
Kent Academic Repository
Full text document (pdf)

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all

content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions 

for further reuse of content should be sought from the publisher, author or other copyright holder. 

Versions of research

The version in the Kent Academic Repository may differ from the final published version. 

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the 

published version of record.

Enquiries

For any further enquiries regarding the licence status of this document, please contact: 

researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down 

information provided at http://kar.kent.ac.uk/contact.html

Citation for published version

Mitchell,, Simon and Edwards, David P. and Coomes, David and Bernard, Henry and Davies,
Zoe G. and Struebig, Matthew J.  (2018) Riparian reserves help protect forest bird communities
in oil palm dominated landscapes.   Journal of Applied Ecology .    ISSN 0021-8901.

DOI

https://doi.org/10.1111/1365-2664.13233

Link to record in KAR

http://kar.kent.ac.uk/63931/

Document Version

Publisher pdf

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Kent Academic Repository

https://core.ac.uk/display/189717792?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


J Appl Ecol. 2018;1�12.	 	 wiѴeyonѴineѴibraryĺcomņjournaѴņjpe	Պ|Պ	1

 

ReceivedĹ	ƑѶ	February	ƑƏƐѶՊ |Պ AcceptedĹ	Ɩ	May	ƑƏƐѶ
DOI: 10.1111/1365-2664.13233

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

Riparian reserves help protect forest bird communities in oil 

palm dominated landscapes

Simon L. Mitchell1 Պ|ՊDavid Pĺ Edwards2 Պ|ՊHenry Bernard3Պ|ՊDavid Coomes4 Պ|Պ 

Tommaso Jucker4 Պ|ՊZoe Gĺ Davies1 Պ|ՊMatthew Jĺ Struebig1

1DurreѴѴ	Institute	of	Conservation	and	
EcoѴogy	ŐDICEőķ	SchooѴ	of	AnthropoѴogy	
and	Conservationķ	University	of	Kentķ	
Canterburyķ	Kentķ	UK
2Department	of	AnimaѴ	and	PѴant	
Sciencesķ	University	of	SheffieѴdķ	SheffieѴdķ	
South	Yorksķ	UK
3Institute	for	TropicaѴ	BioѴogy	and	
Conservationķ	Universiti	MaѴaysia	Sabahķ	
Kota	KinabaѴuķ	Sabahķ	MaѴaysia
4Forest	EcoѴogy	and	Conservation	Groupķ 
Department	of	PѴant	Sciencesķ	University	of	
Cambridgeķ	Downing	Streetķ	Cambridgeķ	UK

Correspondence
Simon	Lĺ	MitcheѴѴķ	DurreѴѴ	Institute	of	
Conservation	and	EcoѴogy	ŐDICEőķ	SchooѴ	of	
AnthropoѴogy	and	Conservationķ	University	
of	Kentķ	Canterburyķ	Kent	CTƑ	ƕNRķ	UKĺ
EmaiѴĹ	sѴmѵƏŠkentĺacĺuk

Funding information
NaturaѴ	Environment	Research	CounciѴķ	
GrantņAward	NumberĹ	NEņKƏƐѵƓƏƕņƐ	and	
NEņKƏƐѵƒƕƕņƐĸ	British	CounciѴĸ	MaѴaysia	
IndustryŊGroup	for	High	TechnoѴogyķ	Grantņ
Award	NumberĹ	ƑƐѵƓƒƒƖƔƒĸ	University	of	
Kent

HandѴing	EditorĹ	Cristina	BanksŊLeite

Abstract

Ɛĺ	 Conversion	of	forest	to	oiѴ	paѴm	agricuѴture	is	a	significant	and	ongoing	threat	to	
tropicaѴ	biodiversityĺ	Despite	thisķ	 ѴittѴe	 is	known	about	the	vaѴue	of	riparian	re-

serves	in	oiѴ	paѴm	and	how	these	conservation	setŊasides	might	best	be	managed	
to	maintain	biodiversityĺ

Ƒĺ	 We	 characterized	 bird	 communities	 of	 ƑѶ	 sites	 in	 an	 oiѴ	 paѴmŊforest	mosaic	 in	
Sabahķ	MaѴaysia	using	ѵķƐƏƓ	encounters	from	ѶƓƏ	point	countsĺ	Sites	incѴuded	oiѴ	
paѴm	 riparian	 reserves	of	 various	 vegetation	quaѴity	 and	 reserve	widthsķ	which	
were	compared	to	oiѴ	paѴm	streams	without	a	riparian	reserve	as	weѴѴ	as	riparian	
and	nonriparian	controѴ	areas	in	continuous	Ѵogged	forestĺ

ƒĺ	 Riparian	reservesķ	oiѴ	paѴm	waterwaysķ	and	controѴ	sites	in	riparian	and	nonriparian	
forest	 supported	distinct	 avifaunaѴ	 communitiesĺ	Riparian	 reserve	widthķ	 forest	
quaѴityķ	and	amount	of	forest	cover	were	the	strongest	predictors	of	bird	species	
richnessĺ	For	forestŊdependent	speciesķ	each	of	these	predictors	had	a	stronger	
effect	size	when	compared	with	aѴѴ	speciesĺ	On	averageķ	reserves	heѴd	ƒƐѷ	of	aѴѴ	
species	and	ƒƏѷ	of	forest	speciaѴistsķ	whereas	riparian	forest	controѴs	averaged	
ƒƑѷ	of	aѴѴ	speciesķ	but	ƒѶѷ	of	forest	speciesĺ

