
J Appl Ecol. 2019;1–12.	 wileyonlinelibrary.com/journal/jpe	 	 | 	1© 2019 The Authors. Journal of Applied Ecology 
© 2019 British Ecological Society

 

Received:	11	April	2018  |  Accepted:	14	January	2019
DOI:	10.1111/1365-2664.13360

R E S E A R C H  A R T I C L E

Measuring the surrogacy potential of charismatic megafauna 
species across taxonomic, phylogenetic and functional diversity 
on a megadiverse island

Marsya C. Sibarani1  |   Moreno Di Marco2,3  |   Carlo Rondinini4  |   Salit Kark1

1The	Biodiversity	Research	Group,	The	
School	of	Biological	Sciences,	Centre	for	
Biodiversity	&	Conservation	Science,	The	
University	of	Queensland,	Brisbane,	QLD,	
Australia
2Centre	for	Biodiversity	and	Conservation	
Science,	The	University	of	Queensland,	
Brisbane,	QLD,	Australia
3CSIRO	Land	&	Water,	Brisbane,	QLD,	
Australia
4Global	Mammal	Assessment	
Program,	Department	of	Biology	and	
Biotechnologies,	Sapienza	Università	di	
Roma,	Rome,	Italy

Correspondence
Marsya	C.	Sibarani
Email: marsyachr@gmail.com

Handling	Editor:	Johan	du	Toit

Abstract
1.	 Conservation	organisations	and	governments	often	use	charismatic	megafauna	as	
surrogates	to	represent	broader	biodiversity.	While	these	species	are	primarily	se-
lected	as	“flagships”	for	marketing	campaigns,	it	is	important	to	evaluate	their	sur-
rogacy	potential,	i.e.	the	extent	to	which	their	protection	benefits	other	biodiversity	
elements.	Four	charismatic	megafauna	species	are	used	as	surrogates	in	the	megad-
iverse	island	of	Sumatra:	the	Sumatran	tiger	Panthera tigris sumatrae,	Sumatran	el-
ephant	Elephas maximus sumatranus,	Sumatran	orangutan	Pongo abelii	and	Sumatran	
rhinoceros Dicerorhinus sumatrensis.	We	examined	how	well	each	of	these	species	
performed	in	representing	the	distribution	of	all	co-occurring	terrestrial	mammal	
species	on	the	island,	and	the	priority	areas	for	the	conservation	of	three	facets	of	
mammalian	biodiversity	(taxonomic,	phylogenetic	and	functional).

2.	 We	used	habitat	 suitability	models	 to	 represent	 the	distribution	of	 184	 terrestrial	
mammal	species,	160	phylogenetic	groups	and	74	functional	trait	groups.	We	then	
identified	priority	conservation	areas	using	the	spatial	prioritisation	software	Zonation.

3.	 We	found	that	the	habitat	overlap	between	each	of	the	four	charismatic	species	and	
the	other	mammal	species	varied,	ranging	from	a	mean	of	52%	(SD	=	27%)	for	the	
tiger	to	2%	(SD	=	2%)	for	the	rhino.	Combining	the	four	species	together	improved	
the	representation	levels	only	marginally	compared	to	using	the	tiger	only.	Among	
the	four	charismatic	megafauna	species,	the	extent	of	suitable	habitat	of	Sumatran	
tiger	covered	the	highest	proportion	of	priority	conservation	areas.	The	Sumatran	
tiger	also	outperformed	most	of	other	mammal	species	with	similar	range	sizes.

4.	 We	found	that	some	of	the	top-ranked	conservation	areas	for	taxonomic	(28%),	
phylogenetic	(8%)	and	functional	diversity	(19%)	did	not	overlap	with	any	of	the	
charismatic	species’	suitable	habitat.

5. Synthesis and applications.	Wide-ranging	charismatic	species	can	represent	broader	
mammalian	biodiversity,	but	they	may	miss	some	key	areas	with	high	biodiversity	
importance.	We	suggest	that	a	combination	of	systematic	spatial	prioritisation	and	
surrogacy	analyses	are	important	in	order	to	determine	the	allocation	of	conser-
vation	resources	in	biodiversity-rich	areas	such	as	Sumatra,	where	an	expansion	of	
the	protected	area	network	is	required.
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1  | INTRODUC TION

Conserving	all	biodiversity	 features	at	 the	same	time	 is	not	 feasi-
ble	due	 to	 limited	 resources,	hence	conservation	efforts	must	be	
strategically	 planned	 and	 prioritised	 (Bottrill	 et	al.,	 2008;	 Joseph,	
Maloney,	&	Possingham,	2009).	One	conservation	strategy	that	 is	
often	applied	 is	 to	employ	a	species	or	group	of	species,	 in	many	
cases	large	and	charismatic	species,	as	flagships.	A	flagship	species	
is	“a	species	used	as	the	focus	of	a	broader	conservation	marketing	
campaign	 based	 on	 its	 possession	 of	 one	 or	more	 traits	 that	 ap-
peal	to	the	target	audience”	(Verissimo,	MacMillan,	&	Smith,	2011).	
However,	most	of	the	campaigns	primarily	seek	funds	directly	for	
the	 flagships	 and	 are	 rarely	 aimed	 to	 benefit	 other	 biodiversity	
(Smith,	 Veríssimo,	 Isaac,	 &	 Jones,	 2012).	 Considering	 limited	 re-
sources	for	conservation	and	the	vast	range	of	biodiversity	that	re-
quire	protection,	conserving	flagship	species	in	their	natural	habitat	
has	a	great	potential	to	contribute	to	the	persistence	of	biodiversity,	
when properly planned.

