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1  |  INTRODUC TION

Play is in stark contrast to other types of behaviours, which are 
normally defined by their function –  foraging and eating maintain 
energy balance, courtship and mating lead to reproduction, and 
anti- predatory behaviour leads to decreased risk of being killed for 
food. Moreover, in these cases of ‘serious’ behaviour, the causal 
link between the activity and its consequences is most often evi-
dent and recognisable. Play, on the other hand, is not defined by 
its consequences, but usually partly by the absence of them (Bekoff 

& Byers, 1981; Burghardt, 2005). One effect of this is that the ap-
proach to modelling the functional benefits of play will involve beg-
ging the question, by implicitly assuming those plausible benefits. 
Here, this research focusses on whether we can find circumstances 
in which play is not in any obvious way immediately beneficial and 
is clearly costly in some respects, but still predicted by an optimal 
model of lifetime behaviour.

The problems presented in forming accounts of play are ampli-
fied by the diversity of types of play and the richness and variety 
of actions, even within a single bout (McDonnell & Poulin, 2002; 
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Abstract
The function of play has been a long- debated topic in animal behaviour. One popular 
class of accounts is that play offers practice for serious adult behaviour, but little has 
been done to model the circumstances where this could be true. In this paper, we 
model	an	 individual	who,	over	the	 juvenile	and	subadult	ontogenetic	periods,	has	a	
choice between three behaviours: foraging, playing and rest, where playing improves 
an individual's ability in some component of a serious adult behaviour. Using sto-
chastic dynamic programming, we show that even when play is more energetically 
costly and an inferior form of practice than foraging itself, it still may be optimal to 
play	under	a	variety	of	circumstances.	We	offer	several	instantiations	of	the	play	as	
practice concept to show the possibility of play improving a variety of different adult 
abilities: antipredatory, foraging and reproductive behaviour. These models show the 
environmental conditions where play might be expected, as well as the predicted oc-
currences of play throughout ontogeny. This is a first step in showing the ecological 
feasibility of the practice hypothesis of play and raises further questions about why 
playful activity is more beneficial than more deliberate directed practice.
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Petrů	et	al.,	2009).	Whether	play	is	a	useful	unitary	category	of	ac-
tivity or a bundle of unrelated behaviours with similar character-
istics remains an open question (Bateson, 2010; Pellis et al., 2019) 
and numerous plausible accounts of the function of play have 
been proposed over the past century (for more thorough reviews, 
see Baldwin & Baldwin, 1977; Bateson, 2010; Burghardt, 2005; 
Fagen, 1981; Gray, 2019).	 Some	 of	 the	 more	 prominent	 ulti-
mate explanations for the existence of play include as a means 
of social bonding and establishing cooperation (Cordoni, 2009; 
Palagi, 2023), as a form of physical exercise (Brownlee, 1954), to 
assess one's abilities (Thompson, 1998), to train for unexpected 
situations (Špinka et al., 2001) and a source of innovation (Bateson 
& Martin, 2013). There are also common alternative accounts with 
a more limited functional basis, in particular, as a way to expend 
excess energy (the surplus resource model, Burghardt, 2005; sur-
plus energy hypothesis, Barber, 1991). Given the diversity of spe-
cies that exhibit play behaviours, and the variety of contexts and 
forms of play, it is not clear that all types of play can be accounted 
for by the same functional account. For example, if play improves 
social cohesion, acts of solitary play will remain unaccounted for 
(Petrů	 et	 al.,	2009). Our approach in this article focuses on one 
popular class of explanations.

Perhaps the most common functional account of play is that it is 
a form of practice. This idea, arising from the fact play actions often 
closely resemble actions employed in various categories of ‘serious’ 
behaviour,	was	 first	 formally	proposed	by	Karl	Groos,	 stating	 that	
play is “instinctive activity exerted for purposes of practice or exer-
cise, and without serious intent” (Groos, 1895/1898, p.183). Over the 
last century, this idea has reappeared and been repeated in various 
forms, retaining the essence of ‘play as practice’, and only differing 
in the details of the hypothesis (Brownlee, 1954; Byers, 1998; Byers 
&	Walker,	1995; Fagen, 1976a;	Smith,	1982). Others have equated 
play with exploration, implying the latent learning functions of the 
activity (Baldwin & Baldwin, 1977;	White,	1959).	Various	‘alternative’	
hypotheses of play retain the essential characteristics of practice, 
but capturing more general learned abilities, such as the ‘training for 
the unexpected’ hypothesis (Špinka et al., 2001). In this, individuals 
are not practising for a specific motor task, but rather for the abil-
ity to handle novel and unexpected situations, across the physical, 
cognitive, and emotional domains. Even some of the hypothesised 
functions relating purely to social play and its importance for social 
bonding, cooperation, or fairness, could be reinterpreted as a form 
of practice for important adult social skills that facilitate success-
ful	navigation	of	 the	adult	 social	world	 (e.g.	Allen	&	Bekoff,	2005; 
Pellis et al., 2010;	Smith,	1982). Indeed, distinct ‘play behaviour sys-
tems’, each derived from a different category of serious behaviour 
and each training a different skill or ability, may exist in parallel even 
within the same species (Caro, 1995; Pellis et al., 2019).

Some	good	empirical	support	for	hypotheses	within	the	category	
of practice exists (e.g. Berghänel et al., 2015; Carter et al., 2019; 
Heintz et al., 2017;	Nunes	et	al.,	2004) although some studies have 
failed to find any effects at all (Caro, 1980;	Sharpe,	2005). There is also 
plenty of empirical evidence for various other functional accounts 

of	play	behaviour	(e.g.	Nunes	&	Monroy	Montemayor,	2023; Palagi 
et al., 2004; Pellis et al., 2010;	Stark	et	al.,	2021). However, there are 
difficulties in obtaining reliable long- term, in- the- wild data of what 
are often probably delayed, relatively weak, and complex beneficial 
effects. Even when these long- term beneficial effects are found (e.g. 
Fagen & Fagen, 2004;	Nunes,	2014), it remains unclear what mecha-
nisms directly link play to survival. The search for the functional ben-
efits of play may be hampered further if play has multiple benefits, 
which	in	some	species	appears	to	be	the	case	(Nahallage	et	al.,	2016; 
Nunes	&	Monroy	Montemayor,	2023). Different types of play may 
manifest different types of benefits, and perhaps “asking about the 
adaptive significance of play is rather like asking about the adaptive 
significance	of	 ‘goal-	oriented’	behaviour”	 (Wolf,	1984, p.183). Play 
may also have radically different evolutionary origins than its current 
functional benefits today (Pellis et al., 2015), adding further impedi-
ments to a clear and simple unitary explanation.

Although	play	has	now	been	documented	across	a	diverse	range	
of animal taxa (Burghardt, 2005),	 the	majority	 of	well-	known	 and	
studied cases are found in mammals (Fagen, 1981).	 Within	 play-
ing mammals, although adult play is seen in some species, play is 
predominantly	exhibited	in	juveniles.	The	fact	that	play	is	often	so	
concentrated during youth raises many developmental questions re-
garding why play seems to be only an essential activity in younger 
individuals. Burghardt (2005) has suggested that play is widespread 
among young mammals because they are provided with a reliable 
source of energy and nutrients by the lactating mother. If parental 
provisioning is very important for the growing young, then the cessa-
tion of it (i.e., weaning in mammals) should profoundly affect the on-
togenetic course of independent foraging, and hence time allocation 
to other types of behaviour. From this perspective, three periods of 
ontogeny could be distinguished: pre- reproductive dependent, pre- 
reproductive	 independent	 and	 reproductive.	When	modelling	 the	
ontogenetic course of play, these three periods should be taken into 
account. It has also been shown that different types of play appear 
at different times in ontogeny (e.g. Cuvier's gazelle, Gazella cuvieri, 
Gomendio, 1988;	 South	American	 fur	 seal,	Arctocephalus australis, 
Harcourt, 1991), and this may be due to these play forms having dif-
ferent functions within a species.

Perhaps due to its paradoxical nature, play has only received 
relatively recent attention from the modelling community, with the 
questions posed and methods used through theoretical analysis 
being diverse. Many of these approaches have focussed on vari-
ous aspects of social play, looking at the possible beneficial conse-
quences on later social behaviour (Cenni & Fawcett, 2018; Dugatkin 
& Bekoff, 2003;	Durand	&	Schank,	2015; Grunloh & Mangel, 2015; 
Schank	et	al.,	2018) and even structural features, such as strate-
gies within play- fighting (Bell et al., 2015). Elsewhere, it has been 
shown that different types and complexities of play (or no play at 
all) are likely to evolve in different taxonomic lineages according 
to	 the	marginal	 energetic	 costs	 that	 the	play	 imposes	 (Smaldino	
et al., 2019). Prior to these more recent approaches, Fagen ex-
plored various conditions for the evolution of play, through the 
equilibria of allele frequencies for innovation (Fagen, 1976b), 
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or through assuming immediate costs and delayed benefits and 
showing the consequences on life- history (Fagen, 1977). Else-
where, it has been shown that frivolous play can emerge simply as 
a consequence of constrained energy resources in the population, 
where excess usage depletes resources that would benefit com-
petitors, showing that direct functional benefits of play may not 
be	entirely	necessary	(Auerbach	et	al.,	2015).

In this paper, we model an organism choosing between the ac-
tivities of foraging, resting, and playing. For this model, we assume 
that play can improve abilities of a certain ‘serious’ activity, but not 
as well as doing that activity itself. In this case, foraging is the best 
practice for foraging, with play being an inferior form of practice. 
Play, which is often exaggerated, boisterous and extravagant, may 
also have similar, if not greater energetic costs associated with it. 
The question then remains, why play when you can achieve better 
learning outcomes, spend less energy, and at the same time be pro-
ductive towards one's survival and reproductive goals? In these cir-
cumstances, what can play offer?