Ɠĺ	 Riparian	reserves	with	ƻƓƏ	m	of	naturaѴ	vegetation	on	each	bank	supported	simi-
Ѵar	 bird	diversity	 to	 riparian	 forest	 controѴ	 habitats	 found	 in	 continuous	 forestĺ	
Howeverķ	to	support	equivaѴent	numbers	of	forestŊdependent	species	and	species	
of	conservation	concernķ	reserves	wouѴd	need	to	be	at	Ѵeast	ƐƏƏŊm	wide	on	each	
bankĺ	The	Ѵargest	numbers	of	species	were	found	in	riparian	reserves	with	aboveŊ
ground	carbon	densities	exceeding	ƕƔ	tCņhaķ	highѴighting	the	importance	of	for-
est	quaѴityķ	as	weѴѴ	as	widthķ	in	supporting	riparian	bird	communitiesĺ

5. Synthesis and applicationsĺ	 If	 designed	 and	 protected	 appropriateѴyķ	 riparian	 re-

serves	in	oiѴ	paѴm	estates	support	diverse	bird	communitiesķ	incѴuding	many	spe-

cies	of	conservation	concernĺ	This	can	be	achieved	by	designating	Ѵarge	reserves	
ŐѶƏŋƑƏƏ	m	 totaѴ	 widthőĺ	 Butķ	 to	 maximize	 species	 numbersķ	 forest	 disturbance	
shouѴd	 aѴso	 be	 minimized	 prior	 to	 conversion	 as	 weѴѴ	 as	 during	 pѴantation	
operationsĺ
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ƐՊ |ՊINTRODUC TION

Human	 activities	 are	 causing	 an	 unprecedented	 biodiversity	
decѴine	 ŐPimm	 et	aѴĺķ	 ƑƏƐƓőķ	 with	 agricuѴturaѴ	 expansion	 being	 a	
primary	 cause	 of	 tropicaѴ	 species	 Ѵoss	 ŐGibson	 et	aѴĺķ	 ƑƏƐƐőĺ	 At	
Ѵeast	 ƔƑƑ	Mha	 of	 tropicaѴ	 forest	 was	 converted	 between	 ƐƖѶƏ	
and	ƑƏƏƏ	ŐGibbs	et	aѴĺķ	ƑƏƐƏő	and	a	further	ƐƔƏ	Mha	was	Ѵost	be-

tween	 ƑƏƏƏ	 and	 ƑƏƐƑ	 ŐHansenķ	 Stehmanķ	 ş	 Potapovķ	 ƑƏƐƏőĺ	 A	
major	 contributor	 to	 this	 probѴem	has	 been	 oiѴ	 paѴm	 cuѴtivation	
(Elaeis guineensisőķ	which	 is	now	one	of	 the	most	profitabѴe	 Ѵand	
uses	in	the	tropicsķ	with	continued	demand	ŐVijayķ	Pimmķ	Jenkinsķ	
ş	Smithķ	ƑƏƐѵőĺ	Meeting	this	demand	wiѴѴ	require	improved	pro-

ductivity	on	existing	estatesķ	as	weѴѴ	as	expansion	of	the	crop	into	
new areas.

TropicaѴ	production	Ѵandscapes	harbour	significantѴy	Ѵess	bio-

diversity	 than	 native	 forest	 ŐGibson	 et	aѴĺķ	 ƑƏƐƐőĸ	 a	 pattern	 doc-
umented	 in	many	 agricuѴturaѴ	 ѴandŊ	usesķ	 incѴuding	 fruit	 orchards	
ŐRoundķ	GaѴeķ	ş	BrockeѴmanķ	ƑƏƏѵőķ	 rubber	pѴantations	 ŐWarrenŊ	
Thomasķ	 DoѴmanķ	 ş	 Edwardsķ	 ƑƏƐƔőķ	 and	 oiѴ	 paѴm	 under	 both	
smaѴѴhoѴder	 cuѴtivation	 ŐAzhar	 et	aѴĺķ	 ƑƏƐƐő	 and	 industriaѴ	 pro-

duction	 ŐEdwards	 et	aѴĺķ	 ƑƏƐƏőĺ	 Retaining	 forest	 remnants	within	
humanŊ	modified	tropicaѴ	Ѵandscapes	can	therefore	enhance	biodi-
versity	ѴeveѴs	ŐLaurance	et	aѴĺķ	ƑƏƐѶőķ	aѴthough	crop	yieѴds	are	ѴikeѴy	
to	 be	 reduced	 as	 a	 consequence	 ŐEdwards	 et	aѴĺķ	 ƑƏƐƏőĺ	 Forest	
patches	are	maintained	 typicaѴѴy	on	 sѴopesķ	 fѴoodpѴainsķ	or	aѴong	
waterwaysĺ

Waterways	and	riparian	areas	are	often	afforded	ѴegaѴ	protection	
in	tropicaѴ	countries	to	mitigate	fѴooding	and	sedimentation	ŐMayerķ	
ReynoѴdsķ	McCutchenķ	ş	CanfieѴdķ	ƑƏƏƕőĺ	In	MaѴaysiaķ	for	exampѴeķ	
agricuѴturaѴ	companies	are	required	to	maintain	riparian	reserves	of	
between	Ɣ	and	ƔƏ	m	from	each	riverbankķ	with	most	being	ƑƏŋƒƏ	m	
ŐGovernment	of	MaѴaysiaķ	ƐƖѵƔőĺ	In	BraziѴ	reserves	can	be	ƒƏŋƔƏƏ	m	
wide	depending	on	channeѴ	widthķ	but	recent	poѴicy	changes	drasti-
caѴѴy	reduce	the	prescribed	widths	Őda	SiѴva	et	aѴĺķ	ƑƏƐƕőĺ	In	additionķ	
oiѴ	paѴm	companies	that	adhere	to	guideѴines	under	the	RoundtabѴe	
for	 SustainabѴe	PaѴm	OiѴ	 ŐRSPOőķ	 the	primary	environmentaѴ	 certi-
fication	scheme	for	this	cropķ	agree	to	retain	riparian	reservesķ	and	
there	are	ambitions	to	increase	the	width	requirements	ŐLuke	et	aѴĺķ	
In	preparationőĺ