While	flagship	species	do	not	necessarily	act	as	umbrella	spe-
cies,	whose	conservation	confers	protection	to	a	 large	number	of	
co-occurring	 species	 (Roberge	 &	 Angelstam,	 2004)—charismatic	
megafauna	may	serve	as	both	flagship	and	umbrella	 (Caro,	2010).	
However,	 previous	 work	 has	 shown	mixed	 results	 as	 to	 whether	
charismatic	megafauna	species	are	effective	 surrogates	 for	biodi-
versity.	Andelman	and	Fagan	(2000)	reported	little	evidence	for	the	
effectiveness	of	various	 surrogate	schemes,	 including	charismatic	
species,	 for	 regional	 species	 conservation	 in	 the	 United	 States.	
Similarly,	Williams,	 Burgess,	 and	 Rahbek	 (2000)	 found	 that	 areas	
identified	based	on	the	distribution	of	flagship	species	do	not	per-
form	 better	 in	 representing	 the	 diversity	 of	 mammals	 and	 birds	
than	areas	 identified	from	randomly	selected	species.	 In	contrast,	
conservation	 networks	 for	 jaguar	Panthera onca	 in	 Latin	America	
represent	substantial	proportion	of	high-	quality	habitats	for	other	
terrestrial	 mammals	 (Thornton	 et	al.,	 2016),	 and	 the	 giant	 panda	
Ailuropoda melanoleuca	is	an	effective	surrogate	for	endemic	mam-
mal	and	bird	species	in	China	(Li	&	Pimm,	2016).	In	Africa,	the	pri-
ority	 conservation	 areas	 for	 the	African	 “Big	 Five”	 species	 highly	
represent	priority	areas	 for	 the	other	mammals,	 yet	provide	poor	
representations	 for	 amphibians,	 reptiles,	 invertebrates	 and	plants	
(Di	Minin	&	Moilanen,	2014).

Most	evaluations	of	surrogate	species	focused	on	their	represen-
tation	of	 taxonomic	diversity.	However,	 taxonomic	diversity	 alone	
does	 not	 capture	 other	 important	 facets	 of	 biodiversity,	 such	 as	
phylogenetic	diversity—the	distinctiveness	among	species	based	on	

their	 evolutionary	 history	 (Faith,	 1992)—and	 functional	 diversity—
the	distribution	of	species	in	a	multidimensional	niche	space	defined	
by	their	life-	history	traits	(Petchey	&	Gaston,	2006).	This	limits	the	
global	understanding	of	surrogacy	potential	for	charismatic	species	
because	different	facets	of	biodiversity	often	show	non-	congruent	
spatial	patterns.	For	example,	global	mammal	hotspots	defined	using	
taxonomic,	 phylogenetic	 and	 functional	 diversity	 are	 not	 spatially	
congruent	(Mazel	et	al.,	2014).	Similarly,	there	is	only	4.6%	overlap	
among	the	top	priority	conservation	areas	for	mammal	conservation	
across	the	three	facets	(Brum	et	al.,	2017).	On	a	country	scale,	func-
tional	diversity	of	birds	in	France	is	underrepresented	in	protected	
areas,	 whereas	 taxonomic	 diversity	 is	 overrepresented	 (Devictor	
et	al.,	2010).

Sumatra	is	a	part	of	the	Sundaland	biodiversity	hotspot,	where	
the	use	of	 charismatic	megafauna	 to	 guide	 conservation	efforts	
is	 a	 common	 practice	 (Ministry	 of	 Forestry	 of	 the	 Republic	 of	
Indonesia,	2007;	PHKA,	2015;	Soehartono,	Susilo,	Andayani,	et	al.,	
2007;	 Soehartono,	 Susilo,	 Sitompul,	 et	al.,	 2007;	 Soehartono,	
Wibisono,	et	al.,	2007).	The	protected	area	coverage	of	Sumatra	
requires	an	expansion	from	the	current	~11%–17%	to	achieve	the	
commitments	set	under	the	Convention	on	Biological	Diversity's	
Aichi	 Target	 11,	 assuming	 proportional	 allocation	 to	 land	 area	
across	 the	 major	 islands	 in	 Indonesia.	 Conservation	 efforts	 in	
Sumatra	 have	 been	 largely	 targeted	 towards	 four	 charismatic	
megafauna	 species:	 the	 Sumatran	 tiger	Panthera tigris sumatrae,	
the	Sumatran	elephant	Elephas maximus sumatranus,	the	Sumatran	
orangutan	Pongo abelii	and	the	Sumatran	rhinoceros	Dicerorhinus 
sumatrensis.	 Conservationists	 often	 propose	 that	 these	 large	
mammals	have	an	umbrella	effect,	and	that	saving	them	will	also	
save	a	number	of	other	co-	occurring	species.	However,	this	pro-
claimed	umbrella	effect	remains	largely	untested,	especially	when	
it	comes	to	multiple	facets	of	biodiversity,	such	as	functional	and	
phylogenetic	diversity.	In	this	work,	we	addressed	this	important	
shortfall	and	evaluated	whether	the	available	habitat	for	four	flag-
ship	species	in	Sumatra	is	representative	of	the	taxonomic,	func-
tional	 and	 phylogenetic	mammal	 diversity	 (hereafter	 “surrogacy	
potential”).

Our	 first	aim	was	 to	measure	 the	habitat	overlap	between	the	
four	charismatic	species	of	Sumatra	and	the	other	native	terrestrial	
mammal	species	on	the	island.	The	second	aim	was	to	identify	the	
priority	 areas	 for	mammal	 conservation	 in	 Sumatra	 based	 on	 tax-
onomic,	 phylogenetic	 and	 functional	 diversity,	 and	 to	 assess	 how	
much	 these	 areas	 would	 benefit	 from	 the	 protection	 of	 the	 four	
charismatic	species.

