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Innovative behaviour in animals, ranging from invertebrates to humans, is

increasingly recognized as an important topic for investigation by behavioural

researchers. However, what constitutes an innovation remains controversial,

and difficult to quantify. Drawing on a broad definition whereby any behav-

iour with a new component to it is an innovation, we propose a quantitative

measure, which we call the magnitude of innovation, to describe the extent to

which an innovative behaviour is novel. This allows us to distinguish between

innovations that are a slight change to existing behaviours (low magnitude),

and innovations that are substantially different (high magnitude). Using math-

ematical modelling and evolutionary computer simulations, we explored

how aspects of social interaction, cognition and natural selection affect the

frequency and magnitude of innovation. We show that high-magnitude inno-

vations are likely to arise regularly even if the frequency of innovation is low,

as long as this frequency is relatively constant, and that the selectivity of social

learning and the existence of social rewards, such as prestige and royalties, are

crucial for innovative behaviour to evolve. We suggest that consideration

of the magnitude of innovation may prove a useful tool in the study of the

evolution of cognition and of culture.
1. Introduction
Many animals are now known to invent new behaviours or to devise novel sol-

utions to challenging problems [1,2], and such behaviour is now commonly

referred to as ‘innovation’. While innovation is widespread in animals, innova-

tiveness varies across species, with high rates of innovation associated with

both advanced cognition and increased brain size [3–6]. Innovation is also

widely recognized as a crucial element in the evolution of complex culture,

central to the ecological and demographic success of our species [7–10].

In spite of this attention, what constitutes an innovation remains a point of

controversy [2]. Reader & Laland [1, p. 14] deployed a broad definition in describ-

ing innovation as ‘the introduction of a new or modified learned behaviour not

previously found in the population’. This definition makes clear that a primary

characteristic of an innovation is its novelty, relative to the baseline of the popu-

lation’s existing behaviour. The logic behind deploying a broad definition, given

the relatively poor understanding of animal innovation in a young science, is that

it encourages data collection, potentially allowing for more refined definitions in

the future, when a deeper understanding of the phenomenon has accrued [1].

Nonetheless, the use of this definition has stirred some debate [11,12], which is

still ongoing [13–15]. Part of the criticism stresses that innovation should be a

unique process, different from recognized processes related to other behavioural

tasks [11].

Consider three putative cases of innovation: a bird foraging at a new food

patch; another bird feeding on a novel food, and a third bird devising a novel fora-

ging technique comprising carefully fashioning a stick with which to extract a

worm out of a crevice in a tree. All three cases can be regarded as innovation,

but we nonetheless recognize that there are also non-trivial differences between

these cases that merit recognition. The three avian innovations do seem to be
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qualitatively different in their nature, perhaps making different

cognitive demands on the animal, although pinning down

such differences is a non-trivial task. Herein lies a problem

that bedevils innovation research. Much disagreement over

the definition of innovation stems from the difficulty of includ-

ing the ordinary and extraordinary under the same umbrella

term. Here we suggest that different forms of innovation can

be distinguished from each other by a quantitative measure,

which we label ‘magnitude’, and which specifies how different

the innovation is from established behaviours that already exist

in the population’s repertoire. On this perspective, foraging in a

new patch, which is rather similar to existing behaviour, is an

innovation of low magnitude, while designing a task-specific

tool is a high-magnitude innovation. While in practice it is

likely to remain challenging to specify the magnitude of a par-

ticular real-world innovation in absolute terms, here we show

that the concept of magnitude of innovation can nonetheless be

of heuristic value to the scientific community, both by facilitat-

ing theoretical investigations of the evolution of innovation,

and by allowing qualitative predictions to be made and tested.