WhiѴe	 the	 main	 rationaѴe	 for	 protecting	 riparian	 reserves	 is	
hydroѴogicaѴķ	 these	habitats	may	 aѴso	be	 important	 for	maintain-

ing	 wiѴdѴife	 popuѴationsĺ	 In	 Sumatraķ	 riparian	 reserves	 in	 paper	
puѴp	pѴantations	 support	 ѴargeŊ	mammaѴ	 communities	 comparabѴe	
to	those	in	continuous	forest	ŐYaap	et	aѴĺķ	ƑƏƐѵőķ	and	in	Amazonia	
Ѵarge	and	undisturbed	riparian	reserves	retain	nearŊ	compѴete	mam-

maѴ	and	bird	assembѴages	when	compared	to	Ѵarge	forest	patches	
ŐLees	ş	Peresķ	ƑƏƏѶĸ	Zimbresķ	Peresķ	ş	Bomķ	ƑƏƐƕőĺ	In	Borneoķ	fish	

ŐGiam	et	aѴĺķ	ƑƏƐƔőķ	dung	beetѴe	and	ѴeafŊ	Ѵitter	ant	ŐGrayķ	Simmonsķ	
FayѴeķ	Mannķ	ş	SѴadeķ	ƑƏƐѵĸ	Grayķ	SѴadeķ	Mannķ	ş	Lewisķ	ƑƏƐƓő	as-
sembѴages	 in	oiѴ	paѴm	riparian	 reserves	are	more	simiѴar	 to	 those	
in	contiguous	Ѵogged	forests	than	the	surrounding	oiѴ	paѴm	matrix	
in	 terms	 of	 compositionķ	 species	 diversityķ	 and	 functionaѴ	 group	
diversityĺ

The	 species	 composition	of	 riparian	 remnants	 is	 ѴikeѴy	 to	 be	
infѴuenced	by	many	of	the	processes	associated	with	habitat	frag-

mentationķ	 such	 as	 areaķ	 isoѴationķ	 and	 edge	 effects	 ŐLaurance	
et	aѴĺķ	ƑƏƐѶőĺ	Areaķ	or	width	of	the	riparian	remnantķ	 is	expected	
to	be	a	primary	determinant	of	diversityķ	yet	few	researchers	have	
documented	this	in	tropicaѴ	regionsķ	and	even	fewer	provide	ex-
pѴicit	width	 recommendations	 to	 inform	 riparian	 reserve	 design	
ŐLuke	et	aѴĺķ	In	preparationőĺ	In	the	neotropicsķ	riparian	zones	are	
reported	to	extend	to	ѵƏŋƑƔƏ	m	for	pѴants	ŐSchietti	et	aѴĺķ	ƑƏƐƓőķ	
ƐƏƏ	m	 for	 snakes	 Őde	 Fragaķ	 Limaķ	 ş	 Magnussonķ	 ƑƏƐƐőķ	 and	
ƐƓƏ	m	for	understorey	birds	 ŐBuenoķ	Brunoķ	PimenteѴķ	Sanaiottiķ	
ş	Magnussonķ	 ƑƏƐƑőķ	 but	 since	 these	 studies	 were	 undertaken	
in	 forested	 areas	 it	 is	 uncѴear	 whether	 the	 same	width	 thresh-

oѴds	wouѴd	appѴy	in	fragmented	habitats	or	agricuѴturaѴ	systemsķ	
or	indeed	to	other	tropicaѴ	regions	Ővan	der	Hoekķ	Zuckerbergķ	ş	
Manneķ	ƑƏƐƔőĺ

Hereķ	we	expѴore	the	reѴationships	between	riparian	reserve	
widthķ	forest	quaѴityķ	and	the	birds	present	in	a	modified	tropicaѴ	
Ѵandscape	of	Southeast	Asiaĺ	SpecificaѴѴyķ	we	characterized	bird	
communities	in	riparian	reserves	set	in	forest	or	oiѴ	paѴm	to	evaѴ-
uate	the	reѴative	vaѴue	for	riparian	and	nonriparian	biodiversityĺ	
Reserve	 widthķ	 the	 main	 criterion	 stipuѴated	 in	 environmentaѴ	
poѴicyķ	is	expected	to	correѴate	positiveѴy	with	species	richnessķ	
with	more	species	supported	in	wider	reserves	Őeĺgĺķ	Gray	et	aѴĺķ	
ƑƏƐƓĸ	 Lees	ş	Peresķ	 ƑƏƏѶĸ	 Zimbres	 et	aѴĺķ	 ƑƏƐƕőĺ	Howeverķ	 the	
expected	 ѴeveѴs	 of	 species	 richness	 might	 not	 be	 supported	 if	
the	habitat	quaѴity	is	 Ѵow	ŐLuke	et	aѴĺķ	 In	preparationőĺ	Given	the	
roѴes	of	other	confounding	variabѴes	 in	 the	 fragmentation	 Ѵiter-
ature	 ŐLaurance	et	aѴĺķ	ƑƏƐѶőķ	 it	 is	 important	to	understand	how	
measures	 of	 patch	 size	 Őiĺeĺķ	 widthő	 and	 quaѴity	 affect	 riparian	
remnant	biodiversity	 in	 the	context	of	 the	wider	 Ѵandscape	co-