K E Y W O R D S

functional	diversity,	phylogenetic	diversity,	spatial	conservation	prioritisation,	Sumatran	
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2  | MATERIAL S AND METHODS

2.1 | Study region

Sumatra	 is	one	of	the	 largest	 islands	 in	 Indonesia	with	a	total	area	
of	430,000	km2	 (GADM,	2009).	The	 island	 is	 surrounded	by	many	
smaller	satellite	islands,	yet	this	study	focused	only	on	the	main	is-
land	 (Figure	1).	 Forest	 land	use	 zones	 are	divided	 into	 three	 func-
tions:	biodiversity	conservation	(10.6%	of	the	island),	water	system	
protection	 (13%)	 and	 production	 (35.6%).	Other	 land	 uses	 (40.8%	
of	 the	 island)	 include	 agriculture	 land	 and	 settlements	 (Margono,	
Turubanova,	 Zhuravleva,	 Potapov,	 &	 Tyukavina,	 2012).	 Between	
1990	 and	 2010,	 an	 estimated	 7.5	million	 hectares	 of	 primary	 for-
est	in	Sumatra	were	cleared	and	2.3	million	hectares	have	been	de-
graded,	 leaving	only	30%	of	Sumatra	covered	by	primary	forest	 in	
2010	 (Margono	et	al.,	 2012).	The	human	population	of	Sumatra	 in	
2010	was	50.6	million,	with	a	growth	rate	of	14.5%	between	2000	
and	2010	(Badan	Pusat	Statistik,	2012).

2.2 | Mammal distribution data

We	 obtained	 the	 list	 of	 native	 terrestrial	 mammal	 species	 in	
Sumatra	using	(a)	the	search	tool	on	IUCN	Red	List	of	Threatened	
Species	website	(www.iucnredlist.org)	and	(b)	the	IUCN	geographic	
distribution	ranges	for	terrestrial	mammals	(IUCN,	2016).	Because	
the	two	lists	did	not	return	the	same	number	of	species,	we	merged	

them	and	checked	the	species	information	pages	on	the	IUCN	Red	
List	website	to	filter	species	that	occur	in	Sumatra	(excluding	spe-
cies	that	only	occur	on	satellite	islands).	This	resulted	in	193	mam-
mal	species	being	listed,	 including	the	four	surrogate	species	(see	
Appendix	S1).

Given	the	 lack	of	comprehensive	occurrence	data	 for	develop-
ing	statistical	distribution	models	for	all	species,	we	used	deductive	
(expert-	driven)	habitat	suitability	models	 to	 represent	species’	dis-
tributions	 on	 the	 island	 (Rondinini	 et	al.,	 2011).	 Habitat	 suitability	
models	have	been	used	in	a	number	of	other	studies	on	a	regional	
(e.g.	Thornton	et	al.,	2016)	and	global	scale	(e.g.	Brum	et	al.,	2017),	
where	comprehensive	occurrence	data	were	unavailable.	Rondinini	
et	al.	(2011)	assessed	species’	habitat	suitability	by	considering	spe-
cies	habitat	preferences	for	three	environmental	variables:	the	types	
of	land	cover,	elevation	range	and	hydrological	features.	The	result-
ing	deductive	models	consist	of	 three	classes	of	habitat	suitability	
(Rondinini	et	al.,	2011):

i.	 High	habitat	 suitability,	 representing	 the	primary	habitat	where	
the	species	can	persist;

ii.	Medium	habitat	suitability,	representing	secondary	habitat	where	
the	species	can	be	found,	yet	cannot	persist	without	the	primary	
habitat;	and

iii.	Low	habitat	suitability,	representing	areas	where	the	species	are	
generally	not	found	or	unlikely	to	occur.

F IGURE  1 Map	of	the	study	region,	
Sumatra	Island.	Small	insert	map	shows	
the	location	of	the	island	in	Indonesia

http://www.iucnredlist.org
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In	 the	 spatial	 prioritisation	 analysis,	 we	 only	 used	 areas	 of	 high	
habitat	 suitability	 to	 represent	 the	occurrence	of	 the	 species	 (here-
after	 “extent	 of	 suitable	 habitat”)	 because	we	 intended	wanted	 the	
resulting	 conservation	 area	 systems	 to	 include	 areas	where	 species	
are	most	 likely	to	persist.	Of	the	193	native	terrestrial	mammal	spe-
cies	 in	Sumatra,	 the	two	recently	split	orangutan	populations	 (Nater	
et	al.,	2017)	were	considered	as	one	species,	and	eight	species	were	
not	modelled	by	Rondinini	et	al.	(2011);	therefore,	our	analysis	included	
a	total	of	184	species	(including	the	four	charismatic	species).

2.3 | Assessing the representation of mammal 
species by the charismatic megafauna

We	assessed	the	surrogacy	potential	of	charismatic	megafauna	spe-
cies	 by	 overlaying	 their	 extent	 of	 suitable	 habitat	with	 that	 of	 all	
other	mammals.	 Representation	was	 calculated	 as	 the	 proportion	
of	 a	 species’	 extent	 of	 suitable	 habitat	 overlapping	with	 the	habi-
tat	of	each	charismatic	megafauna	species.	We	performed	all	 spa-
tial	data	processing	using	 the	r	packages	 “sp”	 (Pebesma	&	Bivand,	
2005)	and	“raster”	(Hijmans	&	van	Etten,	2012)	in	r	version	3.4.1	(R	
Development	Core	Team,	2008).

2.4 | Assessing the representation of priority areas 
based on multiple facets of biodiversity

We	 identified	 conservation	 priority	 areas	 using	 the	 Zonation	 v.4	
software	(Moilanen	et	al.,	2014).	The	input	data	for	Zonation	analy-
sis	are	raster	maps	of	biodiversity	features	(e.g.	species	and	habitat	
types)	which	represent	their	spatial	distribution.	The	Zonation	algo-
rithm	starts	 from	 the	 full	 extent	of	 the	 landscape	of	 interest,	 and	
then	iteratively	removes	areas	with	the	lowest	value	for	conserva-
tion	based	on	the	occurrence	level	of	biodiversity	features	(Moilanen	
et	al.,	2005).	This	iterative	removal	process	generates	a	map	show-
ing	 a	 hierarchic	 ranking	 of	 conservation	 priorities	 throughout	 the	
landscape	(Moilanen,	Kujala,	&	Leathwick,	2009).	Each	raster	cell	of	
the	output	map	 contains	 a	 rank	of	 conservation	priorities	 ranging	
between	0	(lowest	priority)	and	1	(highest	priority)	that	can	be	visu-
alised	as	a	hierarchical	zoned	map	of	top	priority	areas	for	conserva-
tion.	Zonation	has	already	been	used	for	assessing	umbrella	effects	
of	surrogate	species	(Di	Minin	&	Moilanen,	2014)	and	examining	con-
gruency	of	priority	 areas	 for	multiple	 facets	of	biodiversity	 (Brum	
et	al.,	2017;	Pollock,	Thuiller,	&	Jetz,	2017;	Strecker,	Olden,	Whittier,	
&	Paukert,	2011).

