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Abstract
Intensive	management	is	frequently	required	in	fenced	wildlife	areas	to	reduce	del-
eterious	effects	of	isolation.	Decisions	on	how	best	to	manage	such	wildlife	are	ideally	
informed	by	regular	and	reliable	estimates	of	spatiotemporal	fluctuations	in	popula-
tion	size	and	structure.	However,	even	in	small,	fenced	areas,	it	is	difficult	and	costly	
to	regularly	monitor	key	species	using	advanced	methods.	This	is	particularly	the	case	
for	large	carnivores,	which	typically	occur	at	low	density	and	are	elusive	yet	are	central	
to	management	decision-	making	due	to	their	top–	down	effects	in	ecosystems	and	at-
tracting	tourism.	In	this	study,	we	aimed	to	provide	robust	estimates	of	population	pa-
rameters	for	African	lions	(Panthera leo)	and	use	the	data	to	inform	a	resource-	efficient	
long-	term	monitoring	programme.	To	achieve	this,	we	used	unstructured	spatial	sam-
pling	to	collect	data	on	lions	in	Pilanesberg	National	Park,	a	small	(~550 km2)	fenced	
protected	area	in	South	Africa.	We	used	Bayesian	spatial	capture–	recapture	models	
to	estimate	density,	abundance,	sex	ratio	and	home	range	size	of	lions	over	the	age	of	
1 year.	Finally,	to	provide	guidance	on	resource	requirements	for	regular	monitoring,	
we	rarefied	our	empirical	data	set	incrementally	and	analysed	the	subsets.	Lion	den-
sity	was	estimated	to	be	8.8	per	100 km2	(posterior	SD = 0.6),	which	was	lower	than	
anticipated	by	park	management.	Sex	ratio	was	estimated	close	to	parity	 (0.9♀:1♂),	
consistent	with	 emerging	 evidence	 in	 fenced	 lion	 populations,	 yet	 discordant	with	
unfenced	populations,	which	are	usually	~2♀:1♂	 in	healthy,	source	populations.	Our	
rarefied	data	suggest	that	a	minimum	of	4000 km	search	effort	needs	to	be	invested	
in	future	monitoring	to	obtain	accurate	and	precise	estimates,	while	assuming	simi-
lar	detection	rates.	This	study	demonstrates	an	important	utility	of	Bayesian	spatial	
explicit	capture–	recapture	methods	for	obtaining	robust	estimates	of	 lion	densities	
and	other	important	parameters	in	fence-	protected	areas	to	inform	decision-	making.
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1  |  INTRODUC TION

Large	African	carnivores,	such	as	lions	(Panthera leo)	 (Figure 1),	are	
thought	 to	 be	 declining	 primarily	 due	 to	 retaliations	 arising	 from	
human–	wildlife	 conflict,	 and	 bushmeat	 poaching	 resulting	 in	 prey	
depletion	 (Bauer	 et	 al.,	2020).	 These	effects	 appear	 to	be	 greater	
in	 unfenced	 areas,	 with	 one	 study	 suggesting	 that	 up	 to	 half	 of	
unfenced	 lion	 populations	may	 decline	 to	 near	 extinction	 (Packer,	
Loveridge,	 et	 al.,	2013).	 Consequently,	 fencing	 of	wildlife	 areas	 in	
Africa	is	an	increasingly	popular,	albeit	contentious,	strategy	to	ame-
liorate	threats	(Creel	et	al.,	2013;	Packer,	Swanson,	et	al.,	2013;	Pekor	
et	al.,	2019).	While	fencing	may	help	to	reduce	the	threats	facing	free	
ranging	 populations,	 the	 total	 isolation	 of	 often	 small	 populations	
necessitates	 intensive	management,	since	confinement	and	limited	
space	can	inhibit	dispersal,	affect	territorial	behaviour,	cause	genetic	
isolation,	lower	disease	resistance	and	frequently	result	in	overpop-
ulation	(Miller	et	al.,	2013;	Miller	&	Funston,	2014).	Lions	have	direct	
and	indirect	top–	down	regulating	effects	on	prey	populations	(Kissui	
&	Packer,	2004;	Le	Roux	et	al.,	2019),	which	can	be	exaggerated	in	
small,	fenced	protected	areas	as	the	ability	of	prey	to	spatially	avoid	
predators	 is	 inhibited	 (Tambling	&	Du	 Toit,	2005).	 This	 can	 cause	

