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Abstract
Ɛĺ	 CarbonŊ	based	poѴicies	provide	powerfuѴ	opportunities	to	unite	tropicaѴ	forest	conŊ
servation	with	cѴimate	change	mitigationĺ	Howeverķ	their	effectiveness	in	deѴivering	
biodiversity	coŊ	benefits	is	dependent	on	high	ѴeveѴs	of	biodiversity	being	found	in	
high	carbon	areasĺ	Previous	studies	have	focussed	soѴeѴy	on	the	coŊ	benefits	associŊ
ated	with	Reducing	Emissions	from	Deforestation	and	forest	Degradation	ŐREDDƳő	
over	Ѵarge	spatiaѴ	scaѴesķ	with	few	empiricaѴѴy	testing	carbonŊ	biodiversity	correѴaŊ
tions	at	management	unit	scaѴes	appropriate	to	decisionŊ	makersĺ	Yetķ	in	deveѴopŊ
ment	 frontiersķ	 where	 most	 biodiversity	 and	 carbon	 Ѵoss	 occursķ	 carbonŊ	based	
poѴicies	are	increasingѴy	driven	by	commodity	certification	schemesķ	which	are	apŊ
pѴied	at	the	concession	ѴeveѴĺ

Ƒĺ	 Working	 in	a	 typicaѴ	humanŊ	modified	 Ѵandscape	 in	Southeast	Asiaķ	we	examined	
the	 biodiversity	 vaѴue	 of	 Ѵand	 prioritised	 via	 appѴication	 of	 REDDƳ	 or	 the	 High	
Carbon	 Stock	 ŐHCSő	 approachķ	 the	 emerging	 ѴandŊ	use	 pѴanning	 tooѴ	 for	 oiѴ	 paѴm	
certificationĺ	Carbon	stocks	were	estimated	via	ѴowŊ		and	highŊ	resoѴution	datasets	
derived	from	gѴobaѴ	or	 ѴocaѴŊ	ѴeveѴ	biomassĺ	MammaѴian	species	richness	was	preŊ
dicted	using	hierarchicaѴ	Bayesian	muѴtispecies	occupancy	modeѴs	of	cameraŊ	trap	
data	from	forest	and	oiѴ	paѴm	habitatsĺ

ƒĺ	 At	 the	community	 ѴeveѴķ	HCS	 forest	 supported	comparabѴe	mammaѴ	diversity	 to	
controѴ	sites	in	continuous	forestķ	whiѴe	Ѵower	carbon	strata	exhibited	reduced	speŊ
cies	occupancyĺ

Ɠĺ	 No	association	was	 found	between	species	 richness	and	carbon	when	the	 Ѵatter	
was	estimated	using	coarseŊ	resoѴution	dataĺ	Howeverķ	when	using	highŊ	resoѴutionķ	
ѴocaѴѴy	vaѴidated	biomass	dataķ	diversity	demonstrated	positive	reѴationships	with	
carbon	for	threatened	and	disturbanceŊ	sensitive	speciesķ	suggesting	sensitivity	of	
coŊ	benefits	to	carbon	data	sources	and	the	species	consideredĺ
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ƐՊ |ՊINTRODUCTION

AgricuѴturaѴ	 expansion	 has	 emerged	 as	 a	 pervasive	 threat	 to	 tropiŊ
caѴ	 forests	and	biodiversity	 ŐWiѴcoveķ	Giamķ	Edwardsķ	Fisherķ	ş	Kohķ	
ƑƏƐƒőķ	and	has	been	impѴicated	in	the	Ѵoss	of	c.	ƐƔƏ	miѴѴion	ha	of	tropiŊ
caѴ	forest	over	the	Ѵast	three	decades	ŐGibbs	et	aѴĺķ	ƑƏƐƏĸ	Hansen	et	aѴĺķ	
ƑƏƐƒőĺ	A	key	driver	of	recent	deforestation	has	been	rising	demand	for	
cheap	vegetabѴe	oiѴ	such	as	that	from	oiѴ	paѴm	ŐElaeis guineensisőķ	which	
now	covers	Ɛѵ	miѴѴion	ha	across	Ɠƒ	countriesķ	often	at	the	expense	of	
tropicaѴ	forest	ŐPirkerķ	Mosnierķ	Kraxnerķ	HavѴझkķ	ş	Obersteinerķ	ƑƏƐѵőĺ

The	 potentiaѴ	 economic	 and	 sociaѴ	 benefits	 associated	 with	 oiѴ	
paѴm	 ŐPotterķ	ƑƏƐƔő	contrast	with	severe	and	weѴѴŊ	documented	ecoŊ
ѴogicaѴ	 impactsĺ	Conversion	of	forest	to	oiѴ	paѴm	pѴantation	resuѴts	in	
major	 biodiversity	 decѴineķ	 which	 disproportionateѴy	 affects	 forest	
speciaѴists	 and	 species	 of	 conservation	 concernķ	 resuѴting	 in	 assemŊ
bѴages	 dominated	 by	 disturbanceŊ	toѴerant	 generaѴists	 ŐFitzherbert	
et	aѴĺķ	 ƑƏƏѶĸ	Yaapķ	 Struebigķ	 PaoѴiķ	 ş	 Kohķ	 ƑƏƐƏőĺ	With	 around	 ƐƖѷ	
of	Ѵand	suitabѴe	for	oiѴ	paѴm	coinciding	with	areas	of	high	biodiversity	
ŐPirker	et	aѴĺķ	ƑƏƐѵőķ	 across	 forested	Asiaķ	Africa	and	South	Americaķ	
the	fuѴѴ	ecoѴogicaѴ	impact	of	this	commodity	crop	is	yet	to	be	fuѴѴy	reaѴŊ
isedĺ	Mitigation	measures	that	reconciѴe	environmentaѴ	sustainabiѴityķ	
biodiversity	conservation	and	production	of	crops	such	as	oiѴ	paѴm	are	
therefore	essentiaѴ	in	tropicaѴ	regionsĺ

Retaining	native	habitat	 in	oiѴ	paѴm	estates	 is	known	to	enhance	
the	bioѴogicaѴ	vaѴue	of	pѴantation	 Ѵandscapes	by	providing	ecoѴogicaѴ	
refugia	and	 improved	connectivity	 ŐGiѴѴies	ş	St	CѴairķ	ƑƏƐƏĸ	Struebig	
et	aѴĺķ	 ƑƏƐƐőĺ	 Howeverķ	 in	 practiceķ	 the	 designation	 of	 conservation	
setŊ	asides	 can	 be	 hindered	 by	 agricuѴturaѴ	 profitabiѴityķ	with	 income	
exceeding	 USŪƐƐķƑƓƏņha	 over	 a	 ƑƔ	year	 growing	 cycѴe	 ŐFisherķ	
Edwardsķ	Giamķ	ş	WiѴcoveķ	ƑƏƐƐőĺ	Thusķ	conservation	efforts	seeking	
to	preserve	 forest	within	pѴantations	may	be	more	 successfuѴ	when	
economic	 incentives	 are	 provided	 to	 offset	 the	 opportunity	 costs	
associated	with	 foregoing	deveѴopmentĺ	Amongst	 severaѴ	mitigation	
tooѴs	avaiѴabѴeķ	two	incentiveŊ	driven	poѴicies	based	on	carbon	stocks	
have	gained	 traction	 in	 tropicaѴ	 regionsĹ	 ŐƐő	REDDƳ	 ŐUnited	Nations	
Reducing	Emissions	from	Deforestation	and	forest	Degradationő	and	
reѴated	carbon	credit	schemesķ	and	ŐƑő	improved	ѴandŊ	use	pѴanning	via	
commodity	certification	ŐYaap	et	aѴĺķ	ƑƏƐƏőĺ

REDDƳķ	a	payment	for	ecosystem	services	tooѴ	to	mitigate	cѴimate	
changeķ	 aims	 to	 compensate	 stakehoѴders	 in	 deveѴoping	 nations	 for	
conservation	 initiatives	 and	 sustainabѴe	 management	 practices	 that	

protect	and	restore	the	carbon	sequestered	by	forests	ŐVenter	ş	Kohķ	
ƑƏƐƑőĺ	 If	 REDDƳ	were	 to	 achieve	 its	 economic	 potentiaѴķ	 payments	
generated	couѴd	make	forest	conservation	financiaѴѴy	competitive	comŊ
pared	to	oiѴ	paѴm	cuѴtivation	ŐButѴerķ	Kohķ	ş	GhazouѴķ	ƑƏƏƖőĺ	REDDƳ	
is	aѴso	attractive	to	conservation	because	 it	may	deѴiver	coŊ	benefitsķ	
whereby	safeguarding	high	carbon	areas	aѴso	protects	biodiversity	at	
no	additionaѴ	cost	ŐGardner	et	aѴĺķ	ƑƏƐƑőĺ	Howeverķ	this	assumes	spatiaѴ	
congruence	between	areas	of	high	carbon	and	biodiversityĺ	In	reaѴityķ	
it	is	difficuѴt	to	generaѴise	on	the	natureķ	strength	and	extent	of	these	
coŊ	benefits	because	outcomes	vary	both	within	and	between	spatiaѴ	
scaѴes	Őeĺgĺ	gѴobaѴĹ	Naidoo	et	aѴĺķ	ƑƏƏѶ	vsĺ	Strassburg	et	aѴĺķ	ƑƏƐƏĸ	naŊ
tionaѴĹ	 Egohķ	Reyersķ	 Rougetķ	Bodeķ	ş	Richardsonķ	 ƑƏƏƖ	vsĺ	Murrayķ	
Grenyerķ	Wunderķ	Raesķ	ş	Jonesķ	ƑƏƐƔĸ	ѴandscapeĹ	RuizŊ	Jaen	ş	Potvinķ	
ƑƏƐƏ	vsĺ	KessѴer	et	aѴĺķ	ƑƏƐƑőĺ	The	extent	to	which	carbonŊ	biodiversity	
coŊ	benefit	assumptions	hoѴd	at	management	unit	scaѴes	appropriate	to	
decisionŊ	makers	remains	an	open	questionĺ