One possibility is that, all things considered, play is a safer ac-
tivity. Being ‘non- serious’, play is void of serious consequences, and 
although that feature normally points to the lack of obvious benefits, 
it also allows for a reduction of risks and dangers that could lead to 
injury	or	death.	Perhaps	the	most	obvious	case	of	this	is	with	play-	
fighting, where both participants restrain from causing actual harm 
to one another (Pellis & Pellis, 2017).	Also,	 in	contrast	to	foraging,	
play does not fulfil any urgent physiological needs, does not depend 
on food availability, and does not require travelling across exposed 
space between food sources. Because of this, the animal can allocate 
play to safer time– space windows. This is consistent with the idea 
that play occurs only when the animal is free from external stress-
ors and threats (Burghardt, 2005; Held & Špinka, 2011; Loizos, 1967; 
Panksepp, 1998;	Siviy	et	al.,	2006), and appears to occur more often 
in domestic or captive animals than in the wild (Himmler et al., 2013). 
This echoes Huizinga's talk of play always proceeding “within its own 
proper boundaries of time and space” (1949, p.13), although the in-
tensity of focus often found during playful bouts can often lead to a 
dangerous lack of vigilance (Harcourt, 1991) or even a significant ex-
posure	to	pathogens	(Kuehl	et	al.,	2008).	Nonetheless,	for	the	model	
that follows, we assume that the predation rate during play is lower 
than in the hostile world encountered during foraging.

We	focus	on	foraging	behaviour	(as	the	main	‘serious’	alternative	
to play) because energy is one of the fundamental resources neces-
sary for survival and reproduction. The gain of energy through for-
aging therefore has a very clear causal relationship to reproductive 
value. It also allows us to capture some features of the energy costs 
of the alternative activities and combine them into a simpler com-
mon	currency.	We	will	explore	three	main	versions	of	this	model,	
each of which will assume that play is a practice for a different 
kind of ability. These will be Play- as- improving- antipredator- ability, 
Play- as- improving- foraging- success- ability, and Play- as- improving- 
reproductive- ability. Each of these ability improvements may lead 
to improved performance on some aspect of behaviour, which 
may ultimately lead to improvements in final reproductive success. 

The	 structure	of	 the	model	means	 that,	with	 some	minor	 adjust-
ments,	foraging	(to	increase	energy	reserves)	could	just	as	easily	be	
substituted with another ‘serious’ adult behaviour (that increases 
some other ecologically relevant state variable), without loss of 
generality.

2  |  BA SIC MODEL

The model considers a mammal who must forage for food, but also 
has	the	option	to	play	or	to	rest.	We	utilise	a	state-	space	approach	to	
consider the value of different actions in the different states which 
the	animal	may	find	itself.	An	individual	has	energy	reserves	(x) and 
some ability (a). For each period of time (for each moment at t), the 
animal can choose which activity to engage in, each having different 
consequences on its future state. This should not be interpreted as 
the only activity in a given time period, but as an additional focus 
of activity after basic subsistence energy procurement, sleep and 
grooming needed to achieve homeostatic maintenance and survival. 
This assumed background activity is not explicitly modelled, and 
the choice behaviour in the model is focussed on what the animal 
does in its remaining ‘free time’. The additional chosen activity may 
contribute extra energy to put towards growth (additional foraging) 
or cost extra energy but have different consequences (e.g. play or 
rest). This abstraction is necessary in order to focus on the choice 
behaviours that relate to play, without having to model many other 
state variables and interactions that would greatly complicate the 
interpretation of the results.

Energy reserve levels must be kept above 0 or the individual dies 
of starvation. Let us define U*(x,a,t) as the value of an individual's 
life if it performs the optimal action for every choice it makes for its 
‘free- time’ behaviour. The individual is modelled for a total of T time- 
steps (makes T choices), at which point there are no more choices 
left to make. If the individual has at least a certain critical amount 
of energy (xcrit) at T, the individual is rewarded with a score of 1, 
whereas if this level of reserves is not attained by time T, the individ-
ual receives a score of 0. This type of terminal value function could 
be interpreted in numerous ways, depending on the life history of 
the species –  for simplicity, we consider this to be sexual maturity, 
with xcrit representing the minimal energetic reserves for successful 
reproduction.

During the first part of its life (pre- reproductive dependent, last-
ing until the ‘weaning’ time t = τ), the animal is a dependent offspring 
and it receives some energy provisions (e.g. milk, foraged prey pro-
visions, etc.) from its parent (energy amount we with probability wz). 
In the second stage of its life (pre- reproductive independent), the 
parent no longer provides, and the individual can only obtain extra 
energy	from	foraging.	What	we	are	modelling	here	is	the	time	from	
which a new offspring is able to move freely on its own (t = 0)	until	
their sexual maturity (t = T). The availability of parental provisions 
is the only difference between the two phases modelled here, with 
the pre- reproductive dependent having a greater buffer from star-
vation, which may promote playful behaviour.
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At	every	timestep,	the	animal	has	a	choice	between	three	differ-
ent activities: it can forage, it can play, or it can rest. Foraging has 
energy costs (cf) and yields energy returns stochastically (amount 
ye with probability yz). It also has a certain risk of predation associ-
ated with it (mf). Play has the same (or an even greater) energy cost 
as foraging (cp) but yields no energy gains in return. Play however 
has a lower risk of predation (mp), since it happens in a safe space, 
and, when young, supervised by an adult. Finally, individuals can also 
rest, and this entails the lowest energy costs (cr) and predation risk 
(mr), but there are no other consequences. The energy costs of the 
different activities are summarised as cr < cf ≤ cp and mortality rates 
as mr < mp < mf.

In these models, both the activity of play and the activity of 
foraging also probabilistically increment the animal's ability (by 
probability sp and sf, respectively). This improved ability has some 
beneficial impact for the animal, and these benefits are different for 
each model (in Model 1, it reduces predation risk whilst foraging, 
in Model 2, it increases foraging success rate, and in Model 3, it in-
creases the probability of successful reproduction and thus directly 
improves the payoff at time T). The mechanics of the ability concept 
and how it affects performance of other activities will be discussed 
for each of the models in the specifications below.

The value of a given activity in a given state is defined by the 
function Uactivity(x,a,t). Using stochastic dynamic programming (Bell-
man, 1957;	 Houston	 &	McNamara,	 1999; Mangel & Clark, 1988), 
we can iterate backwards from T, to determine the value of being in 
each possible state in the model. From this, we can also determine 
the optimal choice for any given scenario that the individual might 
find itself in. The technical details of the model are shown in the 
Appendix	A and the different default parameters of the model can 
be found in Table 1.

The result of the dynamic programming procedure produces a 
lookup table of the value of each possible choice (Uforage, Uplay, Urest), 
the greatest of which is the optimal value (the expected value of 
being in a specific state, assuming all future choices are optimal, 
U*(x,a,t)). The optimal choice for a specific state, Ψ(x,a,t), a nominal 
output	variable,	is	just	the	activity	which	has	the	optimal	value.	How-
ever, this output does not say which states an individual is likely to 
find themselves in. By using the choice function and selecting some 
initial conditions (x = xstart and a = astart) we can run the model for-
ward to see the probability that a given individual (or equivalently, 
the proportion of individuals in a population), acting optimally, will 
end up in each of the future states. From this, we can also calculate 
the total proportion of individuals that would be found doing a given 
activity with their excess time at any given timestep. Together, the 
optimal choices and the expected lifetime activity budgets predicted 
by the model can offer some insight into the effects on behaviour 
(and the reasons for those effects) that different environmental con-
ditions	might	have.	See	the	Appendix	A for all the technical details of 
each calculation for these models.

We	can	also	perform	a	sensitivity	analysis	on	each	of	these	mod-
els. This can be done by modifying one parameter at a time over a 
range of values whilst holding all the other parameters constant. For 

each parameter setting, an optimal choice function can be generated 
using dynamic programming, and then with a choice of initial condi-
tions, the model can be run forward, and the proportion of excess 
time spent doing each activity over the entire lifetime can be calcu-
lated by summing the probabilities of being in each state for each 
optimal	activity.	A	crude	summary	of	the	sensitivity	analysis	can	be	
seen in Table 1 (showing the range of values where at least 5% of the 
lifetime free choices are for play behaviour). More detailed results of 
the	sensitivity	analysis	are	shown	in	the	Appendix	(Figures	A1–	A4).

The models that follow will be distinct versions of the base 
model described above, utilising the same default parameters, and 
differing only in the consequences of being in a state of increased 
ability. The type of ability that play improves would likely vary across 
taxa,	which	encounter	different	ecological	problems.	We	realise	that	
the likely species that each model applies to may vary in their life- 
history substantially and the models may need modifying to capture 
relevant features. However, we have kept the models as similar as 
possible to maximise model comparability, allowing the differences 
in the patterns of play behaviour to be attributable to differences 
in ability type. The simplifications in the variables and their inter-
actions made in the dynamic programming approach mean that it 
will be difficult to make quantitative predictions, rather it should be 
expected to demonstrate only qualitative predictions about where 
play might be found during development.

2.1  |  Model 1: play as improving 
antipredator ability

For the first instantiation of the model, we consider a case where 
play is an activity that offers improvements in an individual's an-
tipredator abilities. Many prey species are relatively vulnerable to 
predation whilst foraging for food, and various forms of locomotor- 
rotational play may improve general movement abilities or specific 
skills that could mitigate the chances of being predated, including 
the individual's vigilance, reaction time, speed and agility of escape 
behaviour, and the ability to fight off an attacker. More importantly, 
the activity of play need only improve one of these skills to have 
a significant impact on the individual's mortality risk. This model 
is most representative of some kind of grazing ungulate, a taxon 
known for its locomotor play (e.g., Gomendio, 1988).

