
The	evolutionary	ecology	of	animal	

information	use	and	social	dominance	

	

Alexander	Lee	

Linacre	College	

University	of	Oxford	

	

	

	

A	thesis	submitted	for	the	degree	of	

Doctor	of	Philosophy	(Zoology)	

Trinity	2015	 	



	

	 	



	 1	

Abstract	

	

The	evolutionary	ecology	of	animal	information	use	and	social	dominance.	

Alexander	Lee.	Linacre	College.	DPhil	(Zoology).	Trinity	2015.	

	

Organisms	are	frequently	faced	with	uncertainty	regarding	how	best	to	exploit	vital	
resources,	and	may	benefit	from	collecting	information	about	their	distribution	
through	space	and	time.	However,	the	ways	in	which	competition	over	resources	
might	systematically	facilitate	or	constrain	an	individual’s	ability	to	use	information	
has	been	largely	overlooked.	In	this	thesis,	I	develop	a	conceptual	framework	for	
considering	how	the	distribution	of	limited	resources	might	underpin	
interdependencies	between	competition	and	information	use.	I	focus	on	the	
evolutionary	ecology	of	relationships	between	social	dominance	and	social	
information	use.	I	begin	with	an	observational	study	of	wild	chacma	baboons	(Papio	
ursinus)	suggesting	that,	when	resources	can	be	monopolised,	individuals	with	low	
competitive	ability	are	limited	in	their	ability	to	use	social	information.	Building	on	
these	findings,	I	then	develop	a	general	model	exploring	selection	on	social	
information	use	in	a	competitive	context	across	three	axes	of	‘resource	ecology’	
(scarcity,	depletion	rate,	monopolisability).	This	study	makes	predictions	regarding	
the	resource	conditions	under	which	competitive	ability	might	constrain	social	
information	use,	and	the	potential	importance	of	social	information	use	in	the	
evolution	of	social	dominance.	I	go	on	to	test	these	predictions	in	chacma	baboons	
using	a	field	experiment.	This	experiment	also	explores	whether	the	predictability	of	
resource	distribution	might	facilitate	the	decoupling	of	social	information	use	from	
the	competitive	context	in	which	it	was	collected.	Taken	together,	these	findings	
provide	general	insights	into	the	combinations	of	ecological	conditions	and	
behavioural	mechanisms	that	should	underpin	the	benefits	of	social	dominance.	I	
end	by	building	a	simple	population	matrix	model	to	study	social	dominance	using	an	
eco-evolutionary	approach,	in	which	feedback	loops	between	ecological	and	
evolutionary	processes	are	considered.	By	modelling	relationships	between	
dominance	rank	and	survival,	reproduction,	inheritance,	and	development,	I	am	able	
to	derive	estimates	of	long-term	fitness	associated	with	dominance.	Using	these	
estimates,	I	generate	predictions	regarding	how	dominance	hierarchies	should	
impact	the	dynamics	of	group	stability,	viability,	and	fission.	 	



	2	

	 	



	 3	

Acknowledgements	

	

I’d	like	to	begin	by	thanking	my	three	supervisors,	Guy	Cowlishaw,	Tim	Coulson,	and	

Marcus	Rowcliffe	for	their	continued	support	over	the	past	four	years,	and	for	

putting	up	with	my	ramblings	about	the	“importance”	of	social	dominance.	I	am	

grateful	to	them	for	trusting	my	interest	in,	and	passion	for,	evolutionary	biology	

over	my	(lack	of)	experience	both	in	the	field	and	in	mathematical	modelling	when	

selecting	me	for	this	project.	I	have	learned	an	incredible	amount	as	a	result,	and	

have	been	lucky	enough	to	work	in	the	wonderful	and	challenging	Namibian	desert	

as	well	as	an	office	with	a	drippy	ceiling.	It	is	due	to	their	guidance	that	I	have	

realised	that	staring	at	animals	in	their	natural	environment,	staring	at	books	and	

computer	screens,	and	just	staring	out	of	a	window	can	be	equally	stimulating	when	

working	in	zoology.	Thanks	in	particular	to	Guy	for	trusting	me	to	run	the	Tsaobis	

Baboon	Project,	and	for	countless	“quick”	meetings	and	chats,	filled	with	almost	

constant	digressions	and	rarely	shorter	than	an	hour.	Thanks	to	Tim	for	believing	

that	combining	behavioural	ecology	and	evolutionary	demography	could	be	a	good	

idea,	and	for	opening	my	eyes	about	how	to	do	it.	

	

I	couldn’t	have	done	any	of	this	work	without	the	friendship	and	support	of	Alecia	

‘AJ’	Carter,	Harry	Marshall,	or	James	Ounsley.	AJ	and	Harry	were	my	predecessors	on	

the	Tsaobis	Baboon	Project.	They	taught	me	so	much	about	fieldwork	and	baboons,	

have	patiently	listened	to	my	incoherent	ideas	about	evolution	in	order	to	explain	

them	back	to	me	in	a	more	cogent	fashion,	and	have	provided	thoughtful	comments	



	4	

on	almost	all	of	my	writing.	Their	diligent	and	generous	approach	to	research	has	

been	an	inspiration	for	me.	Thanks	to	James	for	setting	up	the	field	site	with	me	in	

2012,	and	for	teaching	me	so	much	about	mathematics,	computer	programming,	

and	limericks	in	the	blistering	desert	heat	while	we	tried	to	make	the	most	of	the	

shade	cast	by	rocks	a	fraction	of	our	size.	Our	lengthy	discussions	back	in	the	UK	

involved	less	rhyming,	but	were	equally	important	to	the	development	of	my	

research	ideas.	

	

For	their	hard	work,	positivity,	discussions,	and	friendship	in	the	field	(and	

thereafter),	I’d	like	to	thank	Alice	Baniel	(with	whom	I	co-ran	the	2013	field	season	at	

Tsaobis),	Cassandra	Raby,	Matthis	Petit,	Becky	Boulton,	Eveline	Rijksen,	Miles	

Keighley,	Maddie	Castles,	Stef	Oberprieler,	Stella	Diamant,	Julien	Collet,	Katie	

Hatton,	Chris	Smith,	Boris	Granovskiy,	and	Caitlin	Miller.	I	hope	they	will	forgive	me	

for	the	practical	absurdities	of	running	field	experiments	with	wild	baboons,	which	

offered	something	of	a	unique	fieldwork	experience.	Fieldwork	in	Namibia	couldn’t	

have	happened	without	the	following	friends	of	the	Tsaobis	Baboon	Project	to	whom	

I	am	grateful:	Tsaobis	Nature	Park,	the	Wittreich	and	Snyman	families,	and	the	

Ministry	of	Lands	and	Resettlement,	for	permission	to	follow	the	baboons	on	their	

land;	Festus,	Ingrid,	Colin,	Isak,	Monika,	Levi,	and	Pedro	for	support,	maintenance,	

and	friendship	at	camp;	Herman	Strydom	for	never	letting	us	stay	in	trouble	for	long;	

Lizette	Strydom	for	kindly	storing	our	equipment	between	field	seasons;	Katharina	

Dierkes	for	offering	us	a	place	to	stay.	A	special	mention	needs	to	be	made	for	

Willem	Odendaal,	who	taught	me	so	much	about	the	flora	of	Namibia,	and	kept	us	

all	happy	with	his	great	generosity	at	the	braai	and	potjie.	Thanks	also	to	Spencer	



	 5	

LaVallee	for	travelling	all	the	way	from	New	York	for	a	Namibian	road	trip,	making	

friends	with	every	person	in	sight	to	keep	our	adventure	fresh.	

	

Back	at	home,	I’d	like	to	thank	the	following	people:	Melanie	Weedon	and	Tom	

Letessier	for	being	great	officemates	during	the	final	year	of	my	DPhil;	Jon	Bielby	for	

helpful	comments	and	discussion,	and	his	hard	work	and	kindness	as	the	Institute	of	

Zoology’s	Postgraduate	Tutor;	Danai	Kyriaki,	Rosie	Rickards,	Melanie	Weedon	

(again),	Hannah	Robinson,	and	Pauline	Vaskou	for	their	invaluable	help	with	data	

extraction;	the	whole	E2D	group	at	Oxford	for	friendship	and	discussions	during	my	

“weekly”	presence;	Elise	Huchard	for	thoughtful	comments	and	feedback	

throughout	my	project;	the	Behaviour	Discussion	Group	at	the	Institute	of	Zoology,	

as	well	as	Daniel	van	der	Post,	Hannah	Rowland,	David	Macdonald,	Ben	Sheldon,	

Kevin	Laland,	Luc-Alain	Giraldeau,	and	Chris	Carbone	for	helpful	comments	and	

advice.	

	

I	have	been	supported	by	a	range	of	institutions.	In	Namibia,	the	Tsaobis	Baboon	

Project	was	permitted	by	the	Ministry	of	Environment	and	Tourism,	and	was	

affiliated	with	the	Gobabeb	Research	and	Training	Centre.	In	the	UK,	my	DPhil	was	

funded	by	a	Natural	Environment	Research	Council	Quota	Studentship	awarded	to	

the	Zoological	Society	of	London’s	Institute	of	Zoology.	I	was	awarded	additional	

funding	for	travel	by	the	International	Society	for	Behavioural	Ecology.	

	

Finally,	and	perhaps	most	importantly,	thank	you	to	my	family	and	friends	for	their	

support	and	kindness	over	the	past	four	years,	and	for	putting	up	with	me	through	



	6	

its	peaks	and	troughs.	In	particular,	thank	you	to	Hannah	Wilmot	for	her	love	and	

patience,	for	taking	months	away	from	her	excellent	work	as	an	illustrator	to	come	

and	live	with	me	in	the	wilderness,	and	for	helping	me	to	organise	my	scattered	

thoughts.	Thanks	also	to	my	mum	and	brothers	for	their	constant	positivity,	love,	

interest,	and	encouragement.	Thanks	to	my	Dad	for	his	support	too.	Finally,	I	am	

indebted	to	the	Dodmen	for	their	musical	wizardry.	

	 	



	 7	

Table	of	Contents	

	

Abstract	 1	

Acknowledgements	 3	

Chapter	1	–	Introduction	 9	

Personal	versus	social	information	 12	

Social	information	use	and	competition	over	resources	 14	

Social	information	use	and	dominance	 20	

Thesis	structure	 23	

Chapter	2	–	Switching	spatial	scale	reveals	hidden	dominance-dependent	foraging	tactics	

in	a	wild	primate	 26	

Abstract	 27	

Introduction	 28	

Materials	and	Methods	 31	

Results	 38	

Discussion	 42	

Acknowledgements	 47	

Chapter	3	–	Information	use	and	resource	competition:	an	integrative	framework	 48	

Abstract	 49	

Introduction	 50	

The	Model	 54	

Results	 62	

Discussion	 70	

Acknowledgements	 76	



	8	

Chapter	4	–	Social	constraints	on	social	information	use	depend	on	resource	distribution	77	

Abstract	 78	

Introduction	 79	

Materials	and	Methods	 83	

Results	 95	

Discussion	 100	

Acknowledgements	 106	

Chapter	5	–	The	eco-evolutionary	dynamics	of	social	dominance	 107	

Abstract	 108	

Introduction	 109	

The	Model	 113	

Results	 125	

Discussion	 131	

Acknowledgements	 143	

Chapter	6	–	Discussion	 144	

The	evolutionary	ecology	of	animal	information	use	in	a	competitive	context	 146	

Resource	predictability	affects	linkages	between	information	use	and	competition	 149	

Behavioural	mechanisms	underpinning	the	eco-evolutionary	dynamics	of	dominance	 155	

References	 160	

Appendix	1	–	Supplementary	material	for	Chapter	4	 189	

Appendix	2	–	Co-authored	publications	 193	

Author	Contributions	and	Affiliations	 221	

	 	



	 9	

Chapter	1	

	

Introduction	 	



Chapter	1	–	Introduction	

	10	

There	is	a	growing	interest	in	how	the	predictability	of	environments	through	space	

and	time	can	shape	organismal	evolution,	in	particular	the	degree	to	which	

individuals	are	adapted	to	respond	plastically	to	their	environment	(Jablonka	et	al.	

1995;	Wolf	et	al.	2008;	Chevin	et	al.	2010;	Dingemanse	et	al.	2010;	Botero	et	al.	

2015).	In	the	short	term,	individuals	may	be	able	to	collect	information	to	reduce	

their	uncertainty	about	the	distribution	of	resources	–	such	as	mates,	food,	

territories,	and	safety	from	predation	–	that	are	essential	for	survival	and	

reproduction	(Dall	&	Johnstone	2002;	McNamara	et	al.	2006;	Valone	2006).	Such	

flexibility	at	the	level	of	behaviour	has	been	termed	animal	information	use	(Danchin	

et	al.	2004;	Dall	et	al.	2005),	and	is	expected	to	evolve	only	when	the	improved	

decision-making	resulting	from	uncertainty	reduction	outweighs	the	costs	of	

information	collection	(DeWitt	et	al.	1998;	McNamara	&	Dall	2010).	

	

The	fact	that	information	use	has	been	shown	to	be	both	taxonomically	widespread	

and	a	common	feature	of	the	acquisition	of	many	different	types	of	resource	

(Danchin	et	al.	2004;	Dall	et	al.	2005;	Valone	2006,	2007;	Grüter	&	Leadbeater	2014)	

indicates	that	resources	are,	in	general,	heterogeneously	distributed	through	space	

and	time.	However,	spatiotemporal	heterogeneity	in	distribution	is	also	a	

characteristic	of	resource	limitation,	which	drives	the	competition	between	

individuals	that	is	fundamental	to	the	evolutionary	process	(MacArthur	1962;	

Roughgarden	1971;	Metcalf	&	Pavard	2007;	Smallegange	&	Coulson	2013).	We	may	

thus	expect	individual	information	use	to	be	tied	up	with	competitive	processes,	and	

that	resource	distribution	may	modulate	interdependencies	between	the	two.	
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Despite	a	general	realisation	that	contexts	in	which	collecting	information	is	useful	

will	usually	open	up	the	opportunity	for	social	exploitation	(Barnard	&	Sibly	1981;	

Barnard	1984;	Giraldeau	&	Dubois	2008;	Rendell	et	al.	2010),	a	more	fundamental	

relationship	between	competition	over	resources	and	information	use	has	been	

largely	overlooked.	How	might	competitive	processes	result	in	between-individual	

differences	in	the	benefits	that	can	be	gained	from	using	information?	How	will	such	

differences	affect	population-level	processes	and	evolutionary	dynamics?	The	aim	of	

this	thesis	is	to	develop	a	conceptual	framework	–	using	a	combination	of	empirical	

and	theoretical	approaches	–	in	which	resource	distribution,	and	the	competitive	

pressures	that	result,	are	considered	as	playing	a	key	role	in	the	evolutionary	ecology	

of	animal	information	use.	Within	this	framework,	the	particular	focus	is	on	the	ways	

in	which	contest	competition	might	facilitate	or	constrain	individuals	in	their	ability	

to	use	information	based	on	their	social	dominance,	and	the	consequences	that	such	

between-individual	differences	in	information	use	might	have	for	the	evolution	of	

social	systems.	Such	an	approach	may	improve	our	understanding	of	the	

evolutionary	and	ecological	causes	and	consequences	of	variation	in	information	use	

across	taxa.	

	

In	this	introductory	section,	I	begin	with	an	outline	of	the	study	of	animal	

information	use,	in	particular	the	distinction	made	between	personally	and	socially	

acquired	information.	I	go	on	to	consider	the	important	role	that	competition	over	

resources	might	play	in	the	evolutionary	ecology	of	animal	information	use.	I	then	

explore	how	such	competition	may	lead	to	between-individual	differences	in	
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information	use	that	are	relevant	to	the	evolutionary	ecology	of	social	dominance.	

To	conclude,	I	outline	the	thesis	structure.	

	

Personal	versus	social	information	

There	are	two	distinct	channels	through	which	an	individual	can	gather	novel	

information.	First,	information	can	be	collected	personally,	by	interacting	directly	

with	the	environment	through	sensory	assessments	such	as	the	detection	of	visual	

cues	or	trial-and-error	sampling.	Second,	an	individual	can	collect	information	

socially,	by	observing	the	behaviours	of	others	(Valone	&	Templeton	2002;	Danchin	

et	al.	2004).	Collecting	and	using	social	information	has	generally	been	viewed	as	a	

cheaper	alternative	to	collecting	and	using	personal	information	(Barnard	1984;	

Clark	&	Mangel	1984).	Personally	sampling	a	heterogeneous	environment	may	

involve	long,	energetically	demanding	search	times,	or	require	risk-taking	that	can	

directly	impact	the	probability	of	survival	or	recruitment.	For	instance,	consuming	

novel	food	items	may	have	toxic	consequences,	or	trial-and-error	sampling	of	

different	breeding	sites	might	lower	lifetime	reproductive	success.	An	individual	may	

be	able	to	reduce	or	bypass	these	costs	by	exploiting	the	search	efforts	of	others	

(Boyd	&	Richerson	1985;	Danchin	et	al.	2004;	Laland	2004;	King	&	Cowlishaw	2007).	

For	example,	northern	wheatears	(Oenanthe	oenanthe)	have	been	shown	to	assess	

the	quality	of	a	territory	by	collecting	social	information	about	the	previous	breeding	

success	of	conspecifics,	in	addition	to	other	environmental	variables	(Pärt	et	al.	

2011).	
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There	is	some	empirical	evidence	that	individuals	perceive	the	personal	sampling	of	

unknown	environments	as	more	costly	or	risky	than	relying	on	social	information.	

Kendal	et	al.	(2004)	showed	experimentally	that	when	individual	guppies	(Poecilia	

reticulata)	had	no	prior	information	during	foraging,	they	would	forgo	the	collection	

of	personal	information,	favouring	social	cues	instead.	This	result	was	in	contrast	to	

control	conditions	in	which	the	guppies	were	provided	with	prior	personal	

information,	and	would	ignore	conflicting	social	information.	Additionally,	Carter	et	

al.	(2013)	found	that	when	reliable	visual	cues	were	absent	from	food	patches,	bold	

and	shy	chacma	baboons	(Papio	ursinus)	would	favour	personal	and	social	

information,	respectively.	These	findings	support	theoretical	work	suggesting	that	

social	information	use	could	act	as	a	risk-aversive	behavioural	strategy	(Giraldeau	&	

Caraco	2000).	

	

While	collecting	social	information	may	be	less	costly	or	risky	than	collecting	

personal	information,	relying	on	it	indiscriminately	is	unlikely	to	be	adaptive.	This	is	

because	socially	acquired	information	may	be	of	lower	quality	than	personal	

information,	or	may	rapidly	become	out-dated	(Boyd	&	Richerson	1985;	Kameda	&	

Nakanishi	2002).	Whether	individuals	should	preferentially	rely	on	either	personal	or	

social	information	has	thus	been	suggested	to	be	determined	by	trade-offs	regarding	

the	costs	associated	with	collecting	each	source,	and	the	benefits	associated	with	

how	the	uncertainty	reduction	resulting	from	such	collection	improves	decision-

making	(Kendal	et	al.	2004,	2009b;	Rieucau	&	Giraldeau	2011).	Nonetheless,	it	is	

clear	that	social	information	use	is	a	common	and	widespread	phenomenon.	

Individuals	have	been	shown	to	use	social	information	when	making	decisions	
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involving	foraging	(e.g.,	Rosa	et	al.	2012),	mating	(e.g.,	Mery	et	al.	2009),	breeding	

site	selection	(e.g.,	Doligez	et	al.	2002),	territory	selection	(e.g.,	Pärt	et	al.	2011),	

navigation	(e.g.,	Pettit	et	al.	2013),	predator	avoidance	(e.g.,	Cresswell	et	al.	2000),	

and	tool-use	development	(e.g.,	Biro	et	al.	2003).	Such	studies	have	been	

taxonomically	diverse,	involving	fish	(Coolen	et	al.	2003;	Kendal	et	al.	2004,	2009a),	

birds	(Doligez	et	al.	2002;	Betts	et	al.	2008;	Rosa	et	al.	2012),	humans	and	other	

mammals	(Thornton	&	Clutton-Brock	2011;	Derex	et	al.	2013b;	van	de	Waal	et	al.	

2013),	and	insects	(Mery	et	al.	2009;	Grüter	&	Leadbeater	2014)	at	the	very	least.	

	

Social	information	use	and	competition	over	resources	

Intense	research	into	social	information	use	over	the	past	decade	has	increasingly	

focussed	on	the	concept	of	social	learning	(Hoppitt	&	Laland	2013),	characterised	by	

the	social	transmission	of	behavioural	innovations	between	individuals.	This	has	led	

to	major	advances	in	a	suite	of	areas,	including	our	understanding	of	the	

development	of	behavioural	repertoires	in	young	individuals	(Thornton	&	Clutton-

Brock	2011),	the	emergence	and	spread	of	novel	behavioural	traits	through	social	

networks	in	groups	and	populations	(Franz	&	Nunn	2009;	Allen	et	al.	2013),	the	

mechanisms	and	cognitive	underpinnings	of	behaviours	involving	copying	or	

conformity	(Hoppitt	&	Laland	2013;	van	de	Waal	et	al.	2013),	and	the	role	of	cultural	

inheritance	in	the	evolutionary	process	(Enquist	et	al.	2010;	Danchin	et	al.	2011;	

Whiten	et	al.	2011).	However,	much	of	the	study	of	social	learning	has	become	

abstracted	from	the	competitive	environment	in	which	it,	and	its	phenotypic	

underpinnings,	must	have	evolved	and	will	continue	to	be	maintained.	For	instance,	

the	concept	of	social	learning	strategies	has	provided	insight	into	how	individuals	
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might	use	rules	to	adaptively	balance	their	use	of	personal	versus	social	information	

when	learning	about	their	environment	(Laland	2004;	Kendal	et	al.	2005,	2009b;	

Valone	2007),	yet	the	majority	of	experimental	studies	in	this	field	have	done	so	

outside	of	a	competitive,	social	context	(see	Kendal	et	al.	2009b).	Such	an	approach	

overlooks	the	fundamental	role	that	competition	has	in	the	evolutionary	process,	

and	in	shaping	animal	behaviour	as	a	consequence.	The	ability	to	respond	to	socially	

generated	information	will	only	evolve	if	individuals	with	this	trait	outcompete	those	

without	it.	Since	the	utility	of	information	is	in	its	reduction	of	environmental	

uncertainty,	its	prevalence	should	reflect	an	improved	efficiency	of	resource	

exploitation	(e.g.,	rate	of	acquisition	or	quality	of	decision-making)	that	enhances	

individual	fitness	relative	to	competitors.	

	

Competition	over	resources	was	a	central	theme	of	the	earliest	studies	in	animal	

information	use.	The	idea	that	animals	might	collect	information	to	reduce	

environmental	uncertainty	first	emerged	in	the	foraging	literature,	as	a	response	to	

the	traditional	assumption	that	animals	behave	as	if	they	have	perfect	knowledge	of	

their	environment	(Charnov	1976;	Pyke	et	al.	1977;	Pyke	1984;	Stephens	&	Krebs	

1986).	In	a	more	social	context,	ideal	free	distribution	theory	was	developed	to	

describe	how	individuals	should	optimally	spread	across	heterogeneously	distributed	

resources	(Fretwell	&	Lucas	1970;	Fretwell	1972).	However,	researchers	realised	that	

if	individuals	instead	face	uncertainty	regarding	resource	distributions,	social	

environments	should	provide	opportunities	for	individuals	to	exploit	the	information	

generated	by	competitors.	The	study	of	social	information	use	that	followed	quickly	

split	into	two	types,	based	on	two	distinct	game-theoretic	frameworks.	In	the	first,	
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social	information	represents	a	sharing	of	information	between	individuals	that	

doesn’t	impair	an	individual’s	ability	to	collect	personal	information	(Clark	&	Mangel	

1984).	This	‘information-sharing’	model	has	mutualistic	effects	such	that	individuals	

able	to	use	social	information	outcompete	competitors	unable	to	do	so	(Clark	&	

Mangel	1984).	In	the	second,	collecting	personal	and	social	information	represents	

mutually	exclusive	tactics,	termed	‘producer’	and	‘scrounger’,	respectively	(Barnard	

&	Sibly	1981).	In	this	‘producer-scrounger’	model,	producers	‘work’	to	discover	

resources	while	scroungers	exploit	this	work,	such	that	social	information	use	

represents	a	parasitic,	or	‘cheater’,	tactic.	As	such,	scrounging	behaviour	can	invade	

a	population	of	producers	by	avoiding	the	costs	of	personal	information	collection	

while	reaping	the	resource-based	benefits.	However,	since	its	competitive	

advantages	over	producers	rely	on	the	presence	of	producers,	scrounging	shows	

negative	frequency-dependent	payoffs,	its	relative	benefits	decreasing	as	it	spreads	

through	a	group	until	both	tactics	receive	equal	payoffs	(Barnard	&	Sibly	1981).	At	

this	equilibrium,	a	group	is	expected	to	exhibit	a	stable	mixture	of	producing	and	

scrounging	behaviours.	

	

In	the	context	of	social	foraging,	there	has	been	a	protracted	debate	regarding	the	

relative	merits	of	the	information-sharing	versus	the	producer-scrounger	framework,	

fuelled	by	the	fundamental	differences	in	their	predicted	outcomes	at	the	

population	level	(Beauchamp	&	Giraldeau	1996;	Giraldeau	&	Beauchamp	1999;	

Giraldeau	&	Caraco	2000).	A	long-held	view	is	that	the	per	capita	rate	of	food	

consumption	in	a	population	will	be	directly	proportional	to	its	per	capita	growth	

rate,	and	the	mutualistic	basis	of	the	information-sharing	framework	and	parasitic	
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basis	of	the	producer-scrounger	framework	is	predicted	to	increase	or	decrease	per	

capita	consumption	rates,	respectively	(Clark	&	Mangel	1984;	Beauchamp	&	

Giraldeau	1996;	Giraldeau	&	Caraco	2000;	Coolen	et	al.	2007).	However,	there	is	no	

empirical	evidence	supporting	an	effect	of	either	type	of	process	on	average	

individual	survival	or	reproduction.	Furthermore,	it	is	not	clear	whether	differences	

in	the	two	models’	assumptions	will	translate	to	comparable	population-level	

consequences	when	considering	the	acquisition	of	resources	other	than	food.	What	

is	clear,	yet	overlooked,	is	the	presence	of	important	commonalities	between	

information-sharing	and	producer-scrounger	frameworks.	First,	that	the	utility	of	

information	will	be	closely	tied	to	its	effect	on	the	acquisition	of	resources	that	affect	

individual	survival	and	reproduction.	Second,	that	social	information	is	cheaper	to	

collect	than	personal	information.	Third,	that	any	improvement	in	resource	

acquisition	achieved	through	social	information	use	will	also	involve	some	

competition	between	individuals.	These	commonalities	highlight	the	importance	of	

studying	social	information	use	in	a	competitive,	social	context.	

	

Despite	such	early	links	between	competition	over	resources	and	social	information	

use,	there	has	been	little	development	of	a	conceptual	or	theoretical	framework	that	

considers	competitive	processes	more	systematically	in	the	evolutionary	ecology	of	

animal	information	use.	This	likely	reflects	the	widespread	idea	that	information	is	

shareable	and	replicable	in	a	way	that	resources	are	not	(Lachmann	et	al.	2000).	

Such	a	distinction	may	lead	to	an	intuition	that	information	should	not	be	subject	to	

competitive	pressures,	because	the	number	or	identity	of	individuals	possessing	

information	should	have	no	impact	on	its	content	or	ability	to	be	transmitted.	
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However,	this	intuition	may	not	hold	if	the	advantages	associated	with	information	

relate	to	the	acquisition	of	resources	over	which	individuals	are	in	competition.	For	

example,	while	information	may	be	very	easily	transmitted	without	depletion,	the	

benefits	associated	with	its	use	may	still	be	dependent	on	the	distribution	and	

limitation	of	the	resource	about	which	it	is	informative,	and	so	the	strength	and	

nature	of	competition	between	individuals	that	arises	as	a	consequence.	This	

process	could	be	seen	as	analogous	to	the	importance	of	context	in	the	evolutionary	

dynamics	of	genetic	information:	transmission	from	parent	to	offspring	may	occur	

with	fidelity,	but	the	conferred	fitness	benefits	will	depend	on	the	genotype	of	the	

offspring	(i.e.,	epistasis)	as	well	as	the	distribution	of	competing	genotypes	(or	

phenotypes)	in	the	population.	

	

The	producer-scrounger	model	provides	a	useful	starting	point	for	considering	the	

interplay	between	information	about	resources	and	competition	over	resources	–	

although	this	interplay	has	rarely	been	mentioned	or	explored.	In	fact,	the	links	

between	scrounging	behaviour	and	social	information	use	have	become	increasingly	

unclear	(Giraldeau	&	Dubois	2008),	and	some	studies	use	the	two	terms	

interchangeably	while	others	will	use	only	one	or	the	other	depending	on	whether	

the	research	focus	is	resource	competition	or	information	use.	However,	the	

producer-scrounger	model	is	an	explicitly	information-driven	game	in	which	

individuals	scramble	for	limited	resources	under	uncertainty	(Vickery	et	al.	1991;	

Giraldeau	&	Caraco	2000).	Uncertainty	is	modelled	such	that	collecting	social	

information	is	more	efficient	than	collecting	personal	information	in	terms	of	rate	of	

resource	discovery:	scroungers	access	all	resource	discoveries.	While	producers	have	
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to	share	their	resource	discovery	with	scroungers,	they	gain	some	advantage	before	

the	arrival	of	scroungers.	In	the	producer-scrounger	model,	scrounging	thus	

simultaneously	represents	social	information	use	and	a	competitive	social	

interaction	at	a	resource	discovery,	and	all	predictions	that	follow	from	the	theory	

will	apply	to	conditions	where	this	is	true.	Consistent	with	this,	experimental	studies	

of	producer-scrounger	dynamics	often	involve	resource	environments	that	have	

been	designed	to	maintain	the	link	between	scrounging	interactions	and	social	

information	use	(Beauchamp	&	Giraldeau	1997;	Mottley	&	Giraldeau	2000;	David	et	

al.	2011;	Morand-Ferron	et	al.	2011a).	For	example,	David	et	al.	(2011)	recorded	

individual	scrounging	behaviour	in	a	foraging	grid	as	a	proxy	for	social	information	

use	when	investigating	the	relationship	between	exploratory	behaviour	and	social	

information	use	in	zebra	finches	(Taeniopygia	guttata).	The	accuracy	of	this	proxy	

was	maintained	because	the	birds	were	faced	with	randomly	distributed,	concealed	

food	patches	that	were	depleted	in	the	short-term	(i.e.,	ephemeral),	such	that	

individuals’	uncertainty	levels	remained	high	through	time,	and	collecting	and	using	

social	information	was	more	efficient	than	trial-and-error	sampling.	Future	

conceptual	and	theoretical	developments	should	consider	in	more	detail	how	

resource	distribution	might	strengthen	or	weaken	linkages	between	social	

information	use	and	competitive	interaction.	The	better	characterisation	of	the	

fundamental	relationship	between	information	and	resource	that	will	follow	should	

help	to	advance	our	understanding	of	the	evolutionary	and	ecological	causes	and	

consequences	of	animal	information	use.	
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Social	information	use	and	dominance	

If	competition	plays	an	important	role	in	animal	information	use,	it	follows	that	there	

may	be	important	and	general	links	between	social	information	use	and	social	

dominance.	Dominance	interactions	occur	when	asymmetries	in	competitive	ability	

between	individuals	result	in	asymmetries	in	access	to	resources	through	

monopolisation	(also	termed	‘contest’	competition).	Such	directed	suppression	of	

competitors’	access	to	resources	is	distinct	from	‘scramble’	competition,	in	which	

the	competitive	pressures	of	resource	depletion	are	experienced	by	all	individuals	

(Nicholson	1954;	Sutherland	&	Parker	1992;	Łomnicki	2009).	Within	the	context	of	

scramble	competition,	‘interference’	competition	may	occur	when	individuals	differ	

in	the	efficiency	with	which	they	can	exploit	resources	(Parker	2000).	While	the	

distinction	between	interference	and	contest	competition	has	not	been	clearly	

defined	in	the	literature,	here	I	use	the	term	contest	to	refer	to	competitive	

processes	in	which	inequity	in	access	to	resources	is	driven	by	some	form	of	

behavioural	or	physiological	suppression	of	subordinate	competitors	by	dominant	

ones,	regardless	of	any	differences	in	exploitation	efficiency	per	se.	

	

Contest	competition	is	biologically	significant	as	it	gives	rise	to	hierarchical	

dominance	structures	in	groups	or	populations,	which	can	range	from	despotic	to	

near-egalitarian,	can	be	relatively	steep	or	shallow,	can	be	stable	or	unstable,	and	

can	be	transitive	or	non-transitive	(Farentinos	1972;	Bernstein	1981;	Kaufmann	

1983;	Vehrencamp	1983;	Hemelrijk	1999;	de	Vries	et	al.	2005;	Stevens	et	al.	2007;	

Broom	et	al.	2009;	Norscia	&	Palagi	2015).	Dominance	asymmetries	or	hierarchies	

are	taxonomically	widespread	and	ecologically	common,	observed	across	all	types	of	
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social	organisation	from	solitary	living	(Kaufmann	1983;	Moore	1990;	Piper	et	al.	