a	 ‘predator	 pit’	 (see	 Clark	 et	 al.,	2021;	 Smout	 et	 al.,	 2010)	where	
high	predator	numbers	 impact	prey	species	to	such	an	extent	that	
prey	populations	begin	to	decline	(Clark	et	al.,	2021;	Tambling	&	Du	
Toit,	2005).	This	results	in	significant	financial	and	ecological	conse-
quences,	which	can	be	reduced	by	effective	management.	In	South	
Africa,	there	are	many	fenced	wildlife	areas,	and	the	lions	therein	are	
managed	as	a	metapopulation	through	translocations,	contraception	
or	euthanasia,	with	careful	consideration	of	social	structure,	popula-
tion	genetics	and	wildlife	numbers	(Miller	et	al.,	2013).

Foundational	to	decision-	making	on	lion	management	in	fenced	
areas	 is	 the	need	 for	accurate	and	precise	estimates	of	key	popu-
lation	 parameters,	 such	 as	 abundance	 and	 space	 use.	 However,	
estimating	 these	 parameters	 is	 frequently	 problematic	 due	 to	 lo-
gistical	and	methodological	 limitations,	even	 in	small,	 fenced	wild-
life	 areas	 (Braczkowski,	 Gopalaswamy,	 Elliot,	 et	 al.,	 2020; Elliot 
et	al.,	2020).	Traditional	methods	used	to	estimate	 lion	population	
sizes	 (e.g.	call-	up	surveys	and	spoor	counts)	are	often	problematic	
due	to	confounding	effects	caused	by	detection	probability,	and	re-
sult	in	high	scientific	uncertainty	(Gopalaswamy	et	al.,	2015,	2022). 
Some	of	 these	methods	are	also	commonly	used	 in	South	Africa's	
protected	areas	(Ferreira	&	Funston,	2010;	McEvoy,	2019;	Tambling	

K E Y W O R D S
Bayesian	spatial	explicit	capture–	recapture,	fenced	protected	area,	home	range,	population	
density,	sampling	effort,	sex	ratio

T A X O N O M Y  C L A S S I F I C A T I O N
Conservation	ecology

F I G U R E  1 Male	African	lion	(Panthera 
leo)	in	Pilanesberg	National	Park,	South	
Africa.	Photo	credit:	Rob	Davis.
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&	 Du	 Toit,	 2005).	 More	 recently,	 Elliot	 and	 Gopalaswamy	 (2017) 
demonstrated	 how	 to	 apply	 unstructured	 spatial	 sampling	 to	 col-
lect	 individual	encounter	histories	of	 lions,	and	fit	the	data	to	spa-
tial	 capture–	recapture	 models.	 This	 search	 encounter-	based	 SCR	
(SECR)	approach	has	since	been	successfully	used	within	many	east	
African	source	populations	to	provide	robust	population	estimates	
and	 management	 recommendations	 (Braczkowski,	 Gopalaswamy,	
Nsubuga,	et	al.,	2020;	Elliot	et	al.,	2021;	Ngene	et	al.,	2023;	Western	
et	al.,	2022),	yet	has	not	been	applied	in	southern	Africa.

In	our	 study,	we	had	 three	objectives:	 (1)	 to	demonstrate	how	
to	 apply	 the	 SECR	 approach	 in	 a	 South	 African	 setting,	 where	
lion	 populations	 are	 intensively	 managed,	 yet	 typically	 monitored	
using	ad-	hoc	methods;	(2)	to	provide	the	management	authority	of	
Pilanesberg	National	Park,	a	small,	fenced	protected	area	with	rig-
orous	 estimates	 of	 density,	 abundance,	 sex	 ratio	 and	 home	 range	
size;	and	(3)	to	use	our	empirical	data	set	to	inform	the	creation	of	a	
resource-	efficient	long-	term	monitoring	programme	that	facilitates	
management	decision-	making.

2  |  METHODS

2.1  |  Study area

Pilanesberg	 National	 Park	 (PNP)	 is	 located	 in	 the	 Northwest	
Province	of	South	Africa	(−25.2523,	27.0812)	and	is	approximately	
550 km2.	 The	 park	 is	 fully	 enclosed	 by	 a	 predator-	proof	 electric	
fence,	which	 effectively	 confines	wildlife	within	 the	 park	 (Vanak	
et	al.,	2010).	After	being	declared	a	protected	area	in	1979	approxi-
mately	6000	animals	of	various	taxa	were	reintroduced,	including	
lions	 in	 1993	 (Van	 Dyk	 &	 Slotow,	 2003).	 The	 animals	 are	 well-	
habituated	 to	 vehicles	 since	 PNP	 is	 popular	 among	 international	