In this first model, the predation risk associated with forag-
ing is a function of an individual's ability (mf(a)). This predation risk 
decreases linearly with increasing antipredator ability, such that 
mp = mf(A) << mf(0), that is, there is a high mortality whilst foraging 
when ability is low (a = 0)	and	a	low	mortality	(the	same	as	play)	when	
foraging ability is high (a = A). By foraging, the individual's antipredator 
abilities become improved with each foraging session (improvement 
of 1 with probability sf). Like foraging, play also improves antipredator 
abilities (improvement of 1 with probability sp), but it improves them at 
a lower rate than real life foraging –  i.e. in this model, the best practice 
for safe foraging is foraging (sf > sp). The detailed formula and computa-
tions	specific	to	each	model	can	be	found	in	the	Appendix	A.
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2.2  |  Results for Model 1

The first key output of the model is the optimal choice function 
for each three of the state variables, Ψ(x,a,t), and this can be plot-
ted onto a two dimensional space when holding one of the state 
variables constant (e.g. optimal choice at a given time and level of 
energy reserves, for a certain level of ability). This can be seen in 
Figure 1a,b, for a = 0	and	for	a = 50.	We	can	see	that	play	is	optimal	
at most intermediate levels of reserves whilst the individual is still 

receiving energetic provisioning from a parent, and so starvation 
is not a serious threat (at least compared to being predated whilst 
foraging	when	having	a	low	ability).	At	very	high	levels	of	reserves,	
either the individual can reach the critical threshold (xcrit) for the re-
maining	time	just	by	safely	resting,	or	the	individual	may	only	have	
to do additional foraging for growth a few times in its life in order to 
achieve xcrit by time T, and therefore the reduced mortality associ-
ated with play is not worth the extra foraging that would be needed 
to	compensate	for	the	energy	spent	in	play.	At	very	low	reserves,	the	

F I G U R E  1 The	Play as improving Antipredator Ability model. The top panels show the choice function determined by stochastic dynamic 
programming for the default parameters. (a) shows the optimal choice in regions of state space across time and energy reserves for a = 0.	
(b) shows the optimal choice in regions of state space across time and energy reserves when ability is half the maximum value (a = 50).	The	
purple area is a region where the individual is unable to reach the critical level of energy reserves for a final payoff. (c) shows the proportion 
of optimally behaving individuals choosing each activity at any given time (from the forward model with initial conditions of xstart = 100	
and astart = 0).	The	‘No	Payoff’	individuals	here	include	those	that	have	died	(from	predation	or	starvation),	and	those	who	cannot	reach	xcrit 
before time T. The bottom right panels show the proportion of individuals ending up with different energetic levels, (d), and ability levels, 
(e), over time for a population starting at initial conditions xstart = 100	and	astart = 0.	The	bright	yellow	states	are	where	at	least	10%	of	an	
optimally behaving population would be found, and blue colours being where fewer than 1 in a million optimally behaving individuals would 
end up.
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individual should forage. This is because the energetic provisioning is 
probabilistic, and so there is a reasonable risk of starvation if several 
consecutive time- steps yield no energy, and therefore the higher 
mortality associated with foraging with low ability must be faced in 
order to mitigate the risk of starvation. Once the animal is weaned 
of the parental provisioning at time t = τ = 50,	the	window	of	energy	
reserves where play is optimal decreases, although it stretches to a 
later time in individuals who have already obtained a higher ability 
(Figure 1b).	Although	very	little	play	can	be	found	after	the	halfway	
point to sexual maturity if current ability is low, when abilities are 
higher, play can still be found at t = 160.	At	very	low	energy	reserves,	
or in the second half of the period, individuals should forage, since 
individuals need to reach the critical threshold to obtain any payoff. 
The purple triangle at the bottom right hand corner of Figure 1a,b is 
an area of state space where the individual could not possibly reach 
xcrit by time T, and so no behaviour is optimal and no final payoff can 
be achieved.

If we run the model forward, starting with initial conditions of 
xstart = 100	and	astart = 0,	we	can	see	the	proportion	of	individuals	doing	
each activity, from a population acting optimally across the time period 
(Figure 1c). The purple line shows individuals who cannot achieve a 
payoff in the model. This is the cumulative count of those individuals 
who reached a state of starvation (x = 0)	or	were	unfortunate	enough	
to be predated during their choice of activity, and after t = 150,	those	
who cannot possibly reach xcrit by time T. For the first 50 time- steps, 
play is the only activity found in the animals' free choice behaviours, 
whereafter it drops off steeply, being maintained at lower rates in the 
population until around t = 150.	Between	t = 100	and	t = 150,	obtained	
abilities are already quite high, which further extends the range of val-
ues for which play is optimal to even later in life.

Similarly,	we	can	plot	the	density	of	individuals	in	terms	of	their	
state, for both energy reserves (Figure 1d) and for ability (Figure 1e). 
The bright yellow areas are where the highest proportion of indi-
viduals are found (at least 10% of individuals for any given state: 
x,a,t), with proportions falling off by an order of magnitude with each 
change	in	shade	of	colour.	From	the	initial	conditions,	the	majority	of	
individuals play whilst being provisioned by the parents. From there, 
there is a large shift to foraging behaviour, until near the end of the 
model,	where	 the	 individual	 is	on	a	 trajectory	of	enough	 reserves	
to remain above xcrit, after which rest is the main free- time activ-
ity for the remainder of timesteps until T. Most individuals reach 
their maximum ability level (a = 100)	by	t = 150	(Figure 1e). Most of 
these overall ability improvements come from actual foraging itself, 
although all the ability improvements during the dependent period 
come from play.

A	one-	at-	a-	time	 sensitivity	 analysis	 shows	 a	wide	 range	of	 pa-
rameter values over which we predict play for at least 5% of lifetime 
activity choices (whilst holding other parameters constant). These 
ranges are shown for each model in this paper in Table 1 and are 
shown	 in	more	detail	 graphically	and	discussed	 further	 in	 the	Ap-
pendix (Figure A1). One key finding from this is that the lowest value 
for the initial foraging mortality probability (mf(0)) is 0.0012, which is 

around six times the probability of mortality from play. This is a quite 
significant but not altogether implausible difference.

Skills	that	assist	in	predator	avoidance	are	just	one	of	many	pos-
sible instantiations of the ability concept, and with some minor ad-
justments	to	this	model,	we	can	also	explore	the	potential	for	play	
to improve abilities in other ‘serious behaviours’, firstly in foraging 
success, and secondly in reproductive behaviour.

2.3  |  Model 2: play as improving foraging 
success ability

For the second model, we again consider an animal playing to im-
prove ability, where this time ability affects an individual's forag-
ing success. This may be most applicable to a predatory species, 
where finding, stalking, pouncing, catching, and handling mobile 
prey is necessary for the animal to acquire their food, and being a 
competent predator is the difference between a successful hunt 
and complete failure. This model is most representative of some 
kind	of	 predatory	 feline,	 a	 taxon	 known	 for	 its	 object	 play	 (e.g.,	
Bateson et al., 1990).

For this model, we set the probability of foraging suc-
cess as a linearly increasing function of ability, yz(a), such that 
0 ≤ yz(0) << yz(A) ≤ 1.	As	in	the	first	model,	both	the	activity	of	for-
aging and the activity of play increases the ability state variable 
probabilistically (increment of 1 with probability sf and sp respec-
tively, where sp < sf), and as before, the best practice for foraging 
is foraging, with play being an inferior way to improve ability. The 
impact of ability on mortality when foraging is removed such that 
mf is now a constant and unaffected by foraging or playing expe-
rience. The remainder of the details of the model are the same 
(see	the	Appendix	A for the modified calculations). Here, we have 
used the default parameters of yz(0) = 0.1	and	yz(A) = 0.9,	suggest-
ing that foraging performance can be radically improved through 
either form of practice.

2.4  |  Results for Model 2

The choice function output of the model shows that play is optimal 
during the very early stages of life, at low to intermediate levels of 
reserves (Figure 2a). This range of reserves where play is the optimal 
choice rapidly narrows as time goes on, and play is essentially never 
optimal after parental provisioning ends (t = τ = 50).	Play	is	also	never	
an optimal strategy once a certain level of ability is already attained 
(Figure 2b), whereafter all ability improvements happen through 
foraging.

When	 the	 model	 is	 run	 forward	 with	 initial	 conditions	 of	
xstart = 100	 and	astart = 0,	we	 see	 that	 play	 occurs	 for	 40%	of	 the	
population at any one time for the first 30 timesteps, before fall-
ing to zero rapidly at the weaning time (Figure 2c). The patterns 
of energy reserve growth (2d) and ability improvements (2e) are 
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very	similar	to	those	seen	in	Model	1.	As	with	Model	1,	the	range	
of working parameter values can be seen in Table 1 and a more 
detailed	sensitivity	analysis	 is	also	included	in	the	Appendix	(Fig-
ure A2). One thing to note from this is that play in Model 2 is criti-
cally dependent on receiving sufficient parental provisions (we, wz) 
and for a sufficient period of their early life (τ). This is in contrast to 
the other model instantiations, where the effects are not entirely 
dependent on any provisioning (although they are certainly en-
hanced by it). It is also important to point out that play only occurs 
when the initial foraging success rate is sufficiently low (yz(0) ≤ 0.1),	

that is, the individual must start their life being very bad at the task 
of foraging (catching prey).