2000),	through	fission-fusion	and	stable	social	groups	(Kappeler	&	van	Schaik	2002;	

Aureli	et	al.	2008;	Smith	et	al.	2008),	to	cooperative	breeding	and	eusociality	(Creel	

et	al.	1992;	Abbott	1993;	Keller	&	Reeve	1994;	Clarke	&	Faulkes	1997;	Clutton-Brock	

et	al.	2001;	Clutton-Brock	2002).	A	fundamental	prerequisite	for	the	maintenance	of	

dominance	asymmetries	is	that	dominant	competitors	gain	fitness	benefits	in	a	way	

that	negatively	impacts	the	fitness	of	subordinate	competitors	(Nicholson	1954;	

Łomnicki	2009).	Empirical	studies	have	generally	supported	this	logic	(Ellis	1995).	For	

instance,	dominant	female	meerkats	(Suricata	suricatta)	monopolise	access	to	mates	

within	groups	(Clutton-Brock	et	al.	2001),	developing	a	suite	of	morphological,	

physiological,	and	behavioural	traits	to	suppress	competitors	(Clutton-Brock	et	al.	

2006).	The	rare	cases	in	which	dominance	seems	not	to	confer	fitness	benefits	might	

represent	contexts	where	life-history	trade-offs	have	emerged	due	to	costs	

associated	with	dominance	(e.g.,	Packer	et	al.	1995;	Frank	et	al.	2002;	Muehlenbein	

&	Watts	2010),	or	traits	associated	with	subordinate	phenotypes	have	evolved	to	

reduce	the	strength	of	contest	competition	(e.g.,	Smith	et	al.	2007).	

	

Ideal	free	distribution	and	resource	defence	studies	have	long	realised	the	basic	

importance	of	unequal	competitors	and	resource	distribution	in	dominance	

interactions.	In	addition	to	a	range	of	other	theoretical	and	empirical	work	(Parker	&	

Sutherland	1986;	Theimer	1987;	Grant	1993;	Grant	&	Guha	1993),	Vahl	et	al.	(2005)	

showed	experimentally	that	dominant	ruddy	turnstones	(Arenaria	interpres)	had	a	

higher	foraging	success	than	subordinates	only	when	food	resources	were	spatially	

clumped.	In	contrast,	research	into	social	information	use	has	generally	only	
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considered	social	dominance	as	a	potential	correlate	of	social	information	use	

(Beauchamp	2006;	McCormack	et	al.	2007;	King	et	al.	2009;	Morand-Ferron	et	al.	

2011b).	The	consequence	has	been	a	lack	of	clarity	regarding	the	role	of	social	

dominance	in	animal	information	use	and	its	evolutionary	and	ecological	

consequences,	with	a	range	of	empirical	producer-scrounger	studies	reporting	either	

a	positive	relationship	or	no	relationship	between	dominance	and	scrounging,	but	no	

systematic	attempt	to	determine	why	(Giraldeau	&	Dubois	2008).	However,	a	small	

body	of	theoretical	research	has	explored	how	social	dominance	might	

systematically	influence	social	information	use	when	individuals	must	search	for	

resources	(Ranta	et	al.	1993;	Barta	&	Giraldeau	1998;	Dubois	&	Giraldeau	2005).	In	

particular,	Barta	and	Giraldeau	(1998)	predicted	a	positive	relationship	between	

dominance	rank,	scrounging	behaviour,	and	resource	monopolisation.	Differences	in	

competitive	ability	may	thus	lead	to	between-individual	differences	in	the	benefits	of	

using	social	information,	regardless	of	how	easy	this	information	is	to	collect.		

	

Individual	variation	in	the	ability	to	reap	benefits	from	social	information	as	a	result	

of	competitive	asymmetries	may	have	important	evolutionary	implications	both	at	

the	individual	and	population	level.	For	example,	social	constraints	on	social	

information	use	due	to	low	dominance	rank	may	impede	the	flow	of	information	

through	a	group	or	population,	and	could	influence	the	spread	of	fitness-enhancing	

behavioural	innovations	(Whiten	et	al.	2011;	Hoppitt	&	Laland	2013)	as	a	

consequence.	Similarly,	social	information	use	may	be	important	in	the	evolution	of	

dominance	if	uncertainty	associated	with	a	given	resource’s	distribution	means	that	

contest	competition	over	that	resource	can	only	occur	through	the	use	of	social	
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information.	Thus,	in	some	cases,	the	individual	benefits	of	dominance	may	be	

dependent	on	social	information	use	in	conjunction	with	the	ability	to	monopolise	

resources.	A	full	understanding	of	both	the	evolutionary	ecology	of	animal	

information	use	and	social	dominance	will	require	more	formal	characterisation	of	

how	resource	distribution	can	drive	interdependencies	between	the	benefits	of	

using	social	information	and	the	competitive	regimes	between	individuals.		

	

Thesis	structure	

Following	from	the	background	provided	above,	and	the	ideas	and	challenges	

outlined	therein,	the	aim	of	this	thesis	is	to	develop	a	conceptual	and	theoretical	

framework	for	studying	animal	information	use.	This	framework	will	explicitly	

provide	a	fundamental	role	for	resource	distribution	in	simultaneously	driving	

competitive	pressures	between	individuals	and	the	costs	and	benefits	associated	

with	using	different	types	of	information.		Within	this	framework,	the	main	focus	will	

be	on	the	interdependencies	that	may	be	required	between	social	information	use	

and	social	dominance	interactions	in	order	for	contest	competition	to	occur,	and	the	

evolutionary	and	population	dynamic	consequences	that	might	follow.	

	

The	main	thesis	is	structured	into	four	analytical	chapters,	each	presented	in	the	

style	of	a	journal	article	and	intended	for	independent	publication.	This	begins	with	

Chapter	2,	which	is	an	observational	study	of	the	natural	social	foraging	behaviour	of	

a	wild	population	of	chacma	baboons.	The	purpose	of	this	study	is	to	explore	

whether	resource	monopolisability	influences	the	relationship	between	social	

dominance	and	scrounging	behaviour,	as	predicted	theoretically	by	Barta	and	
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Giraldeau	(1998).	In	doing	so,	however,	the	study	highlights	some	of	the	key	issues	

associated	with	the	producer-scrounger	framework	with	regards	to	the	relationships	

between	resource	distribution,	the	benefits	of	personal	versus	social	information	

use,	and	competition	between	individuals.	These	issues	are	discussed	at	the	end	of	

this	study,	before	being	addressed	in	the	two	chapters	that	follow.	

	

In	Chapter	3,	I	present	a	game-theoretic	model	which	expands	the	producer-

scrounger	framework	to	make	it	applicable	to	a	broad	diversity	of	ecological	

conditions.	In	doing	so,	I	highlight	the	general	relationship	between	information	

about	resources	and	competition	over	resources	that	is	at	the	heart	of	the	producer-

scrounger	framework.	This	provides	insight	into	the	resource	distributions	that	

should	promote	contest	competition	and	the	important	interdependencies	between	

dominance	and	social	information	use	that	might	ensue.	

	

Chapter	4	is	a	field	experiment	conducted	to	test	some	of	the	predictions	generated	

by	the	model	presented	in	the	preceding	chapter.	Wild	chacma	baboons	were	

provided	with	novel	feeding	environments	in	order	to	test	whether	dominant	

individuals	used	social	information	to	maximise	their	foraging	success	at	the	expense	

of	subordinates,	leading	to	intense	contest	competition,	when	faced	with	

environmental	uncertainty.	This	experiment	also	allowed	exploration	of	the	ways	in	

which	the	predictability	of	resource	distribution	through	time	and	space	might	alter	

the	relationships	between	information	and	resource	in	a	way	that	relaxes	or	

strengthens	the	competitive	constraints	on	an	individual’s	ability	to	use	information.	
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In	Chapter	5,	the	final	analytical	chapter,	I	present	a	demographic	model	designed	to	

explore	the	complexities	of	the	evolutionary	dynamics	of	social	dominance.	While	

the	preceding	chapters	investigated	the	behavioural	processes	and	ecological	

conditions	that	might	underpin	the	phenomenon	of	social	dominance,	this	model	

provides	insight	into	their	population-level	consequences.	Specifically,	the	model	

employs	an	eco-evolutionary	approach	to	the	study	of	contest	competition,	which	

suggests	important	implications	for	the	ecological	and	evolutionary	consequences	of	

social	dominance.	

	

I	conclude	with	Chapter	6,	in	which	I	highlight	the	key	insights	generated	in	the	four	

analytical	chapters,	identify	how	these	insights	combine	to	begin	to	address	the	

challenges	outlined	in	this	Introduction,	and	propose	possible	avenues	for	the	

continued	development	of	a	systematic	framework	for	understanding	animal	

information	use,	social	dominance,	and	the	interactions	between	the	two.	 	
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Chapter	2	

	

Switching	spatial	scale	reveals	dominance-dependent	

social	foraging	tactics	in	a	wild	primate	

	

A	version	of	this	chapter	is	in	review	as	follows:	

	

Lee,	A.	E.	G.	&	Cowlishaw,	G.	In	review.	Switching	spatial	scale	reveals	dominance-

dependent	social	foraging	tactics	in	a	wild	primate.	Animal	Behaviour.		 	
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Abstract	

When	foraging	in	a	social	group,	individuals	are	faced	with	the	choice	of	either	

sampling	their	environment	directly	or	exploiting	the	discoveries	of	others.	The	

evolutionary	dynamics	of	this	trade-off	have	been	explored	mathematically	through	

the	producer-scrounger	game,	which	has	highlighted	socially	exploitative	behaviours	

as	a	major	potential	cost	of	group	living.	However,	relatively	little	attention	has	been	

given	to	the	tight	interplay	that	may	exist	between	social	dominance	and	scrounging	

behaviour.	To	date,	only	one	theoretical	study	has	explored	this	relationship,	

demonstrating	that	scrounging	should	become	exclusive	to	high-ranking	individuals	

only	when	resources	are	monopolisable.	In	this	study,	we	explore	the	predictions	of	

this	model	through	observations	of	the	natural	social	foraging	behaviour	of	a	wild	

population	of	chacma	baboons	(Papio	ursinus).	We	collected	data	through	over	800	

hours	of	focal	follows	of	101	adults	and	juveniles	across	two	troops	over	two	3-

month	periods.	By	recording	over	7,900	producer-scrounger	decisions	at	two	spatial	

scales	–	the	‘patch’	and	the	‘sub-patch’	–	we	show	that,	when	resources	are	large	

and	economically	indefensible,	scrounging	behaviour	is	common	across	all	social	

ranks.	When,	in	contrast,	dominant	individuals	can	aggressively	appropriate	a	

resource,	the	scrounger	tactic	becomes	increasingly	rare	with	decreasing	social	rank.	

Specifically,	we	demonstrate	that,	under	these	conditions,	adult	baboons	can	only	

exploit	individuals	lower	ranking	than	themselves.	Our	study	highlights	potentially	

important	individual	constraints	on	the	ability	to	use	social	information	associated	

with	low	social	rank,	driven	by	competition	with	dominant	conspecifics	over	

monopolisable	resources.	 	
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Introduction	

The	study	of	socially	exploitative	behaviour,	in	which	individuals	make	use	of	the	

resources	of	competitors,	has	been	the	focus	of	much	theoretical	and	empirical	

research	over	recent	decades	(Giraldeau	&	Dubois	2008),	and	represents	one	of	the	

major	potential	costs	of	group	living.	Because	resources	such	as	food,	mates,	

breeding	territories,	or	safety	from	predation	generally	show	variation	in	their	

distribution	through	space	or	time,	individuals	should	benefit	from	gathering	

information	about	their	local	environment	to	improve	decision-making	(Valone	1989,	

2006;	McNamara	et	al.	2006).	However,	since	doing	so	requires	search	effort,	

selection	should	favour	the	avoidance	of	these	costs	by	exploiting	the	efforts	of	

others	in	a	social	group	(for	review	see	Valone	&	Templeton	2002;	Danchin	et	al.	

2004;	Rieucau	&	Giraldeau	2011).	

	

The	dynamics	of	these	interactions	have	been	formalised	as	the	producer-scrounger	

game	(Barnard	&	Sibly	1981;	Barnard	1984;	Vickery	et	al.	1991),	which	has,	with	

some	empirical	support	(e.g.,	Koops	&	Giraldeau	1996;	Mottley	&	Giraldeau	2000;	

Morand-Ferron	et	al.	2007),	emerged	as	the	prevailing	theoretical	framework	in	

which	to	study	social	foraging	decisions	(Vickery	et	al.	1991;	Giraldeau	&	Caraco	

2000).	In	this	game,	producers	actively	search	for	resources,	while	scroungers	exploit	

the	discoveries	of	producers.	The	two	tactics	are	considered	mutually	exclusive.	

Scrounging	–	analogous	with	‘cheater’	tactics	seen	in	studies	of	cooperation	(Rankin	

et	al.	2007)	–	is	thus	under	negatively	frequency-dependent	selection,	since	its	

success	is	dependent	on	the	efforts	of	producers.	This	dynamic	is	expected	to	lead	

populations	to	an	evolutionarily	or	behaviourally	stable	mix	of	producing	and	
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scrounging	(Giraldeau	&	Dubois	2008;	Fawcett	et	al.	2013).	As	such,	scrounging	

behaviour	has	the	potential	to	reduce	the	per	capita	rate	of	resource	discovery	

(Vickery	et	al.	1991),	which	may	act	to	reduce	average	individual	fitness	in	a	

population	(Coolen	et	al.	2007).	

	

However,	the	basic	producer-scrounger	model	assumes	that	an	individual’s	

phenotype	has	no	influence	on	its	decision	or	ability	to	play	either	tactic.	As	such,	all	

individuals	are	expected	to	receive	equal	payoffs.	Yet	many	empirical	studies	have	

shown	that	an	individual’s	tactic	choice	may	be	strongly	influenced	or	constrained	by	

its	phenotype	(e.g.,	Beauchamp	2001;	di	Bitetti	&	Janson	2001;	Stahl	et	al.	2001;	

Kurvers	et	al.	2010).	This	has	potentially	important	fitness	implications,	since	theory	

predicts	that	phenotype-limited	games	may	not	reach	an	evolutionarily	stable	mix	of	

strategies,	resulting	in	differential	payoffs	across	individuals	(Parker	1982).	

	

Since	scrounging	behaviour	represents	the	exploitation	of	another’s	resource,	one	

might	expect	social	dominance	to	play	an	important	role	in	scrounging	behaviour,	as	

the	competitive	advantage	of	high-ranking	individuals	should	allow	them	to	scrounge	

from	others	more	easily.	Despite	this	expectation,	empirical	studies	have	not	been	

unanimous:	while	some	experiments	have	demonstrated	a	relationship	between	

social	dominance	and	scrounging	behaviour	(Stahl	et	al.	2001;	Liker	&	Barta	2002;	

Lendvai	et	al.	2006;	McCormack	et	al.	2007),	other	studies	have	found	no	link	

between	the	two	(Robinette	Ha	&	Ha	2003;	Beauchamp	2006).	This	conflict	might	be	

reconciled	by	considering	more	systematically	the	spatiotemporal	distribution	of	

resources	in	an	individual’s	environment.	The	competitive	benefits	of	social	
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dominance	are	expected	to	be	associated	with	priority	of	access	to	resources,	

manifest	as	contest	competition	(Kaufmann	1983;	Łomnicki	2009).	Consistent	with	

this,	resource	defence	theory	predicts	that	individuals	should	be	more	aggressive	

when	defending	a	resource	in	accordance	with	both	its	value	and	its	economic	

defensibility	(Grant	1993;	Grant	&	Guha	1993;	Robb	&	Grant	1998).	Empirical	studies	

into	dominance	and	resource	defence	have	demonstrated	higher	foraging	success	

for	socially	dominant	individuals	only	when	limited	food	patches	are	monopolisable	

(Theimer	1987;	Vahl	et	al.	2005).	

	

The	integration	of	producer-scrounger	and	resource	defence	theory	might	elucidate	

an	interesting	relationship	between	socially	exploitative	behaviour	and	contest	

competition	(Barta	&	Giraldeau	1998;	Giraldeau	&	Dubois	2008).	Specifically,	

dominant	individuals	should	benefit	disproportionately	if	they	can	use	their	

competitive	advantage	to	ensure	that	only	they	can	use	the	scrounger	tactic	

effectively.	Barta	&	Giraldeau	(1998)	explored	this	hypothesis	by	modelling	the	

effects	of	between-individual	asymmetries	in	competitive	ability	on	producer-

scrounger	dynamics	in	a	group.	They	found	that	when	social	rank	conferred	no	

competitive	advantage	to	an	individual	–	that	is,	resources	were	not	monopolisable	–	

groups	converged	on	basic	producer-scrounger	equilibria	in	which	all	individuals	

behave	equivalently	and	receive	equal	payoffs.	In	contrast,	when	individuals	could	

use	their	social	rank	to	gain	a	competitive	advantage	in	monopolising	a	resource,	

scrounging	behaviour	was	strongly	associated	with	dominance,	and	dominant	

individuals	achieved	the	highest	payoffs	(Barta	&	Giraldeau	1998).	However,	to	date	
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there	has	been	no	attempt	to	test	these	predictions	empirically,	either	in	the	

laboratory	or	under	natural	conditions.	

	

In	this	study,	we	present	the	first	attempt	to	explore	a	key	prediction	generated	by	

the	unification	of	producer-scrounger	and	resource	defence	theories,	namely	that	

there	should	be	a	strong	link	between	social	dominance	and	the	scrounger	tactic	–	

defined	here	as	joining	a	resource	being	utilised	by	a	competitor	–	only	when	

resources	are	monopolisable.	We	do	this	by	studying	the	natural	social	foraging	

decisions	made	by	wild	chacma	baboons	(Papio	ursinus)	across	two	spatial	scales	

that	are	expected	to	differ	in	the	degree	to	which	dominant	individuals	can	

monopolise	food:	the	patch	and	the	sub-patch.	Specifically,	we	asked	three	

questions:	1)	How	does	the	relationship	between	scrounging	and	social	dominance	

rank	change	across	spatial	scales?	2)	What	is	the	difference	in	dominance	rank	

between	scroungers	and	the	individuals	they	exploit	at	each	spatial	scale?	3)	How	

does	the	frequency	of	competitive	exclusion	associated	with	scrounging	change	

between	spatial	scales?	

	

Materials	and	Methods	

Study	Site	and	Species	

Fieldwork	was	conducted	at	Tsaobis	Nature	Park,	Namibia	(22°23’S,	15°45’E),	during	

two	three-month	periods	between	August	and	October	in	2012	and	2013.	Two	

groups	of	chacma	baboons,	hereafter	referred	to	as	troop	‘J’	(group	size:	N2012	=	54;	

N2013	=	58)	and	troop	‘L’	(N2012	=	51;	N2013	=	62),	were	the	focus	of	study.	All	

individuals	were	individually	recognisable	and	habituated	to	the	presence	of	
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observers	at	close	proximity,	and	each	group	was	followed	daily	from	dawn	until	

dusk	(see	Huchard	et	al.	2009	for	further	information).	For	each	year,	data	were	

collected	for	all	individual	baboons	>6	months	of	age	(the	age	at	which	young	

baboons	begin	to	forage	independently	of	their	mother)	at	the	start	of	the	study	

period,	resulting	in	a	total	sample	of	101	individuals	(2012:	54	adults,	43	juveniles;	

2013:	50	adults,	41	juveniles).	Differences	in	the	sample	of	individuals	across	years	

were	due	to	death,	emigration,	or	passing	the	minimum	age	threshold.	

	

Chacma	baboons	are	an	ideal	model	system	for	our	study,	since	they	live	in	large,	

stable	social	groups	in	which	linear	dominance	hierarchies	are	clear	(Altmann	&	

Altmann	1973)	and	socially	exploitative	foraging	interactions	are	common	(King	et	al.	

2009;	Marshall	et	al.	2012a).	Furthermore,	our	study	troops	spent	approximately	

80%	of	their	foraging	time	during	the	study	period	in	a	riparian	woodland	

environment,	characterised	by	large	trees	such	as	Faidherbia	albida	(see	Marshall	et	

al.	2012a	for	further	details).	Within	this	feeding	environment,	we	defined	two	

spatial	scales	between	which	the	ability	of	dominant	individuals	to	monopolise	food	

were	predicted	to	differ:	the	patch	and	the	sub-patch.	

	

The	patch	represents	the	scale	traditionally	used	in	foraging	theory	and	ecology,	

defined	as	a	spatially	discrete	unit	of	a	food	resource	(Wiens	1976).	Here,	we	refined	

this	definition	slightly	such	that	the	operational	definition	of	a	patch	was	a	single	

tree	or	shrub,	or	a	collection	of	conspecifics	growing	together	with	a	continuous	

canopy	separated	by	no	more	than	1	m.	In	contrast,	the	sub-patch	was	defined	as	

the	area	in	a	patch	within	which	an	individual	could	feed	without	travelling	(i.e.,	
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within	arm’s	reach	of	a	stationary	baboon).	This	was	equivalent	to	the	‘feeding	

station’	scale	that	has	received	some	attention	in	the	foraging	literature	(Kotliar	&	

Wiens	1990;	see	Searle	et	al.	2005	for	a	review).	Where	a	patch	extended	in	space	

beyond	the	reach	of	a	stationary	forager,	the	sub-patch	represented	a	spatial	scale	

nested	within	the	patch.	As	such,	study	at	the	sub-patch	scale	captured	social	

foraging	dynamics	at	a	resolution	higher	than	at	the	patch	scale.	Dominant	

individuals	should	be	able	to	competitively	exclude	competitors	more	easily	at	the	

sub-patch	scale	compared	with	the	patch	scale.	

	

Data	Collection	and	Processing	

Information	regarding	individual	social	foraging	decisions	and	interactions	at	each	

spatial	scale	was	recorded	through	focal	sampling	(Altmann	1974)	on	Motorola	

ES400	Personal	Digital	Assistants	and	Google	Nexus	4	Smartphones	using	a	

customised	data	capture	application	in	the	database-driven	software	Cybertracker	

v.3.317	(http://cybertracker.org).	Focal	follows	lasted	between	15	and	30	minutes,	

and	the	same	individual	was	not	studied	more	than	once	within	a	6-hour	period.	

Individuals	were	selected	for	focal	observation	using	a	pseudorandom	sampling	

process,	which	ensured	even	coverage	across	different	times	of	day	(based	on	four	

consecutive	3-hour	time	blocks	from	06:00	to	18:00)	and	different	months.	

	

A	patch	entry	event	was	recorded	whenever	the	focal	individual	actively	searched	

for	or	consumed	food	in	a	new	patch	for	5	seconds	or	more.	Once	in	a	patch,	the	

focal	individual	could	move	between	sub-patches.	A	sub-patch	entry	was	recorded	

when	an	individual	relocated	into	a	new	area	of	a	patch	to	forage,	and	either	
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remained	stationary	for	≥5	seconds	while	standing,	or	sat	for	≥1	second,	in	this	

location.	At	each	spatial	scale,	a	foraging	decision	was	assigned	to	every	entry	event.	

The	decision	was	defined	as	‘produce’	if	the	patch	or	sub-patch	being	entered	was	

unoccupied,	and	‘scrounge’	if	occupied	by	a	conspecific.	For	each	scrounge	event,	

the	number	and	identity	of	individuals	occupying	the	resource	was	recorded.	In	

cases	where	visibility	was	poor,	a	minimum	number	of	occupants	was	estimated	and,	

where	known,	their	identity	recorded.	

	

Since	the	size	of	a	patch	is	variable,	while	sub-patch	size	is	fixed,	the	relationship	

between	them	is	such	that	at	the	smallest,	or	‘critical’,	patch	size	they	reach	

equivalence.	With	this	in	mind,	social	foraging	decisions	were	included	only	for	those	

where	a	sub-patch	structure	could	be	defined	(i.e.,	where	more	than	one	sub-patch	

was	present).	This	allowed	us	to	avoid	conflating	processes	working	at	the	two	

different	spatial	scales.	The	data	were	then	filtered	further	to	exclude	all	ambiguous	

foraging	decisions	that	could	not	clearly	be	classified	as	either	produce	or	scrounge	

(<10%).	A	total	of	801	focal	hours	were	carried	out	across	the	two	study	periods	on	

101	individual	baboons	(mean	±	s.e.	=	7.9	±	0.1	hours	per	individual),	resulting	in	a	

dataset	of	1861	patch	entry	and	5050	sub-patch	entry	decisions	for	analysis.	

	

A	dominance	hierarchy	was	generated	for	each	troop-year	combination	using	

pairwise	agonistic	interactions	occurring	within	each	study	period.	These	interactions	

were	collected	both	during	focal	follows	and	through	ad	libitum	sampling,	and	were	

used	to	make	actor-receiver	matrices	indicating	the	number	of	agonistic	interactions	

occurring	between	each	dyad	in	each	direction.	No	dominance	interactions	occurring	
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during	foraging	decisions	were	included	in	the	matrices.	In	addition,	all	interactions	

involving	individuals	not	yet	weaned	from	their	mother	were	excluded,	because	

dominance	asymmetry	at	this	age	is	strongly	influenced	by	the	mother’s	presence	

and	behaviour	(Cheney	1977).	Each	actor-receiver	matrix	(N2012,J	=	1010;	N2012,L	=	

1025;	N2013,J	=	833;	N2013,L	=	1073)	was	reordered	using	Matman	1.1.4	(Noldus	

Information	Technology	2003),	optimised	by	selecting	the	hierarchy	with	the	lowest	

level	of	conflict	(i.e.,	minimising	the	number	of	interactions	inconsistent	with	the	

predicted	hierarchy)	using	a	heuristic	search	algorithm	with	ten	thousand	

randomisations.	Linearity	was	supported	for	all	four	hierarchies	(Landau’s	corrected	

linearity	index:	h’2012,J	=	0.19;	h’2012,L	=	0.32;	h’2013,J	=	0.18;	h’2013,L	=	0.15,	p	<	0.001	in	

all	cases).	Individuals	not	yet	weaned	were	then	re-entered	into	the	appropriate	

dominance	hierarchy	based	on	their	maternal	rank	(i.e.,	one	position	below	their	

mother),	producing	complete	hierarchies	that	included	all	members	of	the	group	for	

each	year.	To	control	for	differences	in	the	size	of	groups	within	and	across	years,	all	

absolute	ranks	(ranging	from	1	to	n)	were	standardised	to	between	0	(lowest	rank)	

and	1	(highest	rank)	following	1-((1-r)/(1-n)),	where	r	is	the	absolute	rank	of	an	

individual.	

	

Statistical	analyses	

Our	analysis	was	divided	into	three	sections	consistent	with	the	three	study	

questions	outlined	above.	First,	we	used	generalised	linear	mixed-effects	modelling	

(GLMM)	to	explore	how	the	relationship	between	social	dominance	and	scrounging	

behaviour	changed	across	spatial	scales	due	to	differences	in	resource	

monopolisability.	Our	prediction	was	that	all	individuals	would	exhibit	scrounging	
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behaviour	at	the	patch	scale.	In	contrast,	we	predicted	that	there	would	be	a	strong	

positive	relationship	between	rank	and	scrounging	at	the	sub-patch	scale.	However,	

since	juvenile	individuals	are	often	tolerated	at	feeding	sites	(e.g.,	Huchard	et	al.	

2013),	we	predicted	that	this	positive	relationship	would	only	hold	for	adults.	In	

order	to	characterise	robustly	any	interactions	between	social	rank	and	age	at	each	

spatial	scale,	we	analysed	patch	level	and	sub-patch	level	decisions	in	separate	

models.	In	each	model,	the	response	variable	was	given	as	a	binary	indicator	of	the	

decision	at	each	entry	to	either	‘produce’	or	‘scrounge’,	scored	as	0	or	1,	

respectively.	We	fit	a	binomial	error	structure	to	the	GLMMs.	Both	models	were	

constructed	with	an	interaction	between	dominance	rank	and	age	class	(‘juvenile’	or	

‘adult’).	A	likelihood	ratio	test	was	then	used	to	judge	whether	those	models	with	or	

without	the	interaction	term	provided	the	better	fit	to	the	data,	and	if	the	latter,	

whether	those	models	with	or	without	the	main	effects	of	dominance	rank	and	age	

class	provided	the	better	fit.	Troop	and	year	were	included	as	control	fixed	effects,	

and	were	thus	retained	in	all	models.	Focal	identity	and	focal	follow	number	were	

included	as	random	effects	in	all	models.	

	

Second,	we	asked	whether	scrounge	‘events’	were	consistently	associated	with	

asymmetries	in	social	rank	at	each	spatial	scale.	We	predicted	that	individuals	would	

consistently	scrounge	individuals	lower	ranked	than	themselves	at	the	sub-patch	

level,	but	would	scrounge	individuals	regardless	of	rank	differences	at	the	patch	level	

(i.e.,	no	relationship).	Again,	we	predicted	that	the	relationship	at	the	sub-patch	level	

would	not	hold	for	juvenile	individuals.	We	built	linear	mixed-effects	models	at	each	

spatial	scale	with	rank	difference	at	each	scrounge	event	as	the	response	variable.	



Chapter	2	–	Dominance,	scrounging,	and	resource	monopolisation	

	 37	

For	those	events	where	multiple	individuals	were	scrounged	in	a	patch	or	sub-patch,	

their	mean	rank	difference	with	the	focal	individual	was	used.	Rank	difference	was	

calculated	as	RankScrounger	-	RankScrounged,	bounded	between	-1	and	+1,	with	positive	

values	representing	a	focal	individual	scrounging	lower	ranking	individuals,	and	

negative	values	indicating	that	the	focal	individual	scrounged	higher	ranked	

individuals.	Control	fixed	effects	and	random	effects	were	included	as	above.	

	

Third,	we	built	a	generalised	linear	model	to	establish	whether	scrounge	events	at	

different	spatial	scales	were	associated	with	differences	in	the	competitive	exclusion	

experienced	by	the	scrounged	individual.	Competitive	exclusion	was	modelled	as	a	

binary	response	variable:	individuals	were	either	supplanted	from	the	resource	or	

were	not.	Spatial	scale	(‘patch’	or	‘sub-patch’)	and	age	class	(as	above)	were	included	

as	fixed	effects,	assessed	using	likelihood	ratio	tests.	Since	these	data	were	not	

available	for	patch	level	decisions	in	2012,	only	decisions	from	2013	were	used	in	

this	analysis.	We	predicted	that	scrounging	behaviour	in	adults	would	cause	

competitive	exclusion	of	the	scrounged	individual	at	the	sub-patch	but	not	the	patch	

scale,	and	that	scrounging	behaviour	in	juveniles	would	result	broadly	in	lower	levels	

of	competitive	exclusion.	

	

All	analyses	were	conducted	in	R	version	3.0.2.	using	the	lme4	package	(Bates	et	al.	

2013;	R	Core	Team	2013).	 	
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Results	

Dominance	and	producer-scrounger	decisions	at	different	spatial	scales	

At	the	patch	scale,	scrounging	behaviour	was	common	regardless	of	social	rank	(Fig.	

1a;	Table	1,	Pps),	consistent	with	our	predictions.	Although	there	was	a	weak	increase	

in	scrounging	with	social	dominance,	even	the	lowest	ranked	individuals	entered	

occupied	patches	more	than	50%	of	the	time.	In	addition,	there	was	a	general	age	

class	effect:	regardless	of	rank,	juveniles	were	approximately	15%	more	likely	than	

adults	to	scrounge	at	the	patch	scale	(Fig.	1a;	Table	1,	Pps).	

	

Figure	1.	Predicted	relationship	between	the	probability	of	scrounging	behaviour	and	

dominance	rank	at	the	(a)	patch	and	(b)	sub-patch	level.	For	both	panels,	solid	blue	and	

dashed	red	lines	represent	predictions	for	adults	and	juveniles,	respectively.	Colour-matched	

shaded	regions	are	bounded	by	upper	and	lower	95%	confidence	intervals.	
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At	the	sub-patch	scale,	the	influence	of	dominance	rank	on	scrounging	was	

dependent	on	age	class	(Fig.	1b;	Table	1,	SPps).	As	predicted,	there	was	a	strong	

positive	relationship	between	social	dominance	and	scrounging	for	adults.	The	

lowest	ranked	adults	had	<1%	probability	of	scrounging	when	entering	a	new	sub-

patch,	while	mid-ranked	and	top-ranked	adults	did	so	approximately	2.5%	and	10%	

of	the	time,	respectively.	In	contrast,	there	was	almost	no	effect	of	dominance	rank	

on	the	probability	of	scrounging	at	the	sub-patch	scale	for	juveniles.	The	

consequence	of	this	was	that	low-ranked	juveniles	scrounged	more	frequently	when	

entering	a	new	sub-patch	than	similarly	ranked	adults	did,	while	the	pattern	was	

reversed	for	high-ranked	juveniles.	

	

Social	constraints	on	scrounging	behaviour	at	different	spatial	scales	

At	the	patch	scale,	adult	individuals	scrounged	from	others	regardless	of	any	

differences	in	dominance	rank	(Table	1,	Prd).	Within	this	spread,	adults	most	

commonly	entered	patches	occupied	by	those	ranging	approximately	between	18	

rank	positions	below	and	11	rank	units	above	them	(first	and	third	quantile,	

respectively;	Fig.	2a).	In	contrast,	juveniles	generally	scrounged	from	those	higher	

ranking	than	themselves	(Fig.	2a;	Table	1,	Prd).	