variates	Őeĺgĺķ	eѴevationķ	isoѴationőĺ	There	is	aѴso	fundamentaѴ	poѴ-
icy	interest	in	estabѴishing	whether	the	Ѵargest	riparian	reserves	
can	 support	 simiѴar	 ѴeveѴs	 of	 biodiversity	 to	 continuous	 forest	
sitesķ	since	protecting	Ѵargerņwider	reserves	invoѴves	a	tradeŊ	off	
between	 conservation	 interests	 and	 making	 Ѵand	 avaiѴabѴe	 for	
agricuѴtureĺ	We	 sought	 to	 address	 these	 questionsķ	 whiѴe	 aѴso	
examining	 whether	 riparian	 reserves	 are	 vaѴuabѴe	 for	 forestŊ	
dependent	 species	 and	 species	 of	 conservation	 concernķ	 since	
these	 taxa	are	 the	 focus	of	environmentaѴ	poѴicy	 in	 the	certifi-
cation	sectorĺ

K E Y W O R D S

agricuѴtureķ	biodiversityķ	forest	managementķ	Ѵandscape	configurationķ	ѴandŊuse	changeķ	oiѴ	
paѴmķ	riparian	reserveķ	riparian	zone
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ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊStudy system

The	 study	 was	 set	 in	 and	 around	 the	 StabiѴity	 of	 AѴtered	 Forest	
Ecosystems	 ŐSAFEő	 project	 ŐƐƐƕĺƔŦNķ	 ƓĺѵŦEő	 in	 Sabahķ	 MaѴaysian	
Borneo	 ŐFigure	Ɛķ	 Ewers	 et	aѴĺķ	 ƑƏƐƐőĺ	 The	 ѶƏķƏƏƏ	ha	 area	 com-

prises	 both	 forest	 and	 pѴantations	 of	 oiѴ	 paѴm	 and	Acaciaķ	with	 aѴѴ	
matrix	study	sites	surrounded	by	oiѴ	paѴmĺ	Most	of	the	remnant	for-
est	has	been	 Ѵogged	two	to	 four	 times	over	ƒƏ	years	and	contains	
few	mature	 trees	 ŐStruebig	 et	aѴĺķ	 ƑƏƐƒőķ	 aѴthough	 some	 parts	 are	
Ѵess	disturbed	and	are	formaѴѴy	protectedĺ	The	surrounding	agricuѴ-
turaѴ	matrix	comprises	muѴtipѴe	oiѴ	paѴm	estates	with	trees	pѴanted	
ѶŋƐƑ	years	before	the	studyĺ	Within	this	matrixķ	remnants	of	Ѵogged	
forest	 are	 protected	 aѴongside	 watercourses	 as	 riparian	 reservesĺ	
Reserves	typicaѴѴy	extend	c.	ƔƏ	m	on	each	bank	from	the	river	chan-

neѴķ	 but	 vary	 between	 ƐƏ	 and	 ƓƕƏ	m	 Őmedian	Ʒ	ƔƓ	mķ	SD	Ʒ	ƐƒƔ	mő	
across	 the	 Ѵandscapeĺ	 Reserves	 aѴso	 vary	 in	 aѴtitudeķ	 topographic	
ruggednessķ	and	substrate	Őrocky	to	sandyőĺ

We	 sampѴed	 bird	 communities	 aѴongside	 ƑƏ	 riversĺ	 Ten	 of	 the	
rivers	 were	 within	 oiѴ	 paѴm	 pѴantations	 and	 had	 riparian	 reserves	
ŐRRőķ	two	were	in	the	oiѴ	paѴm	pѴantation	with	no	riparian	reserve	and	
were	used	as	controѴs	ŐOPRőķ	and	a	further	eight	rivers	were	used	as	
controѴs	within	the	Ѵogged	forest	Őhereafter	riparian	forest	controѴĸ	
RFCőĺ	The	rivers	sampѴed	in	oiѴ	paѴm	were	seѴected	to	represent	the	
range	and	distribution	of	 reserve	widths	present	 across	 the	 study	
area	and	pѴantations	eѴsewhere	in	Southeast	Asiaĺ	Larger	riparian	re-

serves	were	scarce	and	onѴy	one	site	of	ƻƐƏƏ	m	was	avaiѴabѴe	in	our	
study	area	ŐRRƐƕķ	width	Ʒ	ƓƕƏ	mőĺ	Forest	quaѴityķ	indicated	by	aboveŊ	
ground	carbon	density	measured	via	LiDAR	ŐJucker	et	aѴĺķ	ƑƏƐѶőķ	aѴso	

varied	substantiaѴѴy	across	the	Ѵandscapeĺ	FinaѴѴyķ	to	document	any	
differences	between	riparian	and	nonriparian	bird	communitiesķ	we	
aѴso	 surveyed	 eight	 nonriparian	 controѴ	 sites	 in	 continuous	 forest	
Őhereafter	forest	controѴĸ	CFőķ	aѴѴ	of	which	had	aѴso	been	previousѴy	
Ѵoggedķ	 refѴecting	 the	 dominant	 remnant	 forest	 type	 in	 ѴowѴand	
Southeast	Asiaĺ