REDDƳ	 is	 ѴargeѴy	 impѴemented	 at	 subŊ	nationaѴ	 ѴeveѴsĺ	WhiѴe	 an	
increasing	number	of	studies	are	recognising	the	importance	of	fineŊ	
scaѴe	assessments	 Őeĺgĺ	Beaudrot	et	aѴĺķ	 ƑƏƐѵĸ	Magnago	et	aѴĺķ	 ƑƏƐƔĸ	
SoѴѴmann	et	aѴĺķ	ƑƏƐƕőķ	most	information	on	biodiversity	coŊ	benefits	is	
derived	from	gѴobaѴŊ		and	nationaѴŊ	scaѴe	studies	that	demonstrate	overŊ
reѴiance	on	coarseŊ	grainedķ	secondary	data	sourcesĺ	Carbon	data	are	
typicaѴѴy	derived	from	gѴobaѴ	maps	Őeĺgĺ	AvitabiѴe	et	aѴĺķ	ƑƏƐѵĸ	Baccini	
et	aѴĺķ	ƑƏƐƑőķ	which	have	 Ѵimited	appѴication	at	 ѴocaѴŊ	scaѴes	pertinent	
to	management	ŐMitchard	et	aѴĺķ	ƑƏƐƓőĺ	Furthermoreķ	fieѴdŊ	based	speŊ
cies	 data	 are	wideѴy	 underrepresented	 in	 the	 coŊ	benefits	 Ѵiterature	
due	 to	 the	 costs	 associated	with	 biodiversity	 surveys	 in	 the	 tropics	
ŐGardner	et	aѴĺķ	ƑƏƏѶőĺ	Researchers	predominantѴy	reѴy	on	coarse	speŊ
cies	range	deѴineationsķ	which	are	fraught	with	uncertainty	ŐRodrझguezŊ	
Castaोedaķ	Hofķ	Janssonķ	ş	Hardingķ	ƑƏƐƑő	and	may	not	account	for	
ѴocaѴised	 extirpation	 due	 to	 anthropogenic	 pressure	 ŐHarrison	 et	aѴĺķ	
ƑƏƐѵőĺ	Despite	statisticaѴ	advances	that	account	for	imperfect	detecŊ
tion	 in	 biodiversity	 indices	 ŐRoyѴe	ş	Dorazioķ	 ƑƏƏѶőķ	 these	methods	
have	 received	 reѴativeѴy	 Ѵimited	 appѴication	 in	 a	 coŊ	benefits	 context	
Őbut	see	GiѴroy	et	aѴĺķ	ƑƏƐƓĸ	SoѴѴmann	et	aѴĺķ	ƑƏƐƕőķ	resuѴting	in	possibѴe	
underestimates	 of	 species	 assembѴagesĺ	 ConsequentѴyķ	 biodiversity	
coŊ	benefits	 assessments	 at	 ѴocaѴŊ	scaѴesķ	 using	 primaryķ	 fineŊ	grained	
data	wouѴd	provide	vaѴuabѴe	poѴicy	insightsĺ

WhiѴe	the	potentiaѴ	importance	of	REDDƳ	cannot	be	overstatedķ	
agricuѴturaѴ	certification	schemes	show	promise	to	ensure	sustainabѴe	
practices	as	companies	benefit	from	greater	access	to	environmentaѴѴy	

Ɣĺ	 Policy implications.	Our	work	 confirms	 the	potentiaѴ	 for	 environmentaѴ	 certification	
and	Reducing	Emissions	from	Deforestation	and	forest	Degradation	to	work	in	tanŊ
dem	 with	 conservation	 to	 mitigate	 agricuѴturaѴ	 impacts	 on	 tropicaѴ	 forest	 carbon	
stocks	and	biodiversityĺ	SuccessfuѴ	impѴementation	of	both	approaches	couѴd	be	used	
to	direct	deveѴopment	to	Ѵow	carbonķ	Ѵow	biodiversity	areas	in	tropicaѴ	countriesĺ

K E Y W O R D S

agricuѴtureķ	Borneoķ	cameraŊtrappingķ	certificationķ	High	Carbon	Stockķ	ѴandŊuse	pѴanningķ	
mammaѴsķ	occupancy	modeѴѴingķ	oiѴ	paѴmķ	REDDƳ
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conscious	markets	and	increased	price	premiums	of	certified	products	
ŐYaap	et	aѴĺķ	ƑƏƐƏőĺ	The	RoundtabѴe	on	SustainabѴe	PaѴm	OiѴ	ŐRSPOő	is	
often	seen	as	an	exempѴar	scheme	within	the	agricuѴturaѴ	sectorķ	curŊ
rentѴy	certifying	ƑƐѷ	of	the	gѴobaѴ	paѴm	oiѴ	market	across	ƑĺƓѶ	miѴѴion	
ha	of	Ѵand	ŐRSPOķ	ƑƏƐƕőĺ	RSPO	certification	prohibits	the	conversion	
of	high	conservation	vaѴue	habitat	in	oiѴ	paѴm	estatesĺ	Howeverķ	associŊ
ated	assessment	procedures	have	attracted	criticismķ	raising	concerns	
that	current	methodoѴogies	do	not	afford	adequate	biodiversity	proŊ
tection	ŐEdwardsķ	Fisherķ	ş	WiѴcoveķ	ƑƏƐƑĸ	Yaap	et	aѴĺķ	ƑƏƐƏőĺ

The	High	Carbon	Stock	ŐHCSő	approach	has	emerged	as	a	ѴandŊ	use	
pѴanning	tooѴ	to	demarcate	conservation	priority	areas	based	on	carbon	
vaѴueķ	and	is	being	expѴored	within	the	RSPO	architecture	and	that	of	
other	certification	schemesĺ	The	HCS	methodoѴogy	seeks	to	conserve	
biodiverse	and	ecoѴogicaѴѴy	functionaѴ	forest	networks	within	agricuѴturaѴ	
concessions	by	directing	conversion	towards	heaviѴy	degraded	Ѵand	of	
Ѵow	carbon	vaѴue	ŐRosomanķ	Sheunķ	OpaѴķ	Andersonķ	ş	Trapshahķ	ƑƏƐƕőĺ	
This	 is	 achieved	 by	 stratifying	 Ѵand	 into	 discrete	 cѴasses	 according	 to	
vegetation	density	and	structureķ	which	are	then	adopted	as	proxies	for	
aboveŊ	ground	carbon	stocks	and	assumed	to	support	varying	ѴeveѴs	of	
biodiversityĺ	These	strata	are	subsequentѴy	vaѴidated	using	fieѴdŊ	derived	
aboveŊ	ground	carbon	estimatesķ	before	Ѵand	parceѴs	are	prioritised	for	
conversion	based	on	area	and	connectivity	ŐRosoman	et	aѴĺķ	ƑƏƐƕőĺ

The	HCS	approach	has	attracted	widespread	interest	amongst	agŊ
ricuѴturaѴ	industries	with	ƐƏ	miѴѴion	ha	of	Ѵand	being	evaѴuated	across	
five	 oiѴ	 paѴm	 producing	 countries	 ŐGĺ	 Rosomanķ	 unpubѴĺ	 dataőĺ	 As	 a	
modeѴ	schemeķ	the	successfuѴ	integration	of	the	HCS	Approach	within	
the	RSPO	framework	may	encourage	uptake	across	other	certifiabѴe	
tropicaѴ	 commoditiesķ	 such	 as	 rubber	 and	 soyaĺ	 NevertheѴessķ	 the	
extent	to	which	HCS	strata	correspond	to	areas	of	high	biodiversity	
vaѴue	is	dependent	on	the	accurate	partitioning	of	vegetation	cѴasses	
according	to	their	carbon	vaѴueķ	as	weѴѴ	as	the	underѴying	association	
between	carbon	and	biodiversityĺ	Before	the	HCS	approach	is	formaѴѴy	
adopted	within	certification	standardsķ	these	assumptions	shouѴd	be	
tested	to	understand	the	conservation	merit	of	the	tooѴĺ