An advantage of the magnitude of innovation concept is

that it can easily be described quantitatively, as a deviation

from the population’s mean behaviour. Theoretically, this devi-

ation can be specified over different and arbitrary dimensions,

potentially solving the problem of attributing innovation to

ecological conditions versus a higher-level cognitive process

[11]. An innovation that is a response to a change in environ-

mental conditions can be defined as a deviation over an

ecological dimension, relative to the behaviour exhibited by

the population in response to representative or modal con-

ditions. In contrast, an innovation that involves, for example,

extrapolating from an existing behaviour to a new behaviour

or to the application of the behaviour in a new context, is occur-

ring over a cognitive dimension, which, at least in principle, can

be detailed. Of course, in practice a given innovation may

encompass deviation over more than one dimension. Describ-

ing innovations by their magnitude has the advantage that it

allows the researcher to approach one of the most interesting

questions about innovations: why do some individuals, and

some species, produce innovations that appear more advanced

(or, at least, more novel) than others?

Many factors are thought to contribute to the occurrence

of innovative behaviour, or the lack thereof, at the intra- and

interspecies level. These range from a number of physiological,

cognitive and emotion-related factors, including in particular

energetic state [16], neophobia and exploratory behaviour

[17–19], social rank [17,20], and motivation [21]. Of course,

many of these factors will operate simultaneously, and will

interact. Rank is an especially complicated issue. Many studies

show a greater propensity to innovate among subordinate indi-

viduals [16,20,22–24], supporting the notion that necessity

drives animals to innovate [1]. However, other studies suggest

innovation to be more prevalent among dominants [17,25,26].

In addition, social rank itself might be affected by innovative

behaviour, if innovation allows individuals to climb the dom-

inance hierarchy [27] or, most obviously in the case of

humans, if innovators receive some social reward for being

copied. Such reward, in the form of prestige or royalties, can

be a simple consequence of social learners’ efforts to gain

access to resources through the innovator [28,29].

Here, we use agent-based computer simulations to explore

the evolution of innovation, characterized by its frequency and

magnitude, and how it might be shaped by group-living.
We investigate the effects of different social rewards and of

the quality and accuracy of social learning, as well as factors

not unique to social life, such as the strategic use of learned

behaviours, and the strength of natural selection. We discuss

the significance of considering the magnitude of innovation

in the light of these results.
2. The model
We evolve a population of social agents. In each generation,

individuals acquire new behaviours (of varying payoff)

through individual innovation and the copying of others,

based on probabilities determined by their genes. They apply

these behaviours, at some degree of selectivity, to receive the

payoff associated with each behaviour. They may receive

additional payoff if their innovation had been copied, or pay

a cost for copying another’s behaviour. The agents then repro-

duce proportionally to the payoff they have accumulated

through their lifetime.

(a) The population
We modelled a population of n ¼ 100 individuals, with each

individual characterized by two focal genes, L and I. A learn-

ing gene, L, determined the average proportion of time or in

other words, the probability, the individual allocated to indi-

vidual learning (innovating) and social learning. There were

11 possible alleles in this gene: 0, 0.1, 0.2 . . . 1, where 0

coded for full-time social learning, 1 for full-time individual

learning, and all other alleles for a combination of the two

(e.g. a carrier of the 0.3 allele spent 30% of the time, on aver-

age, learning socially, complemented by an average of 70%

learning individually). An innovation magnitude gene, I,
determined how far from the population’s norm an individ-

ual’s innovations will be when learning individually. There

were again 11 possible alleles in this gene: 0, 0.1, 0.2 . . . , 1,

which represented standard deviations from the population’s

mean behaviour. The value of a behavioural innovation, pro-

duced based on the mean and standard deviation (as detailed

below), is in fact the payoff an individual receives for learn-

ing/applying the behaviour, which later translates into the

individual’s fitness (see below). The population’s mean

value of behaviour does not change over a generation’s life-

time, thus the magnitude of an innovation is measured

only compared with behaviours in existence when the gener-

ation is born. A cumulative culture situation, where the mean

changes as new innovations emerge, is outside the scope of

this paper and will be considered in future analysis.