ƑĺƑՊ|ՊBird sampѴing

At	each	riparian	siteķ	birds	were	sampѴed	via	ƐƏ	point	counts	set	at	
ƐѶƏŋƑƑƏŊ	m	intervaѴs	ŐEucѴidian	distanceő	aѴong	a	ƑŊ	km	transect	foѴ-
Ѵowing	the	course	of	the	riverĺ	The	stations	were	situated	up	to	ƐƏ	m	
up	 the	 riverbank	 to	minimize	 interference	 from	 the	 sound	of	 run-

ning	waterĺ	During	each	countķ	a	singѴe	experienced	observer	ŐSLMő	
recorded	aѴѴ	bird	species	heard	or	seen	within	a	ƔƏ	m	radius	of	the	
point	for	ƐƔ	min	incѴuding	fѴyŊ	oversĺ	Average	river	width	ranged	be-

tween	Ɣ	and	Ɛƒ	mķ	meaning	that	the	detection	radius	encompassed	
both	 terrestriaѴ	 vegetation	 and	 the	 riverĺ	Howeverķ	 the	 river	 itseѴf	
never	 accounted	 for	more	 than	 Ɣѷ	 of	 the	 totaѴ	 point	 count	 areaĺ	
Counts	were	conducted	between	ƏƔĹƔƏ	and	ƐƐĹƏƏ	in	cѴear	weatherķ	
and	 were	 repeated	 on	 three	 separate	 occasions	 at	 each	 site	 be-

tween	 ƑƏƐƓ	 and	 ƑƏƐѵĺ	 For	 nonriparian	 sitesķ	 the	 ƐƏ	 point	 counts	
were	 spatiaѴѴy	 configured	 at	 comparabѴe	 distances	 aѴong	 access	
traiѴsĺ	 Sites	 were	 sampѴed	 at	 mean	 intervaѴs	 of	 ƕƑ	days	 between	
visits	 ŐSupporting	 Information	 TabѴe	SƐőĺ	 Three	 species	 of	 swift	
(Aerodramus maximusķ	A. salangana and A. fuciphaguső	couѴd	not	be	
reѴiabѴy	separated	and	are	considered	as	Aerodramus spp.	The	bird	
sampѴing	data	from	the	three	surveys	were	pooѴed	across	the	ƐƏ	sta-
tions	at	each	siteĺ	Taxonomic	nomencѴature	foѴѴows	Eatonķ	van	BaѴenķ	
BrickѴeķ	and	Rhiendt	ŐƑƏƐѵőĺ

F IGURE  ƐՊTwentyŊ	eight	bird	sampѴe	
sites	in	riparian	Őn	Ʒ	ƑƏő	and	nonriparian	
(n	Ʒ	Ѷő	habitat	types	in	the	StabiѴity	
of	AѴtered	Forest	Ecosystems	ŐSAFEő	
Ѵandscape	and	surrounding	agricuѴturaѴ	
matrix	in	Sabahķ	MaѴaysian	Borneoĺ	A	
site	comprised	ƐƏ	point	count	stations	
Őindicated	by	points	on	the	mapőķ	each	of	
which	were	sampѴed	for	birds	on	three	
separate	occasionsĺ	Forest	is	shown	in	
greyĸ	tree	pѴantations	ŐpredominantѴy	oiѴ	
paѴmőķ	and	cѴeared	areas	in	whiteĺ	Forest	
cover	was	derived	from	Hansen	et	aѴĺ	
ŐƑƏƐƒő	and	updated	to	represent	the	
Ѵandscape	in	ƑƏƐƓ	accurateѴyĺ	BѴack	Ѵines	
denote	the	river	courses 0 2.5 51.25 km
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ƑĺƒՊ|ՊEnvironmentaѴ predictors of bird 
community structure

For	each	siteķ	aboveŊ	ground	carbon	density	Őmean	vaѴues	across	the	
ten	point	counts	siteső	was	derived	from	remoteѴy	sensed	dataķ	and	
used	as	a	proxy	for	overaѴѴ	forest	quaѴityķ	since	Ѵower	carbon	densi-
ties	were	 evident	 in	 areas	 that	 experienced	 the	most	 degradation	
via	Ѵogging	ŐJucker	et	aѴĺķ	ƑƏƐѶőĺ	SimiѴarѴyķ	we	aѴso	caѴcuѴated	aѴtitude	
and	 topographic	 ruggedness	 for	 each	 site	 as	 an	 average	of	 vaѴues	
extracted	 within	 a	 ƔƏŊ	m	 radius	 of	 each	 of	 our	 ƐƏ	 point	 stationsĺ	
AboveŊ	ground	 carbon	 density	 was	 extracted	 from	 LiDARŊ	derived	
datasets	ŐƒƏ	Ƶ	ƒƏ	mőķ	which	were	gathered	in	November	ƑƏƐƓ	using	
a	 Leica	 ALSƔƏŊ	II	 sensor	 ŐJucker	 et	aѴĺķ	 ƑƏƐѶőĺ	 AѴtitude	 ŐƒƏ	Ƶ	ƒƏ	mő	
was	estimated	from	the	ShuttѴe	Radar	Topography	Mission	ŐSRTMĸ	
httpsĹņņwwwƑĺjpѴĺnasaĺgovņsrtmņőĺ	 Likewiseķ	 topographic	 rugged-

ness	was	derived	using	the	SRTMķ	according	to	WiѴsonķ	OĽConneѴѴķ	
Brownķ	Guinanķ	and	Grehan	ŐƑƏƏƕőĺ	Average	vaѴues	for	each	raster	
Ѵayer	were	caѴcuѴated	within	the	buffer	radius	of	each	station	using	
the	 R	 ƒĺƑĺƒ	 ŐR	 DeveѴopment	 Core	 Teamķ	 ƑƏƏѶő	 packages	 ľrasterĿķ	
ľspĿķ	ľrgdaѴĿķ	ľgtooѴsķĿ	ľdoMCķĿ	and	ľmaptooѴsĿ	ŐAnaѴytics	RevoѴutionķ	
ƑƏƐƓĸ	 Bivand	 ş	 LewinŊ	Kohķ	 ƑƏƐƒĸ	 Bivand	 ş	 RowѴingsonķ	 ƑƏƐѵĸ	
Hijmans	ş	van	Ettenķ	ƑƏƏƑĸ	Pebesma	ş	Bivandķ	ƑƏƏƔőĺ