Hereķ	we	determine	the	effectiveness	of	incentiveŊ	driven	carbonŊ	
based	mechanisms	 to	 safeguard	 biodiversityķ	 and	 provide	 the	 first	
vaѴidation	of	both	the	carbon	and	biodiversity	credentiaѴs	of	the	HCS	
ѴandŊ	use	pѴanning	tooѴĺ	Our	appraisaѴ	focuses	on	a	Ѵandscape	underŊ
going	conversion	from	forest	to	oiѴ	paѴm	in	Borneoķ	a	region	characŊ
terised	by	high	deforestation	and	forest	degradation	ŐGaveau	et	aѴĺķ	
ƑƏƐƓĸ	Struebig	et	aѴĺķ	ƑƏƐƔő	that	is	typicaѴ	of	most	HCS	appѴicationsĺ	
Firstķ	we	vaѴidate	 the	accuracy	of	 the	HCS	cѴassification	procedure	
and	quantify	the	biodiversity	vaѴue	of	the	vegetation	strataĺ	We	then	
assess	 the	 potentiaѴ	 for	 REDDƳ	 to	 deѴiver	 biodiversity	 coŊ	benefits	
using	primary	and	highŊ	resoѴution	data	sourcesĺ	To	assess	the	infѴuŊ
ence	 of	 spatiaѴ	 grain	 on	 the	 nature	 of	 coŊ	benefit	 reѴationshipsķ	we	
compare	gѴobaѴŊ		and	ѴocaѴŊ	scaѴe	measures	of	carbonĺ	Throughoutķ	we	
empѴoy	biodiversity	indices	that	expѴicitѴy	account	for	imperfect	deŊ
tection	to	provide	a	more	accurate	representation	of	species	assemŊ
bѴages	 than	 simpѴe	 species	 countsĺ	Our	work	 evaѴuates	 the	 extent	
to	which	 poѴicy	 options	 that	 attach	 greater	 economic	 significance	
to	 conservation	 protect	 vuѴnerabѴe	 tropicaѴ	 forests	 and	 safeguard	
biodiversityĺ

ƑՊ |ՊMATERIALS AND METHODS

ƑĺƐՊ|ՊStudy system

The	study	was	conducted	over	a	ƐƒķƐƔƒ	ha	deveѴopment	area	comŊ
prising	the	StabiѴity	of	AѴtered	Forest	Ecosystems	project	ŐSAFEĸ	wwwĺ
safeprojectĺnető	 and	 surrounding	 pѴantations	 in	 KaѴabakan	 Forest	
Reserveķ	 Sabahķ	 MaѴaysian	 Borneo	 ŐƓŦƓѵனNķ	 ƐƐѵŦƔƕன	 Eĸ	 Figure	Ɛőĺ	
SAFE	 is	 a	 ѴandscapeŊ	scaѴe	 forest	 modification	 experiment	 ŐEwers	
et	aѴĺķ	ƑƏƐƐő	comprising	highѴy	disturbed	ѴowѴand	and	hiѴѴ	dipterocarp	
forest	that	was	Ѵogged	muѴtipѴe	times	between	ƐƖƕѶ	and	ƑƏƏѶĺ	The	
wider	Ѵandscape	incѴudes	nearŊ	pristine	forest	in	BrantianŊ	TatuѴit	Virgin	
JungѴe	Reserveķ	 twiceŊ	Ѵogged	 forest	 in	UѴu	 Segama	Forest	 Reserveķ	
and	pѴantations	ŐprimariѴy	oiѴ	paѴmőĺ

F IGURE  ƐՊHigh	Carbon	Stock	ŐHCSő	
cѴassification	of	the	study	Ѵandscape	in	
Sabahķ	Borneoĺ	Forest	cover	was	deѴineated	
into	four	strata	on	the	basis	of	vegetation	
density	ŐDense	Forestķ	Young	Regenerating	
Forestķ	Scrubķ	Open	Landő	and	
suppѴemented	with	two	reference	cѴasses	
ŐContinuous	Logged	Forestķ	OiѴ	PaѴmő	to	
act	as	forest	and	agricuѴturaѴ	controѴsĺ	
Points	indicate	cameraŊ	trap	Ѵocations	
ŐN Ʒ	ƐƐƔő 5 km

Continuous Logged Forest

Dense Forest

Young Regenerating Forest

Scrub

Open Land

Oil Palm

Cameras

B O R NE O

http://www.safeproject.net
http://www.safeproject.net
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ƑĺƑՊ|ՊHCS cѴassification and vaѴidation

The	 HCS	 Approach	 uses	 highŊ	resoѴution	 remoteѴyŊ	sensed	 images	
to	stratify	concessions	 into	six	vegetation	cѴassesķ	each	with	unique	
structuraѴ	 characteristics	 Őin	 descending	 order	 of	 carbon	 vaѴueőĹ	 ŐƐő	
ľHigh	Density	ForestĿĸ	ŐƑő	ľMedium	Density	ForestĿĸ	Őƒő	ľLow	Density	
ForestĿĸ	 ŐƓő	ľYoung	Regenerating	ForestĿĸ	 ŐƔő	ľScrubĿĸ	and	 Őѵő	ľOpen	
LandĿ	 Ősee	 Appendix	 SƐőĺ	 In	 practiceķ	 the	 Highķ	 Medium	 and	 Low	
Density	Forest	strata	are	aggregated	as	ľDense	ForestĿ	and	earmarked	
for	conservationĺ	Young	Regenerating	Forest	can	aѴso	comprise	vaѴuaŊ
bѴe	carbon	stocks	and	is	aѴso	spared	from	deveѴopmentĺ	The	threshoѴd	
for	aѴѴocating	Ѵand	for	production	rests	on	distinguishing	these	strata	
from	heaviѴy	degraded	Scrub	and	Open	Landĺ	Thereforeķ	we	mapped	
Dense	Forestķ	Young	Regenerating	Forestķ	Scrub	and	Open	Land	as	
separate	cѴassesĺ

AѴѴ	 spatiaѴ	 data	 processing	 was	 impѴemented	 in	 ArcGIS	 ƐƏĺƑĺƐ	
ŐESRIőĺ	We	used	Landsat	Ѷ	and	SPOTƔ	sateѴѴite	imagery	ŐƐƔ	and	ƑĺƔ	m	
resoѴution	respectiveѴyĸ	temporaѴ	rangeĹ	ƑƏƐƑŋƑƏƐƓő	to	stratify	forest	
habitat	using	HCS	assessment	protocoѴs	 Ősee	Appendix	SƐőĺ	MuѴtipѴe	
data	sources	were	chosen	to	minimise	cѴassification	difficuѴties	assoŊ
ciated	with	 cѴoud	cover	 and	hazeĺ	We	undertook	a	 supervised	cѴasŊ
sification	of	sateѴѴite	imagesķ	suppѴemented	with	visuaѴ	interpretation	
techniques	to	correct	for	the	potentiaѴѴy	confounding	effects	of	topoŊ
graphic	 shadow	 ŐWuѴderķ	FrankѴinķ	Whiteķ	Crannyķ	ş	Dechkaķ	ƑƏƏƓőĺ	
The	 resuѴting	 cѴasses	were	 then	 caѴibrated	 using	 aboveŊ	ground	 carŊ
bon	vaѴues	derived	from	forest	inventory	data	ŐN Ʒ	ƐƒƖőķ	coѴѴected	as	
part	of	the	core	SAFE	monitoring	programmeĺ	These	data	conform	to	
standardised	forest	 inventory	protocoѴs	 ŐhttpĹņņwwwĺrainforĺorgőķ	caѴŊ
cuѴating	carbon	as	a	function	of	aboveŊ	ground	biomass	Őtrees	ƻƐƏ	cm	
DBHő	using	an	estabѴished	pantropicaѴ	aѴgorithm	ŐChave	et	aѴĺķ	ƑƏƐƓőĺ	
ResuѴting	HCS	cѴasses	were	vaѴidated	using	independentѴy	derived	carŊ
bon	estimates	ŐPfeifer	et	aѴĺķ	ƑƏƐѵĸ	see	Appendix	SƑőĺ