(b) Learning phase
All individuals in the population had a limited number of

learning steps T (set to either T ¼ 10 or T ¼ 100), in which

they acquired their behavioural repertoire. The two cases

are designed to represent few and many opportunities for

learning new behaviours within a lifespan. At each step,

each individual learned either individually or socially; the

probability of either learning strategy was dictated by the

individual’s L genotype. Individuals who learned individu-

ally generated an innovation: a new behaviour. The value

of this innovative behaviour (i.e. its payoff) was drawn

from a normal distribution whose mean was the population’s

mean behaviour and whose standard deviation was the
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innovator’s allele in the I gene; for convenience, the popu-

lation’s mean behaviour value was set to 0. Then, individuals

who learn socially in this learning step, copied the behaviours

generated by innovators. All innovations were ranked accord-

ing to their value, and which innovations would be copied

depended on the selectivity of social learning in the population

(which was kept constant per population). We controlled the

selectivity of social learning using the variable D, defined as

1 – [the fraction of demonstrators copied]. When selectivity

was high (high D) only innovations with the highest value

were copied (e.g. when D ¼ 0.9 only the top 10% of innovation

was copied); as the selectivity of social learning became lower,

copying became more random (and was completely random

at D ¼ 0). If there were no individual learners in a specific learn-

ing step, for computational reasons (distinguishing copiers from

innovators with innovation magnitude of 0 in analysing the

data), individuals were assigned with a behaviour of value

(–1). Because if there was even one innovation at a specific

time step, it was copied by all individuals in the population,

and because reproductive success was always relative within a

generation (see below), this should not affect the results.

We define three possible effects of copying on the payoff to

innovators and copiers: social learning penalty, prestige, and

royalties. The social learning penalty condition represents the

possibility of innovators having an advantage in exploiting

the behaviour they produced, or alternatively, the possibility

that social learners have some difficulty copying the innovation

faithfully, for example, owing to its complexity. The social

learning penalty is represented by a deduction of some percen-

tage w from the value of the socially learned behaviour. To the

copier, the reduced value is the true value of the behaviour: the

reduced value is the payoff the copier receives for the behav-

iour when learning it and when applying it, and it is also the

value by which the copier ‘prioritizes’ the behaviour compared

with other behaviours in its repertoire.

The prestige condition accounts for an additional payoff to

innovators whose innovation is copied. This addition is pro-

portional, at a population-wide rate R, to the original value of

the innovation (e.g. 1% of original value), and to the number

of times it was copied. The prestige condition does not entail

any direct cost to copiers (w ¼ 0). The royalties condition com-

bines the social learning penalty condition with the prestige

condition, and the bonus innovators receive is equal to the

penalty paid by social learners (R ¼ w . 0). It should be

noted that under this condition, the social learning penalty

deduction is not paid ‘directly’ to innovators, because this

deduction from the copiers perspective consistently affects

the value of the behaviour, through both the learning and

the application phase (see below). The bonus to the innova-

tors, on the other hand, is calculated based on value of the

behaviour and the number of times the behaviour has been

copied. This bonus is added to the total payoff innovators

obtained throughout the learning and application phases.

While there may be different ways to model prestige, our

choice to tie it to the value of the innovation is based on our

assumption that a greater magnitude of innovation would be

tied with greater benefits at the social level: in terms of pro-

tection, access to resources and mating opportunities (see

further analysis of this point in the discussion).

(c) Application phase
We assume that after acquiring the behaviours, individuals

apply these behaviours and will tend to use them with a
frequency directly proportional to the payoff they offer. To

calculate the proportion of time allotted to each behaviour,

and because payoffs can be negative as well as positive, we

use an exponential transformation of the form:

px ¼
esbx

Pj
i¼1 esbi

, ð2:1Þ

where px is the proportion of time spent using behaviour x,bx is

the payoff of behaviour x, i ¼ 1 . . . j are the behaviours the indi-

vidual has acquired during its learning phase, and s is the

application sensitivity: the degree to which the population

can distinguish between payoffs in choosing which behaviours

to apply. High sensitivity (high s) means agents will spend a

higher proportion of their time applying the highest-paying

behaviour and little to no time applying low value behaviours;

low sensitivity means less difference in time investment

between high payoff and low payoff behaviours.

