This strategy is called an 'Evolutionary stable 
strategy' (= ESS).



Gametheory: The Hawk and Dove Game
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Consider a game in which each member of a population can play 1 out of 2 strategies:
1. Hawk-strategy: always fight to injure and kill opponents, with risk of self injury. 
2. Dove-strategy: Simply play �display� and never engage serious fights.
(These two strategies are extremes and they are not derived from nature. But some form of 
variation of this sort can be observed in natural populations).

Assumptions: Each action results in a pay-off. The pay-off are given in the pay-off matrix. These 
pay-offs are a measure of fitness and hawks and doves reproduce according to the points they 
score. Now we assume that individuals encounter each other randomly and compete for a limited 
resource (e.g. mating partner). Then they get pay-off according to their strategy. 

To understand the game, assume that all players play dove. The average pay-off would be  +15. 
Now a hawk mutant arises. What would its fitness be? It would always score 50 points. 
Next assume all players play hawk. All encounters would be among hawks and they would always 
score -25 points. Now a dove mutant arises. The dove would get 0 points when it encounters a 
hawk. This is not much, but better than  -25. 

Clearly, neither 'all dove' nor 'all hawk' is an ESS. The ESS is a mixture of hawks and doves. Each 
strategy does well when it is relatively rare. The ESS has 7/12 hawks and 5/12 doves for this 
example. This pattern is maintained by the negative frequency dependent selection. 

The rock, paper and scissor game is an example of a game in which the ESS is a mixed strategy.
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Gametheory: The Hawk and Dove Game

Action Pay-off
Winner of contest +50

Loser 0
Cost of serious fight -100

Cost of display -10

Opponent

Hawk Dove

A
tta

ck
er Hawk

0.5 (50) + 0.5 (-100) 
= -25

+ 50

Dove 0
0.5 (50) -10 

= +15

The factor of 0.5 shows up whenever two players 
with the same strategy meet. In this case, one has 
a 50 % chance of winning or loosing.  



Fighting and assessment:
Example for alternative strategy is a mixed ESS
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In many species mating patterns follow two alternative strategies which are believed to be 
maintained by frequency dependent selection, indicating that this is a mixed ESS.   

Example: Gouldian finches.
The head-colour polymorphism of red and 
black Gouldian finches (Erythrura 
gouldiae) in northern Australia provides an 
example for the hawk-dove game. The 
aggressive red morph is behaviourally 
dominant (higher testosterone levels) and 
successfully invades black populations, but 
when red ‘hawks’ become too common, 
their fitness is severely compromised (via 
decreased parental ability). Colour 
polymorphisms is caused by a gene on the 
Z chromosome. Birds breed assortative; 
hybrids have reduced fitness. Red and black Gouldian finches

Kokko et al 2014



Fighting and assessment:
Example for alternative strategy is a mixed ESS
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In many species mating patterns follow two alternative strategies which are believed to be 
maintained by frequency dependent selection, indicating that this is a mixed ESS.   

Example: Satellite males in bull frogs.
In bull frogs, large males have large territories 
and attract most females by strong croaking 
(calling). Small males have no chance to attract 
females through normal mating strategies, 
because they cannot compete with the large 
males. An alternative strategy evolved: Small 
males sit close to big males, but do not behave 
like males. They do not call and do not challenge 
the territory holder. When the large male attracts 
many females, the small male sneaks in and 
attempts to mate with female (it steals matings!). 
In one study, the satellite male stole 3% of the 
territory holder�s mating chances. Bull frog, Rana catesbeiana

Can a satellite male strategy invade a population without satellite males?
Can a satellite male invade a population with many satellite males being present?   



Summary of gametheory (Spieltheorie)
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Why play such funny games?  Game theoretical models illustrate several points which are 
important in evolutionary biology.

1. The success of one strategy (genotypes, behaviour, ...) depends on what strategy the 
other members of the population use. Thus, instead of asking what a good strategy is, we 
should ask what a stable strategy is instead. An evolutionary stable strategy (ESS) is a 
strategy that cannot be invaded by other available strategies.

2. The ESS will depend on the currently available strategies (the strategies of the 
players in the game, the available mutants). It is sometimes possible to invent a new 
(super!) strategy, which is able to out compete all other strategies. In the example with the 
dungflies, there is no (super) strategy which always wins. At the ESS, all strategies have 
the same mating success.  