We	 used	 Core	 Area	 Zonation	 as	 the	 cell	 removal	 rules	 in	
Zonation,	which	ranks	the	cells	across	the	 landscape	based	on	the	
most	 important	occurrence	of	 a	 feature,	 and	hence	could	 identify	
core	 areas	 of	 features	 in	 biodiversity-	poor	 areas	 (Moilanen	 et	al.,	
2014).	We	 also	 incorporated	 connectivity	 considerations	 by	 using	
the	 Boundary	 Length	 Penalty	 to	 produce	 more	 compact	 reserve	
solutions	 (Moilanen	&	Wintle,	2007).	We	 ran	 three	 separate	 anal-
yses	 to	 identify	 priorities	 for	 three	different	 biodiversity	 facets:	 a	
species-	level	 analysis	 (taxonomic	 prioritisation),	 an	 analysis	 based	
on	phylogenetic	groups	(phylogenetic	prioritisation)	and	an	analysis	

based	on	functional	groups	(functional	prioritisation).	Further	tech-
nical	details	are	provided	in	Appendix	S2.

2.5 | Biodiversity features for spatial prioritisation

We	used	individual	species	as	the	biodiversity	features	for	the	spa-
tial	prioritisation	based	on	taxonomic	diversity.	We	performed	area-	
weighted	 resampling	 to	 scale	up	 the	habitat	 suitability	maps	 from	
the	original	300	m	resolution	to	1	km.	We	used	a	resolution	of	1	km	
as	 a	 compromise	 between	 computational	 time	 and	 relevance	 for	
conservation	management	 on	 the	 island.	We	weighted	14	 species	
endemic	to	Sumatra	twice	as	much	as	the	non-	endemic	species	to	
represent	the	higher	global	value	of	their	conservation	on	the	island.	
We	also	performed	a	sensitivity	analysis	on	alternative	weighting	of	
endemic	species,	but	the	results	showed	no	substantial	differences	
(see	Appendix	S4).

For	 spatial	 prioritisation	 based	 on	 phylogenetic	 diversity,	 we	
defined	 phylogenetic	 groups	 following	 the	 framework	 developed	
by	Strecker	et	al.	(2011)	and	Brum	et	al.	(2017).	We	used	the	mam-
malian	 phylogenetic	 supertree	 created	 by	 Bininda-	Emonds	 et	al.	
(2007)	and	updated	by	Fritz,	Bininda-	Emonds,	and	Purvis	(2009)	to	
create	a	phylogenetic	distance	matrix	among	181	mammal	species	
in	Sumatra,	after	excluding	three	species	which	were	not	available	
in	 the	mammalian	supertree.	We	then	performed	principal	coordi-
nate	analysis	on	the	phylogenetic	distance	matrix	and	selected	the	
first	16	eigenvectors	which	explained	>1%	of	total	variation.	These	
eigenvectors	 altogether	 accounted	 for	 69%	 of	 the	 total	 variation.	
Each	eigenvector	was	split	into	10%	quantiles	(see	Appendix	S4	for	
the	sensitivity	test),	and	then	converted	 into	binary	variables.	Our	
quantiles	were	wider	than	those	used	in	Brum	et	al.	(2017)	because	
we	 had	 fewer	 number	 of	 species	 in	 Sumatra.	 To	 represent	 phylo-
genetic	groups	 in	spatial	maps,	we	created	a	binary	matrix	of	spe-
cies	×	phylogenetic	group.	Area-	weighted	habitat	suitability	maps	at	
1	km	resolution	were	reclassified	into	binary	maps	with	a	threshold	
of	0.05	 (this	 threshold	 reduces	 the	 risk	of	 introducing	commission	
errors	without	penalising	species	with	narrow	habitat	distributions),	
and	then	were	converted	into	grid	×	species	matrix.	Finally,	we	mul-
tiplied	the	two	matrices	to	obtain	grid	×	phylogenetic	groups	matrix,	
in	which	a	grid	cell	contained	the	number	of	species	belonging	to	a	
particular	phylogenetic	 group.	We	 then	generated	 spatial	maps	of	
phylogenetic	group	distribution	from	this	matrix.

We	mapped	mammalian	functional	traits	with	similar	procedure	
with	phylogeny-	based	prioritisation,	using	 life-	history	 traits	as	op-
posed	 to	 phylogenetic	 eigenvectors.	We	 selected	 five	 life-	history	
and	 ecological	 categories,	 represented	 by	 nine	 traits:	 adult	 body	
mass,	maximum	longevity,	reproductive	speed	(weaning	age,	gesta-
tion	length),	reproduction	output	(neonate	body	mass,	litter	size	and	
litters	per	year)	and	resource	use	(trophic	level	and	habitat	breadth).	
We	used	the	global	dataset	for	terrestrial	mammal	traits	compiled	by	
Pacifici	et	al.	 (2013)	and	Di	Marco	and	Santini	 (2015)	from	various	
sources,	such	as	PanTHERIA	(Jones	et	al.,	2009)	and	AnAge	(Tacutu	
et	al.,	2013).	We	assigned	the	presence/absence	of	each	level	of	cate-
gorical	traits	in	a	binary	matrix	of	species	×	trait.	We	split	continuous	
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traits	into	10%	quantiles,	and	we	assigned	presence/absence	of	each	
same-	size	trait	level	to	species.	Next,	we	multiplied	the	grid	×	spe-
cies	matrix	with	species	×	trait	matrix.	We	converted	the	resulting	
matrix	of	grid	×	trait	into	spatial	maps	of	functional	trait	levels.	The	
detailed	procedure	of	data	preparation	is	provided	in	Appendix	S2.