We then calculate the payoff accumulated from applying

the learned behaviours, WA, by summing up the multipli-

cations of each behaviour’s payoff and the proportion of

time spent applying it:

WA ¼
Xj

i¼1
pibi: ð2:2Þ

(d) Selection and reproduction
To calculate the total payoff to individuals in the population,

WT, we summed the payoff obtained both during the learning

phase, WL (which is the sum of all payoffs of behaviours

learned), and during the application phase, WA, using a

weight factor 0 , a , 1 which allowed us to control the

relative amount of time invested in each phase:

WT ¼ aWL þ ð1� aÞWA: ð2:3Þ

We choose to include payoff received for behaviours

regardless of whether they are applied (in the form of WL),

to account for costs of time and energy during the innovation

and social learning processes.

Individuals then reproduced, producing a number of off-

spring proportional to their total payoff relative to the payoff

of all other individuals in the population. Because the total

payoff could be negative, we again use an exponential

transformation of the form:

ry ¼
elWT,y

Pn
k¼1 elWT,k

, ð2:4Þ

where ry is the probability of reproduction for individual y, and

l is the strength of selection. When l is large, selection is strong:

the individuals who obtained a higher total payoff had much

higher chances to reproduce than individuals who obtained a

lower payoff. As l decreases, selection becomes weaker: the

chances of reproduction of individuals with high payoffs and

of those with low payoffs become similar. Among the off-

spring, we assumed a mutation rate of m ¼ 1021 n in both

genes. Mutation was random and the new variant was

drawn from each gene’s predefined allele pool.
3. Results
(a) Effect of the quality of social learning
Across conditions, we found both the rate and magnitude

of innovation to be higher as the selectivity of social learning,

http://rspb.royalsocietypublishing.org/
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Figure 1. The effect of application sensitivity and selection strength on
(a) innovation frequency, and (b) innovation magnitude. Strong selection:
l ¼ 3.3; weak selection: l ¼ 0.6; high application sensitivity: s ¼ 3.3;
low application sensitivity: s ¼ 0.6. Number of learning steps T ¼ 10 (similar
results were obtained for T ¼ 100). Means and standard errors calculated for
generations 5001 – 10 000, across 10 repeats of each simulation. Magnitude
of innovation was calculated among individuals whose innovativeness prob-
ability was greater than zero (L . 0). Mutation rate m ¼ 1021, learning
phase weight a ¼ 0.1, social learning penalty w ¼ 0, prestige rate R ¼ 0.
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D, dropped. Because of this consistency and owing to the comp-

lementary (but not simple) relationship of innovation and social

learning, we chose to examine the effects of other variables

using D as a scale (figures 1–4). High selectivity of social learn-

ing (high D) means that social learners copy only the best (high

value) behaviours. Because innovating involves a risk of produ-

cing a maladaptive (below average) behaviour, innovating in

this condition involves only costs and no benefits: an innovator

may by chance produce a high-value new behaviour, but this

behaviour will be copied by many others. However, if an inno-

vator produces a low-value behaviour, it cannot avoid its low

value, while social learners can copy a better behaviour from

another innovator. Therefore, social learners fare better than

innovators, and innovating becomes maladaptive in itself.

When the selectivity of social learning is low, social learners

risk copying a maladaptive innovation, and at the same time,

because more innovations are being copied and not only the

best ones, innovators have the chance of their high-value inno-

vation not being copied by others, or only by few, thus

increasing the possible relative benefit. The combination of

these two factors seems to increase both the frequency and

magnitude of innovation when D is low.

(b) Strength of selection and application sensitivity
Strength of selection and application sensitivity each affect the

frequency and magnitude of innovation only in interaction

with other factors, and do not seem to make a difference in

the basic model. An interaction between the two does not
seem to have an effect either (figure 1). Both play a role in inter-

action with social learning penalty, prestige and royalties (see

below): once innovation frequency is increased owing to

other factors, they may become significant.