	

At	the	sub-patch	scale,	adults	scrounged	almost	exclusively	from	those	to	whom	

they	were	dominant	(Table	1,	SPrd),	most	typically	by	6	to	26	rank	units	(first	and	

third	quantile,	respectively;	Fig.	2b).	In	contrast,	juveniles	scrounged	equally	from	

those	higher	and	lower	ranked	than	themselves	at	the	sub-patch	scale.	
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Figure	2.	Dominance	asymmetry	during	‘scrounge’	events	at	the	(a)	patch	and	(b)	sub-

patch	level.	Positive	values	indicate	events	where	the	focal	individual	is	dominant	to	the	

scrounged	individual,	while	negative	values	signify	the	opposite	relationship.	For	each	spatial	

scale,	Tukey	boxplots	are	shown	both	for	adult	and	juvenile	focal	individuals.	Each	box	is	

split	by	the	median	value,	and	enclosed	by	the	first	and	third	quartiles;	whiskers	extend	to	

the	most	extreme	data	point	which	is	no	greater	than	1.5	times	the	interquartile	range	from	

the	box	edge	(any	values	beyond	this	extreme	are	shown	as	outliers).	

	

Competitive	exclusion	at	different	spatial	scales	

Scrounging	caused	competitive	exclusion	at	the	sub-patch	scale	much	more	than	it	

did	at	the	patch	scale	(Table	1,	CE).	In	adults,	scrounging	at	the	patch	scale	was	

associated	with	competitive	exclusion	in	fewer	than	10%	of	cases.	This	figure	

increased	to	over	79%	at	the	sub-patch	scale.	Scrounging	by	juveniles	was	less	likely	

to	result	in	competitive	exclusion	at	both	spatial	scales	(patch:	approx.	50%;	sub-

patch:	approx.	2.5%).	 	
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Discussion	

We	provide,	to	our	knowledge,	the	first	empirical	support	for	Barta	and	Giraldeau’s	

(1998)	prediction	that	scrounging	behaviour	should	be	more	strongly	related	to	

social	rank	when	the	competitive	asymmetries	associated	with	dominance	are	

stronger.	We	show	that	changes	in	resource	monopolisability	can	mediate	this	shift	

in	competitive	asymmetry	through	changes	in	competitive	exclusion	at	different	

spatial	scales.	While	at	the	larger	patch	scale,	adults	could	scrounge	from	others	

regardless	of	their	social	rank,	scrounging	at	the	smaller	sub-patch	level	represented	

a	more	exclusive	tactic,	almost	non-existent	in	the	lowest-ranking	individuals	but	

increasing	in	probability	with	social	dominance.	When	resources	are	monopolisable,	

socially	subordinate	individuals	may	thus	be	constrained	in	their	ability	to	use	social	

information.	Since	the	size	of	a	resource	is	expected	to	influence	its	economic	

defensibility	(Grant	1993),	our	study	supports	calls	to	unify	producer-scrounger	and	

resource	defence	theory	in	order	to	better	understand	the	relationship	between	

dominance	and	socially	exploitative	behaviours	(Barta	&	Giraldeau	1998;	Dubois	et	

al.	2003;	Dubois	&	Giraldeau	2005;	Giraldeau	&	Dubois	2008).	However,	our	study	

also	highlights	two	areas	in	which	our	understanding	of	the	evolutionary	ecology	of	

animal	information	use	is	still	lacking,	requiring	both	theoretical	and	empirical	

developments.	

	

First,	we	show	an	increase	in	the	frequency	of	scrounging	at	higher	ranks	at	the	sub-

patch	scale,	where	single	individuals	could	use	their	dominance	to	exclude	

competitors.	However,	the	pattern	we	observed	was	weaker	than	that	predicted	by	

Barta	and	Giraldeau	(1998),	who	suggested	a	complete	absence	of	scrounging	in	all	
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but	the	most	dominant	individuals	when	resources	could	be	monopolised.	We	found	

that	even	middle-	and	low-ranking	adults	can	scrounge	from	others,	provided	that	

the	others	they	scrounge	from	are	even	lower	ranked	than	themselves.	The	failure	of	

the	producer-scrounger	model	to	predict	this	pattern	likely	reflects	two	of	its	

assumptions.	Specifically,	the	model	is	built	such	that	any	individual	playing	

scrounger	can	access	all	the	discoveries	of	others,	since	(1)	resources	are	assumed	to	

be	sufficiently	rare	that	all	discoveries	occur	sequentially	and	(2)	scroungers	can	

access	perfect	social	information	and	so	detect	each	discovery	(Vickery	et	al.	1991b;	

Giraldeau	&	Caraco	2000;	see	Ohtsuka	&	Toquenaga	2009	for	exception).	When	

resources	can	be	monopolised,	these	conditions	mean	that	only	the	highest-ranked	

individuals	will	benefit	from	scrounging	behaviour.	However,	in	reality	many	social	

foragers	tend	to	discover	multiple	patches	at	the	same	time	(and	this	will	likely	be	

true	for	other	resources	too).	As	such,	scrounging	individuals	will	be	unable	to	access	

all	resource	discoveries	even	if	they	have	perfect	social	information.	Furthermore,	

since	individuals	within	social	groups	are	unlikely	to	be	in	close	proximity	of	each	

other	at	all	times	(see	Krause	&	Ruxton	2002	for	a	general	review;	see	Castles	et	al.	

2014	for	characterisation	of	social	networks	in	these	study	troops),	scrounging	

individuals	are	unlikely	to	possess	perfect	social	information	regarding	all	discoveries	

occurring	at	the	group	level	(Barta	et	al.	1997;	Hirsch	2007).			

	

Under	the	conditions	of	simultaneous	discoveries	and	imperfect	access	to	social	

information,	the	most	dominant	individuals	will	be	unable	to	monopolise	all	

resource	discoveries,	regardless	of	the	economic	defensibility	of	single	resource	

patches.	Instead,	as	shown	here,	the	difference	in	rank	between	individuals	should	
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play	an	important	role	in	mediating	scrounging	behaviour.	For	instance,	if	the	

highest	ranking	animals	do	not	detect	a	particular	patch	discovery,	and/or	are	

occupied	at	another	discovery,	then	middle	and	lower	ranking	animals	have	the	

freedom	to	scrounge,	provided	that	the	producers	from	whom	they	are	scrounging	

are	lower	ranking	than	themselves.	Individuals	may	also	benefit	from	positioning	

themselves	in	space	so	as	to	maximise	such	scrounging	opportunities	(Barta	et	al.	

1997;	di	Bitetti	&	Janson	2001;	Hirsch	2007).	Our	result	that	scrounging	at	the	sub-

patch	level	still	increases	with	social	rank	likely	reflects	the	fact	that	higher	ranked	

individuals	have	more	competitors	subordinate	to	them.	The	most	dominant	

individual	should	thus	be	unconstrained	in	its	ability	to	act	upon	opportunities	to	

scrounge,	and	constraints	should	increase	down	the	dominance	hierarchy.	

Furthermore,	dominant	individuals	may	be	able	to	secure	more	central	positions	in	

the	group	which,	in	addition	to	providing	safety	from	predation,	may	maximise	their	

probability	of	detecting	the	discoveries	of	others	and	minimise	their	average	

distance	from	such	discoveries	(Barta	et	al.	1997;	King	et	al.	2009).	

	

Second,	we	show	that	the	relationship	between	social	dominance	and	scrounging	

behaviour	at	the	sub-patch	level	is	strongly	influenced	by	age	class.	In	stark	contrast	

to	adults,	juvenile	baboons	showed	no	general	relationship	between	social	

dominance	and	scrounging	at	this	spatial	scale.	Indeed,	juvenile	scrounging	

behaviour	accounted	for	almost	all	instances	where	a	subordinate	joined	a	higher-

ranking	individual.	There	are	two	likely	explanations	for	this	pattern.	Firstly,	rank	

acquisition	in	chacma	baboons	is	mediated	primarily	through	aggressive	maternal	

behaviours	that	establish	a	juvenile’s	dominance	to	competitors	subordinate	to	its	
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mother	(Cheney	1977;	Holekamp	&	Smale	1991;	Lea	et	al.	2014).	Consequently,	

social	rank	during	early	life	may	be	particularly	vulnerable	to	context-dependence,	

such	that	local	maternal	absence	may	permit	social	interactions	between	juveniles	

that	are	inconsistent	with	differences	in	their	maternal	ranks.	Secondly,	there	is	

evidence	that	juvenile	baboons,	like	the	juveniles	of	several	other	primate	species	

(Janson	1985),	are	more	frequently	tolerated	at	feeding	sites	than	adults.	The	

presence	of	co-foraging	juveniles	may	impose	only	a	minimal	direct	cost	to	adults,	

but	permitting	close	kin	access	to	resources	may	provide	inclusive	fitness	benefits.	In	

particular,	it	has	been	shown	in	chacma	baboons	that	father-offspring	relationships	

afford	juveniles	access	to	high-quality	feeding	sites	(Huchard	et	al.	2013).	Such	

tolerance	may	mean	that,	in	addition	to	better	access	to	monopolisable	resources,	

low-ranked	juveniles	may	not	be	constrained	in	their	ability	to	use	social	information	

in	the	same	way	that	similarly	ranked	adults	will	be.	The	near	complete	lack	of	

competitive	exclusion	enforced	by	juvenile	scrounging	behaviour	at	the	sub-patch	

scale	observed	in	our	study	suggests	that	tolerance	was	a	more	important	

mechanism	for	allowing	juveniles	to	scrounge	up	the	dominance	hierarchy	than	was	

the	instability	of	juvenile	rank.	

	

Our	study	demonstrates	the	way	in	which	the	monopolisability	of	resources	may	

drive	social	constraints	on	a	subordinate	individual’s	ability	to	use	scrounging	

behaviour	to	access	them.	We	also	show	that	such	constraints	may	be	relaxed	in	

juveniles,	perhaps	due	to	the	tolerance	of	dominant	individuals	towards	them	at	

feeding	sites.	However,	since	resources	generally	show	some	uncertainty	in	their	

distribution	through	space	and	time,	information	use	is	also	likely	to	play	a	key	role	
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in	resource	acquisition.	Scrounging	behaviour	is	generally	associated	with	the	use	of	

social	information,	but	our	study	illustrates	how	competitive	processes	might	

facilitate	or	constrain	an	individual’s	ability	to	benefit	from	collecting	social	

information	when	its	use	requires	scrounging	behaviour.	An	important	step	in	future	

research	will	be	to	develop	frameworks	that	consider	how	resource	distributions	

simultaneously	underpin	the	strength	and	type	of	competition	between	individuals,	

the	benefits	of	collecting	information	socially	versus	personally,	and	the	rate	at	

which	such	information	becomes	out-dated.	This	approach	will	elucidate	the	

environmental	conditions	that	should	generate	interdependencies	between	contest	

competition	and	social	information	use.	By	better	characterising	the	ways	in	which	

competition	can	modulate	relationships	between	an	individual’s	ability	to	use	

information	and	its	access	to	resources,	we	should	gain	an	improved	understanding	

of	the	evolutionary	ecology	of	both	animal	information	use	and	social	dominance.	
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Chapter	3	

	

Information	use	and	resource	competition:	

an	integrative	framework	

	

A	version	of	this	chapter	is	in	review	as	follows:	

	

Lee,	A.	E.	G.,	Ounsley,	J.	P.,	Coulson,	T.,	Rowcliffe,	J.	M.	&	Cowlishaw,	G.	In	Review.	

Information	use	and	resource	competition:	an	integrative	framework.	Proceedings	of	

the	Royal	Society	B:	Biological	Sciences.	 	
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Abstract	

Organisms	may	reduce	uncertainty	regarding	how	best	to	exploit	their	environment	

by	collecting	information	about	resource	distribution.	We	develop	a	model	to	

demonstrate	how	competition	can	facilitate	or	constrain	an	individual’s	ability	to	use	

information	when	acquiring	resources.	Since	resource	distribution	underpins	both	

selection	on	information	use	and	the	strength	and	nature	of	competition	between	

individuals,	we	demonstrate	interdependencies	between	the	two	that	should	be	

common	in	nature.	Individuals	in	our	model	can	search	for	resources	either	

personally	or	by	using	social	information.	We	explore	selection	on	social	information	

use	across	a	comprehensive	range	of	ecological	conditions,	generalising	the	

producer-scrounger	framework	to	a	wide	diversity	of	taxa	and	resources.	We	show	

that	resource	ecology	–	defined	by	scarcity,	depletion	rate,	and	monopolisability	–	

determines	patterns	of	individual	differences	in	social	information	use.	These	

differences	suggest	co-evolutionary	processes	linking	dominance	systems	and	social	

information	use,	with	implications	for	the	evolutionary	demography	of	populations.	 	
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Introduction	

Organisms	must	secure	resources	such	as	food,	mates,	and	safety	from	predation	to	

ensure	survival	and	reproduction.	Variability	in	the	spatiotemporal	distribution	of	

these	resources	means	that	individuals	face	uncertainty	regarding	how	best	to	

exploit	them.	Individuals	can	thus	acquire	resources	more	efficiently	by	collecting	

uncertainty-reducing	information	(Dall	et	al.	2005;	McNamara	&	Dall	2010).	

However,	resource	distribution	also	underpins	the	strength	and	nature	of	

competition	between	individuals	(Milinski	&	Parker	1991;	Parker	2000;	Stillman	et	al.	

2000a).	Despite	this	convergence	in	resource	distribution	as	a	selective	force,	very	

little	is	known	about	how	competition	might	facilitate	or	constrain	information	use.	

In	this	study,	we	present	a	general	model	to	predict	how	resource	competition	will	

affect	individual	information	use	across	a	comprehensive	range	of	ecological	

conditions,	generating	novel	insights	into	the	behavioural	processes	underlying	the	

evolution	of	social	systems.	

	

Information	can	be	gathered	either	personally,	by	direct	interaction	with	the	

environment,	or	socially,	by	observing	the	behaviours	of	others	(Danchin	et	al.	2004;	

Rieucau	&	Giraldeau	2011).	The	majority	of	research	into	information	use	has	

focussed	on	two	key	ways	that	the	costs	and	benefits	of	‘personal’	versus	‘social’	

information	can	differ.	First,	empirical	and	theoretical	studies	have	shown	that	if	

gathering	personal	information	involves	long	search	times,	trial-and-error	sampling,	

or	risk-taking,	collecting	social	information	can	reduce	these	costs	by	exploiting	the	

efforts	of	others	(Kendal	et	al.	2004;	Giraldeau	&	Dubois	2008;	Rendell	et	al.	2010).	

Second,	the	usefulness	of	one	type	of	information	over	the	other	will	depend	on	how	
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rapidly	each	becomes	outdated	(Boyd	&	Richerson	1985;	Kameda	&	Nakanishi	2002;	

van	Bergen	et	al.	2004).	The	resultant	cost/reliability	trade-off	between	personal	and	

social	information	suggests	that	selection	should	favour	strategies	that	balance	

adaptively	an	individual’s	reliance	on	each	source	(Kendal	et	al.	2009b;	Rieucau	&	

Giraldeau	2011).	

	

Individuals	may	nonetheless	be	constrained	in	their	ability	to	use	information	due	to	

competition	with	others	over	resources,	but	such	interactions	have	received	little	

attention.	An	individual	may	be	free	to	collect	reliable	social	information	at	a	

relatively	low	cost,	yet	its	ability	to	use	it	may	be	mediated	by	certain	phenotypic	

factors,	such	as	competitive	ability.	For	example,	if	food	patches	or	breeding	

territories	are	both	limited	and	monopolisable,	then	the	advantages	of	using	social	

information	may	be	restricted	to	socially	dominant	individuals	(e.g.,	Piper	et	al.	2000;	

Stahl	et	al.	2001;	King	et	al.	2009).	Since	social	information	has	been	variously	

implicated	as	a	regulator	of	population	growth	(Coolen	et	al.	2007),	a	benefit	of	

group	living	(Clark	&	Mangel	1984),	and	a	facilitator	of	learning	and	culture	(Laland	

2004;	Whiten	et	al.	2011),	constraints	on	its	use	may	have	important	ecological	and	

evolutionary	consequences.	

	

The	producer-scrounger	model	represents	a	useful	game	theoretical	framework	for	

exploring	the	influence	that	competition	over	resources	can	have	on	the	

evolutionary	dynamics	of	social	information	use	(Barnard	1984;	Giraldeau	&	Dubois	

2008).	The	model	considers	groups	of	individuals	searching	for	and	consuming	

discrete	resource	patches	by	using	either	personal	information	(‘producing’)	or	social	
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information	(‘scrounging’).	When	playing	‘producer’,	an	individual	searches	for	its	

own	resources;	when	playing	‘scrounger’,	it	looks	for	and	exploits	the	discoveries	of	

producers	(Vickery	et	al.	1991).	A	well-established	insight	from	producer-scrounger	

games,	relating	to	one	element	of	resource	distribution,	is	that	the	‘finder’s	share’	

should	influence	optimal	levels	of	social	information	use	within	a	group	(Barnard	&	

Sibly	1981).	When	producers	can	fully	deplete	a	discovery	before	the	arrival	of	any	

scroungers	–	at	which	point	social	information	becomes	outdated	–	there	is	no	

benefit	to	scrounging	behaviour.	In	contrast,	when	depletion	time	is	longer,	the	

finder’s	share	is	lower,	and	scrounging	becomes	more	prevalent.	Consistent	with	

this,	Giraldeau	and	Livoreil	(1998)	experimentally	demonstrated	a	positive	

relationship	between	the	finder’s	share	and	scrounging	behaviour	in	nutmeg	

mannikins	(Lonchura	punctulata).	

	

Two	further	elements	of	resource	distribution	can	readily	be	incorporated	into	

producer-scrounger	games,	but	have	received	limited	attention.	First,	almost	all	

producer-scrounger	models	assume	that	resources	are	so	hard	to	find	that	they	are	

only	discovered	singly	and	successively,	regardless	of	the	number	of	individuals	

searching	for	them	as	producers.	However,	it	is	clear	that	many	organisms	inhabit	

environments	in	which	simultaneous	resource	discoveries	are	likely.	Those	few	

studies	that	have	varied	the	difficulty	of	resource	discovery	such	that	simultaneous	

resource	discoveries	can	occur	(Beauchamp	&	Giraldeau	1996;	Ohtsuka	&	Toquenaga	

2009)	propose	that	social	information	use	should	decrease	as	finding	resources	using	

personal	information	becomes	easier.	Second,	only	one	model	(Barta	&	Giraldeau	

1998)	has	explored	the	effects	of	resource	monopolisability	on	scrounging	
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behaviour,	while	others	have	assumed	scramble-like	competition	between	a	

producer	and	any	scroungers	at	its	discovery.	Barta	&	Giraldeau	(1998)	

demonstrated	a	positive	link	between	dominance	and	scrounging	behaviour	when	

resources	were	monopolisable.	

	

No	study	to	date	has	attempted	to	combine	the	three	elements	of	resource	

distribution	outlined	above	to	better	understand	how	their	influences	on	the	

strength	and	nature	of	competition	might	interact	to	impact	individual	information	

use.	Such	an	approach	should	be	of	general	interest	given	the	range	of	ecological	

conditions	that	different	taxa	experience	when	exploiting	resources	in	nature.	Here,	

we	expand	the	producer-scrounger	game	to	develop	a	general	model	for	how	

resource	ecology	should	affect	individual	information	use	in	a	social	context.	We	

define	resource	ecology	along	three	axes	of	variation:	1)	the	‘scarcity’	of	resource	

patches,	which	quantifies	how	difficult	they	are	to	discover	using	personal	

information;	2)	the	‘depletion	rate'	of	resource	patches,	which	quantifies	how	

rapidly	social	information	becomes	outdated	following	discovery;	and	3)	the	

‘monopolisability’	of	resource	patches,	which	quantifies	the	degree	to	which	

competitors	can	exclude	one	another	based	on	differences	in	competitive	ability	

(Parker	1974).	Within	this	framework,	the	classic	producer-scrounger	game	is	

represented	by	a	specific	subset	of	the	environmental	conditions	considered.	

	

Using	this	framework,	we	investigate	how	individual	decisions	to	use	personal	or	

social	information	may	be	affected	or	constrained	by	ecological	conditions	and	

individual	phenotype.	By	considering	the	interactive	effects	of	three	dimensions	of	
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resource	ecology,	we	provide	general	insights	into	how	the	relative	costs	of	not	just	

collecting,	but	also	using,	personal	versus	social	information	should	influence	

individual	information	use.	Furthermore,	we	demonstrate	that	the	individual	

benefits	of	high	competitive	ability	are	dependent	on	more	than	just	resource	

monopolisability	when	individuals	face	uncertainty	about	the	spatiotemporal	

distribution	of	resources.	As	such,	patterns	of	resource	ecology	may	have	previously	

unexpected	influences	on	the	character	of	social	systems	across	taxa.	

	

The	Model	

We	model	groups	of	N	individuals	searching	for	and	consuming	resource	patches.	

Patches	contain	F	resource	units.	Individuals	can	choose	to	search	for	patches	using	

one	of	two	mutually	exclusive	tactics:	producing	or	scrounging.	Producers	collect	and	

use	personal	information,	sampling	their	environment	asocially.	The	per	capita	

resource	discovery	rate	for	producers	is	determined	by	l	–	the	probability	of	

discovering	a	resource	in	a	single	time	step	–	which	ranges	from	0	to	1	and	

represents	‘scarcity’.	The	lower	the	value	of	l,	the	more	difficult	resources	are	to	

find.		Scroungers,	in	contrast,	collect	and	use	social	information.	They	do	not	

contribute	to	the	group’s	resource	discovery	rate,	but	exploit	patches	produced	by	

others.	The	proportion	of	the	group	producing	and	scrounging	is	denoted	by	q	and	

(1—q),	respectively.	Patches	are	fully	depleted	in	the	same	time	step	that	they	are	

discovered.	

	

The	total	number	of	patches	discovered	per	time	step	is	given	by	lqN	–	the	

probability	of	an	individual	producer	discovering	a	patch	multiplied	by	the	number	of	
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producers	in	the	group.	Simultaneous	resource	discoveries	occur	if	lqN	>	1,	but	

individual	scroungers	can	only	access	a	maximum	of	one	discovered	patch	per	time	

step.	Therefore,	when	lqN	≥	1,	l	represents	the	ratio	of	the	costs	of	collecting	social	

versus	personal	information,	since	a	scrounger	can	access	a	patch	each	time	step,	

whereas	a	producer	discovers	a	patch	only	every	1/l	time	steps.	When	lqN	<	1,	

however,	scroungers	only	access	a	patch	every	1/(lqN)	time	steps.	In	this	case,	the	

ratio	of	the	costs	of	collecting	social	versus	personal	information	will	be	1/qN,	since	

scroungers	access	each	producer’s	discovery,	while	producers	only	benefit	from	their	

own	discoveries.	Because	our	parameters	and	variables	do	not	change	across	time	

steps	for	a	given	group	composition,	all	resource	consumption	formulae	given	below	

represent	rates	(i.e.,	T	=	1).	

	

A	producer	discovering	a	patch	gains	a	finder’s	advantage	of	a	resource	units	before	

any	scroungers	arrive	(Barnard	&	Sibly	1981).	The	finder’s	share	is	thus	defined	by	

a/F,	representing	the	‘depletion	rate’	of	a	resource	patch.	The	remaining	(F—a)	

resource	units,	defined	as	A,	are	divided	between	the	producer	and	any	scroungers	

present	in	proportion	to	their	relative	competitive	weights.	An	individual’s	

competitive	weight	is	defined	as	

	

𝐶𝑊# = (1 + 𝑁 − 	𝑖)-	,	

	

where	i	denotes	an	individual’s	ranked	competitive	ability	relative	to	others	in	the	

group	(expressed	as	an	integer,	ascending	from	1	to	N;	hereafter	‘social	rank’),	and	c	

defines	the	degree	to	which	patches	can	be	monopolised	(Barta	&	Giraldeau	1998).	
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The	exponent	c	represents	resource	‘monopolisability‘,	and	may	be	best	considered	

patch	size.	When	c	=	0,	an	individual	cannot	monopolise	a	patch	regardless	of	social	

rank;	CWi	is	the	same	for	all	individuals,	and	competition	at	patches	is	scramble-like.	

However,	as	c	increases,	resources	become	more	defensible	and	the	degree	to	which	

social	rank	influences	competitive	asymmetry	between	individuals	increases	

following	a	power	law.	When	c	=	100,	the	highest-ranking	individual	in	a	patch	

essentially	monopolises	A.	

	

If	lqN	≤	1,	scroungers	are	able	to	access	each	patch	discovery.	In	this	case,	the	rate	

of	resource	consumption	for	producers	and	scroungers	is	equivalent	to	that	given	in	

Barta	&	Giraldeau	(1998).	When,	in	addition	to	this,	c	=	0,	the	model	becomes	

equivalent	to	the	classical	producer-scrounger	game	(Barnard	&	Sibly	1981;	Vickery	

et	al.	1991).	The	rate	of	resource	consumption	for	the	ith-ranking	producer	with	

competitive	weight	CWi	when	lqN	≤	1	is	given	by	

	

𝐼0,# = 𝜆𝑇 𝑎 + 𝐴
𝐶𝑊#

𝐶𝑊# + 𝐶𝑊55∈7
	,	

	

where	S	is	the	set	of	social	ranks	for	all	(1—q)N	individuals	playing	scrounger,	and	

CWj	is	the	competitive	weight	of	the	jth	scrounger	in	the	set,	making	 𝐶𝑊55∈7 	the	

summed	competitive	weight	of	all	scroungers	in	the	group.	The	rate	of	resource	

consumption	for	the	ith-ranking	scrounger,	in	contrast,	is	
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𝐼7,# = 𝜆𝑇𝐴
𝐶𝑊#

𝐶𝑊8 + 𝐶𝑊55∈78∈0

	,	

	

where	P	is	the	set	of	social	ranks	for	all	𝑞𝑁	individuals	playing	producer,	making	CWk	

the	competitive	weight	of	the	kth	producer	in	the	set.	The	summation	operator	

describes	a	scrounger	accessing	the	discoveries	of	all	𝑞𝑁	producers	in	the	group.	

	

When	λqN	>	1,	scroungers	cannot	access	all	discoveries,	since	some	are	occurring	

simultaneously.	As	such,	we	assume	that	the	probability	of	a	scrounger	exploiting	a	

given	producer’s	discovery	in	each	time	step	is	determined	by	the	total	number	of	

discoveries	in	the	group	(i.e.,	λqN).	For	example,	if	four	producers	simultaneously	

discover	separate	patches	(i.e.,	λqN	=	4),	the	likelihood	of	a	scrounger	exploiting	a	

given	producer	will	be	0.25,	since	there	are	four	patches	to	choose	from.	The	

probability	of	a	scrounger	not	exploiting	a	given	producer,	in	contrast,	will	be	0.75.	

More	formally,	this	process	can	be	defined	as	a	Bernoulli	trial	with	a	1/λqN	

probability	of	‘success’.		

	

A	given	producer	is	at	risk	of	being	exploited	by	a	total	of	n	=	(1—q)N	scroungers,	

where	the	likelihood	of	each	of	these	scroungers	being	present	is	1/λqN.	The	

probability	of	a	given	producer	being	scrounged	by	a	certain	number,	l,	of	the	n	

scroungers	is	drawn	from	a	binomial	distribution:	

	

𝑛
𝑙

1
𝜆𝑞𝑁

<

1 −
1
𝜆𝑞𝑁

=><

	.	
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However,	the	identities	of	the	l	scroungers	exploiting	a	producer	will	influence	the	

cumulative	competitive	weight	of	the	individuals	within	a	patch.	We	thus	define	all	

possible	combinations	of	scroungers	that	can	occur	at	a	given	producer’s	discovery,	

and	calculate	the	probability	of	occurrence	and	cumulative	competitive	weight	for	

each	combination.	The	total	number	of	possible	combinations	of	scroungers	at	any	

given	discovery	is	given	by	

	

𝑌0 =
𝑛
𝑙

=

<AB

	.	

	

We	define	a	YP	x	n	matrix,	SP,	which	defines	the	absence	(0)	or	presence	(1)	of	each	

scrounger	for	each	combination.	The	probability	of	occurrence	for	each	of	these	

combinations	is	given	in	a	YP	x	1	matrix	,	BP,	the	elements	of	which	are	calculated	as	

follows:		

	

1
𝜆𝑞𝑁

<

1 −
1
𝜆𝑞𝑁

=><

	.	

	

To	calculate	the	cumulative	competitive	weight	of	scroungers	for	each	combination,	

we	multiplied	SP	by	an	n	x	1	matrix,	CP,	of	competitive	weights	for	each	individual	

scrounger,	to	produce	a	YP	x	1	matrix,	WP,	of	competitive	weights	summed	across	

scroungers	for	each	possible	combination	of	individual	scroungers	present.	
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As	such,	when	λqN	>	1,	the	rate	of	resource	consumption	for	the	ith-ranking	

producer	is	given	by	

	

𝐼0,# = 𝜆𝑇 𝑎 + 𝑏D,E

FG

EAH

𝐴
𝐶𝑊#

𝐶𝑊# + 𝑤D,E
	,		

	

where	bp,m	and	wp,m	represent	the	mth	elements	(i.e.,	rows)	of	the	BP	and	WP	

matrices,	respectively,	and	m	ranges	from	1	to	YP.			

	

To	calculate	the	rate	of	resource	consumption	for	a	given	scrounger,	we	must	define	

all	of	the	possible	contexts	in	which	it	can	be	when	exploiting	producers.	For	each	

context,	we	calculate	its	probability	of	occurrence	and	the	cumulative	competitive	

weight	of	individuals	present.	A	scrounger	will	always	exploit	one	producer	when	

λqN	>	1.	This	may	occur	alone	or	in	conjunction	with	a	certain	number,	(l—1),	of	the	

remaining	(n—1)	scroungers.	The	total	number	of	possible	combinations	of	other	

scroungers	occurring	alongside	a	given	focal	scrounger	is,	therefore,	given	by	

	

𝑌7 =
𝑛 − 1
𝑙 − 1

(=>H)

(<>H)AB

	.	

	

We	define	a	YS	x	(n—1)	matrix,	SS,	which	records	the	absence	(0)	or	presence	(1)	of	

the	(n—1)	remaining	scroungers	for	each	of	the	YS	possible	combinations.	The	

likelihood	of	any	individual	scrounger	exploiting	a	given	producer	is	1/λqN,	making	
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the	probability	of	a	given	scrounger	sharing	a	resource	with	a	given	combination	of	

the	remaining	scroungers	

	

1
𝜆𝑞𝑁

(<>H)

1 −
1
𝜆𝑞𝑁

(=>H)>(<>H)

	.	

	

Since	the	focal	scrounger	will	itself	only	have	a	1/λqN	chance	of	being	present	at	a	

given	producer’s	discovery,	the	probability	of	each	of	these	combinations	occurring	

at	a	given	discovery	will	be	

	

1
𝜆𝑞𝑁

(<>H)

1 −
1
𝜆𝑞𝑁

(=>H)>(<>H) 1
𝜆𝑞𝑁	,	

	

simplified	as	follows:	

	

1
𝜆𝑞𝑁

(<)

1 −
1
𝜆𝑞𝑁

(=><)

	.	

	

We	calculate	this	probability	for	each	of	the	YS	possible	combinations	to	produce	a	YS	

x	1	matrix	,	BS.	

	

The	identity	of	a	given	focal	scrounger	will	influence	the	cumulative	competitive	

weight	of	the	(n—1)	remaining	scroungers.	As	such,	we	define,	for	each	focal	

scrounger,	a	separate	(n—1)	x	1	matrix,	CSi,	of	competitive	weights	for	the	remaining	

scroungers,	where	i	is	the	rank	of	the	focal	scrounger.	The	cumulative	competitive	
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weight	of	remaining	scroungers	for	each	of	the	YS	combinations	is	calculated	for	the	

ith-ranking	scrounger	by	multiplying	the	matrices	SS	and	CSi,	to	generate	a	YS	x	1	

matrix,	WSi.	

	

When	λqN	>	1,	therefore,	the	rate	of	resource	consumption	for	the	ith-ranking	

scrounger	is	given	by	

	

𝐼7,# = 𝜆𝑇 𝑏J,E𝐴
FK

EAH

𝐶𝑊#

𝐶𝑊8 + 𝐶𝑊# + 𝑤J#,E8∈0

	,	

	

where	bs,m	and	wsi,m	represent	the	mth	elements	(i.e.,	rows)	of	the	BS	and	WSi	

matrices,	respectively,	and	m	ranges	from	1	to	YS.	The	competitive	weight	of	a	given	

producer,	CWk,	is	defined	as	above.	

	

We	analysed	the	model	–	for	fixed	values	of	N,	a/F,	λ,	and	c	–	by	allowing	individuals	

to	switch	between	the	producer	and	scrounger	tactic	in	an	attempt	to	improve	their	

relative	rate	of	resource	consumption,	or	relative	fitness.	This	was	calculated	for	the	

ith-ranking	individual	as	𝑃# = 𝐼#/ 𝐼NO
NAH /𝑁 	–	its	fitness	relative	to	the	group’s	

average.	In	this	way,	we	searched	for	Nash	equilibria:	stable	group	compositions	

where	no	individual	could	increase	its	payoff	by	switching	tactic.	We	generated	

results	numerically	for	groups	of	size	2,	4,	8,	and	16,	but	our	equations	are	applicable	

to	groups	of	any	size.		
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We	began	each	model	run	by	defining	a	group	as	a	vector	of	zeros	and	ones	of	length	

N,	where	the	value	at	position	i	represents	the	tactic	(0	=	producer;	1	=	scrounger)	of	

the	ith-ranking	individual.	Initial	group	composition	was	generated	such	that	each	

individual	had	a	50%	chance	of	starting	as	a	producer	or	scrounger.	The	group	was	

then	perturbed	by	randomly	selecting	one	individual	to	switch	tactic.	If	this	

individual’s	payoff	increased,	the	new	tactic	would	be	maintained;	otherwise	it	

would	revert	to	its	previous	tactic.	This	perturbation	was	repeated	until	a	Nash	

equilibrium	was	reached.	Model	runs	for	a	given	parameter	set	were	replicated	up	to	

10,000	times	in	order	to	account	for	multiple	Nash	equilibria.	We	thus	calculated	–	

for	each	group	and	each	individual	in	each	parameter	set	–	the	probability	of	

scrounging	based	on	average	tactics	in	the	stable	group	compositions	of	model	

replicates.	All	model	analysis	was	conducted	in	R	version	3.0.2	(R	Core	Team	2013).	