and	local	tourists	(Stoffelen	et	al.,	2020).	Pilanesberg	National	Park	
is	 within	 the	 Savanna	 biome	 and	 consists	 mainly	 of	 Pilanesberg	
Mountain	 Bushveld	 veld	 type	 (Mucina	&	 Rutherford,	2006) with 
an	 average	 of	 ~630 mm	 of	 rain	 per	 year,	 which	 falls	 between	
September	 and	 February	 (Carruthers,	 2011). There are several 
natural	 springs	 and	 artificial	 dams	 that	 provide	 perennial	 water	
throughout	PNP.

2.2  |  Field methods

All	 fieldwork	 was	 conducted	 between	 25	 August	 2020	 and	 10	
December	2020.	This	108-	day	time	frame	was	deemed	long	enough	
to	 obtain	 a	 large	 data	 set,	 but	 short	 enough	 to	 presumably	meet	
assumptions	 of	 geographic	 and	 demographic	 closure	 (Karanth	 &	
Nichols,	 1998).	We	 used	 a	 vehicle	 to	 search	 for	 lions	 along	 tour-
ism	and	management	roads.	We	searched	for	lions	during	the	early	
mornings	 (05:00–	10:30)	 and	 late	 afternoons	 (16:00–	18:30)	 when	
lions	 were	 most	 active	 (Elliot,	 Cushman,	 Loveridge,	 et	 al.,	 2014). 
We	used	 a	 customised	Cybertracker	 application	 (www.cyber	track	
er.org),	installed	on	an	android	smartphone,	to	record	lion	locations	
and	search	effort,	by	automatically	taking	a	GPS	reading	every	10 s.	
We	roughly	divided	PNP	into	five	road	sections,	and	set	routes	were	
driven	each	morning	and	afternoon	to	ensure	that	our	search	effort	
was	not	biased	towards	certain	areas	(Figure 2).	Between	driving	the	
set	routes	for	the	day,	we	attempted	to	enhance	our	lion	detections	
by	following	up	on	lion	sighting	reports	(e.g.	social	media	and	safari	
guides).	The	vegetation	 in	PNP	range	from	open	to	dense	 in	some	
areas,	which	could	have	influenced	detection.	Prey	species	are	also	
not	evenly	distributed	due	to	vegetation	dynamics	and	burning	re-
gimes.	The	effect	of	these	factors	was,	however,	not	tested	in	this	
study.

F I G U R E  2 Unstructured	spatial	
sampling	protocol	was	used	to	find	and	
identify	individual	lions	in	Pilanesberg	
National	Park,	South	Africa.	Our	spatial	
capture	recapture	sampling	design	
accounted	for	search	effort	per	0.5 km2 
pixel	(trap)	per	sampling	occasion	(1 day)	
and	resulted	in	184	detections	of	37	
individuals	(the	jittered	coloured	lines	
connecting	detections	represent	spatial	
recaptures	of	individuals).
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Photographs	were	taken	using	a	Canon	5D	DSLR	camera	with	a	
Sigma	150–	600 mm	F/5-	63	lens.	Where	possible,	for	each	individual	
sighted,	we	attempted	to	take	close-	up	photographs	of	the	whisker	
spots	on	the	left	and	right	side	of	the	face,	in	addition	to	any	unique	
features	(Pennycuick	&	Rudnai,	1970).	We	used	these	photographs	
to	create	identity	profiles	for	each	individual.	Photographs	taken	at	
subsequent	sightings	were	then	compared	with	the	identity	profiles	
to	 visually	 assess	 whether	 or	 not	 they	 were	 the	 same	 individual,	
based	on	whether	or	not	both	sets	of	whisker	spots	matched	 (see	
Elliot	 et	 al.,	2020	 for	more	 details).	 Cubs	were	 recorded	 but	 lions	
estimated	<1 year	were	excluded	from	the	analysis	due	to	their	po-
tential	high	mortality	rate,	which	would	likely	violate	the	assumption	
of	population	closure	(Otis	et	al.,	1978).	Lions	were	aged	using	ageing	
criteria	from	Miller	and	Funston	(2016).	An	external	validation	of	the	
capture	history	was	performed	by	one	of	the	authors	not	involved	
in	the	fieldwork.	Discrepancies	were	discussed,	and	a	detection	was	
retained	only	if	both	observers	agreed	on	the	identity.