ƑĺƒՊ|ՊCameraŊ trap sampѴing of mediumŊ 
Ѵarge mammaѴs

We	deѴineated	terrestriaѴ	mammaѴ	diversity	as	these	taxa	are	consistŊ
entѴy	prioritised	in	poѴicyķ	ѴandŊ	use	pѴanning	and	certification	schemesĺ	
RemoteѴy	operated	digitaѴ	cameras	 ŐHCƔƏƏ	Hyperfireķ	Reconyxķ	WIķ	
USAő	were	depѴoyed	at	ƐƒƏ	Ѵocations	across	the	Ѵandscape	between	
May	and	September	ƑƏƐƔ	ŐFigure	Ɛőĺ	These	Ѵocations	were	separated	
by	 a	mean	distance	of	ƐĺƓ	km	and	distributed	 across	 an	eѴevationaѴ	
gradient	 ŐM	Ʒ	ƒƕѵ	 mĺaĺsĺѴĺĸ	 range	Ʒ	ѵƓŋƕƒƔ	 mĺaĺsĺѴĺőĺ	 Accounting	 for	
theftķ	 vandaѴism	 and	 maѴfunctionķ	 data	 were	 retrieved	 from	 ƐƑƐ	 
Ѵocationsĺ	We	stratified	our	sampѴing	according	to	HCS	strataķ	whiѴe	
capturing	the	broader	heterogeneity	of	the	Ѵandscape	using	reference	
cѴasses	 Őprotected	 ľContinuous	Logged	ForestĿ	and	weѴѴŊ	estabѴished	
ľOiѴ	 PaѴm	 PѴantationĿő	 for	 comparative	 purposesĺ	 As	 the	 extent	
of	 Scrub	 and	Open	Land	was	 reѴativeѴy	 Ѵow	 compared	 to	 the	other	
cѴassesķ	these	strata	were	pooѴed	into	a	singѴe	cѴassķ	ľDeveѴoped	LandĿķ	
for	biodiversity	 anaѴysesĹ	Continuous	Logged	Forestķ	N Ʒ	Ƒƕĸ	Dense	
Forestķ	N Ʒ	Ƒƒĸ	Young	Regenerating	Forestķ	N Ʒ	Ɛѵĸ	DeveѴoped	Landķ	
N Ʒ	Ƒѵĸ	andķ	OiѴ	PaѴm	PѴantationķ	N = 23.

Due	to	the	number	of	cameras	avaiѴabѴeķ	data	coѴѴection	was	comŊ
pѴeted	over	two	rotationsķ	each	comprising	ѵƔ	Ѵocationsĺ	SingѴe	units	
were	depѴoyed	for	ƓƑ	consecutive	nights	per	Ѵocationķ	yieѴding	a	totaѴ	
survey	effort	of	ƓķѵѵƖ	camera	nightsĺ	Cameras	were	positioned	at	a	
standardised	height	of	ƒƏ	cmķ	on	Ѵow	resistance	traveѴ	routes	Őeĺgĺ	riŊ
parian	areasķ	Ѵogging	roadsķ	skid	traiѴső	and	offŊ	traiѴ	to	account	for	inter	
and	intraspecific	differences	in	habitat	useĺ

Prior	to	anaѴysesķ	aѴѴ	images	that	couѴd	not	be	identified	to	species	
ѴeveѴ	were	discarded	ŐbѴurred	images	and	photos	of	nonŊ	target	speciesķ	
equating	to	Ɛƕĺѵѷ	of	ƐƓƑķƑƖƓ	imagesőĺ	Species	encounters	were	conŊ
sidered	independent	events	if	they	contained	different	individuaѴs	or	
were	separated	by	a	period	of	ƻѵƏ	minĺ	A	detection	matrix	was	deveѴŊ
oped	for	each	speciesķ	whereby	ƓƑŊ	day	sampѴing	periods	were	divided	
into	sixķ	ƕŊ	day	temporaѴ	 repѴicatesĺ	Any	camera	site	active	for	 fewer	
than	 seven	 days	was	 excѴuded	 from	 anaѴysisķ	 Ѵeaving	 ƐƐƔ	 anaѴyticaѴ	
units	each	with	Ƒŋѵ	repѴicatesĺ

ƑĺƓՊ|ՊModeѴѴing framework

We	empѴoyed	hierarchicaѴ	Bayesian	muѴtispecies	 occupancy	modeѴŊ
Ѵing	ŐDorazio	ş	RoyѴeķ	ƑƏƏƔő	to	estimate	species	diversity	from	camŊ
era	dataĺ	HierarchicaѴ	modeѴs	permit	the	separation	of	ecoѴogicaѴ	and	
sampѴing	processes	that	may	infѴuence	the	data	ŐGeѴman	ş	HiѴѴķ	ƑƏƏƕőĺ	
In	 the	 context	of	occupancyķ	 this	means	 that	 true	 absences	 can	be	
differentiated	from	nonŊ	detection	by	expѴicitѴy	defining	modeѴs	for	ocŊ
currence	and	detectionĺ

MuѴtispecies	 occupancy	 modeѴs	 take	 singѴeŊ	species	 occupancy	
detection	modeѴs	as	buiѴding	units	ŐGuiѴѴeraŊ	Arroitaķ	ƑƏƐƕőĺ	FoѴѴowing	
Zipkinķ	RoyѴeķ	Dawsonķ	and	Bates	ŐƑƏƐƏőķ	we	denote	the	occurrence	of	
species	i	at	site	j	by	the	binary	variabѴe	z

i,j
	ŐƐ	Ʒ	species	presenceĸ	Ə	Ʒ	speŊ

cies	not	detectedőĺ	The	occurrence	state	is	described	as	the	outcome	
of	a	BernouѴѴi	processķ	z

i,j
 ~ BernŐψ

i,j
őķ	where	ψ

i,j
	denotes	the	occurrence	

probabiѴityĺ	The	true	occurrence	state	is	imperfectѴy	observedķ	so	the	
modeѴ	incѴudes	a	second	BernouѴѴi	processķ	x

i,j,k
	Ŝ	BernŐp

i,j,k
 Ҋ z

i,j
őķ	where	

x
i,j,k
	is	the	observed	detectionņnonŊ	detection	dataķ	k	is	the	survey	repѴiŊ

cate	and	p
i,j,k
	represents	the	corresponding	detection	probabiѴity	condiŊ

tionaѴ	to	species	presenceĺ	The	product	p
i,j,k

 Ҋ z
i,j
	refѴects	that	detection	

at	sites	where	the	species	 is	present	 Őz
i,j
	Ʒ	Ɛő	happens	with	detection	

probabiѴity	p
i,j,k
ķ	and	that	detection	 is	not	possibѴe	at	sites	where	the	

species	is	absent	Őz
i,j
	Ʒ	Əőĺ	We	assume	that	variation	in	the	abundance	

of	 a	 species	 across	 sampѴing	 sites	does	not	 affect	 species	detection	
probabiѴities	p

i,j,k
	ŐRoyѴe	ş	Dorazioķ	ƑƏƏѶőĺ

Occurrence	 and	 detection	 modeѴs	 for	 individuaѴ	 species	 were	
Ѵinked	 via	 a	 hierarchicaѴ	 component	 that	 modeѴѴed	 regression	 coefŊ
ficients	as	 reaѴisations	 from	a	common	communityŊ	ѴeveѴ	distribution	
with	 Őhyperőparametersĺ	 Under	 this	 approachķ	 species	 are	 assumed	
to	 respond	 to	 environmentaѴ	 conditions	 in	 a	 simiѴarķ	 but	 not	 identiŊ
caѴķ	mannerĺ	Derived	species	estimates	areķ	thereforeķ	a	compromise	
between	 individuaѴ	 response	and	 the	average	 response	of	 the	comŊ
munityĺ	This	resuѴts	in	shrinkage	Őthe	borrowing	of	information	by	inŊ
dividuaѴs	across	 the	communityőķ	which	has	been	shown	to	 improve	
estimation	precisionķ	 particuѴarѴy	 for	 rare	or	 eѴusive	 species	 that	 are	
infrequentѴy	detected	during	surveys	ŐPacificiķ	Zipkinķ	CoѴѴazoķ	Irizarryķ	

http://www.rainfor.org
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ş	DeWanķ	ƑƏƐƓőĺ	We	report	Őhyperőparameters	to	provide	an	indicaŊ
tion	of	communityŊ	ѴeveѴ	responses	to	covariatesĺ

ƑĺƔՊ|ՊSpatiaѴ concordance between HCS cѴassesķ 
carbon and biodiversity

To	assess	how	mammaѴ	community	representation	couѴd	vary	accordŊ
ing	to	poѴicy	reѴevant	carbon	variabѴesķ	we	described	occupancy	and	
detectabiѴity	using	three	modeѴsĹ