	

Results	

Increasing	the	producer’s	resource	discovery	rate	(λ)	reduced	the	relative	cost	of	

collecting	personal	information.	However,	the	impact	of	this	relationship	on	the	

decision	to	produce	or	scrounge	was	dependent	upon	resource	monopolisability.	

When	individuals	were	unable	to	monopolise	resources	(i.e.,	c	=	0),	scrounging	

became	less	common	if	patches	were	easier	to	find	(higher	λ)	(Fig.	1).	Under	these	

conditions,	there	was	no	between-individual	variation	in	scrounging	behaviour	(Fig.	

2a).	Scrounging	ultimately	disappeared	from	the	population	(i.e.,	producing	became	

fixed)	when	resources	were	sufficiently	easy	to	find	using	personal	information	that	

the	associated	costs	of	resource	sharing	were	no	longer	economical.		
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Figure	1.	The	combined	influence	of	resource	scarcity	and	monopolisability	on	levels	of	

scrounging	in	a	group.	Simultaneous	resource	discoveries	occurred	only	within	the	shaded	

region	(i.e.,	where	lqN	>	1).	Values	of	c	as	follows:	0	(black	circles);	1	(orange	triangles);	10	

(blue	crosses);	100	(green	diamonds).	Data	only	shown	for	N	=	16	and	a/F	=	0.05,	but	results	

for	other	values	were	qualitatively	similar.	

	

As	resources	became	monopolisable	(increasing	c),	the	relationship	between	the	

discovery	rate	and	the	proportion	of	scrounging	in	a	population	changed	

dramatically.	First,	when	the	discovery	rate	was	low,	such	that	no	more	than	one	

patch	was	being	discovered	per	time	step	(lqN	≤	1),	scrounging	became	less	

common	at	higher	values	of	c	(Fig.	1).	This	occurred	because	the	more	effectively	

every	discovery	could	be	monopolised	by	a	single,	top-ranked	individual	playing	

scrounger,	the	less	profitable	this	tactic	became	for	others	(Fig.	2a-d,	far-left	
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columns).	Rather,	other	individuals	would	benefit	more	from	playing	producer:	even	

though	patch	discoveries	would	be	rare,	and	would	be	largely	appropriated	by	the	

dominant	scrounger,	producers	would	at	least	secure	a	finder’s	advantage.		

	

Figure	2.	The	combined	effect	of	resource	scarcity	and	monopolisability	on	the	probability	

of	scrounging	for	individuals	of	different	social	rank.	Resource	monopolisability	for	each	

panel	as	follows:	a)	c	=	0	(black);	b)	c	=	1	(orange);	c)	c	=	10	(blue);	d)	c	=	100	(green).	Colour	

coding	corresponds	to	that	given	in	Figure	1.	Data	only	shown	for	N	=	16	and	a/F	=	0.05,	but	

results	for	other	values	were	qualitatively	similar.	Note	that	social	rank	ranges	highest	to	

lowest	from	1	to	N.	

	

Second,	under	conditions	of	strong	monopolisability	(c	≥	10),	intermediate	discovery	

rates	promoted	higher	levels	of	scrounging	despite	the	lower	relative	cost	of	
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collecting	personal	information	(Fig.	1).	This	was	because	simultaneous	resource	

discoveries	(i.e.,	lqN	>	1)	could	occur	more	easily	as	l	increased.	Simultaneous	

resource	discoveries	precluded	complete	monopolisation	by	single	individuals,	

freeing	up	resources	for	other	individuals	to	scrounge.	Due	to	the	higher	competitive	

weights	of	higher-ranking	individuals,	however,	scrounging	remained	tightly	linked	

to	social	rank	despite	more	individuals	being	able	to	utilise	the	tactic	(Fig.	2c-d).	

Finally,	scrounging	began	to	decline	once	resources	became	so	easy	to	find	that	even	

the	highest-ranked	individuals	would	benefit	more	from	producing	–	thus	gaining	a	

finder’s	advantage	–	than	from	monopolising	the	discoveries	of	others	(Fig.	1).	The	

overall	result	when	c	≥	10	was	thus	a	‘peaked’	relationship	between	resource	

discovery	rate	and	population	levels	of	scrounging.	

	

Scrounging	was	less	common	when	the	finder’s	share	was	high	(Fig.	3).	Individuals	

were	less	likely	to	scrounge	as	those	producing	benefited	from	consuming	greater	

portions	of	their	discoveries,	leaving	less	for	scroungers	to	exploit.	The	strength	of	

this	effect,	however,	was	influenced	by	both	resource	discovery	rate	and	

monopolisability.	While	at	very	small	finder’s	shares	the	levels	of	scrounging	were	

usually	lower	when	monopolisability	was	high,	the	rate	of	decline	of	scrounging	with	

increasing	finder’s	share	was	actually	slower	at	higher	levels	of	monopolisability	(Fig.	

3a-d).	This	reflects	the	fact	that	scroungers	able	to	monopolise	patches	were	more	

robust	to	the	losses	associated	with	a	higher	finder’s	share,	because	they	still	

secured	large	proportions	of	the	remaining	A	resource	units.	In	contrast,	the	general	

effect	of	a	higher	resource	discovery	rate	was	to	accelerate	the	decline	in	scrounging	
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associated	with	the	finder’s	share	(Fig.	3a-d).	When	resources	could	be	discovered	

more	easily,	individuals	benefited	from	producing	when	the	finder’s	share	was	high.		

	

Figure	3.	The	effect	of	the	finder’s	share	on	levels	of	scrounging	in	a	group	depends	on	

interactions	between	resource	scarcity	and	monopolisability.	Panels	show	data	for	

different	values	of	per	capita	resource	discovery	rate	(l)	as	follows:	a)	0.01;	b)	0.3;	c)	0.5;	d)	

0.9.	Values	of	c	as	follows:	0	(black	circles);	1	(orange	triangles);	10	(blue	crosses);	100	(green	

diamonds).	Simultaneous	resource	discoveries	occurred	only	within	the	shaded	regions	(i.e.,	

where	lqN	>	1).	Data	only	shown	for	N	=	16,	but	results	were	qualitatively	similar	for	all	

group	sizes.	
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Finally,	high	resource	monopolisability	allowed	scrounging	to	persist	at	intermediate	

values	of	the	finder’s	share	when	it	would	otherwise	disappear	from	the	population	

(Fig.	3b),	although	this	effect	persisted	only	at	progressively	smaller	values	of	the	

finder’s	share	as	discovery	rates	increased	(Figs.	3c-d).	This	was	caused	by	a	

combination	of	simultaneous	resource	discoveries	and	the	robustness	of	scrounging	

for	individuals	of	high	social	rank	described	above.	

	

The	interactive	effects	of	resource	discovery	rate	and	monopolisability	on	scrounging	

behavior	had	important	fitness	consequences.	The	exclusivity	of	scrounging	to	

individuals	of	high	rank	when	resources	were	monopolisable	but	extremely	rare	

resulted	in	a	strong	skew	in	fitness	favouring	dominant	individuals.	This	increased	in	

proportion	with	c,	and	tended	towards	a	single,	top-ranked	scrounger	with	a	very	

high	relative	fitness	(Fig.	4d,	far	left	column).	As	resources	became	easier	to	find,	

however,	this	fitness	skew	became	less	dramatic	(Fig.	4d).	This	was	primarily	due	to	

the	occurrence	of	simultaneous	resource	discoveries,	which	made	scrounging	

behaviour	and	its	benefits	more	evenly	shared	across	more	individuals	of	relatively	

high	social	rank,	and	lower-ranked	producers	less	prone	to	being	in	direct	

competition	with	the	highest-ranked	individuals.	Low-ranked	producers	also	

benefited	from	more	frequent	discoveries,	and	the	resulting	finder’s	share	benefits,	

when	the	discovery	rate	was	high.		

	

The	fact	that	a	fitness	skew	emerged	whenever	resources	were	monopolisable	and	

scrounging	persisted	meant	that	the	population	did	not	reach	an	evolutionarily	(or	

behaviourally)	stable	state	(ESS)	of	producers	and	scroungers.	This	was	in	stark	
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contrast	to	the	outcome	when	resources	could	not	be	monopolised	(c	=	0).	In	these	

cases,	there	was	no	variation	in	scrounging	propensity	between	individuals,	leading	

the	population	to	an	ESS	mix	of	producers	and	scroungers	where	all	individuals	had	

equal	fitness	irrespective	of	social	rank	or	resource	scarcity	(Fig.	4a).	

	

Figure	4.	Resource	scarcity	and	monopolisability	interact	to	determine	both	the	skew	and	

strength	of	the	fitness	benefits	of	social	rank.	Resource	monopolisability	for	each	panel	as	

follows:	a)	c	=	0	(black);	b)	c	=	1	(orange);	c)	c	=	10	(blue);	d)	c	=	100	(green).	Colour	coding	

corresponds	to	that	given	in	Figure	1.	Data	only	shown	for	N	=	16	and	a/F	=	0.05,	but	results	

for	other	values	were	qualitatively	similar.	Note	that	social	rank	ranges	highest	to	lowest	

from	1	to	N.	
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Since	scroungers	do	not	contribute	to	resource	discovery,	they	can	reduce	a	

population’s	average	individual	resource	consumption	rate,	potentially	impacting	on	

various	demographic	processes.	When	resources	were	rare	(i.e.,	low	l),	higher	

values	of	c	resulted	in	fewer	scroungers	and	therefore	greater	average	intake	rates	

(Fig.	5).	However,	as	resources	became	more	common	this	pattern	reversed:	high	

values	of	c	led	to	more	scroungers	and	thus	lower	average	intake	rates	relative	to	

when	c	was	low.	

	

Figure	5.	Resource	scarcity	and	monopolisability	affects	a	group’s	average	resource	

consumption	rate	through	their	influence	on	scrounging	behaviour.	Values	of	c	as	follows:	

0	(black	circles);	1	(orange	triangles);	10	(blue	crosses);	100	(green	diamonds).	Data	only	

shown	for	N	=	16	and	a/F	=	0.05,	but	results	for	other	values	were	qualitatively	similar.	
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Discussion	

Our	aim	was	to	explore	the	interdependencies	between	information	use	and	

competition	over	resources,	driven	by	resource	distribution	as	a	shared	selective	

force.	To	do	this,	we	investigated	how	three	key	aspects	of	resource	ecology	–	

scarcity,	depletion	rate,	and	monopolisability	–	interact	to	promote	or	constrain	the	

use	of	social	information	when	acquiring	resources	in	an	uncertain	environment.	

Further,	we	asked	how	such	influences	might	lead	to	variation	in	fitness	between	

individuals	through	differential	access	to	resources.	Our	findings	generated	two	key	

predictions.	First,	the	effects	of	resource	scarcity	on	social	information	use	should	

depend	strongly	on	resource	monopolisability.	Second,	the	potential	benefits	of	

social	dominance	should	be	closely	linked	to	social	information	use	in	uncertain	

environments,	determined	not	just	by	monopolisability,	but	all	three	aspects	of	

resource	ecology.	Below,	we	discuss	these	predictions	in	the	context	of	previous	

work	and	propose	avenues	for	future	research.	We	then	raise	an	important	

theoretical	consideration	for	the	study	of	social	information	use,	and	conclude	by	

outlining	the	potential	evolutionary	demographic	implications	of	our	research.	

	

Previous	producer-scrounger	models	have	proposed	that	individuals	should	rely	

more	on	social	information	when	the	costs	of	collecting	personal	information	are	

high,	i.e.,	scrounging	increases	as	valuable	resources	become	harder	to	find	

(Beauchamp	&	Giraldeau	1996;	Beauchamp	2008;	Ohtsuka	&	Toquenaga	2009).	

Although	this	relationship	seems	intuitive,	direct	experimental	support	is	surprisingly	

lacking	(Kendal	et	al.	2009b),	possibly	because	the	true	relationship	is	dependent	on	

the	degree	of	resource	monopolisability.	Thus,	our	results	confirmed	this	pattern	
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when	resources	were	not	monopolisable,	but	predicted	a	‘peaked’	relationship	when	

resource	were	monopolisable,	where	social	information	use	(scrounging)	only	

increases	initially	but	then	declines	again	as	resources	become	progressively	scarcer.	

Data	from	Koops	&	Giraldeau	(1996)	provides	circumstantial	evidence	supporting	

this	explanation.	These	authors	found	that	scrounging	declined	in	European	starlings	

(Sturnus	vulgaris)	when	novel	food	patches	were	more	scarce,	contrary	to	

conventional	wisdom	but	consistent	with	the	downturn	our	model	predicts	at	higher	

levels	of	resource	scarcity	and	monopolisability.	Crucially,	starling	social	groups	

exhibit	a	dominance	structure	(Summers	et	al.	1986),	and	Koops	&	Giraldeau	(1996)	

reported	that	scroungers	in	their	study	were	primarily	socially	dominant	starlings	

with	a	competitive	advantage	at	resource	patches.	Our	findings	thus	suggest	that	

resource	scarcity,	depletion	rate,	and	monopolisability	should	be	considered	in	

unison	when	making	predictions	about	how	selection	should	act	on	social	

information	use	in	a	given	species.	

	

Most	research	into	information	use	has	focussed	on	how	individuals	optimise	their	

reliance	on	social	versus	personal	information	based	on	trade-offs	between	their	

collection	costs	and	reliabilities	(Laland	2004;	Kendal	et	al.	2009b),	and	their	

negatively	frequency-dependent	payoffs	(Vickery	et	al.	1991).	Very	little	attention	

has	been	given	to	the	constraints	that	competition	imposes	on	an	individual’s	liberty	

to	use	social	information	to	access	resources.	Our	findings	are	consistent	with	the	

only	previous	study	to	explore	the	relationship	between	social	information	use	and	

competitive	ability	(Barta	&	Giraldeau	1998):	when	resources	are	monopolisable,	

social	information	use	may	become	exclusive	to	dominant	individuals,	leading	to	a	
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positive	relationship	between	social	rank	and	resource	acquisition	rate.	However,	

our	model	further	demonstrates	that	resource	scarcity	is	critical	in	determining	the	

degree	of	this	exclusivity.	Specifically,	it	is	only	under	conditions	of	sequential	

resource	discovery	that	a	single	individual	can	make	exclusive	use	of	social	

information;	when	resources	are	discovered	simultaneously	social	information	may	

be	exploited	by	successively	lower-ranked	individuals.	

	

Despite	the	clear	influence	that	social	dominance	may	play	in	constraining	

information	use,	we	know	of	no	studies	exploring	how	social	information	use	varies	

in	response	to	systematic	manipulation	of	resource	monopolisability	in	taxa	

exhibiting	dominance	hierarchies.	Liker	and	Barta	(2002)	showed	that	dominant	

house	sparrows	(Passer	domesticus)	scrounged	more	than	subordinates	when	

searching	for	spatially	clumped	seeds,	but	did	not	investigate	conditions	where	

resources	could	not	be	monopolised.	A	number	of	other	experimental	producer-

scrounger	studies	in	birds	and	primates	have	reported	either	a	positive	relationship	

or	no	relationship	between	social	rank	and	scrounging	(di	Bitetti	&	Janson	2001;	

Stahl	et	al.	2001;	Beauchamp	2006).	Consistent	with	our	findings,	observational	

studies	in	chacma	baboons	have	shown	that	dominance-linked	scrounging	increases	

when	food	patches	are	monopolisable	(King	et	al.	2009;	Marshall	et	al.	2012a).	Our	

model	suggests	that	predictions	(and	associated	experimental	designs)	regarding	the	

relationship	between	social	dominance	and	information	use	for	a	given	taxon	should	

be	guided	by	an	appreciation	of	resource	scarcity,	depletion	rate,	and	

monopolisability.	Further	empirical	work	is	needed	to	experimentally	test	the	

predictions	that	resource	monopolisability	constrains	an	individual’s	use	of	social	
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information	according	to	dominance,	leading	to	differential	access	to	resources,	and	

that	the	patterns	of	these	constraints	is	dependent	on	resource	scarcity.	

	

The	fact	that	resource	monopolisability	influences	the	benefits	of	dominance	is	well	

established	(Parker	1974;	Vehrencamp	1983;	Vahl	et	al.	2005).	However,	since	there	

is	expected	to	be	uncertainty	associated	with	the	spatiotemporal	distribution	of	

most	resources,	our	model	highlights	a	crucial	role	for	social	information	use	in	

capturing	the	benefits	of	dominance.	As	such,	selection	pressures	on	dominance	will	

depend	on	multidimensional	aspects	of	resource	ecology	(e.g.,	scarcity,	depletion	

rate,	and	monopolisability)	that	influence	both	the	benefits	of	social	information	use	

and	competition	between	individuals.	This	does	not	mean	that	we	predict	the	

ecology	of	any	single	resource	to	lead	to	any	particular	information	use	phenotype	

or	social	system,	since	organisms	must	exploit	many	different	resources	to	survive	

and	reproduce.	Overall	selection	on	these	phenotypes	and	systems	will	be	driven	by	

the	combined	pressures	of	multiple	resources’	ecologies	through	space	and	time	

(Botero	et	al.	2015).	

	

Our	findings	also	highlight	an	important	theoretical	issue	that	requires	development	

if	we	are	to	fully	understand	the	evolutionary	ecology	of	social	information	use.	We	

only	consider	the	acquisition	of	ephemeral	resources	that	are	fully	depleted	upon	

discovery.	Like	most	previous	theory,	we	thus	assume	that	any	information	

generated	by	the	discovery	of	a	resource	becomes	useless	upon	its	depletion.	Yet	it	

is	clear	that	many	organisms	exploit	resources	that	exhibit	at	least	some	

spatiotemporal	predictability,	such	that	previous	experience,	or	prior	information,	
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can	be	used	to	inform	future	decisions	(Kendal	et	al.	2004;	Valone	2006;	Marshall	et	

al.	2013;	Amaya-Márquez	et	al.	2014).	When	information	is	reusable	or	generalisable	

in	this	way,	the	relationship	between	social	information	use	and	competition	over	

resources	may	change	dramatically.	Specifically,	social	information	use	may	be	

decoupled	from	the	context	in	which	it	was	collected	in	a	way	that	would	not	be	

possible	with	unpredictable,	ephemeral	resources	(where	information	must	be	used	

as	soon	as	it	is	collected).	For	example,	an	individual	may	be	able	to	collect	social	

information	in	a	highly	competitive	situation	and	then	use	it	in	a	less	competitive	

one.	In	this	way,	competitive	constraints	on	social	information	use	may	be	relaxed	or	

altered.	Since	the	fitness	benefits	of	information	use	are	generally	expected	to	be	

associated	with	improvements	in	resource	exploitation,	research	is	needed	to	more	

formally	define	the	links	between	information	acquisition	and	resource	acquisition,	

and	to	explore	how	these	links	can	vary.	

	

Our	model	may	have	important	evolutionary	demographic	implications.	Coolen	et	al.	

(2007)	showed	that	social	information	use	can	regulate	population	dynamics.	They	

argued	that,	because	individuals	forgoing	personal	information	in	favour	of	social	

information	(i.e.,	scroungers)	do	not	contribute	to	per	capita	food	discovery	rates,	

higher	levels	of	scrounging	could	reduce	average	population	birth	rates	(Coolen	et	al.	

2007).	Our	results	thus	suggest	that	demographic	rates	may	differ	for	different	

systems	of	social	dominance	–	ranging	from	egalitarian	to	despotic	–	driven	by	

differences	in	levels	of	scrounging	behaviour	within	groups,	in	turn	driven	by	

differences	in	resource	ecology.	For	example,	when	simultaneous	resource	

discoveries	occur,	we	predict	scrounging	to	be	more	prevalent	if	resources	are	
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monopolisable,	resulting	in	lower	average	resource	consumption	rates.	We	predict	

the	opposite	pattern	when	resources	are	discovered	sequentially.	It	is	widely	

accepted	that	population-level	processes	such	as	density-dependence	and	trait-

mediated	interference	are	often	driven	by	underlying	behavioural	mechanisms	

(Stillman	et	al.	2000b;	Sutherland	&	Norris	2002;	Bolnick	et	al.	2011).	Better	

understanding	of	the	relationships	between	resource	ecology,	information	use,	

social	dominance,	and	fitness	should	thus	strengthen	our	understanding	of	the	

differences	in	population	dynamics	across	environments	and	taxa,	and	improve	our	

ability	to	predict	population	responses	to	environmental	change.	
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Chapter	4	

	

Social	constraints	on	social	information	use	depend	on	

resource	distribution	

	

A	version	of	this	chapter	will	be	submitted	to	Proceedings	of	the	Royal	Society	B:	

Biological	Sciences,	as	follows:	

	

Lee	A.	E.	G,	Baniel,	A.,	Rowcliffe,	J.	M.	&	Cowlishaw,	G.	Social	constraints	on	social	

information	use	depend	on	resource	distribution.		 	
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Abstract	

Animals	are	expected	to	collect	and	use	social	information	in	favour	of	personal	

information	when	the	former	facilitates	more	efficient	acquisition	of	resources.	

However,	the	heterogeneous	and	uncertain	nature	of	resource	distribution	that	

promotes	social	information	use	will	also	generate	competition	between	individuals.	

Such	competition	may	act	to	constrain	or	facilitate	an	individual’s	ability	to	use	social	

information,	but	has	received	limited	attention	in	studies	of	animal	information	use.	

We	conducted	a	feeding	experiment	using	wild	chacma	baboons	(Papio	ursinus)	to	

investigate	how	an	individual’s	ability	to	access	resources	can	affect	its	ability	to	use	

social	information.	We	demonstrate	that	constraints	on	an	individual’s	ability	to	use	

social	information,	driven	by	low	social	rank,	can	have	a	strong	impact	on	its	

performance	relative	to	others.	However,	we	also	show	that	when	resources	exhibit	

some	stability	in	their	spatiotemporal	distribution,	individuals	with	low	competitive	

ability	can	decouple	their	use	of	social	information	from	the	competitive	context	in	

which	it	was	collected.	Our	experiment	stresses	the	importance	of	considering	the	

levels	of	competition	and	uncertainty	faced	by	individuals	as	distinct	but	

interdependent	processes,	underpinned	by	the	spatiotemporal	distribution	of	

resources.	Taking	this	approach	will	allow	us	to	understand	both	the	causes	and	

consequences	of	individual	constraints	on	social	information	use.	
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Introduction	

Organisms	may	improve	their	decision-making	by	gathering	information	to	reduce	

uncertainty	(Dall	&	Johnstone	2002;	Dall	et	al.	2005;	Kendal	et	al.	2009a;	Schmidt	et	

al.	2010).	An	individual	can	accrue	information	by	personally	sampling	its	

environment,	or	by	collecting	information	generated	by	the	behaviour	of	others	

(Valone	&	Templeton	2002;	Danchin	et	al.	2004).	Both	empirical	and	theoretical	

studies	have	demonstrated	that	individuals	can	benefit	from	favouring	social	

information	over	personal	information	to	make	decisions	when	the	former	is	less	

risky	or	reduces	uncertainty	more	efficiently	(Kendal	et	al.	2004;	King	&	Cowlishaw	

2007;	Rendell	et	al.	2010;	Rieucau	&	Giraldeau	2011).	However,	decision-making	

may	also	be	constrained	by	competition	between	individuals	over	limited	resources.	

An	individual’s	ability	to	access	resources	may	thus	affect	its	ability	to	use	any	

collected	information	when	making	decisions.	For	example,	northern	wheatears	

(Oenanthe	oenanthe)	collect	social	information	regarding	the	breeding	success	of	

conspecifics	to	assess	territory	quality,	but	are	only	able	to	use	this	information	to	

improve	their	own	success	if	the	territory	holder	leaves	(Pärt	et	al.	2011).	While	

similar	constraints	appear	to	operate	in	common	loons	(Gavia	immer),	a	minority	of	

individuals	are	able	to	overcome	them,	freely	using	the	social	information	they	

collect	regarding	breeding	performance	by	usurping	the	territories	of	successful	

competitors	(Piper	et	al.	2000,	2006).	The	idea	that	competitive	processes	may	

modulate	an	individual’s	ability	to	use	information	has	received	little	attention,	but	

may	have	important	implications	given	the	widespread	expectation	that	individual	

information	use	will	have	far-reaching	ecological	and	evolutionary	consequences	

(Danchin	et	al.	2004;	Coolen	et	al.	2007;	McNamara	&	Dall	2010;	Schmidt	et	al.	2010;	
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Whiten	et	al.	2011).	In	this	study,	we	demonstrate	experimentally	how	individuals	

can	be	constrained	in	their	ability	to	use	social	information	due	to	their	low	social	

dominance,	and	challenge	prevailing	theoretical	frameworks	by	investigating	how	

such	constraints	might	be	strengthened	or	relaxed	depending	on	resource	

distribution.	

	

An	individual’s	ability	to	access	resources	–	such	as	food,	mates,	breeding	sites	or	

territories,	or	safety	from	predation	–	is	fundamental	to	its	ability	to	survive	and	

reproduce.	However,	social	constraints	on	access	to	resources	can	arise	when	

asymmetries	in	competitive	ability	facilitate	the	monopolisation	of	limited	resources	

by	some	individuals	at	the	expense	of	others	(Schneider	1984;	Parker	&	Sutherland	

1986;	Grant	1993;	Vahl	et	al.	2005;	Cotton	et	al.	2006).	Such	between-individual	

variation	in	access	to	resources	is	referred	to	as	contest	competition	(Nicholson	

1954;	Parker	2000),	and	is	expressed	as	social	dominance	(Bernstein	1981;	Kaufmann	

1983;	Moore	1993).	If	the	spatiotemporal	distributions	of	certain	resources	are	such	

that	both	individual	uncertainty	is	high	and	contest	competition	can	operate,	it	

follows	that	socially	dominant	individuals	may	be	able	to	suppress	the	ability	of	

competitors	to	use	information	to	access	those	resources.	

	

Only	two	theoretical	studies	have	explored	the	limiting	effect	that	social	dominance	

can	have	on	an	individual’s	ability	to	use	information	for	resource	acquisition	(Barta	

&	Giraldeau	1998;	Lee	et	al.	in	review).	Both	studies	developed	game	theoretic	

models	in	which	group-living	individuals	search	for	rare,	patchy	resources	using	one	

of	two	tactics:	‘producer’	or	‘scrounger’.	Individuals	playing	producer	search	for	
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resources	personally,	while	scroungers	exploit	producers	by	joining	them	at	their	

discoveries.	Crucially,	producers	incur	search	costs	while	actively	sampling	the	

environment,	whereas	scroungers	avoid	these	costs	by	using	the	social	information	

generated	by	producers.	The	models	demonstrated	that	when	individuals	differ	in	

their	ability	to	monopolise	resources,	scrounging	should	become	exclusive	to	

individuals	of	high	social	rank	(Barta	&	Giraldeau	1998;	Lee	et	al.	in	review).	This	is	

because	socially	dominant	individuals	monopolise	resources	through	a	combination	

of	social	information	use	and	competitive	exclusion.	Despite	these	predictions,	there	

has	been	little	attempt	to	test	empirically	for	a	relationship	between	social	

dominance	and	the	ability	to	use	social	information	that	results	in	differential	

success	in	resource	acquisition	(but	see	Stahl	et	al.	2001).		

	

The	degree	to	which	social	dominance	will	constrain	informed	decision-making	is	

also	likely	to	depend	on	the	timescale	over	which	collected	information	remains	

pertinent.	Current	theoretical	frameworks	for	studying	the	evolutionary	ecology	of	

social	information	use	in	a	competitive	context	primarily	consider	animals	searching	

for	ephemeral	resources	unpredictably	distributed	through	space	and	time	

(Giraldeau	&	Caraco	2000;	Giraldeau	&	Dubois	2008;	Afshar	&	Giraldeau	2014;	Lee	et	

al.	in	review),	originally	inspired	by	the	foraging	behaviour	of	many	flocking	

passerines	(Barnard	&	Sibly	1981;	Clark	&	Mangel	1984).	Once	discovered,	these	

resource	patches	are	continually	exploited	until	depletion	or	disappearance,	at	

which	point	any	associated	information	becomes	out-dated.	Social	information	use	is	

thus	tightly	coupled	with	social	interaction	in	this	framework:	individuals	can	only	

use	social	information	through	‘scrounging’	behaviour,	which	involves	interaction	at	
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a	resource	and	so	can	be	limited	by	social	rank	(Barta	&	Giraldeau	1998;	Lee	et	al.	in	

review).	

	

However,	it	is	clear	that	many	organisms	exploit	resources	that	exhibit	some	degree	

of	spatiotemporal	predictability	(Valone	1991;	Dall	et	al.	2005;	McNamara	et	al.	

2006).	Increased	predictability	will	allow	individuals	to	learn	by	collecting	reusable,	

or	prior,	information	to	exploit	their	environment	more	efficiently	(Dall	et	al.	2005;	

McNamara	et	al.	2006;	Valone	2006;	Marshall	et	al.	2013;	Amaya-Márquez	et	al.	

2014;	Noser	&	Byrne	2015).	When	information	remains	relevant	after	its	initial	

collection	in	this	way,	individuals	may	have	the	opportunity	to	use	it	in	a	social	

context	that	differs	from	the	one	in	which	it	was	collected.	For	instance,	a	

frugivorous	individual	may	observe	the	success	of	a	conspecific	to	locate	a	rich	

fruiting	tree,	but	could	delay	its	use	of	this	social	information	to	preferentially	feed	

from	it	in	the	future	once	it	has	re-fruited	and	is	unoccupied.	This	potential	for	social	

information	use	to	be	decoupled	from	interactions	with	the	information	generator	

likely	has	two	important	consequences.	First,	traditional	frameworks	such	as	

‘producer-scrounger’	may	be	poorly	suited	to	predicting	or	detecting	individual	

information	use	in	relatively	predictable	environments,	since	observable	behaviours	

may	actually	contradict	the	underlying	information	that	is	utilised.	Second,	socially	

subordinate	individuals	may	benefit	from	collecting	social	information	from	

dominant	competitors	if	they	are	able	to	delay	or	generalise	its	use	for	contexts	

where	competition	is	less	intense,	acting	to	reducing	the	overall	strength	of	contest	

competition.	
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We	conducted	a	social	foraging	experiment	using	a	population	of	wild	chacma	

baboons	(Papio	ursinus)	to	test	three	hypotheses	regarding	the	interplay	between	

information	use	and	access	to	resources.	First,	we	tested	the	theory	that	an	

individual’s	ability	to	use	information	should	be	dependent	on	its	ability	to	access	

resources	(i.e.,	social	dominance),	and	that	this	could	lead	to	between-individual	

differences	in	resource	acquisition	rate	(Hypothesis	1,	H1).	Second,	we	asked	

whether	the	ability	of	individuals	to	acquire	prior	information	about	their	feeding	

environment	could	decouple	social	information	use	from	‘scrounger’	interactions	

(H2).	Finally,	we	tested	the	hypothesis	that	any	such	decoupling	should	allow	

subordinate	individuals	to	benefit	from	collecting	social	information	from	dominant	

individuals	by	delaying	its	use	for	contexts	with	reduced	competition	(H3).	

	

Materials	and	Methods	

Study	Site	and	Species	

Fieldwork	was	conducted	at	Tsaobis	Nature	Park,	Namibia	(22°23’S,	15°45’E)	from	

May	to	October	2013.	We	studied	two	troops	of	wild	chacma	baboons,	hereafter	

referred	to	as	‘troop	J’	(58	individuals)	and	‘troop	L’	(62	individuals).	All	baboons	

were	individually	recognisable	and	habituated	to	the	presence	of	observers	at	close	

proximity.	

	

The	social	foraging	dynamics	of	baboons	represent	an	excellent	model	system	for	

this	study.	Baboons	forage	in	large,	stable	social	groups	in	which	linear	dominance	

hierarchies	are	clear	(Altmann	&	Altmann	1973),	and	while	foraging,	individuals	

exhibit	producer-scrounger-like	social	interactions	(King	et	al.	2009;	Marshall	et	al.	
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2012a;	Carter	et	al.	2013),	have	been	shown	to	use	social	information	(Carter	et	al.	in	

prep),	and	can	learn	socially	(Carter	et	al.	2014).	Furthermore,	their	natural	foraging	

environment	–	consisting	of	a	mixture	of	large	and	long-lived	fruiting	trees,	and	

smaller,	ephemeral	food	patches	(see	Marshall	et	al.	2012a	for	further	details)	–	is	

such	that	they	are	likely	to	have	experienced	through	their	evolutionary	history	both	

conditions	in	which	social	information	use	and	social	interaction	are	tightly	coupled	

and	conditions	in	which	they	could	be	decoupled.	The	fact	that	some	low-ranked	

individuals	may	not	be	strongly	associated	with	more	dominant	competitors	in	space	

(Castles	et	al.	2014;	Carter	et	al.	2015)	may	also	provide	opportunities	for	social	

information	to	be	used	in	less	competitive	contexts	than	that	in	which	it	was	

collected.	