2.5  |  Model 3: play as improving reproductive  
ability

The third instantiation of the ability concept we consider involves 
ability directly affecting the final payoff, by increasing the probabil-
ity of successful reproduction at time T. Reproduction in many social 

F I G U R E  2 Results	of	the	Play as improving Foraging Success	Ability	model.	(a)	and	(b)	show	the	optimal	choices	in	regions	of	state	space	
across time and energy reserves for a = 0	and	for	a = 50	respectively.	The	purple	area	is	a	region	where	the	individual	is	unable	to	reach	the	
critical level of energy reserves for a final payoff. (c) shows the proportion of optimally behaving individuals choosing each activity at any 
given time (from the forward model with initial conditions of xstart = 100	and	astart = 0).	The	‘No	Payoff’	individuals	here	include	those	that	
have died (from predation or starvation), and those who cannot reach xcrit before time T. The bottom right panels show the distribution 
of individuals ending up with different energetic levels, (d), and ability levels over time, (e), for a population starting at initial conditions 
xstart = 100	and	astart = 0.	The	bright	yellow	states	are	where	at	least	10%	of	an	optimally	behaving	population	would	be	found,	and	blue	
colours being where fewer than 1 in a million optimally behaving individuals would end up.
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mammal species requires a variety of social skills to find, attract, and 
copulate with a member of the opposite sex, and often for males, 
fighting with other males over access to females. It is plausible that 
various forms of social play could provide improvements in an in-
dividual's general or specific social abilities needed for these tasks, 
thus affecting their probability of sexual reproduction at maturity. 
We	 will	 call	 this	 the	 Play- as- improving- Reproductive- Ability model, 
and the full details of the modifications from the other models are 
specified	in	the	Appendix	A.

For this model, as before, we treat T as the age of sexual matu-
rity, and the final payoff of as a function of both energy reserves 
and ability, making it necessary to pursue both ‘resources’ to 
achieve	the	maximum	payoff.	We	set	the	probability	of	successful	
reproduction to be a linearly increasing function of ability (ωz(a)). 
We	consider	two	almost	identical	versions	of	this	model	(differing	
by only a single parameter value) that leads to two very different 
interpretations.

For Model 3a, we again assume that play improves ability, but 
we remove any ability improvements generated through foraging 
(sf = 0),	as	foraging	does	not	intuitively	offer	practice	for	any	of	the	
skills needed for reproductive behaviour. This would be true for 
many social mammals, that live in closely knit groups, but obtain 
food through individual activity, such as various primate species or 
murid rodents, both of which are known for their social play (e.g., 
Pellis et al., 2023). In this case, the only way to improve ability is 
through play. For Model 3b, we assume that both play and foraging 
can improve ability, and, as in Model 1 and 2, that foraging offers 
even better social practice for reproduction than play (sf > sp). This 
could be true for many social mammals who hunt cooperatively, such 
as many canines or cetaceans, both of which are also known for their 
social play (e.g., Cordoni & Palagi, 2019).

2.6  |  Results for Model 3a

The output of the model shows that at low to medium reserves, indi-
viduals should focus their time on foraging to gain energetic reserves, 
and this is independent of their current ability level (Figure 3a,b). In-
dividuals should also play throughout their pre- reproductive life in 
order to improve their chances of final reproduction at sexual matu-
rity, although this is normally done at higher reserve levels. In addi-
tion to this, individuals should almost never rest, since both foraging 
and ability feed into the final payoff function. The activity of play in 
this model has direct consequences on the final value (probability of 
successful reproduction). There are no reasons why play should hap-
pen earlier rather than later in development, since the benefits can-
not be realised until the end of the model (at time T). This contrasts 
with the first two models, where earlier play has immediate tangible 
benefit (either through reducing predation risk whilst foraging (1) or 
increasing foraging success (2)) and these are instrumental to the 
necessary foraging behaviour that the individual must perform at 
some point to reach the critical threshold at time T.

When	 the	 model	 is	 run	 forward	 with	 initial	 conditions	 of	
xstart = 100	and	astart = 0,	we	see	that	play	occurs	in	at	least	20%	of	
individuals during all timesteps, with an increase to around 60% of 
individuals as they approach sexual maturity (Figure 3c). The pat-
tern of energetic reserve and ability increase also differs from the 
first two models, with a focus on growing energetic reserves much 
earlier in the model (since ability does not make foraging safer or 
more	 productive).	 After	 this,	 the	 average	 energetic	 reserves	 pla-
teaus as foraging activity slowly decreases and playing activity 
increases (Figure 3d). Even though playing is chosen more in this 
model than the others, by sexual maturity, less than half of the 
individuals have achieved an ability level of half the maximum (at 
T, a ≈ A/2, Figure 3e) since playing is the only vehicle for improve-
ments in ability (sf = 0).	 Since	 there	 is	 always	 room	 for	 increasing	
the final payoff function by improving ability through play, individ-
uals should almost never rest (except those precisely preserving 
enough energy close to xcrit).

From the sensitivity analysis, we find that play is found, even 
when the conditions for play are particularly costly, such as when 
the probability of ability improvements from play are very low in-
deed (sp = 0.01)	and	when	 the	energy	cost	of	play	 is	unreasonably	
high (cp = 14).	Moreover,	even	when	the	difference	between	the	re-
productive probability at zero ability and at maximum ability is quite 
small (ωz(0) = 0.75	&	ωz(A) = 0.9),	and	thus	the	benefits	of	 improved	
ability are relatively small, significant amounts of play is still found. 
The robustness of play in this model derives from the fact that for-
aging cannot improve ability, and therefore play offers some unique 
benefits not found in the other activities.

2.7  |  Results for Model 3b

The output of the model shows that play behaviour only seems to 
be optimal at high levels of energy reserves (Figure 4a).	As	ability	
improves (which happens mostly through foraging at the beginning 
of the model), the range of states where play is optimal increases 
(Figure 4b).	At	higher	abilities	(a > 70),	play	is	optimal	for	most	states	
of high energy reserves (not shown in the figures here), as the lat-
ter increases in ability can be achieved more safely (mp < mf, though 
less efficiently, sp < sf) through play, and maximum ability (A) can still 
be	attained	before	sexual	maturity.	When	the	model	is	run	forward	
with initial conditions of xstart = 100	and	astart = 0,	we	see	that	 indi-
viduals begin by foraging, and only start to play at t = 25	(Figure 4c). 
After	this,	the	proportion	of	individuals	playing	increases	and	forag-
ing decreases steadily until around t = 150,	after	which	rest	becomes	
the exclusive activity for the remaining 50 timesteps (when a = A, 
rest is optimal for most x > xcrit, not shown in figures here). The death 
rate drops drastically halfway through the model, as most activity 
is shifted from the more dangerous foraging, to the safer activities 
of play and rest. Energy reserves reach their maximum levels (x ≈ X) 
after the end of parental provisioning at t = 50	 (Figure 4d), and so 
some of the benefits of play observed may naively appear to be 
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because the energetic benefits of foraging are absent when energy 
is at or near its ceiling. However, increasing the maximum possible 
energetic reserves (X) has no impact on the amount of play observed 
in	 the	model	 results	 (see	 Sensitivity	 Analysis	 in	 the	 Appendix	 A). 
For most individuals, maximum ability is attained at around t = 140	
(Figure 4e).

As	with	Model	3a,	play	 is	 still	 found	at	 significant	 levels,	 even	
when the probability of increasing ability through play is very small 
(sp = 0.05)	 and	when	 the	 energy	 cost	 of	 play	 is	 very	 high	 (cp = 12).	
Since	almost	all	surviving	individuals	reach	maximum	ability	by	time	
T, it may be worthwhile to achieve this as much as possible through 

play,	due	to	its	reduced	mortality	risks.	A	full	sensitivity	analysis	for	
both	of	these	versions	of	Model	3	can	be	seen	in	the	Appendix	(Fig-
ures A3 and A4).

3  |  DISCUSSION

The evolutionary benefits of play are unclear and hotly debated, 
and by most popular definitions, is characterised by the absence 
of immediately obvious function or purpose. In this modelling 
approach, we explored the interplay between three possible 

F I G U R E  3 Results	of	the	Play- as- improving- Reproductive- Ability model, where foraging does not increase ability (sf = 0).	(a)	and	(b)	show	
the optimal choices in regions of state space across time and energy reserves for a = 0	and	a = 50	respectively.	The	purple	area	is	a	region	
where the individual is unable to reach the critical level of energy reserves for a final payoff. (c) shows the proportion of optimally behaving 
individuals choosing each activity at any given time (from the forward model with initial conditions of xstart = 100	and	astart = 0).	The	‘No	
Payoff’ individuals here include those that have died (from predation or starvation), and those who cannot reach xcrit before time T. The 
bottom right panels show the distribution of individuals ending up with different energetic levels, 3(d), and ability levels over time, 3(e), for 
a population starting at initial conditions xstart = 100	and	astart = 0.	The	bright	yellow	states	are	where	at	least	10%	of	an	optimally	behaving	
population would be found, and blue colours being where fewer than 1 in a million optimally behaving individuals would end up.
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activities.	At	one	extreme,	rest	is	energy	and	predation	risk	mini-
mising, but does not generate any improvements across any of the 
individual's states, and still causes a slow decline in energetic re-
serves.	At	 the	other	 extreme,	 foraging	 improves	 the	 individual's	
current energy reserves, as well as their instrumental ability varia-
ble, but with greater expenses in terms of energy cost (particularly 
if foraging is unsuccessful) and predation risk. Finally, there is the 
opportunity to play, which is not absolutely better than either rest 
or foraging for any of the costs or benefits but provides a safer 
place where its skills and abilities can be improved. The models 
presented here are very simple, abstracting away many features 
of	play	that	may	be	relevant	to	its	value	in	the	real	world.	Adding	

additional features, costs, and possible activities could add more 
realism to the model at the expense of difficulty of interpreting 
the	results.	We	have	not	assumed	anything	about	the	form	of	play,	
but kept play as a simple activity, offering potential improvements 
in ability for the alternative (serious) activity. Play could arbitrar-
ily be substituted with other kind of directed practice, training, or 
general learning throughout this paper, raising further questions 
about why play exists as an activity (see next section).