For	each	riparian	reserve	sampѴedķ	we	estimated	reserve	width	
at	each	station	from	the	LiDAR	canopy	height	Ѵayer	ŐƔŊ	m	resoѴutionőĺ	
The	width	of	the	river	channeѴ	was	incѴuded	in	this	remote	measure-

ment	 as	 vegetation	 often	 obscured	 the	 riverbanksĺ	 River	 channeѴ	
width	was	recorded	in	the	fieѴdķ	between	the	high	water	marks	of	the	
two	banksķ	using	a	Ѵaser	rangefinder	ŐLeica	Rangemaster	CRF	ƐƏƏƏőĺ	
SubsequentѴyķ	this	vaѴue	was	subtracted	from	the	reserve	width	esti-
mate	to	determine	the	actuaѴ	Ѵand	surface	within	each	reserveĺ	Mean	
bank	reserve	width	is	typicaѴѴy	referenced	within	environmentaѴ	poѴ-
icy	documentsķ	so	we	use	this	metric	throughout	the	paperĺ

As	a	measure	of	ѴandscapeŊ	scaѴe	forest	avaiѴabiѴityķ	we	aѴso	caѴcu-

Ѵated	percentage	forest	cover	within	a	ƐķƏƏƏŊ	m	radius	of	each	point	
count	 stationķ	 capturing	 the	 avaiѴabiѴity	 of	 forest	 in	 the	 Ѵandscape	
without	 overѴapping	 forest	 associated	with	other	 sampѴe	 sitesĺ	AѴѴ	
environmentaѴ	predictors	were	average	vaѴues	across	the	ƐƏ	point	
count	stations	per	siteĺ

ƑĺƓՊ|ՊStatisticaѴ anaѴyses

Species	accumuѴation	curves	were	constructed	for	each	site	and	hab-

itat	typeķ	and	inspected	for	being	cѴose	to	asymptote	to	confirm	that	
sampѴing	was	adequate	ŐSupporting	Information	Figure	SƐőĺ	Rarefied	
curvesķ	based	on	ƐƏƏ	 iterationsķ	were	produced	using	 the	 ľveganĿ	
package	in	R	ŐDixonķ	ƑƏƏƒőĺ	We	used	the	number	of	bird	encountersķ	
rather	than	absoѴute	numbersķ	to	generate	curvesķ	as	earѴy	morning	
roost	fѴights	of	Sunda	yeѴѴowŊ	vented	buѴbuѴ	ŐPycnonotus analiső	occa-
sionaѴѴy	resuѴted	in	ƻƐƏƏ	individuaѴs	recorded	from	a	singѴe	pointĺ	In	
this	caseķ	Ѵarge	numbers	of	a	singѴe	species	recorded	within	one	visit	
were	treated	as	a	singѴe	encounterĺ

We	used	a	GLM	framework	 in	 ľѴmeƓĿ	 to	expѴore	 the	partition-

ing	 of	 species	 abundance	 and	 richness	 by	 habitat	 typeĺ	 SpatiaѴ	

autocorreѴation	was	assessed	using	a	MoranĽs	I	test	on	the	residuaѴs	
of	the	GLM	for	richness	across	aѴѴ	riparian	sites	to	test	for	unfore-

seen	 associations	 between	 nearby	 sitesĺ	 The	 package	 ľmuѴtcompĿ	
was	used	to	perform	Tukey	tests	between	pairwise	habitat	combi-
nations	ŐRFC	vsĺ	CFķ	RFC	vsĺ	OPRķ	etcĺőķ	and	the	procedure	repeated	
for	 two	 subsets	 of	 our	 communityĹ	 forestŊ	dependent	 species	 Őde-

fined	by	consensus	of	five	expert	ornithoѴogists	 in	Southeast	Asiaķ	
Nick	 BrickѴeķ	 Frank	 Rhiendtķ	 Dave	 BakeweѴѴķ	 Craig	 Robson	 and	
Simon	MitcheѴѴőķ	and	species	of	conservation	concern	Őstatus	of	nearŊ	
threatened	through	to	criticaѴѴy	endangeredķ	IUCNķ	ƑƏƐƕőĺ

To	visuaѴѴy	demonstrate	the	associations	between	both	carbon	
density	and	reserve	widthķ	and	community	structure	we	pѴotted	the	
reѴationships	graphicaѴѴyĺ	Community	integrity	was	measured	using	
the	BrayŋCurtis	dissimiѴarity	 index	on	an	abundance	matrix	 Ősensu	
BanksŊ	Leite	et	aѴĺķ	ƑƏƐƓőĺ	We	used	mean	differences	in	species	com-

position	between	riparian	reserves	ŐRRő	and	each	of	the	riparian	for-
est	controѴs	ŐRFCő	to	refѴect	reductions	in	community	integrityĺ

Ordinations	were	 used	 to	 expѴore	 bird	 species	 composition	 in	
reѴation	to	habitat	type	and	our	environmentaѴ	predictorsĺ	Pairwise	
BrayŋCurtis	dissimiѴarity	coefficients	were	caѴcuѴated	between	spe-