2.3  |  Analytical framework

To	model	the	spatial	distribution	of	lions	(state	process),	we	gener-
ated	a	state	space,	which	was	defined	by	the	park	boundary,	since	
PNP	 is	 fully	 enclosed	by	 a	predator-	proof	 electrified	 fence,	which	
prohibits	 movement	 of	 wildlife	 to	 areas	 outside	 the	 park	 (Vanak	
et	al.,	2010).	Within	the	state	space,	we	generated	potential	activity	
centres,	represented	by	0.5 km2	pixels.	We	set	the	data	augmented	
value	of	abundance	(M)	to	200,	which	is	the	sum	of	the	number	of	
individuals	detected	during	the	study	(n = 37)	and	the	number	of	in-
dividuals	 augmented	 for	 the	analysis	 (nz = 163;	Royle	et	 al.,	2009). 
Given	the	fenced	nature	of	PNP,	the	estimate	of	abundance	(N)	in	the	
study	area	is	equivalent	to	(Nsuper)	estimated	within	the	state	space.	
To	 describe	 the	 observation	 process	 (the	 way	 individual	 animals	
were	detected),	we	followed	the	procedure	described	by	Elliot	and	
Gopalaswamy	 (2017).	 This	 entailed	 the	 compilation	 of	 a	 standard	
SCR	matrix,	 consisting	of	 individuals,	 sampling	occasions	 and	 trap	
locations	 (pixels	of	 size	0.5 km2).	 Since	highly	 sampled	 traps	might	
increase	the	chance	of	detections,	we	included	an	effort	covariate	
(logarithm	of	kilometres	driven	per	 trap,	per	day).	Sex-	specific	 co-
variates	were	included	since	males	and	females	have	different	home	
range	sizes,	which	might	affect	the	observation	process.	The	inclu-
sion	of	these	covariates	also	allowed	us	to	estimate	sex	ratio.	To	pro-
vide	a	measure	of	sex-	specific	home	range	size,	we	took	the	spatial	
scale	parameter	(�)	for	each	sex	and	applied	the	formula	�

�
�
√
5.99

�2

 
(see	page	157	of	Royle	et	al.,	2013).

2.4  |  Candidate models

We	 defined	 five	 a-	priori	 models	 and	 compared	 their	 posterior	
outputs	 (Table 1).	We	 set	 the	 detection	 function	 parameter	 (�) to 
1,	which	implies	a	fixed,	half-	normal	detection	function.	The	prob-
ability	 of	 detecting	 lion	 i	 within	 pixel	 j	 on	 sampling	 occasion	 k is 

defined	by	a	complementary	log–	log	function	of	covariates	(Elliot	&	
Gopalaswamy,	2017):

where f
[
dist(i, j)| �, �sex

]
	describes	how	detection	rate	is	a	function	of	

distance	between	the	activity	centre	of	individual	 i 	and	pixel	 j,	which	
are	conditional	on	�	and	�sex.

We	ran	the	models	using	R	 (R	Core	Team,	2021)	and	the	code	
provided	 by	 Elliot	 and	 Gopalaswamy	 (2017),	 which	 implements	 a	
Bayesian	Markov	Chain	Monte	Carlo	(MCMC)	procedure	using	the	
Metropolis–	Hastings	algorithm	 (Tierney,	1994).	We	 ran	31,000	 it-
erations	per	chain	and	set	 four	chains	for	each	model	with	an	 ini-
tial	burn	in	of	1000	iterations.	We	assessed	convergence	using	the	
Gelman–	Rubin	 diagnostic	 and	 assumed	 convergence	 if	 the	 r-	hat	
value	was	<1.05	for	each	parameter	(Gelman	&	Rubin,	1992).	If	non-
convergence	persisted,	we	discarded	more	 initial	 iterations,	or	we	
reran	the	analysis	with	more	iterations.	To	select	a	model	to	report,	
we	used	two	criteria.	First,	a	goodness-	of-	fit	evaluation,	using	the	
Bayesian	p-	value	based	on	individual	encounters	(Royle	et	al.,	2009),	
was	used	to	reject	models	whose	p-	value	lay	outside	the	extremities	
(between	.15	and	.85).	Second,	we	visually	assessed	pair-	wise	cor-
relation	plots	of	the	posterior	outputs	to	assess	parameter	redun-
dancy.	All	R	scripts,	functions,	and	data	for	our	analysis	are	available	
in	Appendix	S1.