As	noted	widely	across	the	literature,	play	appears	to	be	a	highly	
heterogenous class of behaviour, creating difficulties for basic pre-
scientific tasks such as definition, categorisation, and measurement 
(Burghardt, 2010;	Smith	et	al.,	1985). Our model merely supports the 

F I G U R E  4 Results	of	the	Play- as- improving- Reproductive- Ability model, where foraging also offers practice (sf > sp). (a, b) The optimal 
choices in regions of state space across time and energy reserves for a = 0	and	a = 50	respectively.	(c)	The	proportion	of	optimally	behaving	
individuals choosing each activity at any given time (from the forward model with initial conditions of xstart = 100	and	astart = 0).	The	‘No	
Payoff’ individuals here include those that have died (from predation or starvation), and those who cannot reach xcrit before time T. The 
bottom right panels show the distribution of individuals ending up with different energetic levels, (d), and ability levels over time, (e), for a 
population starting at initial conditions xstart = 100	and	astart = 0.	The	bright	yellow	states	are	where	at	least	10%	of	an	optimally	behaving	
population would be found, and blue colours being where fewer than 1 in a million optimally behaving individuals would end up.
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idea that a seemingly inconsequential activity, with higher energy 
costs and a lower learning potential than the activities which it em-
ulates, could be functional in youth due to its lower- risk character. 
Our model says very little about the origins of play, but instead pro-
vides a possible explanation for its current function and persistence 
as a behaviour across a wide range of taxa. Earlier in evolutionary 
history, play could have emerged in populations with no initial ben-
efits, with the plausible advantages acquired only later, stabilising 
play as an adaptive behaviour (Burghardt, 2005; Pellis et al., 2015). In 
some lineages, play may have been present in earlier ancestors, only 
to be lost by some of the descendants (Pellis & Iwaniuk, 1999), and, 
for cases where play offers practice benefits, our model may also be 
useful in predicting conditions where such traits could be lost.

Our modelling approach shows some of the conditions where we 
might expect to find play behaviour. The results show that play may 
be adaptive under a wide range of conditions (Table 1) and that at a 
certain	time	during	early	ontogeny,	play	may	be	present	in	a	major-
ity (Figures 1c, 3c) or at least in a sizeable proportion of individuals 
(Figures 2c, 4c).	This	 is	 in	agreement	with	 the	 fact	 that	 in	 juvenile	
mammals,	play	is	usually	exhibited	by	a	majority,	if	not	all	the	indi-
viduals	of	a	species	(Bertelsen	&	Jensen,	2019; Brown et al., 2015). 
However, the predictions of play behaviour in our model depends on 
the mortality risks of play being substantially lower than the mor-
tality risks associated with foraging, and this may not be the case in 
all species. Our model contains many abstractions, with many im-
portant features not modelled explicitly, and as with most dynamic 
programming approaches to modelling, the predictions are gener-
ally only qualitative, showing the direction of change when features 
of the model are modified, and exposing the logic behind adaptive 
behaviour.	As	predicted,	 the	cessation	of	parental	provisioning	 (at	
time τ) causes an important shift in time allocation in Models 1 and 
2. In these Models, the probability of play decreases swiftly after 
weaning. (Figures 1a– c, 2a– c). In Models 3a and 3b, weaning time 
also marks changes in behavioural development, yet these are more 
difficult to interpret.

These models make a number of other general predictions re-
garding the ontogeny of play according to what abilities the type 
of play actually offers practice for. The different courses of play in 
the models are in accordance with empirical findings that different 
types of play often peak at different ages (Gomendio, 1988). In 
Models 1 and 2, play improves ability for an intermediate activity 
(foraging), that must itself be performed in order to attain an en-
ergy target to succeed in the model. In both of these cases, play 
is always found earlier in youth, and this is in line with our intu-
ition about learning skills in general –  the benefits of ability im-
provements can only be realised if they occur before the activity 
the skills apply to. There would be no benefit if these skills were 
learned after foraging and this is why play is found at lower and 
intermediate reserves, before serious foraging for growth begins. 
On the other hand, if the benefits of improved ability are delayed 
until a particular point in time (e.g. sexual maturity, as in Model 
3a and 3b), there are no logical benefits from playing earlier or 
later in youth, and in fact, in both cases, energy security seems to 

be prioritised over final reproductive performance in the earliest 
stages of life. In Model 3a, the ability construct directly feeds into 
the final value and so the results are somewhat less compelling; of 
course animals play if play is the only way to train for successful 
reproduction. Here, play is found throughout the model, peaking 
at both the beginning and end. However, surprisingly, in Model 3b, 
we still get substantial investment play activity, even when forag-
ing is better practice for reproduction than play (sf > sp). Here, play 
starts increasing in the middle of the model, after future energy 
requirements have been met, and continue until ability reaches 
its maximum. However, this still makes reasonable sense if the re-
duced ability gains from playing rather than foraging can be com-
pensated by the reduced predation risk.

The actual ontogenetic course of play is not well mapped across 
mammalian species. In several species, an inverted- U- shaped onto-
genetic distribution of play peaking around weaning has been ob-
served	(Byers	&	Walker,	1995). This would correspond to our Model 
3b but not to the other Models. It needs to be considered, though, 
that our models do not start at birth but rather at the age when the 
young animals become able to forage independently. Thus, the mod-
els may not cover very early play.

The models discussed here could be interpreted as applying to 
three different types of play behaviour, each more appropriate for 
the learning of adult behaviours in different species. One common 
categorisation within play activities is between locomotor- rotational 
play,	 object	 play,	 and	 social	 play	 (Bekoff	&	Byers,	1981). The first 
model presented is perhaps most representative of some kind of prey 
species, such as a grazing mammal from Ruminantia (e.g. a Thomson's 
gazelle). Here, the focus of their abilities are in predator avoidance, 
a primary concern for this kind of life history (whereas abilities like 
foraging success and mating success are possibly less variable and 
less amenable to improvements in ability). The young of this species 
often engages in locomotor- rotational play, which is most similar to 
the kinds of movements needed for predator avoidance and escape 
behaviour, including the exuberant stotting behaviour hypothesised 
to signal their fitness to potential predators. The second model is 
most representative of a predatory species from a carnivorous taxon 
such as Felidae	 (e.g.	 a	Wildcat).	 Cats	 are	 known	 to	 engage	 exten-
sively	in	object-	play	and	in	social	quasi-	predatory	play	(Caro,	1980, 
1995),	which	may	offer	some	practice	for	serious	hunting.	Since	their	
foraging success depends on catching prey, there is a much higher 
variability in success, and one would expect there is plenty of room 
for improvement in prey- catching abilities, and perhaps less concern 
for predator escape responses. Model 3a is most representative of 
some kind of highly social mammal, such as Rodentia	 (e.g.	 a	 Nor-
way rat). Rats forage alone, and so it is almost inconceivable that 
any abilities relating to the social acts instrumental in reproduction 
could be learned through this behaviour. Rats also tend to engage in 
extensive social play (such as rough- and- tumble play), which often 
continues into adulthood (Thor & Holloway, 1984), and could con-
ceivably offer practice for a variety of social activities required to 
achieve reproduction in their species, including the fighting of other 
males and general courtship behaviour. Model 3b is perhaps most 
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representative of a social hunter, from taxa such as Canidae or Ceta-
cea (e.g. a Grey wolf or a Bottlenose dolphin). These species live in 
groups and are known to forage cooperatively together, and this may 
plausibly offer some transferable skills that could be applied to the 
activities of courtship and reproduction.

Two existing models in the literature bear some similarities 
with	the	approach	we	have	taken.	Auerbach	et	al.	 (2015) utilised 
an agent- based model involving a population of individuals who 
could either forage or rest, with a mutant strategy that would 
sometimes play instead of resting. Counterintuitively they found 
that if play was frivolous (with no adaptive benefits), play emerged 
in a small proportion of the population, but this seems to be a con-
sequence of the finite depleting resources being used up more 
quickly, and the non- players suffering as a result. Our model dif-
fers by instead modelling the optimal behaviour of an individual 
trying to survive until the end of the time period and we explicitly 
modelled the ability concept, as a variable that increased probabi-
listically	with	each	bout	of	play.	Similar	to	our	approach,	Grunloh	
and Mangel (2015) used stochastic dynamic programming to de-
termine when an individual should play (to acquire skills) or to exit 
the model. In their model, skill- level (ability) depleted with time, 
with time being the cost of continuing to play, a feature that could 
be investigated with extensions to our model. The final fitness 
function was a function of the final skill- level (as in our Model 3a 
and 3b), but did not allow for skills to be instrumental in reducing 
costs	of	other	behaviours	(as	in	our	models	1	and	2).	All	of	these	
existing modelling approaches provide some insights into the fea-
sibility of the evolution of play, even in cases where the activity 
has only small, delayed benefits, or no direct benefits at all.