cies	abundances	pooѴed	from	across	the	three	visits	at	each	site	and	
nonmetric	muѴtidimensionaѴ	 scaѴing	 ŐNMDSő	ordinations	generated	
using	PCŊ	ORD	ѵĺƏƕ	ŐMcCune	ş	Meffordķ	ƑƏƐƐő	to	organize	sites	by	
simiѴarity	 in	 species	 compositionĺ	The	 reѴiabiѴity	of	 the	ordinations	
was	determined	by	comparing	NMDS	soѴutions	produced	from	ƑƔƏ	
runs	 of	 reaѴ	 dataķ	 with	 those	 produced	 from	 randomized	 speciesŊ	
site	matrices	using	a	Monte	CarѴo	 testĺ	The	ordinations	were	then	
repeated	 to	 ensure	 that	 they	 refѴected	 representative	 signaѴs	 in	
community	 data	 and	were	 not	 being	 disproportionateѴy	 impacted	
by	either	rare	 Őby	removing	species	recorded	onѴy	once	within	the	
datasető	or	highѴy	abundant	species	Őby	squareŊ	root	transformation	
of	 aѴѴ	 abundanceső	 foѴѴowing	 Struebig	 et	aѴĺ	 ŐƑƏƐƒőĺ	Nonparametric	
permutations	tests	ŐADONISķ	in	ľveganĿő	were	used	to	examine	com-

positionaѴ	differences	between	habitat	typesĺ	We	aѴso	investigated	
which	 species	were	most	 associated	with	 particuѴar	 habitat	 types	
using	the	indicator	species	anaѴysis	INDVAL	in	PCŊ	ORD	ŐDufrene	ş	
Legendreķ	ƐƖƕƕőĺ

The	 GLMs	 were	 used	 to	 determine	 whether	 species	 richness	
was	 driven	 by	 our	 potentiaѴ	 environmentaѴ	 predictors	 Őriver	 chan-

neѴ	widthķ	riparian	reserve	widthķ	ѴandscapeŊ	scaѴe	forest	coverķ	and	
aboveŊ	ground	carbon	densityő	at	our	ƑƏ	riparian	sitesĺ	We	seѴected	
Gaussian	famiѴy	modeѴsķ	as	this	best	refѴected	the	probabiѴity	distri-
bution	 of	 species	 richnessĺ	AѴѴ	 predictor	 variabѴes	were	 tested	 for	
coѴѴinearityĺ	As	 ruggedness	 and	 aѴtitude	were	 correѴated	 Őr	ƻ	ƏĺƐѶőķ	
ruggedness	 was	 retained	 in	 the	 riparian	 reserve	 modeѴsķ	 because	
the	range	of	vaѴues	was	greater	than	for	aѴtitudeķ	and	aѴtitude	was	 
retained	in	the	other	modeѴs	for	the	same	reasonĺ

To	 examine	 the	 infѴuence	 of	 the	 environmentaѴ	 predictors	 on	
species	 compositionķ	 we	 constructed	 GLMMs	 for	 our	 two	NMDS	
axes	 for	 aѴѴ	 habitat	 typesĺ	Habitat	 type	was	 incѴuded	 as	 a	 random	
variabѴeĺ	OiѴ	paѴm	river	communities	were	excѴuded	from	these	anaѴ-
yses	as	 species	composition	was	very	different	 from	 that	 in	other	
habitat	types	and	this	signaѴ	obscured	any	other	potentiaѴ	patterns	of	

https://www2.jpl.nasa.gov/srtm/
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interestĺ	Parameters	were	modeѴŊ	averaged	across	aѴѴ	modeѴs	within	
ΔAIC	ƺ	Ɠ	 of	 the	 best	modeѴĺ	 The	modeѴѴing	 process	was	 repeated	
for	 forestŊ	dependent	species	and	species	of	conservation	concern	
separateѴyĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊSpecies abundance and richness

Across	 the	ƑѶ	sitesķ	we	detected	ѶķƕѶƓ	 individuaѴ	birds	 ŐѵķƐƏƓ	en-

countersőķ	 of	 ƑƏƑ	 speciesķ	 incѴuding	Ɛƒƒ	 forestŊ	dependent	 species	
ŐƒķѶƒѶ	encountersķ	ƓķƖƒƖ	individuaѴső	and	ѵƑ	ŐѶƑƐ	encountersķ	ƐķƏƖƓ	
individuaѴső	species	of	conservation	concernĺ	Our	species	accumuѴa-
tion	curves	approached	an	asymptote	for	both	site	and	habitat	typeķ	
confirming	that	we	had	sampѴed	the	avifauna	weѴѴ	enough	to	assess	
differences	 in	 richness	 and	 community	 structure	 between	 them	
ŐSupporting	Information	Figure	SƐőĺ

Birds	were	more	abundant	in	riparian	reserves	than	riparian	for-
est	controѴs	and	oiѴ	paѴm	riversķ	but	simiѴar	to	those	 in	nonriparian	
forest	controѴs	ŐFigure	Ƒaőĺ	Riparian	reserves	supported	simiѴar	ѴeveѴs	
of	bird	species	richness	to	riparian	forest	controѴsķ	and	doubѴe	that	
recorded	in	oiѴ	paѴm	rivers	ŐFigure	Ƒbőĺ

ForestŊ	dependent	 species	 accounted	 for	 ѵƔѷ	of	 aѴѴ	 individuaѴs	
across	the	whoѴe	communityķ	and	were	significantѴy	more	prevaѴent	
in	both	nonriparian	and	riparian	forest	controѴs	than	in	riparian	re-

serves	or	oiѴ	paѴm	rivers	ŐƕƏѷ	in	CFĸ	ƕƓѷ	in	RFCĸ	ƔƓѷ	in	RRĸ	ƑƏѷ	in	
OPRĸ	Figure	Ƒcőĺ	ForestŊ	dependent	species	richness	was	highest	 in	
both	 forest	 controѴ	 types	and	 significantѴy	 Ѵower	 in	oiѴ	paѴm	 rivers	
ŐFigure	Ƒdőĺ