	

To	estimate	individual	social	ranks,	we	used	pairwise	agonistic	interactions	occurring	

outside	of	the	experimental	arena	during	the	study	period,	analysed	using	Matman	

1.1.4	(Noldus	Information	Technology	2003).	Linearity	was	supported	for	both	

hierarchies	(Landau’s	corrected	linearity	index:	h’J	=	0.18;	h’L	=	0.15,	p	<	0.001	in	both	

cases).	To	control	for	differences	in	group	size,	all	absolute	ranks	(ranging	from	1	to	

the	group	size,	n)	were	standardised	to	between	0	(lowest	rank)	and	1	(highest	rank)	

following	1-((1-r)/(1-n)),	where	r	is	the	absolute	rank	of	an	individual.	

	

Experimental	design	

We	conducted	a	field	experiment	to	explore	the	three	hypotheses	outlined	above,	

generating	a	set	of	associated	predictions	detailed	in	this	section.	A	feeding	arena	

with	artificial	patches	was	established	in	the	home	range	of	each	study	troop	from	
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June	to	July	2013	(Appendix	1,	Fig.	S1.1).	Maize	kernels	were	used	as	bait	because	

the	study	subjects	were	familiar	with	this	food	from	previous	field	experiments	(e.g.,	

Marshall	et	al.	2013).	

	

Each	arena	comprised	48	circular	patches	(4	m	diameter),	sized	such	that	socially	

dominant	individuals	could	competitively	exclude	subordinates.	All	patches	were	

numbered,	and	their	perimeters	were	clearly	defined	with	large,	white-painted	

rocks.	They	were	arranged	in	a	diamond-shaped	lattice	to	make	constant	the	

shortest	distance	(10	m)	between	neighbouring	patches	(Fig.	1).	The	maize	kernels	

were	buried	in	the	sandy	substrate,	so	that	individuals	could	not	use	long-distance	

visual	cues	to	assess	patch	quality.	Individuals	could	thus	collect	information	about	

patch	quality	either	by	trial-and-error	sampling	(personal	information)	or	by	

observing	the	decisions	and	performance	of	conspecifics	(social	information).	This	

designed	allowed	us	to	simulate	conditions	in	which	collecting	social	information	

might	be	less	costly	than	collecting	personal	information.	

Figure	1.	Schematic	of	the	feeding	arena	design	used	in	this	feeding	experiment.	
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Within	this	basic	setup,	the	troops	were	presented	with	two	experimental	feeding	

environments	–	high	and	low	variability	in	patch	quality	–	designed	to	change	the	

spatial	distribution	of	resources	in	a	realistic	way	that	would	manipulate	the	value	of	

information	in	decision-making.	The	high	variability	environment	included	12	

patches	for	each	of	4	different	qualities	(‘1’:	empty;	‘2’:	low	[120	±	1	g;	405	±	5	

kernels];	‘3’:	medium	[277	±	1	g;	939	±	3	kernels];	‘4’:	high	[574	±	3	g;	1944	±	9	

kernels];	values	are	mass	and	count	±	standard	errors).	The	distribution	of	these	

qualities	was	randomised	each	day	to	ensure	that	individuals	could	not	accumulate	

prior	information	about	their	feeding	environment	across	experimental	trials,	

making	them	naïve	at	the	start	of	each	trial.	As	a	consequence,	individuals	employing	

trial-and-error	sampling	under	these	conditions	should	access	a	top	quality	patch	

every	one	in	four	attempts.	We	therefore	identified	those	individuals	benefitting	

from	using	social	information	as	those	who	located	the	highest	quality	patches	at	a	

rate	higher	than	25%.	However,	since	the	number	of	top	quality	patches	was	

severely	limited	relative	to	group	size,	we	predicted	that	use	of	social	information	in	

this	way	should	be	limited	to	dominant	individuals	who	could	monopolise	these	

patches.	

	

We	used	the	low	variability	environment	as	a	control	treatment	to	corroborate	both	

any	use	of	social	information	and	its	associated	benefits	detected	in	the	high	

variability	environment.	As	such,	in	the	low	variability	environment,	all	patches	were	

equivalently	provisioned	using	the	average	quantity	provided	in	the	high	variability	

environment	(232	±	1	g;	822	±	4	kernels).	This	homogeneity	meant	that	there	would	

be	relatively	little	value	in	using	information	to	make	decisions.	Further,	since	the	
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total	number	of	patches	was	not	severely	limited	relative	to	group	size,	socially	

dominant	individuals	had	little	opportunity	to	monopolise	access	to	resources.	We	

randomly	assigned	12	patches	in	each	trial	of	the	low	variability	environment	as	

nominally	‘top	quality’,	predicting	that	there	should	be	no	individual	biases	towards	

entering	these	patches	at	a	rate	above	or	below	25%.	

	

Based	on	this	overall	setup,	we	were	able	to	test	our	three	hypotheses.	Our	first	

prediction	for	hypothesis	H1	(P1.1)	was	that	using	social	information	to	access	top	

quality	resources	should	be	positively	related	to	social	rank	in	the	high	variability	

environment,	while	accessing	‘top	quality’	patches	in	the	low	variability	environment	

should	be	unrelated	to	social	information	use.	Our	second	prediction	for	H1	was	that	

feeding	success	would	increase	with	social	rank	in	the	high	variability	environment	–	

facilitated	by	social	information	use	–	but	not	in	the	low	variability	environment	

(P1.2).	

	

During	each	experimental	trial,	the	entire	troop	would	normally	enter	and	forage	in	

the	feeding	arena.	Troop	members	would	move	rapidly	between	patches	as	they	

reached	their	marginal	value,	were	displaced	by	dominant	animals,	or	relocated	to	

dominate	others	elsewhere,	such	that	patches	would	often	be	left	unoccupied	while	

they	still	contained	food.	However,	over	time,	individuals’	marginal	values	declined	

as	the	feeding	arena	depleted,	and	patches	were	re-entered	until	all	patches	were	

totally	depleted	(>60	minutes	from	the	start	of	the	trial).	Consequently,	social	

information	was	frequently	broadcast	at	patches	(i.e.,	individuals	were	observed	to	

forage	in	patches)	that	subsequently	became	unoccupied	but	were	not	yet	depleted.	
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Our	test	of	hypothesis	H2	thus	predicted	–	contrary	to	standard	assumptions	in	the	

literature	–	that	the	use	of	social	information	should	not	be	exclusively	coupled	to	

the	‘scrounger’	tactic	(P2),	meaning	that	individuals	could	use	social	information	to	

enter	unoccupied	patches	(see	below	for	details	regarding	how	we	detected	such	

social	information	use).	

	

For	hypothesis	H3,	we	predicted	that,	if	social	information	use	and	scrounger	

interactions	were	decoupled,	lower-ranked	individuals	should	collect	social	

information	about	patch	quality	and	delay	its	use	to	access	high	quality	patches	until	

they	became	unoccupied	(P3.1).	Finally,	we	predicted	that	subordinate	individuals	

should	reduce	any	deleterious	effects	of	low	rank	on	feeding	success	by	using	social	

information	in	this	way	(P3.2),	reducing	the	impact	of	contest	competition	by	

avoiding	resource	sharing	in	space	and	time.	

	

The	experimental	period	lasted	36	days,	comprising	four	alternating	9-day	blocks	of	

each	treatment.	Thus,	both	troops	experienced	two	consecutive	18-day	

experimental	blocks,	each	beginning	with	a	9-day	block	of	the	high	variability	

environment	followed	by	a	9-day	block	of	the	low	variability	environment.	All	

feeding	trials	were	carried	out	at	dawn	to	control	for	satiation	levels.	A	10-day	

training	period	was	conducted	prior	to	the	experiment	to	habituate	baboons	to	the	

arenas.	For	each	troop,	at	least	four	training	trials	were	dedicated	to	each	

experimental	treatment.		
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Data	collection	

To	record	individual	patch	entry	decisions	and	feeding	rates,	we	conducted	two-

minute	focal	follows	on	a	subset	of	adults	sampled	evenly	across	the	hierarchy	from	

each	troop.	Our	sample	comprised	36	adults	(J	troop:	14	females,	6	males;	L	troop:	

11	females;	5	males).	

	

Focal	follows	were	conducted	by	single	observers	on	foot,	using	handheld	video	

cameras	(Canon	EOS	550D	Digital	SLR)	to	film	focal	individuals	while	dictating	

behavioural	observations.	Patch	entries	were	recorded	(with	associated	patch	

quality)	when	a	focal	individual	began	searching	for	food	in	a	patch,	along	with	patch	

exits.	To	calculate	the	focal	intake	rate	during	patch	occupancies,	the	number	of	

maize	kernels	eaten	during	consecutive	10	s	intervals	was	extracted	from	the	videos.	

	

Since	we	expected	the	depletion	of	the	feeding	arena	to	affect	both	intake	rates	and	

foraging	behaviour,	each	trial	was	divided	into	four	time	periods	of	20	minutes.	Time	

period	1	(T1)	commenced	on	the	arrival	of	the	first	10	%	of	the	troop	(6	individuals	in	

both	cases)	at	the	arena.	Individuals	were	sampled	using	a	pseudorandom	process	

(i.e.,	across	days,	they	were	initially	randomly	sampled	within	each	period,	but	were	

subsequently	prioritised	if	under-sampled	for	that	period)	to	ensure	relatively	even	

coverage	through	time.	Our	total	sample	comprised	2341	focal	minutes	(minutes	per	

individual,	mean	±	s.e.:	T1:	13.0	±	0.7;	T2:	16.3	±	0.7;	T3:	16.4	±	0.7;	T4:	19.3	±	1.1).	

	

In	addition	to	focal	follows,	we	conducted	a	series	of	‘patch	focal	observations’	by	

filming	a	sample	of	patches	for	the	first	10	minutes	of	T1,	recording	each	patch	entry	
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and	exit	of	all	individuals	using	the	patch.	By	recording	the	full	history	of	patch	

occupancies	over	this	period,	these	focal	observations	allowed	us	to	determine	

whether	social	information	use	could	be	decoupled	from	the	‘scrounger’	tactic.	

Specifically,	we	were	able	to	ask	whether	the	probability	of	entry	into	an	unoccupied	

or	occupied	patch	was	dependent	on	the	amount	of	time	it	had	been	occupied	in	the	

past	(i.e.,	how	much	social	information	had	been	generated	there).	Patch	focal	

observations	were	conducted	for	93	patches	in	the	high	variability	treatment.	The	

identity	of	focal	patches	were	selected	using	a	pseudorandom	sampling	process	that	

ensured	even	coverage	across	patch	qualities.	

	

Statistical	analyses	

H1:	Dominance	rank,	social	information	use,	and	access	to	high	quality	resources	

We	first	asked	whether	dominant	individuals	used	social	information	to	monopolise	

access	to	the	highest	quality	patches	in	the	high	variability	environment	(P1.1).	At	

the	beginning	of	each	trial,	individuals	could	learn	about	their	environment	either	

using	trial-and-error	sampling	(personal	information)	or	social	information.	If	

favouring	the	former,	we	expected	individuals	to	access	the	highest	quality	patches	

(top	25%)	with	a	probability	of	0.25.	If	the	latter,	we	would	expect	individuals	to	

access	the	highest	quality	patches	more	frequently.	We	used	the	low	variability	

environment	as	a	control	treatment,	defining	nominally	‘top	quality’	patches	to	

compare	patterns	of	patch	entry	in	a	homogeneous	environment	with	the	high	

variability	environment.	Generalised	linear	mixed-effects	modelling	(GLMM)	was	

used	to	determine	the	effect	of	social	rank	on	the	probability	of	entering	a	top	

quality	patch	across	experimental	treatments.	Only	decisions	during	the	first	time	
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period	(T1)	were	included	in	this	analysis,	since	we	expected	all	individuals	to	be	

equally	motivated	to	feed	during	this	period,	whereas	satiation	levels	may	have	

differed	for	individuals	of	different	rank	in	later	time	periods	due	to	differences	in	

foraging	success.	Nevertheless,	we	repeated	the	analyses	for	the	following	two	time	

periods	(T2	and	T3)	and	the	results	were	qualitatively	equivalent,	albeit	slightly	

weaker	(see	below	for	analysis	of	decisions	during	T4).	Our	response	variable	was	a	

binary	indicator	of	patch	quality	(top	quality:	yes/no)	for	each	patch	entry	during	T1	

focal	follows,	modelled	using	a	binomial	error	structure.	We	initially	constructed	a	

global	model	that	contained	social	rank,	treatment	(high/low	variability),	and	an	

interaction	between	the	two,	as	fixed	effects.	This	model	was	based	on	our	

prediction	that	social	information	use	to	access	top	quality	patches	should	increase	

with	social	rank	in	the	high,	but	not	low,	variability	environment.	We	then	used	an	

information	theoretic	approach	to	determine	the	relative	support	for	this	global	

model	and	two	other	biologically	realistic	candidate	models.	The	first	included	only	

treatment	as	a	fixed	effect.	This	model	would	receive	support	if	all	individuals	

irrespective	of	rank	used	social	information	to	access	high	quality	patches	in	the	high	

variability	environment.	The	second	was	a	null	model	(i.e.,	no	effect	of	rank	or	

treatment).	The	following	control	variables	were	included	in	all	three	candidate	

models:	troop,	focal	ID,	focal	follow	ID,	experiment	block,	and	trial	number	within	

treatment,	block,	and	experiment.	All	control	variables	were	included	as	random	

intercepts	except	for	troop	and	block	number,	which	only	had	two	factor	levels	and	

so	were	included	as	fixed	effects	(Crawley	2002).	We	calculated	Akaike	weights	for	

each	candidate	model,	and	generated	a	95%	confidence	set	of	models	which	were	

included	in	descending	order	of	their	Akaike	weights	(i.e.,	starting	with	the	model	
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with	the	highest	weight)	until	a	cumulative	Akaike	weight	of	0.95	was	reached	

(Symonds	&	Moussalli	2011).	If	more	than	one	model	was	contained	within	this	set,	

we	employed	a	full-model	averaging	approach	(Lukacs	et	al.	2010)	to	generate	a	final	

model.	

	

Second,	we	asked	whether	any	dominance-dependent	use	of	social	information	to	

monopolise	high	quality	resources	in	T1	permitted	dominance-dependent	feeding	

success	by	analysing	how	variability	in	resource	quality	influenced	the	relationship	

between	social	rank	and	food	intake	rate	(P1.2).	Our	response	variable	was	the	total	

number	of	food	items	consumed	in	each	T1	patch	residency	by	each	focal,	modelled	

as	a	GLMM	with	a	Poisson	error	structure.	Because	this	number	is	likely	to	be	a	

function	of	time	spent	feeding,	we	included	log-transformed	patch	residency	time	as	

an	offset,	effectively	converting	our	response	variable	to	feeding	rate.	We	began	

with	a	global	model	including	the	same	main	effects	and	control	variables	as	above,	

as	well	an	additional	observation-level	random	effect	to	account	for	overdispersion	

(Harrison	2014).	Again,	we	had	two	further	candidate	models.	The	first	included	only	

rank	as	a	fixed	effect,	since	individuals	of	higher	rank	may	have	achieved	higher	

feeding	success	regardless	of	variability	in	patch	quality.	The	second	was	a	null	

model.	We	followed	the	protocol	outlined	above	to	obtain	a	final	model.	

	

H2:	Decoupling	social	foraging	interactions	from	information	use	

We	asked	whether	individuals	used	social	information	to	access	top	quality	patches	

that	were	unoccupied,	decoupling	social	information	use	from	scrounger	

interactions	(P2).	We	used	our	patch	focal	data	to	determine	whether	the	probability	
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of	entry	into	a	top	quality	patch	was	dependent	on	its	previous	occupancy	history,	

expecting	that	individuals	would	be	more	likely	to	have	acquired	social	information	

about	a	patch	the	more	it	had	been	occupied.	We	divided	the	10	minutes	of	

observation	for	each	patch	focal	into	10	s	intervals,	and	generated	our	response	

variable	as	a	binary	indicator	of	whether	or	not	a	patch	entry	occurred	during	each	

interval	at	a	given	patch.	We	built	a	global	GLMM	including	the	following	fixed	

effects:	(1)	the	proportion	of	time	since	the	start	of	the	trial	that	the	patch	had	been	

occupied;	(2)	the	absence/presence	of	an	occupant	at	the	start	of	a	10	s	interval	

(meaning	a	patch	entry	that	occurred	during	this	interval	would	be	a	‘produce’	if	

absent	and	a	‘scrounge’	if	present);	(3)	an	interaction	between	the	two.	Since	

individuals	may	not	have	been	using	the	previous	occupancy	history	of	a	patch	to	

inform	entry	decisions,	and	the	presence	of	another	occupant	in	a	patch	may	or	may	

not	systematically	affect	patch	entries,	we	also	built	a	set	of	four	other	candidate	

models	to	capture	all	presence/absence	combinations	of	the	two	main	effects	(i.e.,	

presence	of	both	with	no	interaction,	presence	of	only	one	of	the	two,	absence	of	

both).	We	controlled	for	the	effects	of	time	elapsed	since	the	start	of	the	10	min	

period	by	including	it	as	a	fixed	effect	in	all	models.	We	also	included	the	following	

two	random	intercepts:	(1)	focal	patch	ID	and	(2)	a	code	given	to	each	unique	patch	

occupancy	period.	This	latter	variable	allowed	us	to	account	for	resampling	the	same	

patch	during	extended	periods	of	continuity	in	state,	either	due	to	remaining	

unoccupied	or	remaining	occupied	by	given	individual	or	set	of	individuals.	For	

example,	long-term	monopolisation	of	a	patch	by	a	high-ranked	individual	may	have	

precluded	any	other	patch	entries,	and	this	will	have	been	sampled	repeatedly	over	

consecutive	10	s	intervals.	We	also	checked	for	more	systematic	temporal	
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autocorrelation	across	10	s	intervals,	discovering	that	the	presence	or	absence	of	a	

patch	entry	in	a	given	10	s	intervals	was	not	correlated	with	the	presence	or	absence	

of	an	entry	in	previous	time	intervals.	Finally,	we	included	a	random	slope	that	

allowed	the	effect	of	time	elapsed	on	patch	entry	to	vary	across	patches,	controlling	

for	any	effects	of	differential	rates	of	patch	depletion	on	the	likelihood	of	patch	

entry.	We	then	proceeded	using	the	information	theoretic	approach	described	

above	to	generate	a	final	model	from	our	five	candidate	models.	

	

H3:	Delayed	use	of	social	information	by	low-ranked	individuals	

We	explored	whether	low-ranked	individuals	delayed	their	use	of	social	information	

regarding	high	quality	patches	to	access	them	when	unoccupied	(P3.1),	and	asked	

whether	this	reduced	or	removed	any	relationship	between	social	dominance	and	

feeding	success	(P3.2).	To	do	this,	we	reran	the	first	two	analyses	outlined	above	(for	

P1.1	and	P1.2),	but	using	focal	data	from	the	final	time	period	(T4)	instead.	The	logic	

behind	this	decision	was	that	top	quality	patches	were	more	likely	to	be	unoccupied	

during	this	period,	since	dominant	individuals	were	more	likely	to	be	satiated	and	to	

have	left	the	feeding	arena.	To	confirm	that	top	quality	patches	still	conferred	

feeding	benefits	over	other	patch	qualities	in	T4,	we	also	asked	whether	individuals	

actually	gained	higher	feeding	rates	by	accessing	top	quality,	as	opposed	to	lower	

quality,	patches	during	T4.	

	

All	analyses	were	conducted	in	R	version	3.0.2	(R	Core	Team	2013),	with	the	use	of	

the	lme4	(Bates	et	al.	2013)	and	MuMIn	(Bartoń	2015)	packages.	
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Results	

H1:	Dominance	rank,	social	information	use,	and	access	to	high	quality	resources	

The	probability	of	entering	a	top	quality	patch	in	the	high	variability	environment	

during	the	first	time	period	(T1)	strongly	increased	with	social	rank	(Table	1,	P1.1).	

The	highest	ranked	individuals	accessed	top	quality	patches	in	approximately	80%	of	

their	patch	entries,	well	above	the	25%	success	rate	achievable	through	trial-and-

error	sampling	(Fig.	2a).	In	contrast,	the	lowest	ranked	individuals	accessed	top	

quality	patches	in	only	2%	of	their	patch	entries,	while	mid-ranked	individuals	did	so	

approximately	23%	of	the	time	(Fig.	2a).	In	the	low	variability	environment	–	in	which	

‘top	quality’	patches	were	randomly	allocated	patches	that	had	the	same	quality	as	

all	others	–	there	was	no	effect	of	social	rank	on	the	probability	of	entering	a	top	

quality	patch	(Table	1,	P1.1).	Furthermore,	the	average	rate	of	entry	into	these	

patches	for	all	ranks	was	approximately	25%	(Fig.	2a).	We	thus	found	strong	support	

for	our	prediction	(P1.1)	that	high-ranked	individuals	would	use	social	information	to	

locate	and	monopolise	top	quality	patches	in	a	high	variability	environment.	This	

monopolisation	prohibited	the	use	of	equivalent	social	information	by	lower-ranked	

individuals	during	T1,	constraining	their	access	to	top	quality	patches	to	rates	below	

that	theoretically	achievable	through	trial-and-error	sampling.	

	

The	consequence	of	the	observed	asymmetry	in	freedom	to	use	social	information	

and	access	resources	was	that	feeding	rate	during	T1	strongly	increased	with	rank	in	

the	high	variability	environment	(Table	1,	P1.2).	In	contrast,	social	rank	had	little	

effect	on	feeding	rate	in	the	low	variability	environment	(Table	1,	P1.2;	Fig.	2b),	

providing	strong	support	for	P1.2.	
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Figure	2.	Rank-related	social	information	use	and	access	to	resources	in	T1.	(a)	The	

observed	effect	of	dominance	rank	on	the	probability	of	entry	into	a	top	quality	patch	in	the	

high	(dashed	line,	red-shaded	95%	confidence	intervals)	and	low	(solid	line,	blue-shaded	95%	

confidence	intervals)	variability	experimental	feeding	environments	compared	with	that	

achievable	through	trial-and-error	sampling	(dotted	line).	(b)	Relationships	between	

dominance	rank	and	feeding	rate	in	the	high	and	low	variability	experimental	feeding	

environments.		

	

H2:	Decoupling	social	foraging	interactions	from	information	use	

There	was	a	strong	positive	effect	of	previous	patch	occupancy	on	the	probability	of	

patch	entry,	but	only	if	the	patch	was	now	unoccupied	(Table	1,	P2;	Fig.	3).	We	thus	

found	support	for	the	idea	that	social	information	use	could	be	decoupled	from	the	

competitive	context	traditionally	associated	with	scrounger	interactions	(P2),	instead	

being	used	in	a	producer-like	context	in	which	no	competitors	were	present	at	the	

resource.	In	contrast,	if	the	patch	was	still	occupied,	the	pattern	was	reversed,	such	
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that	a	patch	entry	was	less	likely	with	a	greater	history	of	patch	occupancy	(Table	1,	

P2;	Fig.	3).	

Figure	3.	Decoupling	social	information	use	from	scrounger	interactions.	The	influence	of	

patch	occupancy	history	on	the	probability	of	subsequent	entry	into	it	when	currently	

unoccupied	(solid	line,	blue-shaded	95%	confidence	intervals)	or	occupied	(dashed	line,	red-

shaded	95%	confidence	intervals).	

	

H3:	Delayed	use	of	social	information	by	low-ranked	individuals	

During	the	final	time	period	(T4),	we	found	little	support	for	any	positive	effect	of	

social	rank	on	the	probability	of	entering	a	top	quality	patch	in	the	high	variability	

environment	(Table	1,	P3.1).	Unlike	in	T1,	all	individuals	accessed	the	top	quality	

patches	more	than	would	have	been	achievable	through	trial-and-error	sampling	

(Fig.	4a).	Consistent	with	our	findings	in	T1,	there	was	still	no	effect	of	social	rank	on	
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the	probability	of	entering	a	‘top	quality’	patch	in	the	low	variability	environment	

(Table	1,	P3.1),	with	the	average	probability	remaining	approximately	25%	(Fig.	4a).	

Together,	these	findings	support	our	prediction	(P3.1)	that,	due	to	social	constraints	

on	their	ability	to	use	the	scrounger	tactic,	subordinate	individuals	delay	their	use	of	

social	information	to	access	high	quality	patches	once	they	become	vacant.	

Figure	4.	Rank-related	social	information	use	and	access	to	resources	in	T4.	(a)	The	

observed	effect	of	dominance	rank	on	the	probability	of	entry	into	a	top	quality	patch	in	the	

high	(dashed	line,	red-shaded	95%	confidence	intervals)	and	low	(solid	line,	blue-shaded	95%	

confidence	intervals)	variability	experimental	feeding	environments	compared	with	that	

achievable	through	trial-and-error	sampling	(dotted	line).	(b)	Relationships	between	

dominance	rank	and	feeding	rate	in	the	high	and	low	variability	experimental	feeding	

environments.	

	

There	was	no	clear	effect	of	social	rank	on	feeding	rate	in	T4	in	either	the	high	or	low	

variability	environments	(Table	1,	P3.2;	Fig.	4b).	This	similarity	in	feeding	rate	

between	individuals	was	not	due	to	the	effects	of	patch	depletion	on	variability	in	
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quality:	individuals	occupying	top	quality	patches	during	T4	in	the	high	variability	

environment	fed	at	nearly	double	the	rate	of	those	in	lower	quality	patches	(see	

Appendix	1,	Fig.	S1.2).	We	thus	found	support	for	our	prediction	(P3.2)	that	delayed	

use	of	social	information	by	subordinates	should	reduce	the	costs	of	lower	

competitive	ability.	

	

Discussion	

Individuals	are	expected	to	collect	and	use	social	information	in	favour	of	personal	

information	when	the	former	facilitates	more	efficient	acquisition	of	resources.	

However,	the	character	and	uncertainty	of	resource	distribution	that	promotes	

social	information	use	will	also	generate	competition	between	individuals.	The	

purpose	of	our	experiment	was	to	understand	how	such	competition	can	constrain	

an	individual’s	ability	to	use	social	information	and	its	resultant	access	to	resources.	

In	line	with	our	three	hypotheses,	we	present	three	important	findings	regarding	the	

interplay	between	social	information	use	and	resource	competition.	First,	when	

resources	are	limited	and	monopolisable,	an	individual’s	freedom	to	use	social	

information	may	be	determined	by	its	social	rank,	driven	by	competitive	

asymmetries	and	resulting	in	differential	access	to	resources.	Second,	social	

information	need	not	be	used	in	the	context	of	the	scrounger	tactic,	allowing	the	

former	to	be	decoupled	from	competitive	social	interactions.	Third,	this	decoupling	

can	allow	subordinate	individuals	to	collect	social	information	in	a	highly	competitive	

context	and	then	use	it	in	a	less	competitive	one.	Below,	we	discuss	these	findings	

with	respect	to	previous	research,	considering	the	ecological	and	evolutionary	

implications	of	individual	constraints	on	social	information	use.	
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Social	dominance	systems	have	long	been	defined	by	between-individual	differences	

in	competitive	ability	(Kaufmann	1983;	Vehrencamp	1983;	Parker	&	Sutherland	

1986).	The	general	consensus	has	been	that	the	benefits	of	social	dominance	arise	

when	the	distribution	of	resources	facilitates	their	monopolisation	by	individuals	

with	high	competitive	ability,	resulting	in	an	inequitable	share	of	resources	across	a	

group	or	population	(Ellis	1995;	Humphries	et	al.	2001;	Vahl	et	al.	2005;	Rands	et	al.	

2006;	Clutton-Brock	&	Huchard	2013).	Two	theoretical	studies	have	proposed	that,	

when	individuals	face	uncertainty	over	resource	distribution,	social	information	use	

should	play	a	crucial	role	alongside	monopolisation	in	generating	these	benefits	

(Barta	&	Giraldeau	1998;	Lee	et	al	submitted),	elucidating	some	of	the	behavioural	

processes	that	might	realistically	underpin	social	dominance.	Lee	et	al	(submitted)	

demonstrated	that	it	is	not	enough	for	resources	to	be	monopolisable	to	generate	

selection	for	social	dominance:	resources	must	also	be	relatively	scarce.	Since	

organisms	are	generally	expected	to	face	uncertainty	regarding	the	distribution	of	

scarce	resources	(Dall	et	al.	2005,	2010;	McNamara	et	al.	2006;	Trimmer	et	al.	2011;	

Mathot	et	al.	2012),	selection	will	favour	individuals	that	use	a	combination	of	social	

information	and	competitive	exclusion	to	secure	priority	of	access	to	resources	(Lee	

et	al.	in	review).	Our	experimental	study	provides	the	first	empirical	test	of,	and	

support	for,	these	theoretical	predictions,	showing	that	dominant	individuals	benefit	

from	using	social	information	to	improve	the	efficiency	with	which	they	locate	high	

quality,	monopolisable	resources.	

	

We	also	show	that	contest	competition	with	dominant	individuals	can	constrain	

subordinate	individuals	in	their	ability	to	use	social	information.	Further	to	the	
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demonstrated	negative	impact	these	constraints	exert	on	an	individual’s	relative	rate	

of	resource	acquisition,	there	are	at	least	two	important	ecological	and	evolutionary	

consequences	that	warrant	future	investigation.	First,	social	information	use	has	

variously	been	suggested	as	either	a	facilitator	(e.g.,	Clark	&	Mangel	1984)	or	a	

regulator	(e.g.,	Coolen	et	al.	2001,	2007)	of	average	resource	acquisition	rates	in	

group-living	animals	(Beauchamp	&	Giraldeau	1996),	with	predicted	impacts	on	

demographic	rates.	No	studies	to	date	have	considered	the	effect	that	individual	

differences	in	the	ability	to	use	social	information	will	have	on	such	population	level	

processes.	Second,	recent	developments	in	social	network	analysis	have	facilitated	

our	ability	to	explore	how	information	flows	between	individuals	that	are	socially	

connected	(Franz	&	Nunn	2009;	Allen	et	al.	2013;	Farine	et	al.	2015).	Our	findings	

suggest	that	attention	should	be	given	to	social	constraints	on	this	information	flow.	

In	particular,	individuals	may	be	free	to	collect	social	information,	but	may	be	

phenotypically	limited	in	their	ability	to	use	it	effectively.	This	will	affect	information	

diffusion	processes	within,	and	patterns	between,	groups.	Since	social	information	

likely	plays	an	important	role	in	a	wide	range	of	behaviours,	from	optimal	foraging,	

mate	choice,	and	space	use	under	uncertainty	(Dall	et	al.	2005;	Rieucau	&	Giraldeau	

2011),	to	the	learning	of	novel	behaviours	(Laland	2004;	Dukas	2013)	and	the	

evolution	of	culture	(Boyd	&	Richerson	1985;	Derex	et	al.	2013a),	the	consequences	

of	individual	constraints	on	its	use	should	be	far-reaching.	

	

While	our	findings	suggest	that	individual	constraints	on	social	information	use	

should	be	common	and	important	in	nature,	they	also	make	clear	that	such	

constraints	will	be	dependent	on	the	spatiotemporal	distribution	of	resources,	and	
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might	be	relaxed	if	collecting	social	information	can	optimise	the	decoupling	of	the	

highest	quality	resources	from	positive	associations	with	the	strength	of	contest	

competition.	The	prevailing	theoretical	framework	for	studying	social	information	

use	in	animals	assumes	that	individuals	search	for	ephemeral	resources	that	are	

unpredictably	distributed	and	continuously	exploited	to	depletion	following	

discovery	(Giraldeau	&	Caraco	2000).	The	consequence	of	these	assumptions	is	that	

personal	and	social	information	use	become	inextricably	linked	to	the	absence	and	

presence,	respectively,	of	social	interaction	at	a	resource.	Individuals	using	personal	

information	(‘producers’)	discover	resource	patches	alone,	generating	novel	

information	regarding	its	whereabouts	that	can	be	collected	vicariously	by	others.	

Individuals	that	use	this	social	information	(‘scroungers’)	can	only	do	so	by	accessing	

the	same	resource	discovery.	The	social	interaction	(in	this	case,	co-occurrence	at	a	

resource)	that	necessarily	follows	as	a	result	of	scrounging	represents	competition	

between	individuals,	and	can	lead	to	the	dominance-dependent	use	of	social	

information	demonstrated	in	the	first	time	period	of	our	experiment.	

	

However,	we	feel	that	this	link	between	the	scrounger	tactic	(akin	to	‘kleptoparasitic’	

or	‘joining’	behaviour;	Giraldeau	&	Beauchamp	1999;	McCormack	et	al.	2007;	

Giraldeau	&	Dubois	2008)	and	social	information	use	has	led	to	a	framework	that	can	

cause	confusion	by	oversimplifying	the	association	between	social	interaction	and	

social	information	use	in	most	natural	contexts	and	for	most	resources.	When	

individuals	exploit	resources	that	show	some	stability	in	their	spatiotemporal	

distribution	or	accessibility,	such	that	individuals	can	generate	prior	knowledge	for	

future	use	(e.g.,	Dall	et	al.	2005;	McNamara	et	al.	2006;	Valone	2006),	there	will	be	
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opportunities	to	decouple	social	information	use	from	social	interaction	(as	defined	

above).	In	our	study,	we	present	evidence	for	such	decoupling	and,	furthermore,	

demonstrate	how	it	can	allow	socially	subordinate	individuals	to	collect	social	

information	in	a	competitive	context	and	delay	its	use	for	a	less	competitive	one.	

Under	natural	conditions,	this	decoupling	may	weaken	the	constraints	on	

subordinate	individuals’	ability	to	use	social	information.	They	may	thus	use	prior	

(but	socially	acquired)	information	to	reduce	contest	competition	with	dominant	

conspecifics.	