If play does offer practice benefits for adult behaviours as has 
been widely hypothesised, it does not preclude the possibility that 
play has multiple functions and may offer other (perhaps more signif-
icant) benefits for playing individuals. These other possibilities have 
been widely discussed and include outcomes such as improved social 
bonding and cohesion, innovation, self- assessment, and even the ex-
penditure of excess energy (Baldwin & Baldwin, 1977; Barber, 1991; 
Fagen, 1981) and multiple benefits of play have been shown to occur 
within	 a	 species	 (Nunes	&	Monroy	Montemayor,	2023).	 Addition-
ally, in some cases, play may even have immediate rather than de-
layed benefits (Palagi, 2023). Moreover, one prominent alternative 
hypothesis,	 the	 Surplus	 Resource	model	 (Burghardt,	1984, 2005), 
states that play occurs because of excess resources, such as freely 
available time and energy, that cannot be put towards any useful 
serious behaviour, but rather gets expressed as seemingly frivo-
lous activity. These ideas are not mutually exclusive with the Play 
as Practice hypotheses, rather, the arguments for each are comple-
mentary, and these causal levels could be operating in parallel. Our 
model, which explicitly tracks the energy state of an individual, may 
offer a useful approach to assess surplus resource ideas alongside 
other plausible functions, within a single framework.

One important thing to reiterate is what the choice at each time-
step represents or can be interpreted as. Depending on the speed of 
growth and development of the species, a single timestep could be 

multiple days, or several timesteps may represent a single day. It is 
unrealistic to suggest that an individual plays or forages continuously 
over multiple timesteps, rather we can consider the choice at each 
timestep to represent a small part of the period where the individual 
has additional unused time to utilise. In this sense, we are modelling 
what	an	individual	does	with	its	spare	time.	We	consider	the	remain-
der of the unmodeled time to include subsistence foraging (enough 
to exactly balance basal metabolism), daily sleep requirements, and 
other necessary activities such as grooming. The available time then 
becomes a choice between playing, additional rest, and additional 
foraging for reserve building and growth purposes.

In these models, we have primarily considered foraging as the 
option for ‘serious’ behaviour, and for many species, energy bal-
ance is the key life history variable that activity is focussed towards. 
However, the energetic reserve variable, x,	 could	 just	 as	 easily	be	
reinterpreted as some kind of individually- owned resource such as 
reputation, dominance relation or territorial control, which could be 
increased with an appropriate corresponding activity, depletes with 
time and can be turned into a fitness payoff at the end of the model. 
The ability a could represent any skill that cannot itself be directly 
turned into fitness but lasts without depreciation and enhances 
the rate or probability of resource acquisition or reduces the risk of 
dying.	With	some	careful	consideration	of	the	parameter	values	and	
the rules for updating the variables, the basic structure of the model 
can be maintained whilst reinterpreting the behaviours within. 
Therefore, this class of models may be substantially more general 
than the simple choice between foraging, play and rest.

One other feature of our model that should not go undiscussed 
is	the	terminal	value	function.	With	the	default	parameters,	models	
1	 and	2,	 this	 is	 a	binary	outcome,	with	 a	 success	 (value = 1)	when	
energy reserves are above xcrit	and	a	failure	(value = 0)	when	below,	
and models 3a and b have the additional feature that makes the final 
payoff a linear function of ability. These are very simple value func-
tions and probably unrealistic in nature, since excess reserves over 
and above xcrit would, in many species, lead to even greater future 
reproductive success (as more energy could be put into producing 
milk, used for securing higher quality mates or gaining a better re-
sourced territory for reproduction). For these reasons, we specified 
one parameter (q) as an exponent of final energy reserves. Through 
our sensitivity analysis, we found that for models 1, 2 and 3a, simi-
lar amounts of play is expected, regardless of this final value trans-
formation. The exception to this is Model 3b, where play becomes 
very rare if more energy has more value (since in this version of the 
model, foraging feeds directly into final value through both greater 
energy and ability).

Outside of the exploration of the parameter space within this 
model specification, there are a vast number of different variations 
of this basic model, with slightly different mechanics (alternative 
variable	 relationships	and	 rules	 for	updating).	We	have	explored	a	
number of these at a shallower level of analysis, with similar results. 
Unfortunately (and perhaps for the benefit of the reader), both time 
and space does not permit us to explore the details of each of these. 
Since	play	 is	 a	 rich	and	diverse	phenomenon,	with	many	plausible	
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delayed	benefits,	each	of	these	models	are	just	one	of	many	possible	
ways	to	set-	up	the	decision	problem.	We	have	only	selected	a	few	
as representative cases among many that were explored. In this set 
of models, we have only considered one construction of the ability 
concept, where ability linearly changes the value of some probability 
parameter of the model (mf, yz, or ωz), and the ability variable itself 
changes by 1 unit for every improvement. In reality, different ac-
tivities or attributes of a task may have radically different learning 
curves, and we might expect this to affect the marginal improve-
ments that further practice would offer.

Further limitations to our model include difficulties in fitting 
the model to a specific species using precise parameters. This is in 
part due to dynamic programming approach we have used, which 
means a great number of abstractions and simplifications needed 
to be made. This generality can be both a strength and a weakness, 
showing the phenomena we might expect to see in all animals that 
live under certain environmental constraints, and at the same time, 
limiting the ability of that model to make specific predictions about 
a certain species.

3.1  |  The practicality of play as practice

This set of models explores choices between three activities, one 
of which, with no other benefits, increases ability, an instrumental 
variable	which	 can	 improve	performance	of	 other	 activities.	We	
have labelled this activity as play, despite there being nothing in 
the model that means this needs to be interpreted as play, since 
it could equally be thought of as specific training, directed prac-
tice or more general preparatory exploration of the local environ-
ment (‘ability’ conceived as better knowledge of the landscape). 
Although	this	model	shows	plausible	situations	where	play	would	
be beneficial when the alternatives are only foraging or resting, it 
cannot demonstrate how or why play is better practice than other 
more efficient forms of training, since “it is not necessary to play 
in order to practise –  there is no reason why the animal should not 
just	practise”	(Loizos,	1967, p.185).

Firstly, we might assume that playing is often less efficient prac-
tice for a given activity than the activity it mimics. One real fight is 
likely many times worth the value of a play fight, in terms of actual 
learning potential. Pretend or simulated aquatic locomotion may be 
no match for being dumped into a body of water and being allowed 
to	sink	or	swim.	When	mistakes	are	costly,	 time	 is	pressured	and	
the problem or task being tackled is real, rather than abstract, we 
might	expect	our	abilities	to	improve	much	more	quickly.	After	all,	
“the world is its own best model” (Brooks, 1991). Our model shows 
one solution to this problem: even if doing the serious activity itself 
is better training than practising through play, if the costs of mis-
takes in the real world are high enough, it may be better to prepare 
one's	abilities	beforehand,	rather	than	die	or	get	seriously	injured	
on the initial stages of a steep learning curve.

However,	this	does	not	solve	the	root	of	the	problem.	Why	do	an-
imals play, rather than deliberate and direct practice towards the very 

specific movements needed for whatever activity it is mimicking? Play 
is often much more diverse, exploratory, exuberant, and exaggerated 
than its serious counterpart behaviours. Deliberate practice on the 
other hand is often based on repetition, deviating as little as possible 
from the ultimate movements they imitate. The ‘wax- on, wax- off’ and 
fence painting activities in the fictitious story, The Karate Kid, unbe-
knownst to the protagonist, were precisely the movements he needed 
to win the fight at the story's conclusion. Likewise, the modern drilling 
methods of world class sports teams and athletes offer technique-  
and tactic- specific improvements in ability within far shorter periods 
of time than any playful imitation could offer.

We	can	only	speculate	on	the	reasons.	Firstly,	we	may	be	mis-
taken in how much play actually deviates from the movements 
and	behavioural	sequences	they	train	for.	An	ideal,	most	efficient	
prey- catching, escaping or dominance- winning serious movement 
may be much more streamlined than its playful counterpart. How-
ever, in real life such movements can hardly be accomplished along 
the	ideal	trajectories	because	the	world	rarely	provides	ideal	con-
ditions	or	submits	passively	to	the	action	of	the	animal.	Substrates	
are often tricky for movements and recipients of the intended be-
haviours often actively resist and counteract. Perhaps the exag-
gerated and exuberant nature of playing attempts to train for the 
natural variation in the serious situation and real problems that 
require practice need more flexible and less stereotypic move-
ments for success (Špinka et al., 2001). It may only be for highly 
repetitive, non- varying tasks that specific deliberate practice may 
be preferable.

Secondly,	because	of	 its	highly	variable	nature,	play	may	offer	
training	across	more	 than	one	ability	at	 the	 same	 time.	Whilst	 re-
peated motor practice on a specific task may be the best way to 
improve muscle abilities for that specific movement, play, by intro-
ducing variability, may help general abilities on a wider range of mo-
toric, cognitive, and affective abilities, including reaction- time, visual 
assessment, decision- making speed, and the handling of unexpected 
events (Špinka et al., 2001).

Thirdly, it is possible that play helps the individual explore the 
space of potential actions far more widely than directed practice. 
In this way, play may be a rich source of behavioural innovation 
(Bateson & Martin, 2013). For individuals encountering completely 
novel situations or needing to perform novel actions, then experi-
ence with similar scenarios may be advantageous. Deliberate prac-
tice is probably the best approach for commonly and repeatedly 
found scenarios, but in everyday activities, there are frequently 
many different rarely encountered scenarios. Play might work by 
generating opportunities to solve rare problems that would never 
be encountered through deliberate practice. It is no wonder that 
many researchers consider play to be a form of exploration: an 
exploration of possible means, with little concern for the ends 
(Bruner, 1972; Miller, 1973), and with a changing emphasis “…from 
the	question	of	‘what	does	this	object	do?’	to	‘what	can	I do with 
this	object?’”	(Hutt,	1966, p.76). Future models should attempt to 
address this key question regarding the benefits of play over de-
liberate practice and training.
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APPENDIX A
A.1 | Technical details of Model 1 (play as increasing predator 
avoidance)
The final evaluation function depends on the level of energetic re-
serves available at the end of the time period, T. Final ability has no 
effect on this terminal reward, so for all values of a:

The parameter q is an exponent that changes the shape of the 
value	function.	(Note:	For	0 < q < 1,	the	value	function	would	be	de-
celerating, q = 1,	linear,	and	q > 1	accelerating).	We	have	set	the	de-
fault of this to q = 0,	making	U*(x,a,t) = 1	for	all	cases	where	x ≥ xcrit. 
We	have	kept	this	as	a	simple	all-	or-	nothing	final	value,	where	excess	
reserves at time T do not add value, but added the parameter any-
way, so that in the sensitivity analysis we can explore the effect of 
alternative value functions.