Model 1 ѴogitŐψ
i,j
ő	။ μŐiőHCS	CѴassŐjő

ѴogitŐp
i,j,k
ő	။ υŐiőHCS	CѴassŐjő

Model 2 ѴogitŐψ
i,j
ő	။ μ

i
 Ƴ	α

1i
CCƐƏƏƏ

j
 Ƴ	α

2i
CCƐƏƏƏ2

j

ѴogitŐp
i,j,k
ő	။ υŐiőHCS	CѴassŐjő

Model 3 ѴogitŐψ
i,j
ő	။ μ

i
Ƴ	α

1i
CCƑƔ

j
	Ƴ	α

2i
CCƑƔ2

j

ѴogitŐp
i,j,k
ő	။ υŐiőHCS	CѴassŐjő

Occupancy	 and	 detection	 probabiѴities	 were	 modeѴѴed	 with	
intercepts	 on	 the	 Ѵogit	 scaѴeķ	 specific	 for	 each	 species	 and	 HCS	
cѴass	 ŐModeѴ	 Ɛőĺ	 Continuous	 measures	 of	 carbonķ	 incѴuding	 quaŊ
dratic	 termsķ	were	 incorporated	 into	occurrence	modeѴs	 aѴongside	
speciesŊ	specific	 intercepts	 to	 determine	 the	 potentiaѴ	 for	 REDDƳ	
to	 deѴiver	 biodiversity	 coŊ	benefits	 ŐModeѴs	 Ƒ	 and	 ƒőĺ	 These	 carŊ
bon	 data	were	 from	 two	 sourcesĹ	 coarseŊ	grained	 Ɛ	km	 resoѴution	
gѴobaѴ	maps	ŐľCCƐƏƏƏĿĸ	AvitabiѴe	et	aѴĺķ	ƑƏƐѵőķ	and	ƑƔ	m	resoѴution	
maps	derived	from	biomass	estimates	from	the	study	site	Ѵinked	to	
Rapideye�	sateѴѴite	imagery	ŐľCCƑƔĿĸ	Pfeifer	et	aѴĺķ	ƑƏƐѵĸ	for	a	subŊ
set	of	sites	not	obscured	by	cѴoud	coverķ	N	Ʒ	ѵѵőĺ	HCSŊ	specific	interŊ
cepts	were	retained	in	the	detection	components	of	ModeѴs	Ƒ	and	
ƒ	as	they	broadѴy	describe	the	infѴuence	of	habitat	typeĺ	We	chose	
to	 modeѴ	 HCSķ	 CCƐƏƏƏ	 and	 CCƑƔ	 separateѴy	 due	 to	 strong	 eviŊ
dence	of	coѴѴinearity	between	these	variabѴes	ŐŇr| Ƽ Əĺƕőĺ	Continuous	
carbon	 and	HCS	 covariates	were	 caѴcuѴated	 as	 average	vaѴues	 exŊ
tracted	 from	 a	 ƐƏƏ	m	 buffer	 Őc.	 ƒĺƐ	ha	 areaő	 around	 each	 camera	
Ѵocationĺ	Covariates	were	centred	and	standardised	prior	to	anaѴysisĺ	
We	 found	 no	 evidence	 of	 spatiaѴ	 autocorreѴation	 in	 the	 detection	
dataset	 ŐMoranĽs	 I	Ʒ	ƏĺƏѶ	ƽ	p	ƽ	ĺƖƑőķ	 indicating	that	assumptions	of	
independence	in	occupancy	modeѴѴing	were	met	ŐRoyѴe	ş	Dorazioķ	
ƑƏƏѶőĺ

The	modeѴs	were	 fitted	 to	 incѴude	 inference	 about	 the	 number	
of	potentiaѴ	species	not	observed	during	sampѴing	 ŐDorazio	ş	RoyѴeķ	
ƑƏƏƔőĺ	To	achieve	 thisķ	detection	data	were	augmented	with	ƔƏ	hyŊ
potheticaѴ	speciesķ	with	aѴѴŊ	zero	encounter	historiesķ	foѴѴowing	RoyѴeķ	
Dorazioķ	 and	Link	 ŐƑƏƏƕőĺ	Predicted	 species	 richness	was	 caѴcuѴated	
for	each	camera	Ѵocation	aѴѴowing	for	post	hoc	comparison	between	
HCS	cѴassesĺ

We	 compared	mammaѴ	 richness	 between	HCS	 cѴasses	 using	 a	
Bayesian	 Ѵinear	modeѴĺ	We	 foѴѴow	a	 twoŊ	stage	anaѴyticaѴ	 approach	
described	by	K࣐ry	and	RoyѴe	ŐƑƏƐƔőķ	whereby	estimation	uncertainty	
associated	with	predicted	species	richness	is	propagated	by	the	inŊ
cѴusion	of	an	additionaѴ	residuaѴ	component	 into	the	modeѴ	 ŐSD	of	
richness	estimates	from	the	hierarchicaѴ	Bayesian	muѴtispecies	ocŊ
cupancy	modeѴsőĺ	In	principѴeķ	parameter	estimates	couѴd	be	derived	

directѴy	 from	 a	 singѴe	modeѴķ	 but	 this	 resuѴted	 in	 Ѵower	 precisionĺ	
Since	 ѴandŊ	use	 change	 disproportionateѴy	 affects	 species	 of	 conŊ
servation	 concern	 and	 disturbanceŊ	sensitive	 forest	 speciaѴistsķ	we	
report	our	findings	forĹ	ŐƐő	aѴѴ	speciesĸ	ŐƑő	threatened	species	ŐIUCN	
redŊ	Ѵisted	 as	 vuѴnerabѴeķ	 endangered	 or	 criticaѴѴy	 endangeredőĸ	 Őƒő	
nonŊ	threatened	 species	 ŐIUCN	 Ѵeast	 concern	 or	 nearŊ	threatenedőĸ	
ŐƓő	 disturbanceŊ	sensitive	 species	 ŐѴisted	 as	 mediumŊ	high	 sensitivŊ
ity	 according	 to	WiѴson	et	aѴĺķ	 ƑƏƐƏőķ	 andĸ	 ŐƔő	 disturbanceŊ	toѴerant	
species	ŐѴow	sensitivityĸ	see	Appendix	Sƒ	for	speciesŊ	specific	group	
assignmentőĺ

ƑĺѵՊ|ՊBiodiversity coŊ benefits of REDDƳ

To	 assess	 the	 potentiaѴ	 biodiversity	 coŊ	benefits	 of	 REDDƳķ	 we	 exŊ
tracted	predicted	species	richness	vaѴues	from	the	hierarchicaѴ	occurŊ
rence	modeѴ	and	expѴored	their	association	with	carbonĺ	To	determine	
if	these	reѴationships	were	grainŊ	dependentķ	we	derived	carbon	data	
from	coarseŊ		ŐCCƐƏƏƏķ	Ɛ	kmő	and	fineŊ	grained	ŐCCƑƔķ	ƑƔ	mő	sateѴѴiteŊ	
derived	 datasetsĺ	 Associations	 between	 ѴeveѴs	 of	 mammaѴ	 species	
richness	and	carbon	at	the	two	different	spatiaѴ	resoѴutionsķ	and	for	a	
priori	groupingsķ	were	assessed	via	Bayesian	twoŊ	stage	Ѵinear	modeѴs	
incorporating	quadratic	termsĺ

AѴѴ	 anaѴyses	were	conducted	 in	WinBUGS	version	ƐĺƓĺƒ	 through	
R	 version	 ƒĺƒĺƏ	 using	 the	 package	 ľRƑWinBUGSĿ	 ŐSturtzķ	 Liggesķ	 ş	
GeѴmanķ	 ƑƏƏƔőĸ	 see	Appendix	 SƓ	 for	 further	 information	 on	 modeѴ	
specification	 and	 predictive	 performance	 checksĺ	 A	 Ѵist	 of	 datasets	
used	for	anaѴysis	is	provided	in	the	Data	Sources	sectionĺ

ƒՊ |ՊRESULTS

CameraŊ	trapping	 yieѴded	 ƒķƑƒƕ	 independent	 capture	 events	 of	 ƑѶ	
speciesķ	comprising	ƑƓ	genera	distributed	across	Ɛѵ	famiѴiesĺ	In	conŊ
trastķ	our	modeѴs	predicted	ƒƏĺѵ	species	across	 the	 Ѵandscape	 ŐƖƔѷ	
Bayesian	 CredibѴe	 IntervaѴķ	 BCI	Ʒ	ƑѶĺƏŋƒƕĺƏőķ	 suggesting	 that	 few	
mammaѴ	species	were	missed	by	our	sampѴingĺ	The	effect	of	 imperŊ
fect	detection	was	more	pronounced	at	the	cameraŊ	trap	ѴeveѴķ	where	
predicted	 richness	was	 consistentѴy	 greater	 than	 observed	 richness	
ŐM	Ʒ	ƓĺƒƔķ	range	Ʒ	ƏĺƏƑŋƐƑĺƑѵőĺ

ƒĺƐՊ|ՊSpatiaѴ concordance between biodiversity and 
HCS classes

HierarchicaѴ	Bayesian	muѴtispecies	modeѴs	indicated	reduced	mammaŊ
Ѵian	occupancy	in	the	Ѵow	carbon	strata	ŐFigure	Ƒőĺ	Community	Őhyperő
parameters	 reveaѴed	 comparabѴe	 estimates	 of	mean	 occupancy	 beŊ
tween	Continuous	Logged	Forest	ŐM	Ʒ	ƏĺƓƖķ	BCI	Ʒ	ƏĺƒƑŋƏĺѵƒőķ	Dense	
Forest	 ŐƏĺƒѵķ	 ƏĺƐƕŋƏĺѵƏő	 and	 DeveѴoped	 Land	 ŐƏĺƒƑķ	 ƏĺƐƑŋƏĺƔѵőĺ	
Howeverķ	 community	 occupancy	 was	 Ѵow	 in	 Young	 Regenerating	
Forest	ŐƏĺƑƒķ	ƏĺƐƐŋƏĺƓƔő	and	OiѴ	PaѴm	pѴantation	ŐƏĺƏƔķ	ƏĺƏƐŋƏĺƒƐőĺ