	

Our	experiment	stresses	the	importance	of	considering	the	levels	of	competition	and	

uncertainty	faced	by	individuals	as	distinct	but	interdependent	processes,	

underpinned	by	the	spatiotemporal	distribution	of	resources.	To	our	knowledge,	

there	are	no	current	theoretical	or	conceptual	frameworks,	or	empirical	studies,	that	

systematically	employ	this	approach.	The	producer-scrounger	framework	–	which	

has	generated	a	large	body	of	empirical	research	(see	Giraldeau	&	Dubois	2008	for	

review;	David	et	al.	2011;	Kurvers	et	al.	2012)	–	explores	social	information	use	in	a	

competitive	context,	but	is	appropriate	only	for	environments	where	social	

information	use	is	directly	linked	to	social	interaction	and	has	generally	focussed	on	

acquisition	of	food	as	opposed	to	other	vital	resources.	There	has	also	been	intense	

study	over	the	past	decade	regarding	social	information	use	in	the	context	of	social	

learning,	focussing	on	the	spread	of	behavioural	innovations	through	populations	

and	its	role	in	the	evolution	of	cumulative	culture.	However,	much	of	this	research	

does	not	consider	the	distribution	of	the	resource(s)	about	which	behavioural	

innovations	or	cultural	traits	are	generally	useful,	and	thus	overlook	the	competitive	
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environment	in	which	information	diffuses	and	is	used	(e.g.,	Rendell	et	al.	2010;	

Derex	et	al.	2013a;	but	see	Derex	et	al.	2014).	We	feel	that	advancements	in	our	

understanding	of	the	evolutionary	ecology	of	information	use	across	taxa	will	thus	

be	dependent	on	better	characterisation	of	both	the	information	and	competitive	

landscapes	experienced	by	individuals.	Both	will	be	influenced	by	the	spatiotemporal	

distribution	of	resources,	while	information	landscapes	may	also	involve	search	

through	fitness	landscapes	associated	with	the	character	of	different	behavioural	

innovations	(e.g.,	Derex	et	al.	2013b).	As	demonstrated	in	our	experiment,	the	

effects	of	competition	may	constrain	individuals	in	their	use	of	social	information	

regardless	of	the	shape	of	information	landscapes.	Taking	this	approach	will	also	lead	

to	an	information-driven	framework	for	studying	competition	in	biology	more	

generally,	with	important	implications	for	our	understanding	of	eco-evolutionary	

processes	and	patterns	across	taxa.	 	
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Chapter	5	

	

The	eco-evolutionary	dynamics	of	social	dominance	

	

A	version	of	this	chapter	will	be	submitted	to	Nature,	as	follows:	

	

Lee,	A.	E.	G,	Cowlishaw,	G.,	Rowcliffe,	J.	M.	&	Coulson,	T.	The	eco-evolutionary	

dynamics	of	social	dominance.	 	
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Abstract	

There	is	growing	recognition	that	advances	in	our	understanding	of	ecology	and	

evolution	will	require	a	unified	approach	that	addresses	the	feedback	loops	that	

exist	between	the	two.	Competition	is	central	to	such	feedbacks,	which	have	been	

termed	eco-evolutionary	dynamics.	Here,	we	present	the	first	consideration	of	

contest	competition	in	an	eco-evolutionary	framework.	Contest	competition,	or	

social	dominance,	occurs	when	asymmetries	in	individual	competitive	ability	permit	

the	enforcement	of	an	unequal	resource	share	across	a	group.	We	build	a	simple	

matrix	projection	model	to	derive	reproductive	values	from	the	expected	

relationships	between	dominance	rank	and	survival,	reproduction,	inheritance,	and	

development.	We	demonstrate	that	when	rank	inheritance	is	strong,	alpha	

individuals	will	secure	near	total	contribution	to	long-term	population	growth	rate,	

even	when	the	lifetime	effects	of	dominance	on	survival	and	reproduction	are	weak.	

We	then	use	a	game	theoretic	approach	to	ask	when	subordinate	individuals	should	

benefit	from	leaving	their	parent	group	to	increase	their	dominance	in	a	smaller	

daughter	group	more	subject	to	Allee	effects.	Our	findings	suggest	that	strong	rank	

inheritance	will	lead	to	evolutionary	extinction	in	all	cases	except	when	contest	

competition	is	weak.	In	contrast,	when	rank	inheritance	is	weaker,	fissions	are	more	

likely	to	produce	daughter	groups	with	positive	growth	rate.	However,	such	

daughter	groups	may	have	lower	growth	rates	than	their	parent	group,	leading	to	

conflict	between	individual-	and	group-level	selective	forces.	We	suggest	that	such	

conflicts	may	provide	novel	insights	into	the	evolution	of	cooperative	breeding	and	

eusociality.	 	



Chapter	5	–	Eco-evolutionary	dynamics	of	dominance	

	 109	

Introduction	

One	of	the	key	challenges	of	modern	biology	is	to	understand	the	causes	and	

consequences	of	phenotypic	variation	within	populations	(Dingemanse	et	al.	2010;	

Bolnick	et	al.	2011;	Dall	et	al.	2012).	While	the	basic	rules	of	Darwinian	selection	are	

a	well-established	natural	force,	the	evolutionary	process	itself	is	complex	and	

chaotic,	simultaneously	acting	across	multiple	levels	of	biological	organisation	as	well	

as	different	spatial	and	temporal	scales	(Levin	1992;	Pigliucci	&	Muller	2010).	There	

is	a	growing	recognition	that	the	fundamental	demographic	processes	of	birth	and	

death	are	vital	components	of	the	evolutionary	process,	not	just	by	capturing	the	

strength	and	direction	of	selection,	but	by	simultaneously	driving	population	

dynamic	parameters,	such	as	growth	rate	and	density,	that	can	feed	back	to	

influence	evolutionary	responses	on	ecological	timescales	(Kokko	&	López-Sepulcre	

2007;	Metcalf	&	Pavard	2007;	Smallegange	&	Coulson	2013).	Considering	such	

feedbacks	between	evolutionary	and	ecological	change	has	been	termed	eco-

evolutionary	dynamics	(Schoener	2011),	and	despite	a	precedent	set	over	four	

decades	ago	in	the	context	of	density-dependent	selection	(MacArthur	1962;	

Roughgarden	1971),	this	approach	is	still	not	widespread	in	the	evolutionary	or	

ecological	sciences.	

	

Competition	is	fundamental	to	eco-evolutionary	dynamics,	since	the	relative	fitness	

associated	with	a	given	phenotype	will	be	determined	by	both	the	distribution	of	

phenotypes	in	a	population	and	population	size	(Kokko	&	López-Sepulcre	2007;	

Metcalf	&	Pavard	2007;	Bolnick	et	al.	2011).	For	example,	increases	in	population	

size	coupled	with	changes	in	trait	means	can	intensify	competition	over	limited	
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resources,	resulting	in	density-dependent	effects	that	alter	selective	regimes	(e.g.,	

Coulson	et	al.	2011).	Indeed,	resource	limitation	is	the	basis	of	all	competition.	

Organisms	must	secure	resources	such	as	food,	mates,	territories,	or	safety	from	

predation	in	order	to	survive	and	reproduce,	and	limits	on	these	resources	generate	

the	evolutionary	trade-offs	that	are	pervasive	across	natural	systems	(MacArthur	&	

Levins	1964).	But	the	distributions	of	these	limited	resources	through	space	and	time	

determine	the	type	of	competition	that	can	arise	between	individuals	(Milinski	&	

Parker	1991).	Specifically,	resources	may	be	distributed	such	that	individuals	must	

‘scramble’	for	them,	and	an	increase	in	competitor	density	will	increase	scramble	

competition	for	all	(Nicholson	1954;	Parker	2000).	Alternatively,	resources	may	be	

distributed	such	that	individuals	can	suppress	their	competitors’	access	to	them	

through	monopolisation.	This	is	termed	‘contest’	competition	(Nicholson	1954;	

Parker	2000).	To	date,	there	has	been	no	attempt	to	study	contest	competition	in	an	

eco-evolutionary	framework,	despite	the	fact	that	it	is	expected	to	be	a	widespread	

biological	phenomenon.	

	

Contest	competition	is	manifest	as	dominance	interactions	or	relationships,	where	

one	or	more	individuals	gain	from	enforcing	an	inequitable	share	of	resources	

among	competitors.	Such	interactions	are	taxonomically	widespread	(Kaufmann	

1983;	Weiner	1990;	Clutton-Brock	2002;	Cotton	et	al.	2006),	and	occur	across	the	full	

range	of	social	organisation,	from	competition	between	individuals	of	relatively	

solitary	species	(Kaufmann	1983;	Moore	1990;	Piper	et	al.	2000),	through	dominance	

hierarchies	in	fission-fusion	and	stable	social	groups	(Kappeler	&	van	Schaik	2002;	

Aureli	et	al.	2008;	Smith	et	al.	2008),	to	the	extreme	reproductive	skew	and	division	
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of	labour	observed	in	cooperative	breeders	(Creel	et	al.	1992;	Abbott	1993;	Clutton-

Brock	et	al.	2001;	Clutton-Brock	2002)	and	eusocial	animals	(Keller	&	Reeve	1994;	

Clarke	&	Faulkes	1997).	In	addition,	dominance	interactions	pervade	human	socio-

economic	dynamics	(Marx	1906),	and	also	occur	between	competing	species,	playing	

an	important	role	in	community	ecology	(e.g.,	Creel	&	Creel	1996).	

	

Despite	this	knowledge	of	the	competitive	processes	underpinning	dominance,	and	

its	generality	and	importance	across	natural	systems,	it	is	a	surprisingly	poorly	

understood	phenomenon.	While	ecological	studies	have	focussed	on	the	population-

level	consequences	of	contest	competition	outside	of	an	evolutionary	framework	

(Goss-Custard	&	Durell	1988;	Begon	et	al.	2006),	behavioural	ecologists	have	studied	

the	evolution	of	optimal	behavioural	strategies	underpinning	animal	contest	outside	

of	a	demographic	framework	(Parker	&	Sutherland	1986;	Barta	&	Giraldeau	1998;	

Lee	et	al.	in	review).	However,	consideration	of	dominance	in	an	eco-evolutionary	

framework	poses	some	interesting	and	unanswered	questions.	Although	the	

conditions	necessary	for	contest	competition	are	determined	by	resource	

distribution,	the	dominance	interactions	that	mediate	this	competition	are	wholly	

dependent	on	phenotypic	traits	that	confer	asymmetries	in	competitive	ability	

between	individuals	(Parker	1974,	1982;	Parker	&	Sutherland	1986).	It	follows	that	

dominance	is	an	emergent,	relational	phenomenon:	dominance	can	only	exist	

alongside	subordination	(Barrette	1993;	Moore	1993).	However,	it	also	follows	that	

dominance	must	be	an	evolutionary	phenomenon:	for	dominance	to	emerge	and	

persist,	the	traits	underpinning	high	competitive	ability	must	increase	individual	

fitness	and	have	a	heritable	component	(Moore	1993;	Moore	et	al.	2002).	Indeed,	
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the	prevalence	of	morphological,	physiological,	and	behavioural	traits	that	mediate	

asymmetric	contests	across	taxa	(Hardy	&	Briffa	2013)	provide	strong	evidence	for	

such	historic	selection	and	inheritance.	The	existence	of	social	dominance	is	thus	

inextricably	linked	to	its	fitness	benefits	at	the	expense	of	the	fitness	of	subordinate	

competitors.	This	linkage	is	echoed	by	some	optimality	models	of	asymmetric	

contests	that	have	demonstrated	a	lack	of	evolutionarily	stable	equilibria	because	

dominant	individuals	secure	consistently	higher	payoffs	than	subordinates	(e.g.,	

Barta	&	Giraldeau	1998;	Lee	et	al.	in	review).	

	

How,	then,	are	dominance	asymmetries	and	hierarchies	so	commonly	maintained	

across	generations	in	nature,	despite	positive	selection	on	the	traits	generating	high	

competitive	ability?	What	are	the	long-term	fitness	prospects	for	subordinate	

individuals	in	terms	of	relative	contribution	to	future	generations?	It	may	be	true	for	

some	taxa	that	subordinate	individuals	have	evolved	mechanisms	to	reduce	the	

fitness	costs	of	contest	competition	through	avoidance	behaviours	or	strategies	to	

increase	the	tolerance	of	dominant	competitors	(e.g.,	Smith	et	al.	2007).	

Furthermore,	some	studies	have	highlighted	potential	costs	to	dominance	(Packer	et	

al.	1995;	Frank	et	al.	2002;	Muehlenbein	&	Watts	2010),	leading	to	suggestions	that	

there	may	be	life-history	trade-offs	associated	with	high	and	low	competitive	ability.	

However,	there	is	a	host	of	taxa	for	which	lifetime	reproductive	success	increases	

with	social	rank,	yet	dominance	hierarchies	–	or	between-individual	phenotypic	

variation	in	traits	mediating	asymmetric	contests	–	persist	(Moore	1990;	Piper	&	

Wiley	1990;	van	Noordwijk	&	van	Schaik	1999;	Clutton-Brock	2002;	Piper	et	al.	2006;	

Hodge	et	al.	2008;	Hughes	et	al.	2008;	Huchard	et	al.	2014).	In	this	study,	we	present	
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a	simple	matrix	projection	model	that	explores	the	eco-evolutionary	dynamics	of	the	

relational	trait	of	dominance	rank	in	social	groups.	By	considering	not	just	how	social	

rank	affects	individual	survival	and	reproduction,	but	also	its	mode	of	inheritance	

across	generations	and	development	within	individual	lifetimes,	we	provide	novel	

insight	into	the	evolutionary	ecology	of	dominance.	Since	socially	subordinate	

individuals	may	benefit	from	leaving	their	group	to	reduce	contest	competition,	our	

approach	also	provides	interesting	predictions	regarding	the	dynamics	and	

consequences	of	individual	dispersal	and	group	stability,	viability,	and	fission.	Our	

findings	suggest	that	contest	competition	represents	an	important	and	unique	force	

in	organismal	evolution	that	has	heretofore	been	understudied.	

	

The	Model	

To	model	the	evolutionary	demography	of	social	dominance,	we	first	needed	to	

generate	functions	to	quantify	the	relationship	between	dominance	rank	and	the	

following	four	fundamental	biological	processes:	survival,	reproduction,	inheritance,	

and	development.	

	

Survival	and	reproduction	

Contest	competition	is	dependent	on	a	set	of	phenotypic	traits	that	mediate	

dominance	interactions	(i.e.,	asymmetry	in	competitive	ability).	We	thus	assume	

that,	under	conditions	that	promote	contest	competition,	there	should	be	at	least	

some	positive	relationship	between	dominance	rank	and	survival	and/or	

reproduction.	As	such,	we	defined	the	effect	of	social	dominance	on	the	probability	

of	survival	as		
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𝑃(𝑆#) =
1

1 + 𝑒>(R>S#)	,	

	

where	i	denotes	an	individual’s	rank	expressed	as	an	integer,	ranging	highest	to	

lowest	from	1	to	N	(group	size),	and	a	and	b	are	parameters	that	determine	the	

slope	and	intercept	of	the	function.	Similarly,	the	effect	of	dominance	on	the	

probability	of	reproduction	was	given	by		

	

𝑃(𝑅#) =
1

1 + 𝑒>(->U#)	.	

	

For	simplicity,	we	assumed	that	individuals	reproduce	asexually,	and	can	do	so	

immediately	following	recruitment	until	death.	

	

It	is	widely	accepted	that	social	species	evolved	to	live	gregariously	because	there	is	

some	cost	to	living	solitarily	or	in	small	groups,	such	as	increased	predation	risk	or	

reduced	ability	to	find	or	secure	food	(see	Krause	&	Ruxton	2002	for	review).	To	

account	for	these	processes	simply	and	effectively,	we	included	the	following	inverse	

density	dependence	function	(i.e.,	‘Allee	effect’,	hereafter	interchangeable	with	

‘depensation’),	impacting	all	individuals’	survival	and	reproduction	probabilities	by	a	

factor	W,	based	on	group	size,	N,	and	two	constants	f	and	g:	

	

𝑊 = 1 −
1

𝑒(VWXO)	.	
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We	explored	three	different	pairs	of	functions	for	survival	and	reproduction	–	

hereafter	referred	to	collectively	as	‘contest	regimes’	–	capturing	a	variety	of	the	

ways	that	dominance	rank	might	lead	to	between-individual	differences	in	these	vital	

rates.	These	ranged	from	(‘Type	1’)	the	severe	reproductive	skew	observed	in	many	

cooperatively	breeding	species	(Clutton-Brock	et	al.	2006;	Hodge	et	al.	2008),	

through	(‘Type	2’)	a	more	moderate	reproductive	skew	combined	with	a	stronger	

relationship	between	dominance	and	survival,	to	(‘Type	3‘)	the	steadier	decline	in	

survival	and	reproduction	with	dominance	observed	in	many	cercopithecid	and	

hominid	primates	(Pusey	et	al.	1997;	Wasser	et	al.	2004;	Robbins	et	al.	2007)	(Fig.	1).	

For	each	contest	regime,	we	also	considered	two	inverse	density	dependence	

effects:	one	in	which	it	was	costly	only	to	be	in	groups	of	very	small	size	(‘A’),	and	

another	in	which	the	costs	of	decreasing	group	size	increased	more	gradually,	

affecting	a	wider	range	of	group	sizes	(‘B’)	(Fig.	2).	

Figure	1.	The	modelled	effects	of	dominance	rank	on	survival	(solid	lines,	closed	circles)	

and	reproduction	(dashed	lines,	crosses).	Panels	a)	–	c)	show	the	three	different	contest	

regimes	explored:	‘Type	1’	(a	=	3,	b	=	0.01,	c	=	6,	d	=	3),	‘Type	2’	(a	=	2,	b	=	0.08,	c	=	3,	d	=	

0.4),	‘Type	3’	(a	=	1.1,	b	=	0.01,	c	=	-0.4,	d	=	0.02).	Note	that	a	low	number	represents	a	high	

dominance	rank,	such	that	dominance	decreases	in	each	panel	from	left	to	right.		

a	 b	 c	
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Figure	2.	Inverse	density	dependent	(Allee)	effects	on	individual	survival	and	reproduction	

probabilities.	The	weighting	factor	W	decreases	exponentially	as	groups	become	smaller	in	

size,	reducing	the	vital	rates	of	all	individuals	by	the	same	proportion.	The	solid	line	(A)	

shows	an	Allee	effects	that	penalises	only	very	small	groups	(f	=	-0.5,	g	=	0.6),	while	the	

dotted	line	(B)	shows	conditions	where	the	benefits	of	larger	group	size	increase	more	

gradually	(f	=	-0.1,	g	=	0.2).	

	

Our	survival	and	reproduction	functions	were	defined	such	that	they	were	not	

influenced	by	any	scramble	effect	due	to	the	presence	of	competitors	in	addition	to	

the	impact	of	contest	competition.	As	a	result,	an	individual’s	survival	and	

reproduction	probabilities	were	not	weakened	by	the	addition	of	subordinate	

competitors	to	its	group.	Rather,	an	individual	added	to	the	bottom	of	the	hierarchy	

would	have	the	lowest	survival	and	reproduction	probability,	decreasing	the	group’s	

average	but	not	affecting	more	dominant	individuals	directly	(Fig.	1).	Contest	

competition	thus	regulated	group	size	by	lowering	average	survival	and	reproduction	
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probabilities	at	larger	group	sizes.	For	each	contest	regime,	the	stable	group	size	

could	thus	be	calculated	as	the	value	of	N	at	which	the	summed	means	of	the	

survival	and	reproduction	functions	(weighted	by	the	inverse	density	dependent	

effect)	equal	1.	Figure	3	shows	how	deterministic	population	growth	rate	changed	

with	group	size	for	each	combination	of	survival,	reproduction,	and	inverse	density	

dependence.	

	

Figure	3.	The	combined	effect	of	inverse	density	dependence	and	rank-mediated	survival	

and	reproduction	on	average	population	growth	rate.	Panels	a)	–	c)	correspond	to	the	

‘Type	1’,	‘Type	2’,	and	‘Type	3’	contest	regimes	shown	in	Fig.	1,	respectively.	Solid	curves	

with	closed	circles	and	dotted	curves	with	crosses	correspond	to	the	Allee	effects	‘A’	and	‘B’,	

respectively.	Vertical	dashed	lines	show	the	stable	group	size	at	asymptotic	growth	rate	for	

each	combination.	Note	that	these	curves	were	unaffected	by	the	shape	of	the	inheritance	

function.	

	

Inheritance	

Because	traits	can	only	be	subject	to	the	evolutionary	process	if	they	show	some	

degree	of	heritability,	and	social	dominance	is	such	a	general	phenomenon	in	nature,	
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we	assumed	that	dominance	status	was	inherited	from	parent	to	offspring.	This	

approach	is	supported	by	findings	from	a	wide	range	of	taxa	demonstrating	the	

heritability	of	traits	relating	to	asymmetric	contests	that	predict	social	dominance	

status	combined	with	a	maintenance	of	individual	variation	in	competitive	ability	

across	generations	(Moore	1990;	Piper	&	Wiley	1990;	Holekamp	&	Smale	1991;	van	

Noordwijk	&	van	Schaik	1999;	Clutton-Brock	2002;	Piper	et	al.	2006;	Hodge	et	al.	

2008;	Hughes	et	al.	2008;	Cunningham	et	al.	2013;	Huchard	et	al.	2014).	We	

assumed	that	in	each	generation	individuals	adopted	an	exclusive	rank	position	in	

the	dominance	hierarchy.	Within	these	constraints,	we	modelled	rank	inheritance	in	

the	following	two	ways	to	capture	some	of	the	diversity	documented	in	nature.	

	

First,	inheritance	of	a	rank	position	one	below	the	parent	individual.	This	‘maternal’	

rank	inheritance	mechanism	is	observed	in,	for	example,	spotted	hyaenas	(Crocuta	

crocuta)	and	many	social	cercopithid	primates	(Holekamp	&	Smale	1991;	Engh	et	al.	

2000).	Second,	we	modelled	rank	inheritance	as	that	of	parental	rank	relative	only	to	

those	within	the	same	birth	‘cohort’.	Thus,	offspring	A,	B,	and	C	would	be	ranked	

relative	to	each	other	in	a	way	that	corresponded	with	the	relative	ranks	of	their	

parents,	but	all	three	would	still	rank	below	the	parental	cohort.	This	broadly	

captured	the	process	of	age-structured	maternal	rank	inheritance	observed	in	

mouflon	sheep	(Ovis	gmelini)	(Guilhem	et	al.	2002)	and	equids	(Houpt	et	al.	1978;	

Araba	&	Crowell-Davis	1994;	Weeks	et	al.	2000),	and	the	reproductive	queuing	that	

is	characteristic	of	cooperative	breeders	and	primitively	eusocial	insects	(Cant	&	

Field	2005;	Cant	et	al.	2006;	Clutton-Brock	2009).	In	meerkats	(Suricata	suricatta)	for	

example,	older	females	tend	to	acquire	the	dominant	position	when	a	vacancy	
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arises,	but	if	competitors	are	age-matched,	then	the	heaviest	generally	secures	

dominance	tenure	(Hodge	et	al.	2008).	Some	additive	genetic	variation	has	been	

detected	for	adult	body	weight,	and	the	offspring	of	dominant	females	are	generally	

heaviest	(Huchard	et	al.	2014).	

	

A	positive	correlation	has	been	observed	between	parental	dominance	and	offspring	

dominance	at	adulthood	in	many	mammals,	birds,	and	insects	(Clutton-Brock	et	al.	

1984;	Black	&	Owen	1987;	Moore	1990;	Nol	et	al.	1996;	Poisbleau	et	al.	2009;	

Cunningham	et	al.	2013).	Since	individuals	in	our	model	were	able	to	reproduce	

immediately	following	recruitment	and	did	not	undergo	senescence,	our	two	

inheritance	mechanisms	can	thus	be	viewed	more	generally	as	the	two	extreme	ends	

of	life-histories	in	which	there	is	either	frequent	or	no	overlap	between	generations	

in	the	adult	reproductive	stage	(i.e.,	‘maternal’	or	‘cohort’	dominance	inheritance	

systems,	respectively).	

	

Development	

The	trajectory,	or	development,	of	an	individual’s	rank	through	its	lifetime	was	

dependent	on	the	birth	and	death	of	individuals	dominant	to	it,	acting	either	to	push	

this	individual	down	or	up	the	hierarchy,	respectively.	Since	individuals	of	some	

species	with	social	dominance	hierarchies	are	known	to	challenge	competitors	in	an	

attempt	to	increase	their	rank	(e.g.,	Hodge	et	al.	2008),	we	also	explored	conditions	

where	this	was	possible	by	allowing	individuals	a	5%	chance	of	moving	up	a	single	

rank	each	time	step.	Modelling	with	and	without	this	5%	probability	produced	near	

equivalent	results,	so	we	only	present	data	from	the	latter	conditions	here.	
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Simulation	

Probability	density	functions	were	generated	to	quantify	transitional	probabilities	for	

inheritance	and	development	across	generations.	For	inheritance,	this	quantified	the	

probability	of	different	offspring	ranks	given	a	specific	parental	rank.	For	

development,	this	quantified	an	individual’s	probability	of	securing	different	ranks	in	

generation	t+1	given	its	rank	in	generation	t.	Since	these	probability	density	

functions	could	not	be	defined	analytically,	they	were	approximated	using	a	simple	

individual-based	simulation	following	the	rules	for	survival,	reproduction,	

inheritance,	development,	and	depensation	outlined	above.	Simulations	for	all	

parameter	sets	(see	‘Matrix	model’	section	below	for	a	list	of	combinations)	began	at	

the	stable	group	size	(as	calculated	above,	Fig.	3),	lasted	for	100	generations,	and	

were	replicated	10,000	times	each.	

	

Matrix	model	

Survival,	reproduction,	development,	and	inheritance	functions	were	generated	for	a	

total	of	twelve	different	parameter	sets,	defined	according	to	all	possible	

combinations	of	our	contest	regimes	(three	categories),	depensation	effects	(two	

categories),	and	inheritance	methods	(two	categories).	For	each	parameter	set,	we	

then	used	our	four	functions	to	build	a	matrix	projection	model,	which	uses	the	vital	

rates	associated	with	the	states	or	classes	of	individuals	to	make	population	

projections	(Merow	et	al.	2014).	Such	a	structured	demographic	approach	has	never	

before	been	applied	to	animal	behaviour	or	contest	competition	(Merow	et	al.	

2014),	but	is	particularly	valuable	in	that	it	facilitates	estimation	of	the	reproductive	
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value	–	an	asymptotic	measure	of	Darwinian	fitness	(Gardner	2015)	–	associated	

with	different	individual	states	or	classes	(see	further	details	below)	(Keyfitz	&	

Caswell	2005;	Ellner	&	Rees	2006).	

	

Each	demographic	projection	matrix	was	calculated	as	A	=	DS	+	HR,	and	indicated	

the	probabilities	of	an	individual	of	a	given	rank	contributing	an	individual	to	each	

rank	in	the	following	generation.	S	and	R	represented	diagonal	matrices	derived	

from	the	survival	and	reproduction	functions,	respectively,	describing	the	survival	

and	reproduction	probabilities	associated	with	each	rank.	D	and	H	represented	

transition	matrices	derived	from	the	development	and	inheritance	probability	

density	functions,	respectively.	Asymptotic	population	growth	rate	was	determined	

by	the	dominant	eigenvalue	of	a	given	A	matrix.	The	right	and	left	eigenvectors	

associated	with	the	dominant	eigenvalue	determined	the	stable	stage	distribution	of	

dominance	ranks	within	a	group	and	the	reproductive	values	associated	with	a	given	

rank,	respectively.	

	

Reproductive	values	derived	from	our	projection	matrices	allowed	us	to	determine	–	

based	on	a	given	set	of	conditions	for	survival,	reproduction,	inheritance,	and	

development	–	the	expected	relative	contribution	of	an	individual	of	a	given	

dominance	rank	to	long-term	population	growth	rate.	In	doing	this,	the	reproductive	

value	captured	the	long-term	fitness	potential	associated	with	each	rank,	taking	into	

account	the	probabilities	of	moving	up	and	down	the	hierarchy	for	a	given	individual	

and	its	descendants.	
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Group	size	and	fission	

The	stable	group	sizes	identified	by	our	model	reflected	the	balance	between	

depensation	effects	on	fitness	at	small	group	sizes	and	competitive	effects	at	large	

group	sizes.	While	it	is	not	always	clear	how	increasing	group	size	will	change	the	

relative	contributions	of	scramble	versus	contest	processes	to	resource	competition	

(Sutherland	&	Parker	1992;	Tregenza	et	al.	1996;	López-Sepulcre	&	Kokko	2005;	

Łomnicki	2009),	here	population	regulation	solely	reflected	the	effects	of	contest	

competition	on	low-ranked	individuals.		

	

The	impact	of	contest	competition	on	low-ranked	individuals	meant	that	they	might	

increase	their	reproductive	value	by	leaving	their	group	to	form	a	new,	smaller	

group,	in	which	their	dominance	rank	would	necessarily	be	higher.	However,	this	

potential	benefit	would	be	traded	off	against	the	depensation	costs	associated	with	

small	group	size.	We	used	a	game	theoretic	approach	to	explore	the	dynamics	of	

group	fission,	determining	whether	groups	were	likely	to	fission	prior	to	reaching	

their	stable	size.	This	approach	was	employed	because	the	processes	of	contest	and	

depensation	meant	that	the	expected	individual	fitness	benefits	associated	with	

staying	in	versus	leaving	a	group	were	dependent	on	the	decisions	of	others.	For	

example,	if	a	second-ranked	individual	leaves	its	parent	group	to	form	a	daughter	

group,	a	third-ranked	individual	will	do	better	to	stay	behind	in	the	parent	group,	

where	it	will	take-up	the	second	rank	position;	although	this	individual	could	also	

take-up	the	second	rank	position	in	the	daughter	group,	the	daughter	group	will	be	

smaller	than	the	parent	group	and	thus	more	vulnerable	to	depensation	effects.	
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To	determine	the	expected	fitness	of	individuals	of	different	ranks	in	groups	of	

different	sizes,	ranging	(for	a	given	parameter	set)	from	solitary	to	the	stable	group	

size,	we	first	estimated	the	probability	of	a	group	of	each	of	these	starting	sizes	

being	viable	(i.e.,	not	going	to	extinction).	Using	the	simulation	technique	outlined	

above,	we	calculated	the	proportion	of	1000	simulations	in	which	a	group	of	given	

starting	size	remained	viable	in	its	first	50	generations.	This	probability	of	population	

viability	was	then	used	as	a	weighting	factor,	which	we	multiplied	by	the	

reproductive	values	from	our	projection	matrix	to	estimate	the	expected	fitness	of	

an	individual	of	a	given	rank	in	a	group	of	given	size.	

	

We	then	asked,	for	the	smallest	possible	group	size	(i.e.,	N	=	2),	whether	the	

subordinate	individual	would	maximise	its	reproductive	value	by	staying	in	the	

group,	or	leaving	it	to	become	the	‘dominant’	individual	in	a	second	‘group’	of	size	1.	

If	the	latter,	it	follows	that	group	living	should	not	persist	under	the	corresponding	

conditions	of	survival,	reproduction,	inheritance,	development,	and	depensation.	If	

the	former,	we	successively	increased	group	size	to	search	for	the	smallest	possible	

group	at	which	a	‘stable	fission’	could	occur	before	reaching	the	stable	group	size.	A	

stable	fission	was	defined	as	the	generation	of	a	reduced	parent	group	and	a	new	

daughter	group	in	which	individuals	either	‘staying’	or	‘going’	could	not	increase	

their	expected	fitness	by	switching	to	the	other	tactic	(i.e.,	a	Nash	equilibrium;	

Maynard	Smith	1982).	

	

For	each	parameter	set,	we	searched	for	stable	fissions	using	the	following	

algorithm.	For	a	given	group	size,	we	determined	all	2N-1	combinations	of	possible	
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group	fissions	(including	no	fission)	in	which	all	individuals	except	for	the	top-ranked	

individual	could	either	‘stay’	or	‘go’.	Each	individual’s	expected	fitness	was	then	

calculated	for	each	combination,	based	on	its	new	group	size	and	new	dominance	

rank.	Since	forming	a	new	group	is	expected	to	be	a	risky	or	costly	activity	due	to,	for	

example,	habitat	saturation	or	quality	variability	(Koenig	et	al.	1992;	Covas	et	al.	

2004),	we	weighted	the	expected	fitness	of	a	leaving	individual	by	0.99.	This	also	

acted	to	prevent	cyclical	dynamics	in	our	game	theoretic	estimation	of	group	fission.	

We	then	collated	all	‘candidate’	fissions	where	all	leaving	individuals	were	increasing	

their	expected	fitness	compared	with	staying	in	their	current	group.	To	determine	

the	stability	of	each	candidate	fission,	we	asked	whether	any	individuals	could	

increase	their	expected	fitness	by	switching	tactic	again,	defecting	to	return	to	the	

parent	group	at	a	higher	rank.	If	no,	the	fission	was	stable.	If	yes,	fissions	could	still	

occur,	but	only	if	chains	of	tactic	switching	were	not	attracted	back	to	the	state	of	

‘no	fission’	in	which	all	individuals	eventually	defected	to	return	to	the	parent	group.	

In	cases	where	our	search	continued	above	group	sizes	of	13,	the	2N-1	combinations	

of	possible	group	fissions	became	so	numerous	that	we	employed	a	heuristic	

algorithm,	searching	only	the	group	conformations	that	were	similar	in	structure	to	

stable	fissions	at	smaller	group	sizes	for	other	parameter	sets.	