(c) Number of learning steps
The number of learning steps is the total number of opportu-

nities, either to innovate or learn socially, that a population

had during a generation’s lifetime. Innovativeness evolved at

higher frequencies when the number of learning steps was

small than when the number of learning steps was large (T ¼
10 compared with T ¼ 100; demonstrated in figure 2, qualitat-

ively similar results were obtained under all conditions). This

difference is due to the stochastic nature of a short learning

window: given very little opportunities to innovate, individ-

uals may, by chance, produce a high-value behaviour or a

low-value behaviour, putting them at very high or very low

chances to reproduce, respectively. However, given many

chances to innovate, individuals will produce both high and

low value innovations. These may balance each other out,

and unless social learning is completely random (D ¼ 0), indi-

viduals who are strictly social learners will manage to avoid

learning the lowest value behaviours and on average accumu-

late a higher payoff than individuals who innovate. While the

frequency of innovativeness and magnitude of innovation

varied under the different conditions detailed below, the

difference between large T and small T remained notable.

(d) Social learning penalty
A penalty to socially learned behaviours was found to increase

the frequency and magnitude of innovation, but any such

increases declined with the selectivity of social learning

(figure 2). The increases in innovation frequency and magni-

tude were greater when selection was stronger compared

with weaker (compare pink lines with red lines, or light blue

lines with orange lines in figure 2). Application sensitivity

interacts with social learning penalty in a very similar

manner to strength of selection (and therefore not shown).

Furthermore, a difference in strength of selection (or appli-

cation sensitivity) had a larger effect the larger the social

learning penalty was (i.e. difference between red and pink is

greater than difference between light blue and orange in

figure 2). Because the social learning penalty decreases the

value of copied behaviours, pushing the value distribution of

behaviours to the negative side, the advantage to innovation

under these conditions is clear, especially when social learning

selectivity is low and social learners copy not only the best

behaviours (low D). Higher application sensitivity, that is,

higher sensitivity to behaviours’ value, increases the chances

of applying high-value behaviours; while this is true under

any condition, a greater penalty to social learning increases

the difference between the distribution of behavioural values

of copiers and innovators, therefore a greater penalty results

in a greater effect when sensitivity is high. The same is true

for strength of selection.

Innovation magnitude increased to its maximum as soon as

the frequency of innovation became higher that 0.1 (figure 2).

(e) Social prestige
Social prestige for innovators generally increases both the fre-

quency of innovativeness and the magnitude of innovation

http://rspb.royalsocietypublishing.org/
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(figure 3). As in the case of the social learning penalty, any

mean innovativeness frequency that was 0.1 or higher, was

associated with the highest possible innovation magnitude.

Not surprisingly, social prestige did not interact with
application sensitivity but only with the strength of selec-

tion—stronger selection resulting in higher frequency and

magnitude of innovation (compare difference between pink

and red lines in figure 3a, and in figure 3b). This is because

http://rspb.royalsocietypublishing.org/
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nitude of innovation was calculated among individuals whose innovativeness probability was greater than zero (L . 0). Mutation rate m ¼ 1021, learning phase
weight a ¼ 0.1, application sensitivity s ¼ 1, selection strength l ¼ 3.3.
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prestige adds to the total payoff of innovators but does not

affect the value of the copied behaviour itself for either the

innovator or the copier. As in the case of a social learning pen-

alty, a higher prestige rate resulted in greater impact of the

strength of selection.

( f ) Social learning penalty, prestige and royalties
A comparison of the effects of a social learning penalty and

social prestige shows that while a social learning penalty

resulted in higher frequency and magnitude than prestige

when the selectivity of social learning was low, prestige led

to higher frequency and magnitude than a social learning

penalty when social learning was good (compare blue and

red lines in figure 4). Combining the effect of a social learning

penalty and prestige to create the royalties condition showed

a general trend of increase in the frequency and magnitude of

innovation. Interestingly, while royalties generally had a

greater effect than a social learning penalty or prestige, in

parts of the parameter range the effect of royalties was no

different than the effect of a social learning penalty alone

(figure 4). This phenomenon was observed for a low selectiv-

ity of social learning (low D), and is likely due to the fact that

prestige, either by itself or as part of the royalties condition,

relies on the presence of social learners—if there are not

enough of them in the population, there is little payoff to

reap from being copied.