2.5  |  Assessing precision and bias associated with 
reduced effort

We	repeated	the	analyses	described	above	using	subsamples	of	 the	
empirical	data	to	better	understand	how	reduced	sampling	would	af-
fect	the	bias	and	precision	of	our	estimates.	To	do	this,	we	depleted	our	
full	empirical	data	set	of	7068 km	by	~1000 km	increments,	providing	
us	with	six	subsets	in	addition	to	the	complete	data	set.	For	each	sub-
set,	we	only	retained	the	detections	associated	with	the	incremental	
drive	effort,	and	 to	mimic	a	 realistic	sampling	situation,	we	retained	
complete	tracks,	which	typically	require	starting	and	ending	at	a	base.	
Each	increment	of	1000 km	was	roughly	equivalent	to	driving	all	road	
segments	 twice,	 and	 each	 subset	 of	 data	 has	 roughly	 uniform	 cov-
erage.	For	 these	subsets,	we	only	 ran	Model	1,	which	assumes	 that	

cloglog
(
�ijk

)
= log �0 + �eff

[
log

(
effortjk

)]
+ �sex

(
sexi

)
− f

[
dist(i, j)| �, �sex

]

TA B L E  1 Five	candidate	models	used	to	estimate	the	lion	
population	abundance	in	Pilanesberg	National	Park,	using	a	
Bayesian	SCR	approach	(Elliot	et	al.,	2020).

Model 1— N(.),	λ0(sex + effort),	�(sex):	The	basal	encounter	rate	and	
the	spatial	scale	parameter	is	sex-	specific

Model 2— N(.),	λ0(effort),	�(sex):	The	spatial	scale	parameter	is	sex-	
specific,	but	the	basal	encounter	rate	is	independent	of	sex

Model 3— N(.),	λ0(effort),	�(.):	The	spatial	scale	parameter	and	the	
basal	encounter	rate	are	independent	of	sex

Model 4— N(.),	λ0(sex	+	effort),	�(.):	The	spatial	scale	parameter	is	
independent	of	sex,	but	the	basal	encounter	rate	is	sex-	specific

Model	5—	N(.),	λ0(effort):	This	is	a	conventional	nonspatial	capture–	
recapture	model,	corrected	for	effort
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both	the	basal	encounter	rate	
(
�0

)
	and	the	rate	of	decline	in	detection	

probability	(�)	are	sex-	specific.	We	chose	this	model	since	it	provides	
estimates	on	population	size,	sex	ratio	and	sex-	specific	movement,	pa-
rameters,	which	are	used	for	management	decisions.	To	assess	preci-
sion	and	relative	bias	of	these	estimates,	we	compared	estimates	from	
the	 reduced	data	sets	 to	 those	based	on	 the	 full	empirical	data	set.	
Precision	was	measured	by	calculating	the	coefficient	of	variation	using	
CV = ŜE(D̂)∕ D̂,	and	relative	bias	was	calculated	using	RB = (D̂ − D ) ∕D,	
where D	is	the	density	estimate	(assumed	to	be	the	true	density)	from	
the	full	empirical	data	set	and	D̂	is	the	density	estimate	from	a	reduced	
data	set.	We	considered	data	sets	that	produced	estimates	for	�,	�sex 
and	Nsuper	with	a	CV < 20%	and	relative	bias	<15%	to	have	good	preci-
sion	and	minimal	bias.

3  |  RESULTS

We	sampled	on	90 days	during	the	108-	day	survey	period	and	drove	
7068 km	in	search	of	lions.	We	recorded	260	lion	detections	but	dis-
carded	61	detections	for	which	we	did	not	have	adequate	photographs	
to	unambiguously	identify	the	individuals	and	discarded	a	further	15	
detections	 of	 lions	 deemed	 to	 be	 under	 1 year	 of	 age.	 This	 gave	 us	
a	 total	 of	 184	 detections.	 From	 these	 detections,	 we	 identified	 37	
unique	lions	comprising	17	females	(89	detections)	and	20	males	(95	
detections),	while	the	average	number	of	traps	within	which	each	indi-
vidual	was	detected	(average	spatial	recaptures)	was	4.6.

3.1  |  Model diagnostics

All	models	achieved	convergence	(R̂ ≤ 1.05	for	each	parameter)	with	
30,000	 iterations;	although	 for	Model	2	 (1600)	and	Models	3	and	
4	(1400),	we	did	discard	additional	iterations	post	hoc.	Bayesian	p-	
values	were	between	 .67	and	 .7,	 indicating	all	were	adequate.	The	
pair-	wise	correlation	plots	 showed	minimal	parameter	 redundancy	
across	the	models	(Figure S1).	These	evidences,	in	addition	to	param-
eter	estimates	being	very	similar	across	all	SCR	models	(Table S2),	led	
us	to	report	the	estimates	from	Model	1.	Detailed	summaries	of	all	
models	are	provided	in	Tables S1	and	S2.