	

All	model	analysis	was	conducted	in	R	version	3.0.2	(R	Core	Team	2013).	
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Results	

Social	dominance	and	reproductive	value	

When	the	heritability	of	social	dominance	status	was	strong,	such	that	individuals	

inherited	rank	positions	directly	below	their	parent	(‘maternal’	inheritance),	the	

relationship	between	social	rank	and	reproductive	value	was	severely	skewed	

compared	with	what	might	be	expected	from	the	corresponding	survival	and	

reproduction	functions	(Fig.	4).	This	was	caused	by	the	fact	that	individuals	were	

displaced	down	the	hierarchy	during	their	lifetime	due	to	recruitment	by	others	

dominant	to	them	(Fig.	5a	and	5c),	reducing	their	survival	and	reproduction	

probabilities	in	the	process.	Under	the	two	strongest	contest	regimes	(‘Type	1’	and	

‘Type	2’),	this	skew	essentially	meant	that	only	the	top-ranked	individual	contributed	

to	long-term	population	growth	rate	(Fig.	4a-b).	When	the	contest	regime	was	at	its	

weakest	(‘Type	3’),	the	skew	in	reproductive	value	was	still	strong,	but	reduced	

enough	to	allow	some	immediately	lower-ranked	individuals	to	contribute	to	long-

term	population	growth	rate	(Fig.	4c).	

	

When	rank	inheritance	was	broadly	age-related,	such	that	individuals	secured	rank	

positions	consistent	with	the	rank	of	their	parent	relative	only	to	the	parental	rank	of	

others	in	their	birth	‘cohort’,	reproductive	value	still	decreased	exponentially	with	

lower	social	rank	(Fig.	4).	However,	this	decrease	was	more	gradual	than	that	seen	

with	‘maternal’	inheritance,	because	individuals	were	no	longer	pushed	down	the	

hierarchy	within	their	lifetime	when	more	dominant	competitors	recruited	offspring.	

On	the	contrary,	an	individual’s	rank	(and	consequently	its	survival	and	reproduction	

probabilities)	could	actually	increase	during	its	lifetime,	following	the	death	of	more		
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dominant	competitors	(Fig.	5b	and	5d).	The	skew	in	reproductive	value	(albeit	

weaker)	was	maintained	by	the	fact	that	individuals	born	to	a	high-ranked	parent	

were	dominant	within	their	cohort,	and	so	the	most	likely	to	push	highest	up	the	

hierarchy	within	their	lifetime.	They	thus	contributed	more	to	long-term	population	

growth	rate	than	individuals	born	to	a	lower-ranked	parent.	As	with	‘maternal’	

inheritance,	the	skew	was	strongest	and	similar	for	the	‘Type	1’	and	‘Type	2’	contest	

regimes	(Fig.	4a-b).	Under	the	weakest	contest	regime	(‘Type	3’),	the	decline	in	

reproductive	value	with	rank	was	much	more	gradual,	such	that	all	individuals	in	a	

group	would	contribute	to	long-term	population	growth	rate	(Fig.	4c).		

	

Figure	4.	The	relationship	between	social	rank	and	reproductive	value.	Panels	a)	–	c)	

correspond	to	the	‘Type	1’,	‘Type	2’,	and	‘Type	3’	contest	regimes	shown	in	Fig.	1,	

respectively.	Solid	curves	with	closed	circles	and	dotted	lines	with	crosses	correspond	to	

‘maternal’	and	‘cohort’	inheritance	mechanisms,	respectively.	Vertical	dashed	lines	show	the	

stable	group	size	at	asymptotic	growth	rate.	Reproductive	values	were	unaffected	by	the	

strength	of	inverse	density	dependence,	because	depensation	affected	each	individual’s	vital	

rates	by	the	same	proportion.	Note	that	a	low	number	represents	a	high	dominance	rank,	

such	that	dominance	decreases	in	each	panel	from	left	to	right.	

a	 b	 c	
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Figure	5.	Transition	matrices	for	the	development	and	inheritance	of	dominance	rank.	

Colours	indicate	the	probability	of	transition,	generated	through	simulations	to	approximate	

analytical	probability	density	functions.	Transitions	for	development	(panels	a	and	b)	show	

the	probabilities	of	changes	in	an	individual’s	rank	across	generations,	while	transitions	for	

inheritance	(panels	c	and	d)	show	the	probabilities	of	offspring	rank	in	relation	to	parent	

rank.	Panels	a)	and	c)	show	probabilities	for	the	‘maternal’	inheritance	mechanism	while	

panels	b)	and	d)	show	probabilities	for	the	‘cohort’	inheritance	mechanism,	under	the	‘Med’	

contest	function.	Note	that	a	low	number	represents	a	high	dominance	rank,	such	that	

dominance	decreases	in	each	panel	from	left	to	right.	

	

The	shape	of	the	depensation	function	had	no	effect	on	the	relationship	between	

reproductive	value	and	social	rank,	since	it	affected	each	individual’s	vital	rates	by	

the	same	proportion.	

a	 b	

d	c	
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Group	size	and	fission	

The	probability	of	population	viability	showed	a	positive	sigmoidal	relationship	with	

starting	group	size	for	all	parameter	sets	(Fig.	6).	When	it	was	only	costly	for	

individuals	to	be	in	very	small	groups	(Allee	effect	‘A’),	population	viability	increased	

rapidly	with	group	size	(Fig.	6a-c),	but	when	the	group	size	costs	were	more	gradual	

(Allee	effect	‘B’),	the	increase	in	population	viability	was	also	more	gradual.	

	

Figure	6.	The	relationship	between	the	probability	of	population	viability	and	starting	

group	size.	Panels	a)	–	c)	correspond	to	the	‘Type	1’,	‘Type	2’,	and	‘Type	3’	contest	regimes	

shown	in	Fig.	1,	respectively.	Solid	curves	with	closed	circles	and	dotted	lines	with	crosses	

correspond	to	the	Allee	effects	‘A’	and	‘B’,	respectively.	For	each	combination,	viabilities	

were	calculated	for	starting	groups	ranging	from	1	to	the	stable	group	size.	Note	that	these	

curves	were	unaffected	by	the	shape	of	the	inheritance	function.	

	

We	found	selection	for	stable	group	fissions	to	occur	before	populations	reached	

their	asymptotic	growth	rate	in	ten	of	our	twelve	parameter	sets	(Table	1).	All	group	

fissions	were	structured	such	that	staying	and	leaving	alternated	down	the	hierarchy,	

beginning	with	the	most	dominant	individual	staying	(Fig.	7).	The	consequence	of	

this	was	that	the	original	group	split	approximately	in	half	and	each	individual	
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(except	the	most	dominant	one)	climbed	one	rank	position.	All	individuals	increased	

their	fitness,	except	the	most	dominant	one,	whose	fitness	decreased	despite	

maintaining	its	rank	if	being	in	a	smaller	group	resulted	in	a	higher	probability	of	

group	extinction	(Fig.	7).	

	

	

	

Table	1.	Population	dynamic	consequences	of	contest	competition,	depensation,	and	rank	

inheritance.	The	three	processes	interacted	to	determine	the	group	size	at	asymptotic	growth	

rate,	the	size	at	which	groups	fissioned	(indicating	the	number	leaving	to	form	the	daughter	

group),	and	the	sign	of	the	population	growth	rate	(l)	associated	with	the	parent	group	prior	to	

fission	(‘Parent’),	and	the	parent	(‘Stay’)	and	daughter	(‘Leave’)	groups	following	fission.	

Model	
Contest	

regime	

Allee	

effect	
Inheritance	

Stable	

N	

N	at	fission	

(no.	leavers)	

‘Parent’	

l	

‘Stay’	

l	

‘Leave’	

l	

1	 1	 A	 Maternal	 28	 2	(1)	 -	 -	 -	

2	 2	 A	 Maternal	 25	 5	(2)	 +	 +	 -	

3	 3	 A	 Maternal	 46	 11	(5)	 +	 +	 +	

4	 1	 B	 Maternal	 24	 23	(11)	 +	 -	 -	

5	 2	 B	 Maternal	 24	 7	(3)	 +	 -	 -	

6	 3	 B	 Maternal	 46	 29	(14)	 +	 +	 +	

7	 1	 A	 Cohort	 28	 9	(4)	 +	 +	 +	

8	 2	 A	 Cohort	 25	 8	(4)	 +	 +	 +	

9	 3	 A	 Cohort	 46	 32	(16)	 +	 +	 +	

10	 1	 B	 Cohort	 24	 >24	 =	 NA	 NA	

11	 2	 B	 Cohort	 24	 17	(8)	 +	 +	 +	

12	 3	 B	 Cohort	 46	 >46	 =	 NA	 NA	

Note	that	‘=’	indicates	groups	that	did	not	fission,	but	instead	reached	asymptotic	growth	rate.	
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Figure	7.	Patterns	of	stable	group	fission	determined	by	contest	competition	and	inverse	

density	dependence.	Solid	lines	with	closed	circles	show	the	expected	reproductive	value	

associated	with	an	individual’s	initial	dominance	rank	prior	to	group	fission.	Dashed	lines	

with	vertical	crosses	show	expected	reproductive	values	for	the	individuals	that	remained	in	

their	initial	group	following	fission,	while	dotted	lines	with	diagonal	crosses	show	expected	

reproductive	values	for	those	that	left	their	group.	Note	that	the	sizes	of	groups	after	fission	

are	smaller	than	initial	groups,	meaning	that	each	(except	the	most	dominant)	individual	

increased	in	rank	due	to	fission.	The	benefits	of	this	increase	were	dependent	on	the	size	of	

their	new	group	(i.e.,	any	Allee	effect).	Panels	a)	and	b)	show	the	stable	fissions	for	Models	2	

and	7	given	in	Table	1,	respectively.	

	

Group	fission	occurred	at	larger	group	sizes	when	depensation	affected	larger	groups	

(Allee	effects	‘A’	vs	‘B’,	Table	1).	Group	fission	also	occurred	at	larger	group	sizes	

when	rank	inheritance	was	weak	(‘cohort’)	compared	with	strong	(‘maternal’),	since	

the	impact	of	contest	competition	on	reproductive	value	was	weaker	under	the	

former	conditions.	Finally,	increasing	the	intensity	of	contest	competition	generally	

reduced	group	size	at	fission	(Table	1).	The	exception	to	this	pattern	arose	when	the	

contest	regime	was	strongest	(‘Type	1’)	and	depensation	affected	larger	groups	
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(Allee	effect	‘B’).	Under	these	conditions,	the	probability	of	group	extinction	

increased	rapidly	below	the	stable	group	size,	either	delaying	fission	until	a	large	

group	size	was	attained	(for	‘maternal’	inheritance)	or	preventing	fission	altogether	

(for	‘cohort’	inheritance).	

	

The	severe	skew	in	reproductive	value	that	resulted	from	a	‘maternal’	inheritance	

mechanism	drove	subordinate	individuals	to	leave	their	group	at	such	small	sizes	

that	fissions	frequently	generated	two	new	groups	tended	to	extinction	due	to	

negative	population	growth	rate	(Table	1).	Selection	on	individuals	to	maximise	

reproductive	value	thus	resulted	in	a	high	probability	of	evolutionary	extinction.	

Positive	population	growth	rate	was	only	maintained	in	both	groups	following	fission	

when	the	contest	regime	was	at	its	weakest	(‘Type	3’).	In	contrast,	fissions	always	led	

to	two	groups	with	positive	growth	rates	under	a	‘cohort’	rank	inheritance	

mechanism	(Table	1).	This	occurred	because	the	costs	of	low	rank	were	weaker,	

meaning	that	subordinate	individuals	could	not	benefit	from	leaving	their	group	until	

they	reached	a	large	enough	critical	mass	to	form	a	new	group	with	a	sufficiently	low	

probability	of	extinction.	However,	the	groups	that	followed	fission	nonetheless	had	

higher	extinction	probabilities	than	their	larger,	parent	group	(Fig.	6).	In	two	cases,	

the	costs	of	being	subordinate	were	not	sufficient	to	drive	fission,	meaning	that	

single	groups	reached	their	asymptotic	growth	rate	(Table	1).	

	

Discussion	

Social	dominance	has	a	widespread	taxonomic	distribution	and	is	prevalent	across	all	

known	types	of	social	organisation	(Bernstein	1981;	Kaufmann	1983;	Ellis	1995;	
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Hughes	et	al.	2008;	Clutton-Brock	2009),	but	its	evolutionary	importance	and	

consequences	are	poorly	understood.	In	this	study,	we	modelled	the	eco-

evolutionary	dynamics	of	groups	in	which	asymmetries	in	dominance	rank	drive	

between-individual	differences	in	survival	and	fertility	rates.	This	approach	allowed	

us	to	explore	the	long-term	fitness	and	population	dynamic	consequences	of	

dominance	in	novel	ways,	by	quantifying	how	the	combined	processes	of	birth,	

death,	inheritance,	and	development	might	interact	to	determine	the	distribution	of	

an	individual	and	its	descendants	in	a	dominance	hierarchy	through	time.	

	

Our	key	findings	were	fourfold.	First,	between-individual	fitness	differences	

associated	with	dominance	result	in	regulation	of	population	growth	with	no	need	

for	scramble-like	density	dependence.	Second,	when	dominance	rank	follows	a	strict	

parental	inheritance	rule,	the	fitness	skew	associated	with	dominance	is	

considerably	more	severe	than	would	be	expected	given	the	corresponding	survival	

and	reproduction	functions.	When	dominance	rank	is	less	strongly	heritable	and	

involves	an	age-related	component,	the	fitness	skew	reflects	the	corresponding	

survival	and	reproduction	functions	more	closely.	Third,	considering	social	

dominance	in	an	eco-evolutionary	framework	improves	our	understanding	of	the	

relative	benefits	to	subordinate	individuals	of	philopatry	versus	dispersal	to	form	a	

new	group	when	the	long-term	expected	fitness	associated	with	social	rank	is	traded	

off	against	the	costs	of	new	group	formation.	Fourth,	group	fissions	resulting	from	

selfish	individual	behaviour	can	increase	the	probability	of	group	extinction,	such	

that	the	‘optimal’	group	size	at	the	level	of	individual	selection	may	not	persist	in	the	

long	term.	Below,	we	discuss	these	findings	in	the	context	of	previous	research	into	
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the	evolutionary	causes	and	consequences	of	social	dominance,	highlighting	

directions	for	future	empirical	and	theoretical	study.	We	propose	that	studying	social	

dominance	in	an	eco-evolutionary	framework	demonstrates	the	fundamental	role	of	

contest	competition	in	evolutionary	biology.	Finally,	we	suggest	that	our	approach	

may	help	to	resolve	one	of	the	major	long-standing	controversies	in	biology:	the	

evolution	of	cooperative	breeding	and	eusociality.	

	

Individuals	have	frequently	been	shown	to	gain	fitness	benefits	from	social	

dominance,	and	the	traits	that	give	rise	to	dominance	have	regularly	been	proven	

heritable	and	predictive	of	an	individual’s	future	rank	(Moore	1990;	Holekamp	&	

Smale	1991;	Hodge	et	al.	2008;	Cunningham	et	al.	2013;	Huchard	et	al.	2014).	In	

some	sense,	this	is	unsurprising,	since	social	dominance	is	the	emergent	

phenomenon	arising	from	contest	competition.	Its	very	existence	and	maintenance	

is	thus	predicated	on	the	heritable	benefits	of	traits	that	lead	to	the	uneven	

distribution	of	resources	between	individuals:	dominance	evolves	in	response	to	

conditions	that	favour	contest	competition	and	necessarily	generates	subordination,	

not	vice	versa.	This	seemingly	philosophical	point	is	crucial	and	fundamental.	

Normally,	when	a	novel	phenotypic	trait	has	a	strong	heritable	component	and	

confers	fitness	benefits,	there	will	be	an	evolutionary	response	of	that	trait	mean	as	

the	heritable	component	spreads	in	a	population.	Yet	the	incompatibility	of	this	

conclusion	with	the	maintenance	of	social	dominance	asymmetries	has	been	largely	

overlooked	(but	see	Moore	et	al.	2002;	Wilson	et	al.	2011;	Sartori	&	Mantovani	

2012;	van	der	Kooij	&	Sandi	2015).	Our	findings	indicate	that,	indeed,	dominant	

individuals	will	provide	the	greatest	genetic	contribution	to	future	generations.	
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When	rank	inheritance	was	strong,	the	contribution	of	one	or	a	few	top-ranked	

individuals	was	near	total,	even	when	the	positive	relationship	between	dominance	

and	survival	and	fertility	was	weak.	The	genetic	component	of	the	morphological,	

physiological,	and	behavioural	traits	underlying	socially	dominant	phenotypes	must	

thus	spread	through	a	population,	eroding	additive	genetic	variation.	

	

Our	model	was	built	such	that	dominance	hierarchies	had	to	persist	across	

generations.	This	constraint	was	introduced	because	hierarchies	are	clearly	

maintained	in	many	taxa	for	which	the	benefits	and	heritability	of	dominance	have	

been	demonstrated	(Moore	1990;	Piper	&	Wiley	1990;	van	Noordwijk	&	van	Schaik	

1999;	Clutton-Brock	2002;	Piper	et	al.	2006;	Hodge	et	al.	2008;	Hughes	et	al.	2008;	

Huchard	et	al.	2014).	It	is	not	enough	to	argue	that	this	maintenance	is	driven	by	the	

logical	constraint	that	contests	must	always	have	a	winner	and	a	loser	(Moore	et	al.	

2002;	Wilson	et	al.	2009,	2011).	Rather,	the	persistence	of	a	hierarchy	must	reflect	

persistence	in	the	conditions	for	contest	competition	through	time	(i.e.,	the	

opportunity	to	monopolise	some	limited	resource	to	net	fitness	benefit	is	constant).	

Given	these	conditions,	there	are	two	(non-mutually	exclusive)	ways	that	between-

individual	asymmetries	in	phenotypic	traits	relating	to	dominance	can	persist,	

generating	and	maintaining	hierarchies	as	a	consequence.	

	

First,	constancy	in	resource	distribution	that	promotes	contest	competition	could	

drive	unrelenting	directional	selection	for	the	exaggeration	of	traits	relating	to	

dominance.	For	example,	individuals	may	fight	physically	for	mates,	food,	or	

territories,	and	increasing	body	size,	weaponry,	or	aggression	may	be	under	
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selection	(Kaufmann	1983;	Andersson	&	Simmons	2006).	However,	such	selection	

might	lead	to	evolutionary	limits	on	the	exaggeration	of	traits	relating	to	dominance	

if	the	benefits	associated	with	increasingly	extreme	phenotypes	are	eventually	

counterbalanced	by	costs	(Fisher	1930;	Knell	et	al.	2004).	Furthermore,	the	

evolutionary	dynamics	that	follow	unrelenting	directional	selection	might	be	

expected	to	lead	to	fluctuations	in	variation	in	competitive	ability	through	

evolutionary	time	as	beneficial	mutations	emerge	and	spread	to	fixation.	At	points	of	

fixation,	there	may	be	little	variation	in	competitive	ability	between	individuals,	and	

so	no	clear	dominance	hierarchy.	As	such,	this	process	may	be	a	poor	candidate	for	

the	maintenance	of	competitive	asymmetries,	and	thus	dominance	hierarchies,	

through	time.	

	

Second,	the	resource	monopolisation	that	characterises	the	emergence	of	a	socially	

dominant	individual	might	cause	or	permit	the	suppression	of	its	descendants	from	

generating	the	socially	dominant	phenotype	despite	underlying	genetic	similarities.	

Such	suppression	may	reflect	simple	condition-dependence	(Cotton	et	al.	2006),	or	

may	be	driven	by	active	suppression	through,	for	instance,	aggressive	behaviours	

(Holekamp	&	Smale	1991;	Clarke	&	Faulkes	1997;	Korb	et	al.	2009;	Holman	et	al.	

2010;	Clutton-Brock	&	Huchard	2013).	Rather	than	representing	additive	genetic	

variation	between	individuals,	phenotypic	variation	in	traits	relating	to	dominance	

would	thus	reflect	differential	gene	expression	caused	by	the	absence	or	presence	of	

suppression	in	dominant	and	subordinate	individuals,	respectively.	
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Most	empirical	evidence	points	towards	some	form	of	suppression	as	playing	a	key	

role	in	maintaining	phenotypic	variation	in	competitive	ability	within	groups	or	

populations,	stabilising	hierarchies	in	the	process.	First,	plastic	developmental	

trajectories	across	different	life-history	stages	in	response	to	shifts	in	dominance	

status	have	been	shown	to	involve	changes	in	morphology,	physiology,	and	

behaviour	in	a	number	of	vertebrate	and	invertebrate	taxa	(e.g.,	Clutton-Brock	et	al.	

2006;	Korb	et	al.	2009;	Huchard	et	al.	2014).	For	example,	experimental	queen	

removal	in	the	eusocial	naked	mole-rat	(Heterocephalus	glaber)	results	in	increased	

body	weight	and	aggression	as	well	as	the	onset	of	reproductive	activity	in	adult	

females	competing	to	become	the	next	queen	(Clarke	&	Faulkes	1997).	Second,	age	

is	possibly	the	most	common	mediator	of	dominance	in	nature,	and	is	the	ordering	

system	usually	observed	in	reproductive	queues	(Post	1992;	Clutton-Brock	&	

Huchard	2013).	Age-based	dominance	may	represent	an	effective	mechanism	to	

facilitate	phenotypic	suppression	if	older	individuals	are	able	to	exploit	the	natural	

ontogenetic	asymmetry	in	competitive	ability	between	adults	and	young	to	maintain	

later	adult	asymmetries	in	competitive	ability.	Although	senescence	has	the	

potential	to	weaken	covariance	between	competitive	ability	and	age	as	adults	grow	

older,	asymmetries	may	be	reinforced	if	older	individuals	may	gain	relatively	more	

from	escalating	in	contests	compared	with	younger	ones	due	to	lower	future	

reproductive	opportunities	(Korona	1991).	

	

An	individual’s	ability	to	respond	plastically	to	opportunities	to	increase	dominance	

status	by	filling	vacancies	that	arise	in	a	hierarchy	is	usually	framed	as	an	adaptation	

to	some	lifetime	probability	of	such	opportunities	arising	that	remains	reasonably	
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reliable	through	evolutionary	time	(Shreeves	&	Field	2002;	Field	et	al.	2006).	

However,	our	model	suggests	that	this	plasticity	may	be	better	understood	in	the	

context	of	its	origins.	Specifically,	if	contributions	to	long-term	population	growth	

rate	are	overwhelmingly	provided	by	dominant	individuals,	the	ability	of	subordinate	

individuals	to	respond	plastically	to	dominance	vacancies	is	likely	to	be	a	

consequence	of	the	removal	of	the	conditions	causing	phenotypic	suppression	(e.g.,	

Korb	et	al.	2009).	Subordinate	individuals	may	then	be	driven	to	favour	philopatry	

over	dispersal	due	to	the	future	fitness	benefits	associated	with	queuing	when	

suppression	is	relaxed,	although	our	study	suggest	that	queuing	prospects	will	be	

strongly	dependent	on	the	mechanism	of	dominance	inheritance	from	parent	to	

offspring.	

	

Our	findings	suggest	that	the	skew	in	reproductive	value	towards	top-ranked	

individuals	will	be	stronger	under	strict	parental	rank	inheritance	than	when	

inheritance	is	broadly	age-based.	As	such,	we	might	predict	there	to	be	positive	

selection	for	strict	parental	rank	inheritance	in	nature.	The	difference	in	skew	occurs	

because	subordinate	adults	are	prevented	from	migrating	up	the	dominance	

hierarchy	within	their	lifetime	when	inheritance	is	strict,	and	are	instead	pushed	

down	the	hierarchy	due	to	recruitment	by	more	dominant	adults.	Such	inheritance	is	

observed	in	many	cercopithecid	primates	and	the	spotted	hyaena	(Holekamp	&	

Smale	1991),	where	mothers	use	aggressive	behaviours	to	establish	their	offspring’s	

dominance	over	subordinate	adult	competitors.	Nonetheless,	mothers	will	still	

ensure	dominance	over	their	own	offspring,	and	it	is	this	subtle	suppression	that	

should	maintain	asymmetries	in	dominance	status	and	generate	the	severe	skew	in	
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reproductive	value	predicted	by	our	model.	Interestingly,	our	model	thus	predicts	

that	the	erosion	of	additive	genetic	variation	for	traits	relating	to	dominance	should	

be	strongest	when	rank	inheritance	is	strict.	Accordingly,	phenotypic	variation	in	

such	traits	should	be	maintained	through	the	evolution	of	mechanisms	involving	

‘broad-sense’	heritability,	such	as	environmental	or	maternal	effects,	that	mediate	

plastic	developmental	trajectories.	This	is	consistent	with	the	maternal	enforcement	

of	rank	acquisition	observed	in	cercopithecid	primates	and	the	spotted	hyaena	

(Holekamp	&	Smale	1991).	

	

However,	we	show	that	such	a	strong	inheritance	mechanism	may	make	groups	

particularly	vulnerable	to	extinction	unless	the	effects	of	contest	competition	on	vital	

rates	are	relatively	weak.	The	reason	for	this	vulnerability	is	that	strict	inheritance	of	

rank	will	lead	to	a	severe	skew	in	reproductive	value	even	when	contest	competition	

is	relatively	low,	and	will	become	even	more	severe	as	the	effect	of	dominance	on	

survival	and/or	reproduction	strengthens.	The	result	is	that	subordinate	individuals	

will	abandon	groups	at	very	small	group	sizes	under	strict	inheritance,	which	will	

lead	in	some	cases	to	negative	growth	rate	and	a	strong	Allee	effect.	In	contrast,	we	

show	that	groups	with	a	weaker	rank	inheritance	mechanism,	in	which	there	is	an	

age-based	component	to	dominance	(our	‘cohort’	mechanism),	are	much	less	

vulnerable	to	extinction.	This	is	because	even	with	near	total	complete	reproductive	

suppression	(our	‘Type	1’	contest	regime),	the	skew	in	reproductive	value	towards	

dominant	individuals	will	not	be	strong	enough	to	drive	subordinates	to	leave	to	

form	new	groups	that	have	negative	growth	rate.	Perhaps	counter-intuitively,	the	

skew	in	reproductive	value	towards	the	alpha	individual	when	dominance	
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inheritance	was	strict	and	contest	competition	was	relatively	weak	was	actually	

stronger	than	when	dominance	inheritance	was	cohort-based	and	there	was	near	

total	reproductive	suppression.	Consistent	with	this,	traits	strongly	predicting	the	

acquisition	of	dominant	status	in	cooperatively	breeding	meerkats	(which,	broadly,	

fit	the	latter	category)	have	been	shown	to	have	some,	albeit	low,	additive	genetic	

variance	(Hodge	et	al.	2008;	Huchard	et	al.	2014).	

	

These	patterns	of	group	size,	fission,	and	extinction	may	explain	why	we	do	not	see	

maternal	rank	inheritance	mechanisms	in	cooperative	breeders,	which	are	

characterised	by	near	total	reproductive	suppression.	Indeed,	maternal	rank	

inheritance	is	a	rare	phenomenon,	only	observed	in	the	females	of	some	societies	in	

which	reproductive	skew	is	relatively	low	(e.g.,	Wasser	et	al.	2004).	Instead,	the	

relative	resilience	of	groups	with	cohort-based	dominance	inheritance	may	provide	

insight	as	to	why	age	is	such	a	prevalent	mediator	of	dominance	across	taxa	(Post	

1992;	Clutton-Brock	&	Huchard	2013).	However,	further	insight	into	the	relationships	

between	the	strength	of	contest	competition	and	dominance	rank	inheritance	

mechanisms	will	require	more	extensive	modelling	of	species	life	histories.	For	

example,	the	eco-evolutionary	dynamics	of	social	dominance	may	be	influenced	by	

intergenerational	overlap	within	reproductive	stages,	or	broods	with	multiple	

offspring,	and	this	will	in	turn	affect	the	dynamics	of	group	fission	and	its	

demographic	consequences.	

	

Our	eco-evolutionary	approach	to	exploring	how	contest	competition	can	drive	

group	fission	may	also	provide	key	insight	into	long-standing	debates	regarding	the	
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evolution	of	‘altruistic’	helping	behaviours	that	are	characteristic	of	cooperative	

breeders	and	eusocial	species.	It	is	widely	accepted	that	group	living	may	evolve	due	

to	the	costs	associated	with	being	solitary	or	dispersing	(see	Krause	&	Ruxton	2002	

for	review;	Clutton-Brock	2009).	Our	findings	are	consistent	with	this	view,	and	

further	show	that	sociality	or	philopatry	also	persists	in	the	presence	of	dominance	

hierarchies,	provided	that	contest	competition	is	relatively	weak	or	there	is	a	

probability	of	future	increases	in	dominance	status	(i.e.,	through	reproductive	

queuing).	When	reproductive	skew	is	very	high	and	the	probability	of	acquiring	

dominance	is	minimal,	researchers	have	generally	invoked	inclusive	fitness	benefits	

to	explain	why	subordinate	individuals	remain	in	their	natal	group	(see	Clutton-Brock	

2002,	2009;	Nowak	et	al.	2010;	Abbot	et	al.	2011).	This	is	apparently	supported	by	

the	wealth	of	‘helping’	behaviours	and	divisions	of	labour	that	aid	the	fitness	of	

related	dominant	individuals	in	species	with	such	skew	(Koenig	et	al.	1992;	Clarke	&	

Faulkes	1997;	Cant	&	Field	2005;	Wilson	&	Hölldobler	2005;	Clutton-Brock	2009).	

	

However,	others	have	argued	that	kin	selective	benefits	may	be	a	consequence,	

rather	than	a	cause,	of	eusociality	(Nowak	et	al.	2010),	and	there	is	a	general	

recognition	that	individuals	in	cooperatively	breeding	groups	aren’t	systematically	

more	closely	related	than	those	in	other	types	of	social	group	(Clutton-Brock	2002).	

Our	findings	demonstrate	that	grouping	can	form	under	conditions	of	severe	

reproductive	skew	without	the	need	for	inclusive	fitness	benefits	when	there	is	some	

cost	to	dispersal,	but	only	if	offspring	inherit	dominance	rank	within	their	age	cohort	

rather	then	directly	below	their	parent.	Consistent	with	this	result,	comparative	

studies	in	birds,	mammals,	and	Hymenoptera	have	shown	that	cooperative	breeding	
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and	eusociality	have	exclusively	evolved	from	socially	monogamous	lineages	(Arnold	

&	Owens	1998;	Hughes	et	al.	2008;	Lukas	&	Clutton-Brock	2012).	While	heightened	

relatedness	in	monogamous	groups	has	generally	been	the	assumed	driver	of	

cooperative	breeding	or	eusociality	(Lukas	&	Clutton-Brock	2012;	Young	&	Bennett	

2013),	our	study	suggests	that	social	monogamy	provides	suitable	conditions	for	

dominance	asymmetries	to	be	maintained	under	contest	conditions	through	the	

suppression	of	younger	individuals	in	a	broadly	age-based	rank	inheritance	system.	

Once	this	suppression	emerges,	driven	in	part	by	the	costs	of	dispersal	leading	to	

higher	levels	of	competition	in	the	natal	territory,	individuals	might	increase	their	

fitness	through	kin-selected	behaviours,	such	that	inclusive	fitness	benefits	might	be	

a	consequence	rather	than	a	cause	of	such	social	structure.	

	

In	our	model,	we	also	show	that	when	stable	or	growing	groups	fission	based	on	

decisions	that	maximise	individual	fitness	measures	(which	take	into	account	the	

probability	of	group	extinction),	the	resultant	two	daughter	groups	may	have	

negative	growth	rate	or	be	vulnerable	to	negative	impacts	of	demographic	

stochasticity.	However,	in	many	case,	their	large,	parent	group,	was	characterised	by	

a	higher,	positive	growth	rate,	and	was	thus	less	vulnerable	to	extinction.	Therefore,	

one	implication	of	our	model	is	that	these	parent	groups	may	outcompete	daughter	

groups	by	virtue	of	their	higher	growth	rate.	This	would	result	in	the	evolution	of	

groups	containing	some	individuals	that	do	not	disperse	despite	costs	to	their	own	

reproductive	value	(i.e.,	their	reproductive	value	would	actually	be	higher	if	they	left	

the	group).	Multi-level	selection	process	(in	this	case	at	the	individual	and	group	

level)	may	thus	also	play	a	role	in	the	maintenance	of	large	groups	with	severe	
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reproductive	skew.	Rather	than	requiring	the	presence	of	cooperative	or	altruistic	

individuals,	or	even	direct	fitness	benefits	to	subordinate	individuals	through	group	

augmentation	(e.g.,	Kokko	et	al.	2001;	Clutton-Brock	2002),	the	persistence	of	such	

groups	may	merely	reflect	a	‘demographic	trap’	with	respect	to	subordinate	

individuals,	in	which	group-level	selective	forces	outweigh	individual-level	ones.	

	

To	conclude,	we	propose	that	contest	competition	represents	a	distinct	and	

fundamental	force	in	the	evolutionary	process,	underlying	a	wide	range	of	biological	

phenomena	with	far-reaching	consequences.	Contest	is	manifest	as	social	

dominance,	driven	by	conditions	permitting	monopolisation	of	limited	resources.	