The royalties condition was also not a simple combination

of the effect of a social learning penalty and prestige when the

value of these two parameters was high. When social learn-

ing selectivity was high (high D), where a social learning

penalty in itself had no effect on frequency but prestige in

itself had a moderate effect (figure 4c), royalties resulted
in a notably higher frequency of innovation than prestige in

itself. It appears that although a social learning penalty

in itself was not enough to disfavour copying and increase

the frequency of innovation, in the presence of prestige in

the royalties condition it did have a significant effect.

As in the cases of social learning penalty and prestige, in

the presence of royalties any mean innovativeness frequency

that was 0.1 or higher, was associated with the highest

possible innovation magnitude.
4. Discussion
From a strictly logical perspective, in the company of social

learners, whatever advantage a behavioural innovation

offers its producer might quickly dissipate as others adopt

the behaviour and enjoy its benefits, free of cost. This argument

has been proven repeatedly in studies of social learning and

the diffusion of innovations [9]. It potentially holds for all

innovations, but is likely to be even more pronounced when

innovations greatly differ from existing behaviours, and

might explain why these sorts of innovations are relatively

rare. The results of our model show a positive, but not linear,

relationship between the frequency of innovation and its mag-

nitude—while lower frequency of innovation was associated

with lower magnitude, and higher frequency with higher mag-

nitude, the frequency of innovation had to be extremely low for

the magnitude to be below its highest possible value. In fact, a

frequency of innovation that was greater than 0.1 was usually

associated with maximal magnitude. This may seem to conflict

with the suggestion that innovations that greatly differ from

the norm should be rare owing to their cost in the presence

of copiers. However, owing to the normal distribution we
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assume for the magnitude of innovation, a high magnitude

does not mean that all innovations produced are extreme, but

rather a greater spectrum of innovations, compared with a

low magnitude; the majority of innovations are always close

to the population’s norm, and the magnitude only determines

the width of the normal distribution around this norm.

Altogether, these results suggest that as long as the population

is innovating at a consistent rate, extreme innovations (i.e. inno-

vations of large magnitude) are expected to arise regularly, at

this rate or another, depending on the general frequency

of innovation.

Most notably, and perhaps surprisingly, innovation did

not evolve when the selectivity of social learning was high,

that is, when individuals were able to identify the highest-

paying behaviour at each learning step and to copy it exclu-

sively. While some accounts find a correlation between the

tendency to innovate and social learning abilities between

[3] and within species [30–32], these usually refer to the

occurrence of social learning and not to its selectivity (but

see [33]). An example of a form of social learning that may

be functionally equivalent to low selectivity is the tendency

of many animals to copy high-ranking individuals. This

rule may be a good rule of thumb under restricted circum-

stances (i.e. if dominants are older, experienced and/or

successful individuals), but there is at least some evidence

from chimpanzees that dominants themselves do not necess-

arily use the best behaviour in their repertoire, yet they are

being copied by subordinates nonetheless [34]; this finding

has been suggested to explain the low occurrence of tradi-

tions observed in chimpanzee populations compared with

the rate of innovation in this species. Innovations in chimpan-

zees are often produced by juveniles/subordinates, and are

attributed to their limited access to resources [35,36]. Our

model suggests that poor discrimination in copying might

also be responsible, at least to some extent, for the high rate

of innovation. The same is true for difficulties in copying inno-

vations, represented in the model by the social learning

penalty. Taken together, these findings point to the challenge

of establishing a tradition: it requires innovation alongside

selective, faithful copying. Such conditions may arise relatively

rarely in most social learning species.

As humans are both capable of high-fidelity social learning

and impressive innovation, it is perhaps natural to expect these

traits to go together, and facilitate each other. In fact, highly

accurate and selective social learning may hinder innovation,

by reducing the advantages that it brings to the innovator.