If the reserves fall to zero at any point during the animal's life, the 
animal dies of starvation and its reproductive value is zero. For all 
values of a and t:

For this model, it would be convenient to store any probabilistic state 
changes in matrices; the first column representing the state change, 
and the second representing the probability of the change. The possi-
ble gains in energy associated with parental provisioning are given by β.
When	t ≤ τ, for any activity: and when t > τ:

The possible gains in energy associated with the activity of forag-
ing are given by γ.

The possible improvements in ability depend on the activity and 
are given by the α matrices.

The mortality rate from predation when foraging (mf) changes as a 
function	of	ability.	When	ability	is	0,	the	mortality	rate	when	forag-
ing is at its highest. This decreases linearly with improved ability –  
when ability is at its maximum (A), the predation rate whilst foraging 
is equivalent to the predation rate whilst playing.

A.1.1. | The dynamic programming equations
The next step is to calculate the values of each action in different 
states.	Starting	with	t = T- 1, for each state x = [1,	X], a = [0,	A], we can 
calculate the value of foraging by summing up the value of all pos-
sible final states x,a at T that the individual could end up, multiplied 
by the probability of landing in each of those states. This gives us a 
value of foraging Uf at T- 1:

Since	the	individual	can	never	have	more	energy	than	X, or less 
than 0, nor more ability than A, any state variable that exceeds those 
limits are treated as being at that limit.

The same value calculation can be done for play:

And	for	resting:

Now	we	have	a	value	for	each	activity	at	t = T-	1.	We	can	then	cal-
culate the optimal value U*(x,a,t), by taking the maximum for each of 
these activity- specific value functions.

We	can	also	specify	a	choice	function,	Ψ, which is the optimal ac-
tivity for any given state:

We	can	iterate	through	this	procedure	(7–	11)	for	t- 2, and then t- 3, 
and so on until t = 0.	This	is	the	dynamic	programming	equations	that	
determine the value of the choices the individual can make, assum-
ing that all future choices are optimal.

A.1.2. | The forward model
We	first	specify	a	probability	function,	Θ, that calculates the pro-
portion of individuals within a population ending up in each next 
state, given their current state. This is mathematically equivalent to 
the probability of any single individual ending up in any given state.
Starting	with	Θ(xstart, astart,	0) = 1	(and	all	other	states	being	equal	

to 0), we find the corresponding optimal action Ψ(xstart, astart, 0). 
From here, given action Ψ, we find the probability of each possible 
next state at t = 1.

If Ψ(x,a,t) = forage, then for each value of i, j and k:

(1)U∗(x, a, T) =

⎧
⎪⎨⎪⎩

xq if x≥xcrit

0 if x<xcrit

(2)U(0, a, t) = 0

(3)� =

⎡
⎢⎢⎣
we wz

0 1−wz

⎤
⎥⎥⎦

� =

⎡
⎢⎢⎣
0 1

0 0

⎤
⎥⎥⎦

(4)� =

⎡
⎢⎢⎣
ye yz

0 1−yz

⎤
⎥⎥⎦

(5)�f =

⎡
⎢⎢⎣
1 sf

0 1−sf

⎤
⎥⎥⎦

�p =

⎡
⎢⎢⎣
1 sp

0 1−sp

⎤
⎥⎥⎦

(6)mf (a) = mp +

(
1 −

a

A

)(
mf (0) − mp

)

(7)
Uf (x, a, t)=

2∑
i=1

2∑
j=1

2∑
k=1

� i,2� j,2�
f
k,2×

U∗
(
x−cf +� i,1+� j,1, a+�f

k,1, t+1
)
×
(
1−mf (a)

)

(8)

Up(x, a, t) =

2∑
i=1

2∑
k=1

� i,2�
p
k,2 × U∗

(
x − cp + � i,1, a + �p

k,1, t + 1
)
×
(
1 − mp

)

(9)Ur(x, a, t) =

2∑
i=1

� i,2 × U∗
(
x − cr + � i,1, a, t + 1

)
×
(
1 − mr

)

(10)U∗(x, a, t) = max
(
Uf (x, a, t),Up(x, a, t),Ur(x, a, t)

)

(11)Ψ(x, a, t) =

⎧
⎪⎪⎨⎪⎪⎩

forage if U∗(x, a, t)=Uf (x, a, t)

play if U∗(x, a, t)=Up(x, a, t)

rest if U∗(x, a, t)=Ur(x, a, t)
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If Ψ(x,a,t) = play, then for each value of i, and k:

and if Ψ(x,a,t) = rest, then for each value of i:

We	can	also	calculate	the	proportion	of	individuals	who	are	dead	
at time t, by subtracting the sum of the proportion of all living indi-
viduals at t:

At	t = 1,	we	iterate	through	all	values	of	x and a, applying the rel-
evant calculations depending on the choice Ψ(x,a,t). This is repeated 
for t = 2,3…etc.	until	t = T.

A.2 | TECHNICAL DETAILS OF MODEL 2 (PLAY AS 
INCREASING FORAGING SUCCESS)
A.2.1. | Modifications to specification
Foraging success probability (yz) is modified to make it a linearly in-
creasing function of ability.

This new relationship needs to be fed into the matrix storing state 
changes, modifying Equation (4) as follows.

And	also	a	minor	change	in	the	equation	for	the	value	of	forag-
ing (7)

The default parameters for the second model are all listed in 
Table 1 (main text). The remaining dynamic programming equations 
are the same (8– 11). For the forward model, Equation 12 is almost 
the same, replacing mf(a) with mf and γ with γ(a), and all other calcula-
tions are identical (13– 15).

A.3 | TECHNICAL DETAILS OF MODEL 3 (PLAY AS 
INCREASING REPRODUCTIVE SUCCESS)
A.3.1. | Modifications to specification
For the third model, we now make the final time T explicitly the point 
of sexual maturity, and the final score, U*(x,a,T) directly related to 
reproduction. Here, we make the reproduction payoff a function of 
both final energy reserves (x at time T) and final ability (a at time T).
We	designate	ωz the probability of success when trying to repro-

duce and make it a linearly increasing function of ability, with ωz(0) 
as the baseline success probability with no ability, and ωz(A)	as	the	
maximum success probability when ability is at a maximum:

As	before,	play	increases	ability	with	some	probability	(sp > 0).	For	
Model 3a, we remove the ability benefits of foraging (sf = 0)	and	for	
Model 3b, we retain them (sf > sp).
We	 then	 set	 the	 final	 value	 function	 so	 that	only	 if	 the	energy	

reserves are above the critical threshold for reproduction, the in-
dividual gets a payoff. The payoff is a product of the probability of 
success function of ability, ωz(a), and an exponent of the reserves, 
xq,	where	0 ≤ q:

All	other	parameters	are	the	same	as	in	Table 1. The dynamic pro-
gramming equations for the activities (Equation 7– 9) are the same, 
except that the mortality associated with foraging is no longer a 
function of ability.

A.4 | SENSITIVITY ANALYSES
For each of the models, we performed a one- at- a- time sensitivity 
analysis for each of the key parameters of the model. For this, we 
varied a single parameter across a wide range of values (including 
extreme and unrealistic values to show the cases where the model 
breaks	down).	We	ran	the	dynamic	programming	algorithm	for	each	
parameter setting to discover the optimal choice function. From 
that, we then ran the model forward to find the proportion of op-
timal individuals ending up in each part of the state space and what 
their	activity	choice	would	be.	We	then	totalised	the	proportion	of	
each activity over the lifetime, and then finally plotted the propor-
tion of each activity against each value in the parameter range.
The parameter ranges we used are listed below:

mf 0.0001 ≤ mf ≤ 0.3

mp 0.0001 ≤ mp ≤ 0.06

mr 0.00001 ≤ mr ≤ 0.06

cf 0 ≤ cf ≤ 5

cp 0 ≤ cp ≤ 14

cr −1 ≤ cr ≤ 3

(12)

Θ
(
x−cf +� i,1+� j,1, a+�f

k,1, t+1
)
= Θ

(
x−cf +� i,1+� j,1, a+�f

k,1, t+1
)
+

(
Θ(x, a, t)� i,2� j,2�

f
k,2

(
1−mf (a)

))

(13)

Θ
(
x−cp+� i,1, a+�p

k,1, t+1
)
= Θ

(
x−cp+� i,1, a+�p

k,1, t+1
)
+

(
Θ(x, a, t)� i,2�

p
k,2

(
1−mp

))

(14)
Θ
(
x − cr + � i,1, a, t + 1

)
= Θ

(
x − cr + � i,1, a, t + 1

)
+
(
Θ(x, a, t)� i,2

(
1 − mr

))

(15)Θ(dead, t) = 1 −

X∑
x=1

A∑
a=0

Θ(x, a, t)

(16)yz(a) = yz(0) +
(
a

A

)(
yz(A) − yz(0)

)

(17)�(a) =

⎡
⎢⎢⎣
ye yz(a)

0 1−yz(a)