We	ran	the	prioritisation	analysis	separately	using	species’	habi-
tat	suitability	maps	as	inputs	in	taxonomy-	based	prioritisation,	phy-
logenetic	group	maps	in	phylogeny-	based	prioritisation	and	levels	of	
functional	traits	in	trait-	based	prioritisation.	We	then	extracted	the	

top	5%,	10%,	17%	and	25%	of	priority	areas	for	each	prioritisation	
scenarios	and	overlaid	 them	with	 the	extent	of	 suitable	habitat	of	
the	charismatic	megafauna	species.	We	measured	the	surrogacy	po-
tential	of	charismatic	megafauna	as	the	proportion	of	priority	areas	
across	Sumatra	that	overlapped	with	the	extent	of	suitable	habitat	of	
the	species	under	consideration.	In	addition,	we	also	calculated	the	
surrogacy	potentials	of	other	mammal	 species	 in	Sumatra	 to	com-
pare	 the	 performance	 of	 the	 four	 charismatic	 megafauna	 species	
with	that	of	other	species.

F IGURE  2 The	representation	of	the	co-	occurring	mammal	species	within	the	suitable	habitat	of	charismatic	megafauna:	(a)	overall	and	
(b)	categorised	according	to	their	IUCN	Red	List	categories.	DD:	Data	Deficient;	LC:	Least	Concern;	NT:	Near	Threatened;	VU:	Vulnerable;	
EN:	Endangered;	CR:	Critically	Endangered.	Note	that	the	scales	of	y-	axis	of	(b)	are	different	across	the	four	charismatic	megafauna	species
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3  | RESULTS

3.1 | Surrogacy for terrestrial mammal species

Among	 the	 four	 charismatic	megafauna	 species,	 the	 tiger	 had	 the	
highest	 spatial	 overlap	 with	 other	 mammal	 species,	 represent-
ing	a	mean	of	52%	 (SD	=	27%)	of	 the	extent	of	 suitable	habitat	of	
other	 Sumatran	mammals	 (Figure	2).	 The	 representation	 levels	 for	
other	charismatic	 species	were	much	 lower:	18%	 for	 the	elephant	
(SD	=	12%),	 9%	 for	 the	 orangutan	 (SD	=	11%)	 and	 2%	 for	 the	 rhi-
noceros	(SD	=	2%).	Only	two	species	had	a	high	spatial	overlap	with	
the	elephant	(i.e.	93%	for	the	lesser	large-	footed	myotis	Myotis has-
seltii	 and	85%	 for	 the	big-	eared	horseshoe	bat	Rhinolophus macro-
tis).	Likewise,	only	 two	species	had	a	high	spatial	overlap	with	 the	
orangutan	(i.e.	81%	for	the	big-	eared	horseshoe	bat	and	71%	for	the	
pen-	tailed	treeshrew	Ptilocercus lowii).

Most	of	the	suitable	habitat	for	orangutan	and	rhinoceros	over-
lapped	with	the	tiger,	but	only	41%	of	the	elephant's	extent	of	suit-
able	habitat	overlapped	with	the	tiger's.	The	suitable	habitat	for	tiger	
overlapped	substantially	(52%)	with	the	critically	endangered	Sunda	
pangolin Manis javanica.	 Of	 the	 12	 endangered	 species	 (Figure	2),	
only	one	was	underrepresented	by	the	tiger,	i.e.	the	hairy-	nosed	otter	

Lutra sumatrana,	with	representation	level	of	12%.	The	other	11	en-
dangered	species	were	well	represented	by	the	tiger	with	the	over-
lap	ranging	from	40%	to	89%.	Combining	the	four	surrogate	species	
only	improved	the	representation	levels	by	a	mean	of	5%	(SD	=	6%,	
range	=	0%–12%)	compared	to	the	performance	of	the	tiger	alone.

3.2 | Surrogacy for priority areas based on multiple 
facets of biodiversity

We	discovered	substantial	spatial	mismatches	among	the	areas	iden-
tified	under	taxonomic,	phylogenetic	and	functional	diversity	prior-
itisation	 scenarios	 (Figure	3).	When	 looking	 at	 the	 top	5%	priority	
areas	for	each	biodiversity	facets,	which	altogether	encompassed	an	
area	of	21,595	km2,	we	 found	an	overlap	of	only	3,227	km2	 (15%)	
across	the	three	facets.	Priority	areas	shared	among	the	three	prior-
itisation	scenarios	mostly	occurred	in	highlands	of	northern	Sumatra	
and	western	mountain	ranges.	In	taxonomy-	based	prioritisation,	the	
priority	areas	were	more	spread	out	across	the	island,	including	cen-
tral	 lowland	and	eastern	coasts.	The	spatial	 solution	 for	prioritisa-
tion	based	on	phylogenetic	groups	was	more	clumped	in	the	western	
half	of	the	island.	Priority	areas	for	conserving	functional	traits	were	

F IGURE  3 Priority	conservation	areas	in	Sumatra	based	on	multiple	facets	of	biodiversity.	The	top	maps	report	the	spatial	prioritisation	
results,	reporting	the	ranking	of	conservation	priority	throughout	the	landscape	(with	0	meaning	lowest	importance	and	1	meaning	highest	
importance).	We	categorised	high	priority	areas	into	four	groups	of	nested	priority	rankings:	Top	5%	(values	of	>0.95),	top	10%	(>0.90),	top	
17%	(>0.83)	and	top	25%	(>0.75).	The	inset	maps	report	the	spatial	distribution	of	charismatic	megafauna	species

Priority ranking
Top 5%
Top 10%
Top 17%
Top 25%

Taxonomic diversity Phylogenetic diversity Functional diversity

Maps of charismatic
megafauna species
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more	congruent	to	phylogeny-	based	(20%	overlap)	than	taxonomy-	
based	prioritisation	(17%	overlap).