That may explain why humans have evolved prestige, and

devised institutions that confer royalties to the innovator:

these may greatly enhance the likelihood of innovation being

beneficial, and adaptive traditions being propagated. While

prestige is usually regarded as a marker of an individual from

whom it is good to copy [37,38], prestige can also result from

producing a high-value innovation. It is easy to think of

examples from our modern human society, where innovators

of technology, science, art and sports receive great praise

and enjoy a high social status. In the rest of the animal kingdom,

prestige is not so easy to identify; indeed, it may not occur [29].

Zahavi [39] suggested social benefits to altruistic behaviour. For

example, helpers at the nest may be advertising their quality

and motivation through their seemingly altruistic behaviour,

thus potentially gaining in social standing or reputation, in a

manner that may later help them find a good mate and suc-

cessfully pass on their genes [39]. Still, there is as of yet little
compelling data to support this hypothesis. The idea that

problem-solving, or intelligence, might be under sexual selec-

tion [40] is at least functionally consistent with the notion of

prestige, and specifically with social prestige as a consequence

of behavioural innovation. A few studies found a positive corre-

lation between problem-solving and mating success [41–43],

but it is difficult to show that improved mating success is

directly owing to preference for problem-solving mates rather

than these problem-solving individuals faring better and

being in good condition, which makes them attractive mates

and successful breeders. While there is some evidence for

improved social status following innovative behaviour in maca-

ques [44] and chimpanzees [45], much remains to be studied to

fully gauge the extent of this phenomena in animals other than

humans. Henrich & Gil-White [29] suggest that prestige is an

adaptation that originally evolved through giving deference to

successful models in order to gain access to the resources they

may provide, and eventually became a way for social learners

to evaluate the models [29]. We view prestige in our model as

deference given for resource access, which is translated into

greater reproductive success. It would be interesting, however,

to examine in future analyses how this basic form of prestige

might evolve into a cue of demonstrator quality.

The concept of royalties—where a copier pays the innovator

for exploiting the innovation—is of essence to modern human

life. The earliest documentation of patents and copyrights

does not date very far in our history [46], but royalties do not

necessarily require formal institutions to exist; trading in infor-

mation for goods was likely a feature of human societies early

on, and can be tied to our species’ tendency to cooperate with

non-kin [47]. Other animals do engage in simple forms of

trade, perhaps the best-studied being the trade in grooming in

exchange for dominant tolerance [48], infant handling [49] or

mating [50]. However, in non-humans, there is little evidence

for any trade in information that innovators would stand to

gain from. While a behaviour that is easy to copy by observation

does not provide the opportunity for the innovator to request a

payment in return, more difficult to acquire behaviours prob-

ably require teaching or complex language to transmit, which

are rare and absent, respectively, in other animals [51,52]. In

humans, it is possible to envisage how a system of royalties

might develop from the system of prestige, as competition

over access to a demonstrator increases. An increase in payoff

to innovators owing to prestige might be regarded as at the

expense of copiers, if reproduction is based on relative success,

in which case prestige might be considered a form of royalty.

Our model suggests that royalties and prestige result in iden-

tical magnitude of innovation, but their effect on the frequency of

innovation is different: royalties typically lead to higher (much

higher under some conditions) frequencies of innovation.

While both forms of reward promote extreme innovation, popu-

lations with a royalties regime will see many more of them. This

difference is crucial for a population’s ability to adjust to changes

in its environment—a high rate of innovation facilitate a quick

response—but it is also significant in the context of cultural

evolution, and the pace at which it progresses [15].

Finally, it should be noted that, while we believe it

represents the prevalent case, our assumption of normal dis-

tribution, where high-magnitude innovations are relatively

rare and associated with higher variation in payoff, may

not apply to all situations. For example, in cases where

environmental variation is very high, low magnitude inno-

vations may sometimes entail a greater variation in
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outcome than those of high magnitude. Such an environment

is also not likely to promote social learning [53], and therefore

the evolution of innovation magnitude would be under a

somewhat different set of selective pressures, offering further

avenues for investigation.

In sum, we submit that characterizing innovation in terms

of both frequency and magnitude offers practical advantages.

These include rendering the concept accessible to quantitative

analysis and circumventing some challenging grey areas that

arise in discussing the phenomena.
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