3.2  |  Lion abundance, density, home range size

Based	on	Model	1	 (Table 2),	 the	PNP	 lion	population	 size	was	es-
timated	 to	 be	 44	 individuals	 over	 the	 age	 of	 1 year	 (posterior	
SD = 3.05,	 95%	 highest	 posterior	 density	 [HPD]	 interval = 38–	49).	
Posterior	mean	 lion	density	was	8.8/100 km2	 (posterior	SD = 0.6%,	
95%	HPD	interval = 7.8–	10.1).	The	estimated	sex	ratio	produced	by	
�sex was 0.9♀:1♂.	The	estimate	of	�	for	males	(3.85,	PSD = 0.33)	and	
females	 (3.19,	 PSD = 0.27)	 translates	 to	 a	 home	 range	 estimate	 of	
282 km2	(PSD = 49.1)	for	males	and	193 km2	(PSD = 33.6)	for	females.	
Posterior	density	estimates	for	each	0.5 km2	pixel	illustrate	the	pri-
mary	‘hotspots’	of	lion	activity	(Figure 3).

3.3  |  Assessing precision and bias associated with 
reduced effort

As	1000 km	was	 incrementally	 removed	 from	our	empirical	data	
set,	 the	capture	histories	were	diminished.	The	poorest	data	set	
consisted	of	the	first	1000 km	search	effort	and	resulted	in	18	in-
dividuals,	with	only	 two	 recaptures,	both	of	which	were	 female.	
As	 such,	 for	 this	 data	 set,	 we	 only	 ran	Model	 3	 since	 it	 has	 no	
sex	specificity.	After	2000 km,	the	capture	history	had	increased	
substantially	 with	 28	 individuals	 and	 29	 recaptures.	 For	 both	
data	sets,	we	were	forced	to	increase	the	number	of	iterations	to	
100,000	 and	 retain	 only	 three	 chains	 (1000 km	 subset)	 and	 two	
chains	(2000 km	subset)	to	achieve	an	R̂ ≤ 1.1.	The	3000 km	data	
set	 consisted	 of	 30	 individuals	 with	 46	 recaptures.	 All	 three	 of	
these	 subsets	 (1000,	 2000,	 3000 km)	 resulted	 in	 posterior	 esti-
mates	with	 low	precision	 and	high	 levels	 of	 relative	bias	 for	 the	
key	parameters	of	 interest	 (�,	�sex	and	Nsuper; Figure 4,	Table S1). 
At	4000 km	of	search	effort,	which	resulted	in	31	individuals	with	
81	 recaptures	 and	 3.3	 average	 spatial	 recaptures,	 precision	was	
relatively	 high	 (CV < 20%)	 and	 relative	 bias	 was	 low	 (RB < 15%)	
for	all	parameters	of	 interest.	Both	additional	subsets	 (5000	and	
6000 km)	 together	with	 the	 full	 empirical	 data	 set,	 had	 increas-
ing	 precision	 and	 decreasing	 relative	 bias	 (Figure 4,	 Table S3). 
Posterior	density	for	each	0.5 km2	pixel	varied	considerably,	par-
ticularly	among	the	three	poorest	data	sets,	but	was	relatively	sta-
ble	between	4000	and	7000 km	(Figure S2).

4  |  DISCUSSION

Our	estimate	of	8.8	individuals	per	100 km2	is	somewhat	lower	than	
the	 figure	 of	 11.36	 provided	 by	Packer,	 Loveridge,	 et	 al.	 (2013),	
and	 our	 abundance	 estimate	 (44	 lions)	 was	 also	 lower	 than	 the	
2001	figure	of	50	lions	provided	by	Tambling	and	Du	Toit	(2005),	
who	estimated	an	annual	growth	rate	of	10.6%	between	1994	and	
2001.	Note	 that	 lion	numbers	 in	 fenced	parks	 in	South	Africa	 is	
often	highly	manipulated	by	management	authorities	(see	Ferreira	
&	Hofmeyr,	2014),	which	 is	 also	 the	 case	 in	PNP.	These	 figures,	
combined	with	 field	 perceptions	 based	 on	 prey	 decline,	 had	 led	
the	 park	 management	 to	 anticipate	 a	 much	 higher	 estimate,	 as	
they	had	expressed	concern	over	an	abnormally	high	lion	density	
in	 the	 park.	However,	 our	 estimates	 suggest	 that	 lion	 density	 is	
similar	to	other	fenced	wildlife	areas	(Elliot	et	al.,	2020,	2021),	and	
considerably	 lower	 than	 some	 free	 ranging	 populations	 (Elliot	&	
Gopalaswamy,	2017).