In	general,	most	of	the	extent	of	suitable	habitat	of	the	charis-
matic	species	was	of	high	conservation	priority	(Figure	4).	The	orang-
utan	and	rhinoceros	covered	areas	in	Sumatra	with	relatively	higher	
conservation	priority	ranks	than	the	tiger	and	elephant.	Among	the	
four,	 elephant	 had	 the	 most	 variability	 in	 representing	 conserva-
tion	priorities,	e.g.	for	taxonomic	prioritisation,	IQRelephant	=	0.44,	

IQRtiger	=	0.23,	 IQRorangutan	=	0.10,	 IQRrhinoceros	=	0.05	 (com-
plete	summary	statistics	in	Appendix	S4).

While	most	of	the	suitable	habitats	for	the	orangutan	and	rhinoc-
eros	overlapped	with	areas	of	high	conservation	priority,	these	only	ac-
counted	for	small	proportion	of	top	priority	areas,	given	the	restricted	
distribution	of	these	species	(Figure	5).	The	tiger's	suitable	habitat	had	
the	highest	areal	coverage	of	priority	areas	for	the	three	biodiversity	fac-
ets,	and	it	represented	phylogenetic	priorities	particularly	well.	Elephant,	

F IGURE  4 Boxplots	showing	the	variation	of	conservation	priority	ranks	within	the	extent	of	suitable	habitat	of	charismatic	megafauna	
species. The y-	axis	represents	the	conservation	priority	ranks	that	were	computed	based	on	iterative	cell	removal	process	of	Zonation,	
ranging	from	0	(lowest	priority)	to	1	(highest	priority)
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F IGURE  5 Representation	of	top	
priority	areas	within	the	extent	of	suitable	
habitat	of	charismatic	species.	A	decrease	
in	priority	corresponds	with	increasing	
size	of	areas	that	need	to	be	protected.	
For	example,	the	top	25%	priority	area	
refers	to	25%	of	the	size	of	the	entire	
landscape	and	the	highest	25%	of	
priority	scores	from	Zonation	algorithm.	
Therefore,	less	proportion	of	top-priority	
area	overlapped	with	the	extent	of	
suitable	habitat	of	the	four	charismatic	
megafauna
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having	 approximately	 half	 of	 tiger's	 suitable	 habitat,	 represented	 less	
than	half	of	the	amount	of	priority	areas	covered	by	the	tiger.	Combining	
all	charismatic	species	improved	the	representation	of	priority	areas,	but	
only	by	a	small	amount	compared	to	the	tiger	(Figure	5).	We	also	identi-
fied	priority	areas	that	were	not	covered	by	any	of	the	four	charismatic	
species’	distributions,	e.g.	for	the	top	5%	priority	areas,	28%	(taxonomy-	
based	priority),	8%	(phylogeny-	based)	and	18%	(trait-	based)	were	out-
side	the	extent	of	suitable	habitat	of	the	charismatic	species.

Evaluation	on	the	potential	of	the	other	180	mammal	species	 in	
Sumatra	in	representing	priority	areas	revealed	that	the	extent	of	suit-
able	habitat	was	a	good	predictor	of	 surrogacy	potential	 (Figure	6).	
However,	 species	 with	 similar	 size	 of	 suitable	 habitat	 represented	
varying	proportions	of	priority	areas.	The	tiger	had	a	higher	surrogacy	
potential	compared	to	most	other	species	with	similar	size	of	suitable	
habitat.	The	elephant,	on	the	opposite,	had	an	underperforming	sur-
rogacy	potential	than	was	predicted	by	its	size	of	suitable	habitat.

4  | DISCUSSION

4.1 | The role of the charismatic megafauna in 
Sumatra as biodiversity surrogates

We	 used	 recently	 developed	 techniques	 to	 evaluate	 the	 con-
servation	 effectiveness	 of	 using	 charismatic	 megafauna	 as	 sur-
rogates	 for	 taxonomic,	 phylogenetic	 and	 functional	 diversity	 of	

Sumatran	mammals.	We	found	that	Sumatran	tiger	had	the	high-
est	surrogacy	potential	because	most	of	 the	co-occurring	mam-
mals	were	well	represented	within	its	distribution,	and	it	covered	
high	 amounts	 of	 priority	 areas	 for	 the	 three	 biodiversity	 facets	
(taxonomic,	phylogenetic	and	functional	diversity).	This	is	related	
to	 its	 relatively	 large	 distribution	 compared	 to	 the	 other	 char-
ismatic	 species	 in	 Sumatra.	 However,	 the	 tiger	 also	 had	 higher	
surrogacy	potential	than	predicted	based	on	its	distribution	size	
alone.	This	supports	the	finding	from	a	previous	study	that	large	
predators	 have	 important	 surrogate	 roles	 for	 other	 mammals	
(Thornton	et	al.,	2016).

The	 Sumatran	 elephant	 had	 the	 second	 highest	 potential	 as	 a	
surrogate	species	 in	Sumatra	 in	terms	of	the	representation	of	co-	
occurring	species.	However,	it	covered	a	lower	proportion	of	priority	
areas	than	expected	by	its	range	size	because	it	did	not	occur	in	most	
of	western	mountain	ranges	where	most	of	the	priority	areas	were	
found.	The	orangutan	and	 rhinoceros	 represented	 relatively	 lower	
amounts	of	total	priority	areas,	which	matched	with	their	restricted	
distribution	range.	However,	almost	the	entire	ranges	of	these	two	
species	encompassed	top-	ranked	priority	areas.	This	implies	allocat-
ing	conservation	resources	to	protect	areas	within	the	range	of	the	
orangutan	and	the	rhino	would	result	 in	a	high	contribution	to	the	
protection	of	broader	biodiversity,	but	this	strategy	alone	will	likely	
be	insufficient	for	Sumatran	biodiversity	given	the	restricted	distri-
bution	of	the	two	species.