Our	modeѴs	demonstrated	speciesŊ	specific	associations	with	HCS	
cѴasses	 ŐFigure	Ƒőĺ	 For	 exampѴeķ	 occupancy	 estimates	 indicate	 that	
Sus barbatus	 MুѴѴer	 Őbearded	 pigő	 and	Macaca nemestrina	 Linnaeus	
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Ősouthern	 pigŊ	taiѴed	macaqueő	were	 common	 in	 Continuous	 Logged	
Forest	 ŐS. barbatusĹ	ƏĺƕƐķ	ƏĺƔƒŋƏĺѶƔĸ	M. nemestrinaĹ	ƏĺƕƐķ	ƏĺƔƒŊ	ƏĺѶѵő	
and	Dense	Forest	 ŐS. barbatusĹ	ƏĺƕƓķ	ƏĺƔƒŋƏĺƖƏĸ	M. nemestrinaĹ	ƏĺƕƓķ	
ƏĺƔƑŋƏĺƖƑőķ	with	occupancy	of	M. nemestrina	aѴso	high	in	DeveѴoped	
Land	 ŐƏĺƕƐķ	 ƏĺƔƐŋƏĺѶƕőĺ	ConverseѴyķ	 species	 such	 as	Tragulus kanchil 

RaffѴes	ŐѴesser	mouseŊ	deerĹ	ƏĺƑƏķ	ƏĺƏѶŋƏĺƓƏő	and	Helarctos malayanus 

RaffѴes	Ősun	bearĹ	ƏĺƑƐķ	ƏĺƏѶŋƏĺƓƓő	were	rare	in	Dense	Forestĺ	In	the	
OiѴ	PaѴm	pѴantation	five	species	demonstrated	Ѵow	occupancyķ	four	of	

which	 were	 threatened	 taxa	 ŐFigure	Ƒeőĺ	 SpeciesŊ	specific	 detection	
summaries	for	the	HCS	modeѴ	are	avaiѴabѴe	in	Appendix	SƔĺƒĺ

Extremes	 in	 predicted	 species	 richness	were	 identified	 between	
the	 reference	 habitat	 cѴasses	 ŐFigure	ƒőĸ	 Continuous	 Logged	 Forest	
was	 found	to	have	the	highest	 richness	 ŐƐƓĺƐƑķ	ƐƒĺƑƏŋƐƔĺƏƕőķ	whiѴe	
OiѴ	PaѴm	pѴantation	supported	the	most	depauperate	community	ŐƓĺƔƓķ	
ƒĺƔѶŋƔĺƔƑőĺ	Estimates	of	 totaѴ	 richness	were	simiѴar	between	Dense	
Forest	ŐƐƐĺƒѶķ	ƐƏĺƒƏŋƐƑĺƔƐő	and	DeveѴoped	Land	ŐƐƏĺѵƒķ	ƖĺƔƑŋƐƐĺƏƑőķ	

F IGURE  ƑՊCaterpiѴѴar	pѴots	of	outputs	from	the	hierarchicaѴ	Bayesian	muѴtispecies	occupancy	modeѴĺ	Graphs	show	speciesŊ	specific	baseѴine	
occupancy	estimates	ŐincѴuding	ƖƔѷ	Bayesian	credibѴe	intervaѴő	reѴative	to	habitat	cѴass	Őaŋeőĺ	Mean	community	Őhyperőparameter	occupancy	
vaѴues	and	their	associated	credibѴe	intervaѴs	are	represented	in	the	shaded	Őorangeő	background	to	each	pѴotĺ	Species	exhibiting	deviations	from	
a	baseѴine	occupancy	of	ƏĺƔ	are	shown	with	shaded	ŐbѴueő	bars
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whiѴe	the	number	of	species	found	in	Young	Regenerating	Forest	was	
significantѴy	Ѵower	ŐѶĺƐƔķ	ƕĺƐƒŋƖĺƑƕőĺ	These	patterns	were	consistent	
across	groupingsĺ

ƒĺƑՊ|ՊBiodiversity coŊ benefits of REDDƳ

The	gѴobaѴŊ		vsĺ	ѴocaѴŊ	scaѴe	carbon	vaѴues	at	camera	Ѵocations	were	inŊ
consistentĺ	The	Ɛ	km	resoѴution	gѴobaѴ	data	tended	to	produce	much	
higher	carbon	estimates	compared	to	those	derived	from	higher	resoŊ
Ѵution	 imagery	ŐgѴobaѴ	mean	Ʒ	ƐƔƑĺƑƒ	t	Cņhaķ	range	Ʒ	ƔƏĺƒƖŋƑƒѵĺƔƒĸ	
ѴocaѴ	mean	Ʒ	ƑƑĺƖƔ	t	Cņhaķ	range	Ʒ	ƏĺƒƐŋƖƓĺƖѶőĺ	Carbon	vaѴues	from	
the	 gѴobaѴŊ		 and	 ѴocaѴŊ	scaѴe	 maps	 corresponded	 broadѴy	 with	 bioŊ
mass	vaѴues	derived	from	fieѴd	inventories	ŐN Ʒ	ƐѵƓĸ	r

s
 Ʒ	ƏĺƔƔ	gѴobaѴĸ	

r
s
 Ʒ	ƏĺƔƐĸ	 ѴocaѴŊ	scaѴeőĺ	 Howeverķ	 ѴocaѴŊ	scaѴe	 carbon	 estimates	 were	
found	to	be	more	precise	ŐRMSEĹ	ѴocaѴ Ʒ	ƑƖĺƏƔ	t	Cņhaĸ	gѴobaѴ	Ʒ	ƐƒƏĺƖƓ	
t	Cņhaőĺ	We	found	no	infѴuence	of	continuous	measures	of	carbon	on	
mammaѴian	occupancy	using	either	gѴobaѴŊ		or	ѴocaѴŊ	scaѴe	carbon	data	
Ősee	Appendix	 SƔĺƓņSƔĺѵőĺ	 SpeciesŊ	specific	 detection	 summaries	 for	
the	continuous	carbon	modeѴs	are	avaiѴabѴe	in	Appendix	SƔĺƔņSƔĺƕĺ

GrainŊ	dependency	between	the	association	of	carbon	and	mamŊ
maѴ	 richness	was	 evidentĺ	Using	 gѴobaѴ	 carbon	dataķ	 no	 reѴationship	
between	 the	 two	 variabѴes	was	 apparentķ	 regardѴess	 of	 the	 species	
grouping	 ŐFigure	Ɠaķcķeőĺ	Howeverķ	at	 the	 ѴocaѴŊ	scaѴeķ	positive	associŊ
ations	with	 carbon	were	 identified	 for	 threatened	 and	 disturbanceŊ	
sensitive	 species	 ŐFigure	Ɠdķfőĺ	This	 trend	was	 not	 consistent	 across	
groupings	with	 aѴѴ	 speciesķ	 nonŊ	threatened	and	disturbanceŊ	toѴerant	
taxa	demonstrating	no	reѴationship	with	carbon	ŐFigure	Ɠbőĺ

ƓՊ |ՊDISCUSSION

The	extent	to	which	biodiversity	and	carbon	spatiaѴѴy	aѴign	is	fundaŊ
mentaѴ	 to	 our	 understanding	 of	whether	 carbonŊ	based	 poѴicies	 can	
deѴiver	 positive	 resuѴts	 for	 conservation	 in	 humanŊ	modified	 ѴandŊ
scapesĺ	Among	 the	 few	 studies	 that	 assess	 biodiversity	 and	 carbon	
covariance	using	primary	andņor	highŊ	resoѴution	data	ŐMagnago	et	aѴĺķ	
ƑƏƐƔĸ	SoѴѴmann	et	aѴĺķ	ƑƏƐƕőķ	ours	is	the	first	to	verify	an	association	
within	a	tropicaѴ	Ѵandscape	mosaic	undergoing	certificationĺ	We	show	

that	 the	 strengthķ	 nature	 and	 extent	 of	 biodiversity	 coŊ	benefits	 are	
dependent	on	how	carbon	stocks	are	characterised	Őiĺeĺ	categoricaѴ	or	
continuousőķ	the	spatiaѴ	resoѴution	of	the	carbon	data	empѴoyedķ	and	
the	species	consideredĺ

ƓĺƐՊ|ՊContribution of the HCS approach to 
biodiversity conservation

When	 evaѴuating	 communityŊ	ѴeveѴ	 responses	 to	 HCS	 cѴassesķ	
we	 found	 comparabѴe	 ѴeveѴs	 of	 mammaѴian	 occupancy	 between	
Continuous	Logged	Forestķ	DeveѴoped	Land	and	Dense	Forestķ	whiѴe	
occupancy	was	reduced	in	Young	Regenerating	Forest	and	OiѴ	PaѴmĺ	
Occupancy	 can	 be	 a	 viabѴe	 surrogate	 for	 abundance	 under	 certain	
conditions	 ŐEfford	 ş	 Dawsonķ	 ƑƏƐƑőĺ	 Our	 resuѴts	 couѴd	 therefore	
suggest	 the	 persistence	 of	 certain	mammaѴ	 species	 at	 Ѵower	 densiŊ
ties	 within	 carbonŊ	poor	 cѴassesķ	 which	 confirms	 previous	 reports	
of	 reduced	 mammaѴian	 abundance	 in	 impoverished	 forest	 habitats	
ŐBickneѴѴķ	Struebigķ	Edwardsķ	ş	Daviesķ	ƑƏƐƓőĺ