In	a	review	of	40	scientific	papers,	Périquet	et	al.	(2014) reported 
that	on	average	 lions	had	a	sex	 ratio	of	2.3♀:1♂,	while	also	 recog-
nising	 that	many	of	 these	 studies	have	not	 applied	 contemporary,	
robust	methods	to	estimate	sex	ratio.	We	estimated	the	sex	ratio	in	
PNP	to	be	close	to	parity	(0.9♀:1♂).	This	is	consistent	with	emerging	
evidence	 in	 fenced	 lion	populations	 (Elliot	et	al.,	2020,	2021). The 
equal	sex	ratio	in	PNP	may	be	a	consequence	of	the	inability	of	males	
to	disperse	far	 from	their	natal	home	ranges	which	could	result	 in	
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6 of 9  |     BALL et al.

males	 staying	 within	 the	 confines	 of	 the	 park	 and	 being	 relieved	
of	 dispersal-	related	 mortality	 events	 (Elliot,	 Valeix,	 Macdonald,	
&	 Loveridge,	2014).	However,	 it	 could	 also	 be	 the	 result	 of	 previ-
ous	management	 interventions	 (e.g.	 removal	of	 lions)	and	 requires	

further	study.	Regardless,	the	effects	of	an	equal	sex	ratio	on	prey	
consumption	 need	 to	 be	 considered	 since	 PNP	 management	 ex-
pressed	concerns	about	the	need	to	control	the	 lion	population	to	
limit	further	prey	species	declines.	Considering	that	male	 lions	eat	

F I G U R E  3 Pixel-	specific	lion	density	
estimated	by	Model	1	and	expressed	in	
units	of	individual	lion	activity	centres	per	
state-	space	pixel	(0.5 km2)	in	Pilanesberg	
National	Park,	South	Africa.	+	Symbol	
denotes	traps	that	were	sampled.

TA B L E  2 Posterior	summaries	of	parameters	estimated	using	a	Bayesian	spatial	capture–	recapture	model	to	estimate	spatial	lion	density	
in	Pilanesberg	National	Park,	South	Africa.

Parameters Posterior mean
Posterior standard 
deviation 95% lower HPD 95% upper HPD

σF	–		Rate	of	decline	in	detection	rate	(DR)	as	a	
female	lion's	activity	centre	increases	as	a	
function	of	her	distance	from	the	centroid	of	the	
sample	grid	cell

3.19 0.27 2.68 3.73

σM	–		Rate	of	decrease	in	DR	as	a	male	lion's	activity	
centre	increases	as	a	function	of	his	distance	
from	the	centroid	of	the	sample	grid	cell

3.85 0.33 3.23 4.52

βsex	–		Difference	of	complementary	log–	log	value	of	
DR	between	♂	and	♀

−0.13 0.25 −0.61 0.35

βeff	–		Rate	of	change	in	the	complementary	log–	log	
value	of	DR	as	the	(log)	effort	changes	by	one	
unit

0.79 0.11 0.57 1.00

λ0	–		Basal	encounter	rate	of	an	individual	(female	
for	sex-	specific	models)	lion	whose	activity	
centre	is	located	precisely	at	the	centroid	of	the	
grid cell

0.005 0.001 0.003 0.007

ψ	–		Ratio	of	true	number	of	individuals	in	the	
population	compared	with	the	data	augmented	
population	M

0.22 0.03 0.16 0.29

ψsex	–		Proportion	of	lions	are	male 0.53 0.08 0.37 0.69

Nsuper	–		Overall	number	of	lions	in	larger	state	space 43.85 3.05 38 49

D	–		Estimated	density	of	adult	lion/100 km2 8.81 0.61 7.84 10.05

Note:	Estimates	presented	below	are	from	Model	1	
(
�sex, �(. )[. ]

)
	and	include	posterior	standard	deviations	and	95%	highest	posterior	density	intervals	

(HPD).	Number	of	posterior	samples	used	was	30,000.	Maximum	value	of	potential	scale	reduction	factor = 1,	Bayesian	p-	value = .7.	See	Figure S1	for	
pairwise	plots	of	parameters,	and	Tables S1	and	S2	for	more	detailed	summaries	from	all	models.
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more	than	females	(Fritz	et	al.,	2011),	an	obvious	management	rec-
ommendation	would	 be	 to	 attempt	 to	maintain	 a	 2♀:1♂	 sex	 ratio.	
Prey	depletion	in	fenced	parks	such	as	PNP	is,	however,	a	complex	
issue	potentially	caused	by	multiple	factors.