Unlike	scramble,	its	action	is	thus	dependent	on	the	presence	of	phenotypic	

asymmetries	between	individuals.	The	importance	of	considering	evolution	in	a	

demographic	framework	has	long	been	recognised	(MacArthur	&	Levins	1964;	Levins	

1969;	Roughgarden	1971),	but	has	only	recently	started	to	be	formally	incorporated	

in	the	modern	evolutionary	synthesis	(Metcalf	&	Pavard	2007;	Schoener	2011).	Such	

an	eco-evolutionary	approach	highlights	the	importance	of	competitive	forces	in	the	

evolutionary	process.	However,	research	conducted	in	an	eco-evolutionary	

framework	to	date	has	generally	focussed	on	scramble-like	effects.	None	have	

considered	contest	competition,	which	necessarily	involves	animal	behaviour.	Our	

study	suggests	that	developing	theory	that	incorporates	contest	competition	and	

animal	behaviour	into	this	framework	will	prove	fruitful	in	generating	testable	

hypotheses	regarding	the	evolutionary	causes	and	consequences	of	the	

phenomenon	of	social	dominance,	and	the	population-level	effects	of	individual	

variation	in	behaviour.	 	
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The	acquisition	of	resources	–	such	as	food,	mates,	breeding	sites,	territories,	or	

safety	from	predation	–	is	fundamental	to	an	individual’s	ability	to	survive	and	

reproduce.	Given	the	expectation	that	individuals	will	generally	face	some	level	of	

uncertainty	regarding	the	distribution	of	these	resources	through	space	and	time	

(Barnard	&	Sibly	1981;	Clark	&	Mangel	1984;	McNamara	et	al.	2006;	McLinn	&	

Stephens	2010;	Trimmer	et	al.	2011),	a	large	body	of	recent	research	has	focussed	

on	how	individuals	might	gain	fitness	benefits	from	collecting	information	about	

their	environment	to	improve	the	efficiency	of	resource	acquisition	(see	Danchin	et	

al.	2004;	Dall	et	al.	2005;	Kendal	et	al.	2009b;	McNamara	&	Dall	2010;	Rieucau	&	

Giraldeau	2011).	However,	this	research	has	generally	overlooked	the	competitive	

processes	that	might	systematically	facilitate	or	constrain	an	individual’s	ability	to	

use	any	information	that	it	has	collected.	Such	competitive	forces	are	likely	to	be	

general,	given	that	the	heterogeneous	resource	distribution	that	drives	individual	

uncertainty	is	likely	to	covary	strongly	with	resource	limitation,	the	basis	of	biological	

competition.	

	

In	the	main	body	of	this	thesis,	I	have	developed	a	conceptual	framework	for	

considering	the	causes	and	consequences	of	interdependencies	between	the	

individual	benefits	of	information	use	and	competition	between	individuals	over	

limited	resources	(Chapter	2-4).	This	has	led	in	particular	to	insights	regarding	the	

potential	importance	of	social	information	use	as	a	key	behavioural	mechanism	

underpinning	contest	competition	when	individuals	face	uncertainty	over	resource	

distribution.	Under	these	conditions,	individuals	with	high	competitive	ability	may	

need	to	collect	and	use	social	information	to	facilitate	the	phenomenon	of	social	
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dominance.	Given	this	framework,	and	the	widespread	empirical	evidence	in	support	

of	the	expected	fitness	benefits	of	dominance	(see	Ellis	1995	for	review;	van	

Noordwijk	&	van	Schaik	1999;	Field	et	al.	2006;	Clutton-Brock	&	Huchard	2013),	I	

proceeded	to	develop	a	model	exploring	the	eco-evolutionary	dynamics	of	

dominance	(Chapter	5).	This	was	the	first	attempt	to	date	to	use	an	eco-evolutionary	

approach	–	in	which	feedback	loops	between	ecological	and	evolutionary	processes	

are	explicitly	considered	(Schoener	2011;	Smallegange	&	Coulson	2013)	–	to	study	

the	consequences	of	between-individual	variation	in	behaviour	on	long-term	

evolutionary	and	population	dynamics.	In	this	Discussion,	I	briefly	summarise	how	

the	findings	contained	within	this	thesis	combine	to	improve	our	understanding	of	

the	evolutionary	ecology	of	animal	information	use	and	social	dominance.	

	

The	evolutionary	ecology	of	animal	information	use	in	a	competitive	context	

While	early	studies	investigating	how	individuals	might	benefit	from	collecting	and	

using	information	to	reduce	environmental	uncertainty	did	so	in	an	explicitly	

competitive	context	(Barnard	&	Sibly	1981;	Clark	&	Mangel	1984),	the	proliferation	

of	research	into	animal	information	use	over	the	past	decade	has	generally	

overlooked	competitive	processes.	The	result	has	been	that,	despite	rapid	

developments	in	our	understanding	of	the	importance	of	social	information	in	the	

spread	of	behavioural	innovations	and	the	trade-offs	between	the	efficiency	of	

relying	on	personal	versus	social	information,	we	know	very	little	about	how	general	

competitive	forces	might	facilitate	or	constrain	an	individual’s	ability	to	use	

information.	In	this	thesis,	I	have	proposed	that	a	more	systematic	consideration	of	

the	spatiotemporal	distribution	of	the	resources	about	which	individuals	collect	
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information	should	provide	insight	into	the	influence	of	competition	on	patterns	of	

individual	information	use	across	taxa.	

	

I	began	with	an	observational	study	demonstrating	that	individual	baboons	with	low	

competitive	ability	are	limited	in	their	ability	to	carry	out	behaviours	normally	

associated	with	the	use	of	social	information	when	resources	can	be	monopolised	by	

dominant	competitors	(Chapter	2).	Following	from	this	finding,	I	developed	a	general	

model	to	explore	animal	information	use	in	a	competitive,	social	context	in	which	

individuals	face	uncertainty	regarding	resource	distribution	(Chapter	3).	This	study	

was	a	generalisation	of	the	producer-scrounger	model	(Barnard	&	Sibly	1981;	Vickery	

et	al.	1991;	Giraldeau	&	Caraco	2000),	showing	how	three	elements	of	‘resource	

ecology’	–	scarcity,	depletion	rate,	and	monopolisability	–	could	interact	to	

determine	both	within-	and	between-individual	variation	in	social	information	use.	

The	general	effect	of	resource	scarcity	was	to	increase	the	strength	of	scramble	

competition	between	individuals.	Provided	that	producers	were	not	able	to	deplete	

their	resource	discoveries	rapidly,	social	information	about	such	discoveries	

remained	relevant	and	cheaper	to	collect	than	personal	information,	such	that	all	

individuals	benefitted	from	using	social	information	regularly.	When	resources	were	

less	scarce,	scramble	competition	was	weaker,	and	individuals	benefitted	less	from	

using	social	information.	Under	these	conditions,	finding	resources	personally	was	

not	much	more	difficult	than	attending	to	the	discoveries	of	others,	and	didn’t	

necessitate	resource	sharing,	due	to	the	incidence	of	simultaneous	resource	

discoveries	at	the	group	level.	
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In	this	model,	the	potential	for	contest	competition	arose	when	resources	were	

monopolisable,	provided	that	producers	could	not	deplete	their	resource	discoveries	

rapidly.	Because	contest	competition	occurs	when	individuals	with	high	competitive	

ability	are	able	to	enforce	inequity	in	access	to	resources	across	a	group,	it	can	lead	

to	fundamentally	different	outcomes	to	conditions	in	which	only	scramble	can	occur	

(Milinski	&	Parker	1991;	Sutherland	&	Parker	1992;	Łomnicki	2009).	As	such,	when	

resources	were	monopolisable,	the	effect	of	resource	scarcity	on	patterns	of	social	

information	use	was	changed.	Specifically,	when	resources	were	scarce,	only	the	

alpha	individual	could	benefit	from	social	information,	using	it	to	locate	resources	

which	it	could	then	monopolise	in	a	despotic	fashion.	In	this	way,	contest	

competition	was	maximised,	and	subordinate	individuals	were	constrained	in	their	

ability	to	use	social	information.	As	resources	became	less	scarce,	such	that	

simultaneous	discoveries	could	occur,	social	information	use	actually	increased	

because	the	alpha	individual	could	not	possibly	monopolise	all	resource	discoveries.	

Instead,	other	individuals	were	able	to	use	their	dominance	in	combination	with	

social	information	in	a	similar	way	to	the	alpha	individual.	The	consequence	of	this	

was	that	the	individual	benefits	of	contest	competition	were	less	skewed,	decreasing	

more	gradually	with	competitive	ability	in	the	fashion	of	a	linear	dominance	

hierarchy.	Finally,	when	resources	were	common,	social	information	use	declined	

again,	because	relatively	dominant	individuals	could	no	longer	make	contest	

competition	effective	by	combining	their	high	competitive	ability	with	social	

information	use.	Instead,	individuals	of	all	ranks	benefitted	the	most	from	

discovering	resources	themselves,	and	contest	competition	disappeared.	
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The	framework	that	emerged	provided	predictions	regarding	how	resource	scarcity,	

depletion	rate,	and	monopolisability	should	combine	to	determine	both	average	

levels	of,	and	consistent	between-individual	differences	in,	social	information	use	

within	a	group.	To	test	the	predictions	of	the	model	regarding	important	linkages	

between	social	information	use	and	dominance,	I	conducted	a	feeding	experiment	

with	wild	chacma	baboons	(Chapter	4).	Specifically,	I	was	able	to	show	that,	when	

individuals	face	uncertainty	regarding	the	distribution	of	monopolisable	resources,	

exclusivity	of	social	information	use	to	dominant	individuals	is	vital	to	generating	the	

asymmetric	payoffs	that	characterise	contest	competition	and	are	fundamental	to	

the	phenomenon	of	social	dominance.	Interpreted	on	a	shorter	ecological	timescale,	

these	same	insights	suggest	that	resource	distribution	can	modulate	an	individual’s	

ability	to	use	social	information	based	on	its	competitive	ability,	and	this	may	

impede	information	flow	through	a	group.	Such	flow	is	important	for	the	spread	of	

behavioural	innovations,	and	vital	to	the	evolution	of	cumulative	culture	(Allen	et	al.	

2013;	Hoppitt	&	Laland	2013),	so	understanding	individual	constraints	on	social	

information	use	should	be	a	primary	goal	of	future	research	into	social	learning.	

	

Resource	predictability	affects	linkages	between	information	use	and	competition	

The	framework	outlined	thus	far	was	based	upon	the	producer-scrounger	model	

(Barnard	&	Sibly	1981;	Vickery	et	al.	1991),	generalised	to	capture	a	wider	diversity	

of	environmental	conditions	to	facilitate	the	study	of	social	information	use	across	a	

broader	range	of	resource	types	and	taxa.	This	approach	provides	an	ideal	platform	

for	developing	testable	predictions	regarding	how	resource	distribution	should	

modulate	interdependencies	between	competitive	processes	and	the	benefits	of	
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using	social	information.	However,	the	producer-scrounger	model	has	some	key	

assumptions	that	warrant	further	exploration,	since	their	violation	may	make	

empirical	tests	of	the	model’s	predictions	difficult	or	invalid,	confounding	our	

understanding	of	animal	information	use	and	how	it	can	be	affected	by	competition	

over	resources.	Specifically,	the	producer-scrounger	model	is	set	up	such	that	all	

individuals	are	assumed	not	to	have	perfect	information	about	the	distribution	of	

limited	resources	in	their	environment	(Barnard	&	Sibly	1981;	Vickery	et	al.	1991).	

This	uncertainty	makes	new	information	–	which	requires	search	effort	–	valuable,	

and	thus	vulnerable	to	cheaters	(i.e.,	scroungers	in	this	case;	Barnard	1984;	

Giraldeau	&	Dubois	2008).	However,	once	a	resource	discovery	is	depleted,	the	game	

is	assumed	to	restart,	such	that	there	is	no	accumulation	of	‘prior’	information	by	

individuals	through	time.	

	

The	consequence	of	this	set-up	is	that	the	scrounging	of	a	producer’s	discovery	

necessarily	reflects	social	information	use	–	the	exploitation	of	information	produced	

by	others	in	order	to	access	resources.	This	coupling	between	scrounging	and	social	

information	use	will	not	be	a	necessity	in	many	natural	environments,	yet	theoretical	

predictions	that	follow	from	producer-scrounger	models	are	based	upon	an	

assumption	of	such	coupling.	For	instance,	if	there	is	some	predictability	in	resource	

distribution	through	time	and	space,	individuals	might	be	able	to	generalise	socially	

acquired	information	to	use	it	outside	of	its	original	context	in	time	and/or	space.	

This	will	allow	individuals	to	accumulate	prior	information	about	their	environment	

that	can	be	utilised	to	acquire	resources	in	both	a	‘producer’	or	‘scrounger’	context.	

At	its	most	extreme	(a	completely	predictable	environment	in	which	individuals	have	
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perfect	information),	we	should	expect	convergence	with	models	of	the	ideal	free	

distribution	(e.g.,	Fretwell	&	Lucas	1970;	Parker	&	Sutherland	1986;	Humphries	et	al.	

2001;	Krivan	et	al.	2008),	reminding	us	that	competitive	processes	are	an	integral	

part	of	access	to	limited	resources.	

	

The	feeding	experiment	presented	in	this	thesis	(Chapter	4)	represents	the	first	

empirical	study	to	explore	these	concepts,	demonstrating	the	importance	of	

considering	when	social	information	use	should	and	should	not	be	tightly	coupled	to	

competitive	interactions	between	information	generators	and	exploiters.	At	the	start	

of	each	experimental	trial,	individual	baboons	were	naïve	to	the	heterogeneous	

distribution	of	food	across	an	arena	of	monopolisable	patches.	Under	these	initial	

conditions,	immediate	opportunities	to	use	social	information	generally	represented	

detecting	a	competitor’s	discovery	and	exploiting	it	in	the	presence	of	that	

competitor	(i.e.,	‘scrounging’	behaviour).	Only	socially	dominant	individuals	were	

able	to	benefit	from	this	approach	to	access	the	top	quality	patches	with	efficiency.	

Low-ranked	individuals	were	constrained	in	their	ability	to	use	social	information	and	

competitively	excluded	from	high-quality	resources.	This	dynamic	acted	to	maximise	

contest	competition	across	a	group,	and	supported	the	predictions	of	the	model	

presented	in	Chapter	3.	

	

However,	the	movement	of	baboons	between	patches	prior	to	their	full	depletion	

meant	that	occasional	opportunities	arose	for	individuals	to	collect	social	

information	generated	by	a	competitor	occupying	a	resource	patch,	and	then	use	

this	information	to	enter	this	patch	once	unoccupied.	This	acted	to	illustrate	how	the	
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competitive	restrictions	associated	with	social	information	use	might	be	relaxed	by	

decoupling	it	from	scrounging	behaviour.	As	dominant	individuals	vacated	patches,	

the	consequence	of	this	decoupling	was	that	subordinate	individuals	were	able	to	

reap	some	benefits	from	using	previously	collected	social	information	to	

preferentially	enter	unoccupied,	high-quality	patches.	

	

There	is	an	important	distinction,	then,	between	scrounging	behaviour,	which	

represents	an	observable	social	interaction	between	individuals	at	a	resource	that	

has	also	been	termed	‘joining’	or	‘kleptoparasitism’	(Giraldeau	&	Beauchamp	1999;	

Vahl	et	al.	2005;	McCormack	et	al.	2007;	Giraldeau	&	Dubois	2008),	and	social	

information	use,	which	may	or	may	not	be	manifest	as	scrounging	behaviour.	While	

an	individual’s	ability	to	scrounge	will	be	strongly	influenced	by	contest	competition	

when	resources	are	monopolisable	to	some	degree	(Chapter	2	and	4),	its	ability	to	

use	social	information	may	depend	on	whether	the	spatiotemporal	distribution	of	

resources	forces	a	strong	linkage	between	social	information	use	and	scrounging.	

The	degree	to	which	the	removal	of	this	linkage	will	actually	allow	subordinate	

individuals	to	reduce	contest	competition	may	then	further	depend	on	whether	

dominant	individuals	also	possess	such	information.	If	some	level	of	environmental	

predictability	means	that	information	can	be	reused	or	generalised	in	time	and	

space,	it	follows	that	dominant	individuals	may	also	benefit	from	holding	on	to	it.	

The	difference	should	be	that	dominant	individuals	would	be	able	to	use	any	

information	freely	without	regard	to	the	competitive	context.	In	contrast,	

subordinate	individuals	must	first	collect	information	that	can	be	generalised	and	

then	evade	dominant	competitors	in	time	and	space	in	order	to	use	it	effectively.		
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The	results	of	the	feeding	experiment	presented	in	Chapter	4	provide	some	insight	

into	the	challenges	that	subordinate	individuals	might	face	in	terms	of	evading	

dominant	individuals	in	time	and	space.	The	study	showed	that	social	information	

use	could	be	decoupled	from	scrounging	behaviour,	but	subordinate	individuals	

were	only	able	to	act	on	this	opportunity	to	increase	their	feeding	success	once	

dominant	individuals	had	vacated	the	high-quality	patches.	The	consequence	was	a	

reduction	in	the	strength	of	contest	competition	towards	the	end	of	a	feeding	trial,	

but	this	had	little	effect	on	the	overall	disparity	in	resource	access	associated	with	

dominance	across	a	whole	trial.	Earlier	in	each	trial,	when	the	majority	of	the	

available	food	was	consumed,	any	decoupling	did	not	allow	subordinate	individuals	

to	access	high-quality	patches,	since	such	patches	were	severely	limited	in	number	

and	high-ranked	individuals	used	social	information	and	their	dominance	to	locate	

and	monopolise	them.	However,	the	overall	purpose	of	the	experiment	was	to	

illustrate	how	some	level	of	spatiotemporal	predictability	in	resource	distribution	

should	allow	prior	information	to	be	collected	(see	Valone	1991;	Dall	et	al.	2005;	

Trimmer	et	al.	2011;	Marshall	et	al.	2013),	and	how	this	might	permit	the	decoupling	

of	social	information	use	from	competitive	social	interactions.	

	

Under	natural	conditions,	opportunities	to	evade	dominant	individuals	in	time	and	

space	to	use	prior,	socially	collected,	information	may	be	more	likely.	It	is	clear	that	

individuals	living	in	either	ephemeral	or	stable	social	groups	will	not	always	be	in	

each	other’s	presence.	Furthermore,	studies	of	animal	social	networks	have	

demonstrated	how	societies	are	generally	dynamically	structured,	such	that	different	

pairs	of	individuals	will	vary	in	their	association	strengths	through	time,	both	in	
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terms	of	their	probability	of	being	in	close	proximity	or	of	socially	interacting	(Sih	et	

al.	2009;	Wilson	et	al.	2013,	2014;	Castles	et	al.	2014;	Carter	et	al.	2015).	Therefore,	

subordinate	individuals	may	be	able	to	secure	benefits	akin	to	the	‘finder’s	share’	

associated	with	resource	discoveries	in	the	producer-scrounger	model	if	they	are	

able	to	use	social	information	to	efficiently	access	valuable	resources	before	the	

arrival	of	any	dominant	competitors.	

	

The	degree	to	which	this	process	might	be	able	to	weaken	the	effects	of	contest	

competition	will	likely	depend	on	whether	dominant	individuals	also	possess	such	

information,	as	well	as	the	overall	scarcity	of	resources.	Hirsch	(2007)	generated	a	

qualitative	model	of	feeding	competition	predicting	that	dominant	individuals	should	

position	themselves	at	the	front	of	a	foraging	group	when	they	know	the	location	of	

rapidly	depleting,	monopolisable	resources.	This	prediction	was	corroborated	by	a	

feeding	experiment	in	chacma	baboons,	showing	that	when	all	individuals	had	been	

given	the	opportunity	to	learn	about	the	location	of	a	high-quality	feeding	site,	the	

alpha	male	baboon	became	the	group	leader,	reaching	the	site	first	each	day	and	

monopolising	it	(King	et	al.	2008).	In	contrast,	when	the	baboons	were	naïve	to	the	

location	of	such	feeding	sites,	the	alpha	male	was	less	likely	to	be	the	group	leader.	

This	finding	is	consistent	with	studies	suggesting,	under	conditions	of	resource	

uncertainty,	dominant	individuals	should	optimise	their	detection	of	social	

information	to	exploit	competitors	by	adopting	a	more	central	group	position	(Barta	

et	al.	1997;	di	Bitetti	&	Janson	2001;	Hirsch	2007;	King	et	al.	2009).	Future	research	

might	consider	systematically	how	the	predictability	of	resource	distribution	through	

space	and	time	interact	with	the	other	elements	of	resource	ecology	considered	in	
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this	thesis	to	influence	the	relationships	between	information	use	and	competition.	

At	present,	these	ideas	have	received	no	research	attention.	However,	they	may	

prove	important	in	understanding	and	predicting	both	constraints	on	information	

flow	within	groups,	and	the	role	of	social	information	use	in	the	enforcement	of	

contest	competition.	

	

Behavioural	mechanisms	underpinning	the	eco-evolutionary	dynamics	of	dominance	

Social	dominance	is	a	widespread	and	familiar	biological	phenomenon,	occurring	

across	a	broad	taxonomic	distribution	and	associated	with	all	types	of	social	

organisation	(Bernstein	1981;	Kaufmann	1983;	Ellis	1995;	Moore	et	al.	2002;	Hughes	

et	al.	2008;	Clutton-Brock	2009).	The	prevalence	of	dominance	structures	in	natural	

systems	is	suggestive	of	a	positive	relationship	between	dominance	and	fitness,	and	

this	has	been	confirmed	in	the	vast	majority	of	cases	studied	(see	Ellis	1995	for	

review;	van	Noordwijk	&	van	Schaik	1999;	Field	et	al.	2006;	Clutton-Brock	&	Huchard	

2013).	Resource	monopolisation,	or	contest	competition,	is	fundamental	to	such	

benefits	(Moore	1990;	Clarke	&	Faulkes	1997;	Cotton	et	al.	2006;	Piper	et	al.	2006;	

Holman	et	al.	2010).	Because	resource	monopolisation	represents	an	enforced	

inequity	in	access	to	resources	across	a	group	or	population,	the	mechanisms	

underlying	contest	competition	are	fundamentally	different	to	scramble	

competition.	Scramble	represents	the	general	effects	of	resource	limitation	on	an	

individual’s	survival	and	reproduction	(Nicholson	1954;	Parker	2000),	which	might	

influence	individuals	differently	depending	on	various	genotypic	or	phenotypic	

factors	under	selection	(Kokko	&	López-Sepulcre	2007;	Schoener	2011).	In	contrast,	

contest	competition	relies	explicitly	on	the	maintenance	of	between-individual	
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differences	in	those	morphological,	physiological,	and	behavioural	traits	that	

generate	and	mediate	asymmetric	contests	(e.g.,	Clarke	&	Faulkes	1997;	Hodge	et	al.	

2008;	Korb	et	al.	2009;	Giles	et	al.	2015).	

	

Population	ecologists	have	long	expected	important	population	dynamic	processes	

such	as	density	dependence	and	the	Allee	effect	to	be	underpinned	by	processes	at	

the	level	of	individual	behaviour	(Sutherland	1996;	Łomnicki	1999;	Sutherland	&	

Norris	2002),	but	these	links	have	often	been	difficult	to	establish	(Stillman	&	Goss-

Custard	2010;	Evans	2012;	Marshall	et	al.	2012b).	However,	the	reliance	of	contest	

competition	on	behavioural	interactions	that	mediate	dominance	relationships	

provides	a	uniquely	simple,	but	biologically	general,	opportunity	to	explore	such	

links.	Specifically,	dominance	can	only	exist	through	between-individual	variation	in	

behaviour,	and	its	effects	on	fitness	are	relatively	straightforward.	In	Chapter	5,	I	

built	a	simple	demographic	model	to	study	the	evolutionary	and	population	dynamic	

consequences	of	social	dominance	hierarchies,	founded	on	these	basic,	but	well-

supported,	assumptions.	This	study	suggested	that	regulation	of	population	growth	

rate	could	emerge	simply	from	the	effects	of	contest	competition	on	individual	

survival	and	reproduction.	By	building	this	model	in	an	eco-evolutionary	framework,	

I	was	then	able	to	explore	the	consequences	of	social	dominance	on	long-term	

multigenerational	fitness.	This	generated	insights	into	(1)	the	potential	roles	of	

developmental	plasticity	and	suppression	in	maintaining	between-individual	

variation	in	phenotypic	traits	associated	with	differences	in	dominance	rank;	(2)	the	

dynamics	of	dispersal	versus	philopatry;	and	(3)	the	evolutionary	ecology	of	

cooperative	breeding	and	eusociality.	These	insights	were	discussed	in	detail	within	
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Chapter	5.	Consequently,	I	instead	focus	below	on	the	insights	generated	elsewhere	

in	this	thesis	regarding	the	possible	behavioural	mechanisms	underpinning	social	

dominance,	and	how	these	mechanisms	should	be	influenced	by	the	ecology	of	

resources.	

	

In	order	for	dominance	to	emerge	from	individual	variation	in	competitive	ability,	

resources	must	be	economically	defensible	(e.g.,	Grant	1993).	That	is,	the	benefits	

accrued	by	an	individual	with	high	competitive	ability	by	defending	a	resource	must	

outweigh	any	costs	associated	with	such	defence.	This	trade-off	is	the	basis	of	

resource	defence	theory	(Grant	1993),	and	empirical	tests	of	its	predictions	have	

frequently	shown	that	individuals	with	relatively	high	competitive	ability	will	

outcompete	others	when	resources	are	clumped	but	not	when	dispersed	(Theimer	

1987;	Grant	&	Guha	1993;	Robb	&	Grant	1998;	Vahl	et	al.	2005).	However,	the	

experimental	settings	in	which	such	resource	monopolisation	has	generally	been	

studied	present	individuals	with	an	environment	in	which	resources	are	presented	

freely	and	there	is	little	or	no	uncertainty	associated	with	their	distribution.	Similarly,	

studies	of	the	ideal	free	(and	despotic)	distribution	that	consider	individual	variation	

in	competitive	ability	assume	that	animals	have	perfect	knowledge	of	their	

environment	(Fretwell	&	Lucas	1970;	Milinski	&	Parker	1991;	Krivan	et	al.	2008).	

These	approaches	do	not	consider	the	potential	importance	of	resource	scarcity	in	

the	benefits	of	monopolisation,	and	are	at	odds	with	the	widespread	expectation	

that	individuals	will	often	face	uncertainty	about	the	spatiotemporal	distribution	of	

vital	resources.	
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The	model	presented	in	Chapter	3	of	this	thesis	provided	a	framework	in	which	to	

consider	resource	monopolisability	and	scarcity	in	unison	when	attempting	to	

understand	the	ecological	conditions	that	should	permit	individuals	with	high	

competitive	ability	to	exert	contest	competition.	This	model	suggested	a	crucial	role	

for	social	information	use	in	generating	the	fitness	advantages	of	dominance	

alongside	competitive	ability,	building	on	previous	developments	in	the	integration	

of	resource	defence	theory	and	social	information	use	(Barta	&	Giraldeau	1998;	

Dubois	et	al.	2003;	Dubois	&	Giraldeau	2005).	Specifically,	the	model	predicted	that	

in	order	for	despotic	systems	to	evolve	under	conditions	of	resource	uncertainty,	

resources	need	to	be	monopolisable,	scarce,	and	not	rapidly	depleted,	such	that	

alpha	individuals	can	combine	social	information	use	and	competitive	exclusion	to	

generate	severe	conditions	of	contest	competition.	As	monopolisable	resources	

became	less	scarce,	simultaneous	resource	discoveries	meant	that	contest	

competition	was	less	skewed,	such	that	multiple	individuals	could	use	a	combination	

of	social	dominance	and	social	information	use	to	gain	fitness	benefits	relative	to	

subordinate	competitors.	Eventually,	when	monopolisable	resources	became	

extremely	common,	there	was	no	benefit	to	using	social	information,	and	dominant	

individuals	were	unable	to	exert	contest	competition.	

	

Empirical	support	for	these	predictions	regarding	the	importance	of	social	

information	use	in	the	benefits	of	dominance	was	provided	experimentally	in	

Chapter	4,	as	outlined	above.	Elsewhere,	field	studies	in	common	loons	(Gavia	

immer)	have	shown	that	individuals	collect	social	information	about	the	past	

breeding	success	of	competitors,	but	only	some	use	this	information	to	usurp	the	
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best	breeding	territories	(Piper	et	al.	2000,	2006).	The	fact	that	others	do	not	may	

reflect	their	lower	social	rank,	although	these	studies	lacked	the	data	to	establish	

this	relationship.	

	

Social	information	use	may	be	less	important	for	dominance	when	there	is	less	

uncertainty	associated	with	resource	distribution.	Nonetheless,	resource	

monopolisability	alone	should	still	be	insufficient	to	drive	contest	competition	when	

individuals	differ	in	competitive	ability:	such	resources	should	also	be	relatively	

scarce	(Chapter	3).	As	shown	in	the	feeding	experiment	presented	in	Chapter	4,	

intermediate	levels	of	predictability	in	resource	distribution	through	space	and	time	

may	allow	social	information	use	to	be	decoupled	from	the	competitive	context	in	

which	it	is	collected.	The	degree	to	which	this	might	allow	individuals	with	low	

competitive	ability	to	delay	their	use	of	such	social	information	for	a	context	with	no	

competitive	constraints	in	the	real	world	is	unclear.	For	example,	such	information	

may	be	useless	if	individuals	with	higher	competitive	ability	also	possess	it,	or	if	

contexts	with	no	competitive	constraints	are	unlikely	to	arise	(Piper	et	al.	2000,	

2006;	e.g.,	King	et	al.	2008;	Pärt	et	al.	2011).	More	research	is	required	to	fully	

understand	the	interdependencies	between	information	use	and	competitive	

processes	when	some	level	of	predictability	in	resource	distribution	means	that	

individuals	have	the	opportunity	to	accumulate	prior	information.	Doing	so	will	help	

to	elucidate	the	ecological	conditions	and	behavioural	mechanisms	that	must	

combine	to	underpin	social	dominance,	a	general	biological	phenomenon	with	far-

reaching	consequences.	 	
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Figure	S1.1.	Satellite	photograph	showing	the	naturally	flat,	cleared	site	(dashed	box)	in	

which	a	feeding	arena	was	set	up	within	one	of	the	two	study	troops’	home	ranges.	 	
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In!model!P2,!the!reference!category!for!‘Currently!occupied’!is!!‘No’.!Note!that!any!patch!entry!occurring!during!an!interval!where!the!

patch!was!‘currently!occupied’!was!considered!a!‘scrounge’,!while!the!opposite!was!considered!a!‘produce’.!

Table&S1.1.&Factors&(including&control&variables)&affecting&the&probability&of&entering&a&top&quality&patch&in&T1&(P1.1)&and&T4&(P3.1),&
individual&feeding&rate&in&T1&(P1.2)&and&T4&(P3.2),&and&the&probability&of&entry&into&a&patch&in&consecutive&10&s&intervals&(P2).&

Prediction& No.$models$
averaged$ Response$ N" Fixed$Effect$ β$ s.e.$

Relative$
contribution$
to$final$model$

P1.1$ 1$ Probability$of$entering$
highest$quality$(T1)$

477$ Intercept$
Rank$
Treatment_HV$
Troop_L$
Block_2$
Rank$*$Treatment_HV$

N1.37$
0.13$
N2.57$
0.38$
N0.22$
5.18$

0.58$
0.75$
0.80$
0.30$
0.31$
1.13$

1$
1$
1$
1$
1$
1$

P1.2$ 2$ Feeding$rate$(T1)$ 434$ Intercept$
Rank$
Treatment_HV$
Troop_L$
Block_2$
Rank$*$Treatment_HV$

N0.41$
0.21$
N0.48$
N0.05$
0.07$
0.60$

0.16$
0.20$
0.21$
0.08$
0.07$
0.27$

1$
1$
0.93$
1$
1$
0.93$

P2$ 1$ Probability$of$patch$
entry$

1342$ Intercept$
Proportion$prior$time$occupied$(PPTO)$
Currently$occupied_Yes$
Interval$
Troop$
PPTO$*$Currently$occupied_Yes$

N1.72$
2.01$
1.01$
0.00$
0.10$
N3.88$

0.33$
0.71$
0.45$
0.00$
0.27$
0.78$

1$
1$
1$
1$
1$
1$

P3.1$
$

2$ Probability$of$entering$
highest$quality$(T4)$

240$
$

Intercept$
Rank$
Treatment_HV$
Troop_L$
Block_2$

N1.09$
0.26$
0.82$
N0.05$
0.24$

0.41$
0.54$
0.55$
0.28$
0.29$

1$
0.59$
1$
1$
1$
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Feeding	benefits	of	top	quality	patches	in	T4	

We	asked	whether	individuals	still	gained	higher	feeding	rates	during	T4	by	accessing	

patches	that	had	been	provisioned	as	top	quality	(‘Quality	4’),	as	opposed	to	lower	

quality.	We	analysed	these	data	following	the	protocol	for	analysis	of	feeding	rate	

described	in	Chapter	4,	but	including	only	a	single	fixed	effect:	whether	or	not	the	

patch	was	top	quality	or	not.	This	effect	was	assessed	using	a	likelihood	ratio	test.	

We	removed	all	data	from	‘Quality	1’	patches	from	this	analysis,	since	these	were	

never	provisioned.	

	

Consistent	with	our	predictions,	individuals	had	a	higher	feeding	rate	during	T4	in	

top	quality	patches	than	in	lower	quality	patch	types	(N	=	86,	χ2	=	11.49,	p	=	<0.001;	Fig	

S1.1).		

Figure	S1.2.	Differences	in	individual	feeding	rate	in	top	quality	(‘Y’)	versus	lower	quality	

(‘N’)	patches	in	T4.		Each	box	is	split	by	the	median	value,	and	enclosed	by	the	first	and	third	

quartiles;	whiskers	extend	to	the	most	extreme	data	point	in	each	direction.	
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