⎤
⎥⎥⎦

(18)
Uf (x, a, t)=

2∑
i=1

2∑
j=1

2∑
k=1

� i,2�(a)j,2�
f
k,2×

U∗
(
x−cf +� i,1+�(a)j,1, a+�f

k,1, t+1
)
×
(
1−mf

)

(19)ωz(a) = ωz(0) +
(
a

A

)(
ωz(A) − ωz(0)

)

(20)U∗(x, a, T) =

⎧
⎪⎨⎪⎩

xq×ωz(a) if x≥xcrit

0 if x<xcrit
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sf 0 ≤ sf ≤ 1

sp 0 ≤ sp ≤ 1

we 0 ≤ we ≤ 10

wz 0 ≤ wz ≤ 1

ye 1 ≤ ye ≤ 10

yz 0 ≤ yz ≤ 1

xstart 1 ≤ xstart ≤ 280

astart 0 ≤ astart ≤ 95

τ 1 ≤ τ ≤ 100

xcrit 1 ≤ xcrit ≤ 265

q 0 ≤ q ≤ 2

ωz(0) 0 ≤ wz(0) ≤ 1

X 150 ≤ X ≤ 600

A 10 ≤ A ≤ 250

T 50 ≤ T ≤ 350

A.5 | MODEL 1 (PLAY AS INCREASING ANTIPREDATOR 
ABILITY)
From the sensitivity analysis, we can see that as the initial probabil-
ity of predation mortality, mf(0), decreases, so does the propensity 
to play, since little benefits are gained by playing if foraging is not 
much	more	dangerous	than	playing.	Similarly,	if	the	predation	risk	of	
playing, mp, increases too much, it is no longer performed in the ‘safe 
space’ which gives play the only clear benefit it has in this model. 
The reason why the proportion dead increases, even when the in-
dividual is not playing at all is that the minimum mortality rate from 
foraging is pegged to the mortality rate of play, mf(A) = mp and so 
the mortality risk of play sets the lower limit on the mortality risk of 

the most able forager. Unsurprisingly, the mortality risk of rest, mr, 
only really effects the time spent resting. Counter- intuitively, as the 
cost of foraging, cf, increases, the time spent playing decreases. This 
makes sense if we consider that play is energetically expensive, and 
so to recoup any excess energy spent on playing, considerably more 
low- profitability foraging must be performed (and thus the benefits 
of	play	are	lost).	As	might	be	expected	as	the	energy	cost	of	play,	cp, 
decreases or the energy cost of rest, cr, increases, the time spent 
playing increases. More interestingly, play activity is still maintained 
at quite high levels even when play has a high energy cost (cp = 5).

The figures for the parentally provisioned amount, we, and prob-
ability, wz, the starting reserves, xstart, and the time where paren-
tal provisioning stops, τ, have almost identical shapes in terms of 
proportion of time spent for each activity (at least over the range 
some of the parameter range). This is because they are functionally 
equivalent, as increasing any of them decreases the probability of 
starving or failing to reach the critical threshold and increases the 
likely	amount	of	reserves	left	after	the	juvenile	period.	The	propen-
sity to play is lower when this energy buffer provided by the parent 
is absent (if we, wz, or xstart is close to zero), or when there is little 
initial energy (xstart is low). This is because the individual should be 
more	concerned	with	foraging	immediately	(and	‘learning	on	the	job’,	
so to speak) than increasing ability through the indirect but safer 
(play)	 route.	Similarly,	when	 these	parameters	are	high,	play	 is	ab-
sent, since little future foraging is necessary to reach the terminal 
time above the critical energy threshold and the individual can 
spend most of their time resting. The figure for the critical reserves 
level xcrit is a mirror image of that for xstart	since	it	just	involves	the	
movement	of	the	start	and	finish	points	and	the	energetic	trajectory	
that needs to be taken.
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F I G U R E  A 1 Sensitivity	analysis	for	each	parameter	for	Model	1:	Play	as	increasing	Predator	Avoidance.	Effects	of	modifying	one	
parameter	on	the	proportion	of	time	spent	in	each	activity	over	the	total	time	of	the	model.	When	modifying	one	parameter,	all	other	
parameters are held constant as the default value (see Table 1,	main	text).	Blue = Play,	Red = Forage,	Yellow = Rest.	Purple = Proportion	of	
individuals dead or in a state where it is impossible to attain xcrit (and therefore receive a payoff) on average across the total time of the 
model.
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A.6 | MODEL 2 (PLAY AS INCREASING FORAGING SUCCESS 
ABILITY)
Many of the patterns of predicted activity between Models 1 and 2 
are very similar and can be accounted for by similar reasoning (e.g 
mf, or the equivalence of we, xstart, and τ). Play is only found when the 
mortality rate of play, mp, is very low, and is reaches its highest pro-
portion of time spent when the energetic cost is lower. If this second 
model, as suggested in the main text, is most representative of some 
kind	of	object	play,	we	may	expect	much	lower	energetic	costs	than	
with locomotor- rotational or boisterous social play. The presence of 
play in this model is considerably more fragile for many parameter 
settings and often falls to zero very rapidly for parameter variations 
outside the default settings (see Table 1, main text), making it the 

least robust of all the models presented here. Model 2 is also the 
most dependent on the availability of parental provisioning, without 
which	play	is	entirely	extinguished.	Additionally,	play	is	only	found	
when the initial ability for foraging success, yz(0) and astart, is particu-
larly low, and when rest is more dangerous (mr).

Quite intuitively, play increases, when the probability of increas-
ing ability from play, sp, increases –  when the benefits of play are 
greater,	we	would	expect	to	see	more	play.	Similarly,	when	the	prob-
ability of increasing ability from foraging, sf, is very low, then play is 
the most efficient way to improve ability and so the proportion of 
time spent on play is highest. Unexpectedly, the proportion of play 
drops	to	zero	for	0.3 < sf < 0.5,	but	then	increases	again	when	forag-
ing is effective practice.
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F I G U R E  A 2 Sensitivity	analysis	for	each	parameter	for	Model	2:	Play	as	increasing	Foraging	Success.	Effects	of	modifying	one	parameter	
on	the	proportion	of	time	spent	in	each	activity	over	the	total	time	of	the	model.	When	modifying	one	parameter,	all	other	parameters	are	
held constant as the default value (see Table 1,	main	text).	Blue = Play,	Red = Forage,	Yellow = Rest.	Purple = Proportion	of	individuals	dead	or	
in a state where it is impossible to attain xcrit (and therefore receive a payoff) on average across the total time of the model.
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A.7 | MODEL 3A (PLAY AS INCREASING REPRODUCTIVE 
ABILITY): SF = 0
In Model 3a, since play is a direct contributor to the final value 
function, play is found in almost all parameter settings. Play dis-
appears when the mortality rate from foraging, mf, is very high 
(since without foraging, the individual will die of starvation, and 
so most individuals die very early by chance). Likewise, play also 
disappears when the mortality rate from play, mp, is high, in which 
case, play is simply too risky to engage in (and most individuals end 
up dead). However, play is found at reasonably high levels, even 

when the energetic costs of play, cp, are very high. The proportion 
of time spent in play is almost entirely independent of the prob-
ability of ability improvements from play, sp, (with the exception 
of when sp = 0),	since	all	ability	improvements	directly	contribute	
to final reproductive value and any excess energy is worthwhile 
utilising. More interestingly, and inspiring our inquiry into Model 
3b, play is still found even for some cases where sf > sp, where for-
aging is doubly beneficial towards the final value. In this case, the 
reduced mortality risks associated with play must compensate for 
the inferior ability improvements.
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F I G U R E  A 3 Sensitivity	analysis	for	each	parameter	for	Model	3a:	Play	as	increasing	Reproductive	Success,	sf = 0.	Effects	of	modifying	
one	parameter	on	the	proportion	of	time	spent	in	each	activity	over	the	total	time	of	the	model.	When	modifying	one	parameter,	all	other	
parameters are held constant as the default value (see Table 1,	main	text).	Blue = Play,	Red = Forage,	Yellow = Rest.	Purple = Proportion	of	
individuals dead or in a state where it is impossible to attain xcrit (and therefore receive a payoff) on average across the total time of the 
model.
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A.8 | MODEL 3B (PLAY AS INCREASING REPRODUCTIVE 
ABILITY): SF =  0.8
In Model 3b, play vanishes fairly quickly as the mortality rate associ-
ated with the activity of play (mp) increases. Here, the small increase 
in the probability of reproduction cannot compensate for the prob-
ability	of	dying	 from	playing	 in	 the	 first	 place.	As	 in	Model	3a,	 as	
the energetic cost of play (cp) increases to high levels, play is still 

maintained at a significant level. Counterintuitively, as the cost of 
rest (cr)	increases,	rest	increase	and	play	decreases.	As	provisioning	
and foraging amounts and probabilities (we, wz, ye, yz), as well as pro-
visioning duration (τ) and initial reserves (xstart), increase the propor-
tion of time spent playing increases. This is intuitive, as when energy 
becomes more abundant, an individual can spend this excess energy 
on gaining ability in a safer environment.
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F I G U R E  A 4 Sensitivity	analysis	for	each	parameter	for	Model	3b:	Play	as	increasing	Reproductive	Success,	sf = 0.8.	Effects	of	modifying	
one	parameter	on	the	proportion	of	time	spent	in	each	activity	over	the	total	time	of	the	model.	When	modifying	one	parameter,	all	other	
parameters are held constant as the default value (see Table 1,	main	text).	Blue = Play,	Red = Forage,	Yellow = Rest.	Purple = Proportion	of	
individuals dead or in a state where it is impossible to attain xcrit (and therefore receive a payoff) on average across the total time of the 
model.
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