Our	finding	that	males	move	more,	and	have	larger	home	ranges	
than	 females,	 with	 different	 detection	 rates,	 is	 consistent	 with	
other	 studies	 and	 validates	 the	 use	 of	 sex-	specific	 models	 where	
possible	 (Elliot,	 Cushman,	 Macdonald,	 &	 Loveridge,	 2014;	 Elliot	 &	
Gopalaswamy,	2017).	However,	home	 range	 size	 (282 km2	 for	males	
and	193 km2),	is	quite	large	relative	to	the	park	size,	suggesting	a	de-
gree	of	overlap	between	social	groups	that	is	also	seemingly	apparent	
in	 the	 individual	 capture	 history	 (Figure 4).	 Furthermore,	 such	 large	
home	ranges	may	also	indicate	relatively	low	prey	densities	within	the	
park,	which	corroborated	with	our	observations	in	the	field	at	the	time.

The	results	of	our	subsampling	exercise	suggest	that	for	future	
surveys,	field	teams	should	aim	to	complete	a	minimum	of	4000 km	
search	effort	to	obtain	accurate	and	precise	estimates.	This	is	almost	
half	the	field	effort	of	our	study,	suggesting	that	the	costs	could	be	
markedly	reduced.	However,	we	note	that	additional	effort	beyond	
4000 km	did	increase	the	precision	of	the	estimates,	highlighting	the	
trade-	off	between	expenditure	of	 limited	 resources	and	obtaining	
reliable	estimates.	While	our	goal	was	to	provide	guidelines	for	fu-
ture	surveys	in	terms	of	expenditure	(kilometres	driven),	it	is	the	cap-
ture	history	 itself	 that	 influences	the	bias	and	precision	of	results.	
After	4000 km	of	drive	effort,	we	had	recorded	31	individuals,	81	re-
captures	and	3.3	average	spatial	recaptures.	During	future	surveys,	
field	 teams	 should	 look	 to	 these	 as	minimum	data	objectives.	We	
also	demonstrate	the	importance	of	excessive	sampling	to	account	
for	both	bias	and	precision	when	arriving	at	suggestions	of	optimal	

sample	 sizes.	 For	 example,	 recently,	 a	 faecal	DNA-	based	SE-	SECR	
approach	was	developed	using	only	precision	as	a	measure	to	draw	
inference	on	forest	elephant	(Loxodonta	cyclotis)	density	(Laguardia,	
Gobush,	 et	 al.,	 2021),	 which	 was	 then	 applied	 nationally	 using	 a	
sampling	 design	 to	 estimate	 elephant	 abundance	 across	 Gabon	
(Laguardia,	 Bourgeois,	 et	 al.,	2021).	 Results	 from	our	 subsampling	
exercise	indicate	that	this	estimate	may	be	biased	high.

In	areas	such	as	PNP	(fenced	and	small,	with	habituated	lions),	the	
SECR	approach	is	highly	applicable	to	monitoring	lions,	and	we	urge	
its	application	to	other	small	fenced	protected	areas	where	reliable	
estimates	are	not	available	yet	are	 required	 for	 intensive	manage-
ment.	We	note	that	the	current	study	provides	yet	another	example	
where	lion	abundance	was	thought	to	be	considerably	higher	than	
rigorous	estimates	 suggest	 (Elliot	 et	 al.,	2020,	2021),	 and	we	urge	
wildlife	 managers	 to	 undertake	 systematic	 surveys	 using	 cutting-	
edge	methods	prior	to	making	important	decisions	relating	to	lions.	
Importantly	 in	 our	 study,	 despite	 intensive	 sampling,	 our	 analysis	
suggests	that	we	detected	~84%	of	the	available	individuals,	which	
is	still	not	a	 ‘whole	count’.	We	suggest	that	this	monitoring	should	
occur	on	an	annual	basis	so	that	in	time	estimates	of	vital	rates	and	
population	trend	can	be	obtained.
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