F IGURE  6 The	representation	of	
top	5%	priority	areas,	top	10%	priority	
areas,	top	17%	priority	areas	and	top	25%	
priority	areas	within	the	suitable	habitat	
of	charismatic	megafauna	relative	to	their	
extent	of	suitable	habitat.	Letters	in	the	
plot	and	the	orange	points	indicate	the	
charismatic	megafauna	species:	T	=	tiger,	
E	=	Asian	elephant,	O	=	Sumatran	
orangutan,	R	=	Sumatran	rhinoceros.	
Grey	points	indicate	the	other	mammal	
species	in	Sumatra	(180	species).	Blue	
lines	represent	fitted	values	of	priority	
area	representation	based	on	generalised	
additive	models
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The	 combination	 of	 spatial	 prioritisation	 and	 surrogacy	 anal-
ysis	 allowed	 us	 to	 identify	 areas	 within	 the	 charismatic	 species’	
habitats	with	high	and	 low	conservation	priorities.	The	choice	of	
flagship	 species	depends	on	 the	broad	 conservation	 goals	 of	 the	
people	developing	the	marketing	campaign	and	the	preferences	of	
their	target	audiences,	so	our	analysis	should	not	be	used	to	prior-
itise	 conservation	 effort	 between	 flagships.	 Instead,	we	 propose	
the	 use	 of	 spatial	 conservation	 prioritisation	 techniques	 to	 iden-
tify	areas	within	the	ranges	of	charismatic	megafauna	species	that	
also	provide	benefits	to	the	broader	biodiversity.	Considering	that	
charismatic	megafauna	did	not	represent	the	whole	extent	of	iden-
tified	 priority	 areas,	 even	 with	 all	 species	 combined,	 our	 results	
suggest	that	conservation	managers	and	policy	makers	in	Sumatra	
should	protect	important	areas	for	biodiversity	that	occur	outside	
the	range	of	charismatic	species.	Our	findings	agree	with	previous	
work	 suggesting	 that	 targeting	 charismatic	megafauna	 in	 conser-
vation	is	not	enough	to	achieve	broader	biodiversity	conservation	
targets,	 yet	 the	 benefit	 of	 their	 protection	 can	 be	 improved	 by	
using	well-	surveyed	taxonomic	groups	and	habitat	types	(Di	Minin	
&	Moilanen,	2014).

Habitat	suitability	models	used	in	this	study	are	a	more	accurate	
depiction	 of	 species	 distributions	 compared	 to	 geographic	 ranges	
(IUCN	 range	 maps)	 because	 unsuitable	 habitats	 have	 been	 ex-
cluded	from	the	distribution	(Rondinini,	Wilson,	Boitani,	Grantham,	
&	Possingham,	2006).	However,	 suitable	habitat	 is	 not	necessarily	
translated	into	species	presence,	as	species	may	be	extirpated	from	
its	suitable	habitat	due	to	human-	caused	disturbances.	This	issue	can	
be	addressed	by	performing	habitat	suitability	model	validation	for	
all	species	considered	in	the	study	or	developing	inductive	species	
distribution	models	as	input	features	for	future	study.	This,	however,	
requires	collecting	occurrence	data	for	all	considered	species,	which	
are	not	currently	available.	In	this	study,	we	only	considered	mam-
malian	diversity	due	to	data	availability	along	all	biodiversity	facets.	
Future	work	 is	 still	 necessary	 to	 incorporate	 other	 vertebrate,	 in-
vertebrate	and	plant	taxa	in	spatial	conservation	planning	(Di	Marco	
et	al.,	2017).	Moreover,	while	our	study	was	only	aimed	at	identify-
ing	important	areas	for	biodiversity	(and	how	these	relate	to	charis-
matic	species),	there	are	other	factors	that	need	to	be	considered	to	
maximise	the	conservation	effectiveness	of	selected	priority	areas,	
such	as	the	presence	of	threatening	processes	and	the	cost	of	under-
taking	conservation	actions.

4.2 | What should we conserve? Integrating the 
conservation of charismatic species and the multiple 
facets of biodiversity

Charismatic	species	have	been	the	focus	of	many	conservation	or-
ganisations,	 both	 to	 allocate	 funding	 and	 define	 priorities	 for	 ac-
tions.	While	 it	 is	 important	to	reduce	extinction	risks	faced	by	the	
endangered	 charismatic	 species,	 there	 are	 also	 many	 threatened	
non-	charismatic	 species	 that	 play	 vital	 ecosystem	 functions	 or	
are	evolutionary	distinct,	but	often	 receive	 little	protection	 (Isaac,	
Turvey,	 Collen,	Waterman,	 &	 Baillie,	 2007).	 Simply	 assuming	 that	

protecting	 the	habitats	of	 charismatic	megafauna	 species	will	 also	
provide	co-	benefits	to	the	rest	of	biodiversity	can	lead	to	the	extinc-
tion	of	understudied	species.

The	 use	 of	 taxonomic	 diversity	 alone	 for	 identifying	 conser-
vation	priorities	 has	 been	questioned	 and	 regarded	 as	 inadequate	
because	 it	 fails	 to	 represent	distinctiveness	among	species	 (Vane-	
Wright,	Humphries,	&	Williams,	1991).	Of	the	top	5%	priority	areas	
in	Sumatra,	we	found	that	only	15%	(3,227	km2)	was	spatially	con-
gruent	among	the	taxonomic,	phylogenetic	and	functional	diversity,	
while	a	total	of	nearly	13,000	km2	would	be	required	to	represent	top	
priority	areas	under	all	biodiversity	facets.	This	implies	that	the	use	
of	only	one	biodiversity	facet	in	conservation	planning	could	result	
in	the	failure	to	maintain	the	other	aspects.	Species	are	the	products	
of	evolutionary	and	ecological	processes	(Bøhn	&	Amundsen,	2004),	
and	species-	focused	conservation	strategies	may	be	insufficient	to	
guarantee	 the	 protection	 of	 evolutionary	 history	 and	 the	mainte-
nance	of	ecosystem	functioning.