3.  The ESS depends on the values of the pay-offs in the game. If we change the pay-offs 
in the game, the ESS will change. In the hawk - dove game the ESS is a mixed strategy as 
long as the cost of injury is larger than the value of winning. For low costs of injury, hawks 
always win. If the pay-off varies with the environment, different ESS may occur under 
different environmental conditions. The bull frog example is also a mixed ESS.



Testing hypotheses in evolutionary biology

Page  29

1. Comparison between individuals within species
This is the study of individuals under natural conditions. These studies tell us what happens in nature. 
For example, one might study the food load of starlings in relationship to the distance between their 
natural feeding grounds and their nests. However, these studies do not allow the exclusion of 
confounding variables and the establishment of cause and effect relationships. The starlings with 
nests far away from the feeding grounds may nest there, because they were to weak to get better 
territories, and this may influence the food load they carry home.

2. Experiments
In experiments one can change one factor at a time and see how this influences 
the target variable under a particular set of conditions. For example: One can 
change the distance between food and a nest of starlings and see how the load 
size varies.  
Experiments are very powerful because they allow the pinpointing of single                                  
variables and allow the establishment of a cause and  effect relationship. Experiments may be done 
in the laboratory (well controlled), or under natural conditions (only certain variables are controlled). 

3. Evolutionary experiments
Populations are exposed to different conditions (treatments) and their evolution is followed over 
generations. The aim is to establish a correlation between the problem posed by the different 
treatments and the evolutionary change observed. Selection is for highest fitness, not individual traits. 

4. Comparison among populations or species (Comparative method)
Different populations and species have evolved in relation to different ecological conditions. Relating 
these differences to the differences among species and populations can help understand how the 
environment shapes the organisms.



Comparison among populations or species
The comparative method (Vergleichende Methode)
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The idea of comparison lies at the heart of most hypotheses about adaptation. It is 
the comparison between species which gives us a feel for the range of strategies that 
organisms adopt in nature. Many questions raised in evolutionary biology address 
differences between species. 

• Why do some species live in groups, while other species live individually?

• Why are males in one species monogamous and in other species polygamous?

• Is the evolution of two traits correlated with each other, e.g. warning 

colouration and toxicity? 

The comparative approach is the scientific way of replacing 'just-so-stories' with 
statements about the evolution of biodiversity. 



The comparative method:
What phylogenies can tell us about evolution
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The comparative method:
What phylogenies can tell us about evolution
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A hypothetical example: Imagine you find that traits F (as opposed to f) and A (as 
opposed to a) are associated in several species. Can we conclude that the 
evolution of F is always associated with the evolution of A?

FA

fa

FA

FA
FA
FA

fa
fa

fa

fa

FA

fa

fa

fa

fa
fa
FA

fa

FA

FA

FA is Monophyletic

FA evolved multiple 
times. It is 
polyphyletic

Examples for trait pairs:
- Feathers and flying
- White fur color and snowy environment
- Life style and foraging behavior



The comparative method: 
Aposematism is polyphyletic!
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The Figure shows a phylogenetic tree of tree 
frogs. Some of the frogs are shown on the left side 
of the tree in two columns. The frogs in the right 
column are toxic and show warning colours, the 
frogs in the left column are non-toxic and are well 
hidden in their native habitats (This is not so 
obvious on the white background of the slide!) 
The tree shows that warning colouration and 
being toxic co-evolved several times, suggesting 
that these two traits are functionally linked in their 
evolution. The common ancestor was most likely 
“dull and non-toxic”. The hypothesis that 
aposematism is of multiple origin is further 
supported by the finding that the origins date back 
to different times (clade D is the oldest in the tree. 
All members of clade D are toxic and colourful). 
Other taxa in which aposematism evolved are 
snakes, monarch butterflies and nudibranch snails. 

The little ants point to places where an entire 
clade switched to be ant-eater specialists. Frogs 
may take up toxic compounds from ants.
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The comparative approach: Problems with confounding variables
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Comparison among species can be very misleading, if specific biology is not taken into 
account fully enough.  

Example: Do food specialised primates have larger home ranges than leaf eaters? 

Home range versus 
group weight for 
different genera of 
primates. Specialists 
do have larger home 
ranges, but this is 
only visible after 
correcting the total 
body mass of the 
groups.  

Specialists
Leaf-eaters
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The comparative method: summary
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Comparison among species is a very powerful method when experiments are 

not possible. The most rigorous comparative designs should include

- enough species to make the study meaningful (comparing 2 species 

does not allow the testing of hypotheses)

- choice of the right taxonomic level (species, genera, family,...)

- correction for phylogeny

- consider possible confounding variables, such as body size

- the use of statistics to verify correlations among traits.