Occupancy	and	species	richness	estimates	for	 the	totaѴ	mammaѴ	
community	 highѴight	 comparabѴe	 ѴeveѴs	 of	 biodiversity	 between	 the	
Dense	Forest	and	DeveѴoped	Land	cѴassesķ	supporting	previous	studŊ
ies	that	demonstrate	the	conservation	vaѴue	of	heaviѴy	degraded	forest	
for	a	range	of	taxonomic	groups	ŐEdwards	et	aѴĺķ	ƑƏƐƓĸ	Struebig	et	aѴĺķ	
ƑƏƐƒĸ	Wearnķ	Carboneķ	RowcѴiffeķ	Bernardķ	ş	Ewersķ	ƑƏƐѵőĺ	Howeverķ	
we	 advise	 caution	 when	 interpreting	 the	 biodiversity	 vaѴue	 of	
DeveѴoped	Landķ	which	may	not	be	fuѴѴy	reaѴised	for	ѴongŊ	Ѵived	mamŊ
maѴ	species	untiѴ	extinction	debtsķ	owed	to	a	Ѵegacy	of	disturbanceķ	are	
repaid	ŐRosaķ	Smithķ	Wearnķ	Purvesķ	ş	Ewersķ	ƑƏƐѵőĺ	The	biodiversity	
vaѴue	of	DeveѴoped	Land	that	we	found	is	aѴso	cruciaѴѴy	dependent	on	
the	Ѵow	ѴeveѴs	of	hunting	at	our	study	siteĺ	Hunting	has	been	shown	
to	have	substantiaѴ	impacts	on	mammaѴ	communities	eѴsewhere	in	the	
region	ŐHarrison	et	aѴĺķ	ƑƏƐѵőĺ	Our	study	adds	to	the	growing	body	of	
evidence	that	shows	oiѴ	paѴm	pѴantations	to	have	depauperate	mamŊ
maѴian	 communitiesķ	 comprised	 of	 few	 generaѴist	 species	 occurring	
at	 Ѵow	densities	 ŐWearn	et	aѴĺķ	ƑƏƐѵĸ	Yueķ	Brodieķ	Zipkinķ	ş	Bernardķ	
ƑƏƐƔőĺ	WhiѴe	our	data	generaѴѴy	conform	to	the	pattern	of	decѴining	
biodiversity	 reѴative	 to	 structuraѴ	 compѴexityķ	 Young	 Regenerating	
Forest	demonstrated	comparabѴy	 Ѵower	biodiversity	vaѴue	 regardѴess	

F IGURE  ƒՊBoxpѴots	demonstrating	
species	richness	in	reѴation	to	habitat	
cѴass	forĹ	ŐƐő	aѴѴ	speciesĸ	ŐƑő	threatened	
species	ŐIUCN	Red	Listed	as	vuѴnerabѴeķ	
endangered	or	criticaѴѴy	endangeredőĸ	Őƒő	
disturbanceŊ	sensitive	speciesĺ	Letters	
indicate	significant	differences	between	
habitat	cѴasses	within	broader	species	
groupings	Ődifferent	Ѵetters	suggest	
significance	whiѴe	identicaѴ	Ѵetters	indicate	
nonŊ	significanceő	
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of	 the	metric	 examinedĺ	 Given	 the	 difficuѴties	 in	 differentiating	 beŊ
tween	the	Young	Regenerating	Forest	and	Scrub	strata	Ősee	Appendix	
SƑőķ	we	beѴieve	this	finding	refѴects	ambiguities	in	the	HCS	cѴassificaŊ
tion	processĺ

WhiѴe	our	anaѴyses	demonstrate	differences	in	conservation	vaѴue	
between	the	HCS	strataķ	the	abiѴity	of	Ѵand	parceѴs	to	support	biodiŊ
versity	wiѴѴ	aѴso	be	Ѵimited	by	habitat	fragmentation	effectsĺ	This	proŊ
cess	is	pervasive	in	humanŊ	modified	Ѵandscapesķ	and	has	contributed	
to	species	richness	decѴines	of	up	to	ƕƔѷ	ŐHaddad	et	aѴĺķ	ƑƏƐƔőĺ	WhiѴe	
efforts	 to	 account	 for	 habitat	 fragmentation	 in	 the	 HCS	 prioritisaŊ
tion	process	are	underwayķ	a	definitive	tooѴkit	is	stiѴѴ	in	deveѴopmentĺ	
Thereforeķ	whiѴe	we	have	not	expѴicitѴy	accounted	for	the	independent	
and	interactive	effects	of	fragmentation	metrics	 Őeĺgĺ	patch	sizeķ	 isoŊ
Ѵation	 and	 connectivityő	 on	 biodiversity	 in	 our	 anaѴysesķ	 it	warrants	
further	consideration	as	the	HCS	Approach	gains	traction	across	the	
agricuѴturaѴ	sectorĺ

ƓĺƑՊ|ՊContribution of REDDƳ to biodiversity 
conservation

Our	resuѴts	indicate	that	spatiaѴ	concordance	between	biodiversity	and	
carbon	can	be	overѴooked	if	the	Ѵatter	is	caѴcuѴated	via	ѴowŊ	resoѴution	
dataĺ	Using	carbon	information	from	a	commonѴy	utiѴised	gѴobaѴ	dataŊ
setķ	no	association	with	mammaѴ	diversity	was	identifiedķ	suggesting	
that	REDDƳ	initiatives	wouѴd	not	provide	biodiversity	coŊ	benefits	in	

heaviѴy	degraded	Ѵandscapesĺ	Howeverķ	when	highŊ	resoѴution	carbon	
maps	 were	 empѴoyedķ	 a	 positive	 reѴationship	 with	 species	 richness	
was	found	for	threatened	and	disturbanceŊ	sensitive	taxaķ	demonstratŊ
ing	the	vaѴue	of	REDDƳ	to	those	species	most	vuѴnerabѴe	to	ѴandŊ	use	
changeĺ	When	aѴѴ	species	were	consideredķ	these	reѴationships	were	
obscured	by	nonŊ	threatenedķ	 generaѴist	 species	 that	 are	 resiѴient	 to	
disturbanceĺ	Our	findings	provide	further	support	for	biodiversity	coŊ	
benefits	in	agricuѴturaѴ	ѴandŊ	use	mosaicsķ	as	previousѴy	demonstrated	
for	a	range	of	taxonomic	groups	Őbirds	and	dung	beetѴesĹ	GiѴroy	et	aѴĺķ	
ƑƏƐƓĸ	amphibiansĹ	Basham	et	aѴĺķ	ƑƏƐѵőķ	whiѴe	highѴighting	important	
nuances	in	the	carbonŋbiodiversity	reѴationshipĺ	We	advocate	the	use	
of	fineŊ	grainedķ	fieѴdŊ	vaѴidated	carbon	data	when	determining	the	exŊ
tent	and	nature	of	biodiversity	coŊ	benefits	and	suggest	an	emphasis	
on	species	of	conservation	concernĺ

Our	detaiѴed	 Ѵandscape	appraisaѴ	 is	the	first	to	 identify	biodiverŊ
sity	 coŊ	benefits	 for	mammaѴsķ	 a	 taxonomic	group	 that	occupies	key	
trophic	positions	in	tropicaѴ	forest	ecosystems	and	is	frequentѴy	priorŊ
itised	by	conservationĺ	Previous	studies	have	proved	Ѵess	convincingĺ	
Across	 a	 pantropicaѴ	 network	of	 sitesķ	Beaudrot	 et	aѴĺ	 ŐƑƏƐѵő	 found	
no	association	between	 forest	carbon	and	 three	measures	of	mamŊ
maѴian	diversityĺ	Howeverķ	by	aggregating	fineŊ	scaѴe	biomass	data	at	
the	site	ѴeveѴķ	the	authors	compromised	the	resoѴution	of	their	dataķ	
potentiaѴѴy	obscuring	intraŊ	site	reѴationships	that	wouѴd	be	more	repŊ
resentative	of	a	REDDƳ	management	unitĺ	SimiѴarѴyķ	SoѴѴmann	et	aѴĺ	
ŐƑƏƐƕő	 found	 ѴittѴe	 correspondence	between	aboveŊ	ground	biomass	