Selecting	a	wide-	ranging	charismatic	species	 to	delineate	pro-
tected	areas	of	high	biodiversity	importance	could	be	an	effective	
strategy	 for	 protecting	 broader	 biodiversity.	However,	 protecting	
the	entire	distribution	of	a	threatened	charismatic	species	is	chal-
lenging	 and	 cost-	inefficient.	 Therefore,	 we	 suggest	 prioritising	
the	 protection	 of	 wide-	ranging	 charismatic	 species’	 habitats	 that	
also	give	 the	highest	 contribution	 to	other	biodiversity	elements.	
Although	our	results	suggested	that	combining	the	four	charismatic	
species	only	slightly	increase	the	spatial	representation	of	priority	
areas,	based	on	a	marketing	perspective,	campaigns	 that	create	a	
“flagship	 fleet”	 by	using	 all	 four	 species	may	 appeal	 to	 a	 broader	
target	 audience,	 and	 so	 increase	 potential	 funding	 and	 support	
(Veríssimo	et	al.,	2014).

We	also	suggest	 it	 is	 important	to	follow	a	complementary	ap-
proach,	 integrating	 as	 a	 goal	 both	 the	 protection	 of	 charismatic	
species	and	the	protection	of	areas	of	high	biodiversity	importance	
outside	 the	distribution	of	 these	species.	Our	 results	 showed	that	
even	 protecting	 an	 area	 as	 small	 as	 1,734–5,949	km2	 outside	 the	
distribution	of	the	four	charismatic	species	would	result	 in	a	much	
more	complete	coverage	of	top	priority	areas	for	the	conservation	
of	the	taxonomic,	phylogenetic	and	functional	diversity	of	Sumatran	
mammals.	Choosing	new	flagship	species	or	flagship	fleet	from	over-
looked	species	list	to	promote	the	new	protected	area	systems	and	
raise	 funds	 (Smith	 et	al.,	 2012)	 can	 be	 a	winning	 strategy	 for	 this	
purpose.	 This	 needs	 a	more	 thorough	 assessment,	which	 includes	
deciding	the	target	audience	and	formulating	the	marketing	strategy	
(Verissimo	et	al.,	2011).

We	 chose	 Sumatra	 as	 our	 case	 study	 area	 because	 it	 hosts	
some	 of	 the	 highest	 global	 concentrations	 of	 terrestrial	 and	
threatened	mammals,	and	the	distribution	of	charismatic	species	
is	a	key	driver	of	conservation	action	there.	This	is	especially	rel-
evant	within	a	region	 (i.e.	Southeast	Asia)	 that	 is	today	receiving	
proportionally	 less	 attention	 from	 international	 conservation	
journals	 than	 it	 used	 to	 in	 past	 decades	 (Di	Marco	 et	al.,	 2017).	
Biodiversity	 co-	occurring	 with	 charismatic	 species	 may	 benefit	
from	protected	area	establishment	and	 law	enforcement	efforts,	
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such	as	patrolling	to	safeguard	the	protected	areas	from	illegal	ac-
tivities	(Linkie	et	al.,	2015).	Therefore,	our	recommendation	is	also	
relevant	 in	 regions	 beyond	 Sumatra	 where	 (a)	 the	 conservation	
of	 charismatic	 megafauna	 is	 prominent	 and	 (b)	 protected	 areas	
are	enforced	by	means	that	exclude	any	harmful	illegal	activities.	
While	charismatic	megafauna	are	primarily	protected	for	the	sake	
of	 these	 species,	 conservation	decision-	makers	 should	 also	 con-
sider	broader	benefits	for	other	aspects	of	biodiversity	in	conser-
vation	 planning	 as	we	 face	 increasing	 rate	 of	 species	 extinction	
world-	wide.	Our	study	revealed	a	framework	to	plan	conservation	
strategies	in	which	the	protection	of	charismatic	megafauna	ben-
efits	 broader	 aspects	 of	 biodiversity;	we	 showed	 the	 “umbrella”	
effectiveness	of	different	charismatic	species,	and	 identified	 im-
portant	biodiversity	areas	outside	the	distribution	of	charismatic	
species	using	spatial	prioritisation	techniques.

While	it	is	ideal	to	protect	all	aspects	of	biodiversity,	implement-
ing	 systematic	 conservation	 planning	 is	 challenging,	 especially	 in	
developing	countries	where	the	growth	rate	of	human	population	
is	 high,	 land	 tenure	 conflicts	 are	 prominent	 and	 wildlife	 habitats	
are	fragmented.	Based	on	our	findings,	we	provide	several	recom-
mendations	 for	 conservation	managers	 in	 Sumatra	 that	may	 help	
advancing	more	efficient	conservation	of	mammals	on	the	island:

1.	 Enforcement	of	protected	area	management	in	places	where	there	
is	 high	 overlap	 between	 taxonomic,	 phylogenetic	 and	 functional	
diversity,	 such	 as	 Leuser	 Landscape	 and	 Bukit	 Barisan	Mountain	
Ranges,	 especially	 where	 the	 three	 facets	 of	 biodiversity	 also	
overlap	 with	 the	 habitat	 of	 charismatic	 megafauna	 species.

2.	 Expansion	of	current	protected	areas	or	establishment	of	new	pro-
tected	areas	to	cover	unprotected	top	priority	areas	identified	in	this	
study	by	using	the	Sumatran	“big	four”	to	raise	funds	and	gain	politi-
cal	and	public	support.	If	the	priority	areas	are	outside	the	habitat	of	
the	“big	four,”	new	flagship	species/fleet	should	be	identified.

3.	 Collation	and	digitisation	of	species	occurrence	records	of	all	taxa	
to	enable	more	robust	species	distribution	modelling	and	spatial	
conservation	planning.
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