F IGURE  ƓՊBayesian	Ѵinear	modeѴ	
outputs	demonstrating	significant	
positive	reѴationships	between	predicted	
species	richness	and	carbon	stock	
estimates	derived	from	a	ƑƔ	m	resoѴution	
ѴocaѴ	dataset	ŐdĹ	threatened	speciesĸ	
fĹ	disturbanceŊ	sensitive	speciesőĺ	AѴѴ	other	
associations	presented	were	found	to	be	
nonŊ	significantĺ	SoѴid	ŐbѴueő	Ѵines	indicate	
predicted	mean	posterior	distribution	
vaѴuesķ	dashed	Ѵines	refer	to	predicted	ƖƔѷ	
Bayesian	credibѴe	intervaѴs	and	verticaѴ	
grey	Ѵines	highѴight	the	error	associated	
with	each	estimated	species	richness	
value 
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and	 mammaѴ	 occupancy	 in	 a	 certified	 forest	 reserve	 in	 MaѴaysian	
Borneoķ	despite	adopting	a	comparabѴe	methodoѴogy	to	the	present	
studyĺ	Contrasting	findings	may	be	attributed	to	spatiaѴ	variabiѴity	in	
hunting	pressureĺ

ƓĺƒՊ|ՊImpѴications for HCS impѴementation

Given	that	RSPO	members	have	ѴittѴe	obѴigation	to	protect	highѴy	disŊ
turbed	forest	of	uncertain	conservation	vaѴueķ	 the	HCS	Approach	 is	
a	usefuѴ	tooѴ	to	designate	high	carbonķ	high	biodiversity	Ѵand	in	areas	
that	wouѴd	otherwise	be	converted	to	pѴantationĺ	HCS	areas	can	aѴso	
contribute	 to	 nationaѴ	 and	 regionaѴ	 spatiaѴ	 pѴanning	 initiatives	 that	
mitigate	the	effects	of	environmentaѴ	change	on	tropicaѴ	biodiversity	
by	 promoting	 connectivity	 in	 humanŊ	modified	 Ѵandscapes	 ŐStruebig	
et	aѴĺķ	ƑƏƐƔőĺ

Under	 current	HCS	 guideѴinesķ	 ѵƑѷ	 ŐѶķƐƔƏ	haő	 of	 the	 remaining	
forest	in	the	study	system	wouѴd	quaѴify	for	protection	from	agricuѴŊ
turaѴ	conversionķ	equating	to	a	net	gain	of	ƐƔĺƕƑ	t	Cņha	Ősee	Appendix	
SƑő	at	an	annuaѴ	opportunity	cost	of	USŪƒĺƕ	miѴѴion	Őbased	on	Fisher	
et	aѴĺķ	ƑƏƐƐőĺ	The	success	of	certification	depends	on	financiaѴ	returns	
from	sustainabѴe	production	offsetting	the	economic	Ѵosses	associated	
with	sustainabѴe	practicesĺ	WhiѴe	 the	zero	deforestation	principѴe	of	
the	HCS	Approach	reduces	reputationaѴ	risk	by	aѴigning	with	consumer	
goods	forum	caѴѴs	to	eѴiminate	deforestation	from	gѴobaѴ	commodity	
suppѴy	chainsķ	it	has	been	considered	economicaѴѴy	restrictive	for	naŊ
tions	with	extensive	pristine	forests	ŐSeniorķ	Brownķ	ViѴѴaѴpandoķ	ş	HiѴѴķ	
ƑƏƐƔőķ	indicating	that	current	guideѴines	may	be	too	stringentĺ	Strata	
such	 as	 Young	 Regenerating	 Forest	 mightķ	 thereforeķ	 end	 up	 being	
earmarked	 for	 conversion	 rather	 than	conservation	 in	 some	circumŊ
stancesĺ	Howeverķ	with	 the	conservation	vaѴue	of	 this	stratum	 ѴikeѴy	
to	increase	as	forests	regenerateķ	the	impact	of	such	a	poѴicy	change	
needs	to	be	fuѴѴy	evaѴuatedĺ	Carbon	neutraѴ	conversion	represents	an	
aѴternative	to	the	current	emphasis	on	zero	deforestationĺ	WhiѴe	the	
specific	 carbon	 threshoѴd	 for	 deѴineating	 forest	 has	 proved	 contenŊ
tiousķ	Pirker	et	aѴĺ	ŐƑƏƐѵő	demonstrated	that	protecting	areas	exceedŊ
ing	ƐƏƏ	t	Cņha	wouѴd	safeguard	ƕƒѷ	of	the	cѴimaticaѴѴy	suitabѴe	area	
for	 oiѴ	 paѴm	 expansionĺ	 UѴtimateѴyķ	 compromise	 begets	 progressionķ	
and	whiѴe	 the	 industry	shouѴd	stiѴѴ	 strive	 for	zero	deforestationķ	carŊ
bon	neutraѴ	conversion	may	be	more	viabѴe	in	specific	countries	and	
circumstancesķ	 if	 agricuѴturaѴ	expansionķ	economic	deveѴopment	and	
forest	conservation	are	to	be	reconciѴedĺ

ƓĺƓՊ|ՊImpѴications for REDDƳ impѴementation

The	 considerabѴe	 enthusiasm	 for	 biodiversity	 coŊ	benefits	 often	 obŊ
scures	 the	 fact	 that	 REDDƳ	 is	 fundamentaѴѴy	 a	 carbonŊ	orientated	
mechanism	with	 Ѵimited	 scope	 for	 increasing	 biodiversity	 conservaŊ
tion	ŐVenterķ	Hovaniķ	Bodeķ	ş	Possinghamķ	ƑƏƐƒőĺ	WhiѴe	we	provide	
further	evidence	to	verify	biodiversity	coŊ	benefits	in	humanŊ	modified	
Ѵandscapesķ	 it	 is	 unѴikeѴy	 that	REDDƳ	wiѴѴ	 be	 economicaѴѴy	 viabѴe	 in	
carbonŊ	poor	 environmentsĺ	 Given	 current	 economic	 pressures	 and	
weak	 carbon	 marketsķ	 REDDƳ	 projects	 currentѴy	 prioritise	 carbon	
gains	at	Ѵow	operating	costsĺ	Acting	optimaѴѴy	for	carbon	wiѴѴ	therefore	

pѴace	increasing	agricuѴturaѴ	pressure	on	secondary	or	degraded	forŊ
ests	that	are	comparativeѴy	Ѵow	in	carbon	vaѴue	but	retain	appreciabѴe	
ѴeveѴs	 of	 biodiversity	 ŐEdwards	 et	aѴĺķƑƏƐƓőĺ	 Conservationists	 must	
ensure	 that	 safeguards	 are	 in	 pѴace	 to	 support	 vuѴnerabѴe	 species	
in	disturbed	habitats	 that	 faѴѴ	 beyond	 the	 remit	of	 carbonŊ	financing	
mechanismsĺ

The	viabiѴity	of	REDDƳ	 in	humanŊ	modified	 Ѵandscapes	 is	 further	
hindered	by	the	profitabiѴity	of	oiѴ	paѴmĺ	Under	current	voѴuntary	marŊ
ketsķ	 avoided	 deforestation	 through	 REDDƳ	was	 found	 to	 have	 an	
opportunity	 cost	of	ŪƒķƑƑƐŋѶķѵƒѵ	haƴƐ	 over	a	ƒƏŊ	year	period	when	
compared	 to	potentiaѴ	 profits	 generated	 from	oiѴ	 paѴm	 ŐButѴer	et	aѴĺķ	
ƑƏƏƖőĺ	For	REDDƳ	to	be	an	economicaѴѴy	competitive	aѴternative	to	oiѴ	
paѴm	cuѴtivationķ	cѴimate	change	poѴicies	must	Ѵegitimise	REDDƳ	carŊ
bon	credits	to	faciѴitate	their	trade	on	financiaѴѴy	Ѵucrative	compѴiance	
markets	ŐButѴer	et	aѴĺķ	ƑƏƏƖőĺ

ƔՊ |ՊCONCLUSIONS

Our	work	highѴights	the	potentiaѴ	for	environmentaѴ	certification	and	
REDDƳ	financing	mechanisms	to	work	 in	tandem	with	conservation	
to	 mitigate	 the	 effects	 of	 agricuѴturaѴ	 expansion	 on	 tropicaѴ	 forest	
carbon	stocks	and	biodiversityĺ	REDDƳ	is	weѴѴ	pѴaced	if	 it	prioritises	
Ѵarge	tracts	of	contiguous	forestķ	especiaѴѴy	if	commitments	to	carbon	
stock	 enhancement	 safeguard	 degraded	 forest	 of	 bioѴogicaѴ	 vaѴueĺ	
Certification	schemesķ	coupѴed	with	 ѴandŊ	use	pѴanning	tooѴs	such	as	
HCSķ	 can	 heѴp	 secure	 sizeabѴe	 forest	 patches	 of	 high	 conservation	
vaѴue	in	agricuѴturaѴ	estatesķ	and	offer	a	further	safeguard	to	minimise	
encroachmentĺ	 Conservationists	 shouѴd	 capitaѴise	 on	 both	 types	 of	
carbonŊ	based	poѴicy	to	maximise	the	potentiaѴ	for	deveѴoped	Ѵands	to	
provide	ecoѴogicaѴ	stepping	stones	for	threatened	wiѴdѴife	between	a	
network	of	high	carbonķ	high	biodiversity	areasĺ
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