Species	of	 conservation	 concern	 comprised	Ɛƒѷ	of	 aѴѴ	 individ-

uaѴs	 across	 the	 Ѵandscapeķ	 and	 formed	 a	 Ѵarger	 component	 of	 the	
bird	 community	 in	 riparian	 ŐƐѶѷő	 and	 nonriparian	 forest	 controѴs	
ŐƐѵѷőķ	 compared	 to	 those	 in	 riparian	 reserves	 ŐƐƐѷő	 and	 oiѴ	 paѴm	
rivers	 ŐƑѷőĺ	 There	was	 no	 significant	 difference	 in	 the	 number	 of	
species	of	conservation	concern	 found	 in	 riparian	 reserves	and	 ri-
parian	forest	controѴ	sites	in	terms	of	either	abundance	or	richness	
ŐFigure	Ƒfķgőĺ	Species	richness	was	not	infѴuenced	by	spatiaѴ	autcor-
reѴation	ŐMoranĽs	I	testĸ	observed	Ʒ	ƴƏĺƏƓķ	p =	ƏĺѶƏ	of	GLM	residuaѴs	
for	modeѴ	incѴuding	habitat	typeķ	aboveŊ	ground	carbon	densityķ	and	
reserve	widthőĺ

ƒĺƑՊ|ՊBird community composition

Our	NMDS	ordination	of	community	composition	performed	bet-
ter	 than	those	based	on	randomized	data	 ŐMonte	CarѴo	testĹ	ob-

served	stress	Ʒ	ƐƑĺƓĸ	simuѴated	stress	Ʒ	ƑѶĺƕĸ	p =	ƏĺƏƏƓĸ	Figure	ƒaőķ	
and	showed	four	cѴear	habitat	groupingsĺ	The	most	divergent	were	
the	oiѴ	paѴm	riversķ	which	supported	an	aѴmost	entireѴy	different	
bird	 community	 to	other	 sitesĺ	Communities	 in	 riparian	 reserves	
were	more	simiѴar	to	those	in	riparian	and	nonriparian	controѴsķ	but	
stiѴѴ	distinct	from	both	habitat	types	in	terms	of	species	composi-
tionĺ	Since	the	oiѴ	paѴm	rivers	had	such	a	strong	infѴuence	on	the	
ѴandscapeŊ	wide	ordinationķ	we	 removed	 them	 in	our	subsequent	

anaѴyses	 to	 better	 discriminate	 between	 the	 remaining	 habitat	
typesĺ	Our	subsequent	NMDS	represented	ѶƖѷ	of	the	variation	in	
bird	community	structure	Őstress	Ʒ	ƐƓĺѶőĺ	None	of	the	modeѴs	were	
improved	significantѴy	after	removaѴ	of	singѴetons	and	squareŊ	root	
transformation	of	species	abundanceĸ	as	indicated	by	an	increase	
in	stress	ŐƐѵĺƒƔőĺ

Species	 composition	 was	 significantѴy	 different	 across	 aѴѴ	 four	
habitat	types	ŐADONISĹ	R2	Ʒ	ƏĺƐƐķ	p	Ʒ	ƏĺƏƐőĺ	The	same	pattern	was	
evident	when	restricted	to	 just	forestŊ	dependent	species	and	spe-

cies	 of	 conservation	 concern	 ŐFigure	ƒĸ	 forestŊ	dependent	 speciesĹ	
R2	Ʒ	ƏĺƐƒķ	 p	Ʒ	ƏĺƏƐĸ	 species	 of	 conservation	 concernĹ	 R2	Ʒ	ƏĺƐƓķ	
p	Ʒ	ƏĺƏƐőĺ

Community	integrity	in	riparian	sites	showed	simiѴar	patterns	to	
our	ordinationsķ	in	that	riparian	reserves	were	intermediate	to	ripar-
ian	forest	controѴs	and	oiѴ	paѴm	rivers	ŐFigure	Ƒcķeķhőĺ

Indicator	 species	 anaѴysis	 reveaѴed	 Ɛƒ	 significant	 associations	
between	 particuѴar	 bird	 species	 and	 habitat	 typesķ	 incѴuding	 four	
species	associated	with	nonriparian	forest	controѴsķ	seven	of	oiѴ	paѴm	
riversķ	and	one	each	for	riparian	reserves	and	the	riparian	forest	con-

troѴs	ŐSupporting	Information	TabѴe	SƑőĺ

ƒĺƒՊ|ՊEnvironmentaѴ predictors of riparian reserve 
communities

Our	GLMMs	demonstrated	that	 riparian	reserve	width	was	an	 im-

portant	predictor	of	bird	species	richness	and	avian	community	com-

position	ŐTabѴe	Ɛĸ	Figure	Ɠőĺ	Reserve	width	and	aboveŊ	ground	carbon	
density	affected	bird	richness	 in	a	consistent	mannerĺ	None	of	the	
other	environmentaѴ	metrics	we	tested	had	a	demonstrabѴe	effect	
in	our	finaѴ	modeѴsĺ

Riparian	 reserve	widthķ	 aboveŊ	ground	 carbon	densityķ	 and	 for-
est	 cover	were	 aѴѴ	 significant	 positive	predictors	 of	 observed	 spe-

cies	richness	for	the	fuѴѴ	community	ŐTabѴe	Ɛőĺ	This	pattern	was	the	
same	for	forestŊ	dependent	speciesķ	but	did	not	appѴy	to	species	of	
conservation	 concernĺ	 Across	 aѴѴ	 riparian	 habitatsķ	 aboveŊ	ground	
carbon	was	 a	 significant	 positive	predictor	 of	 species	 richness	 for	
both	 forestŊ	dependent	 taxa	 and	 species	 of	 conservation	 concernĺ	
Howeverķ	our	finaѴ	modeѴ	for	riparian	habitats	did	not	reveaѴ	any	sig-
nificant	predictors	across	aѴѴ	speciesĺ	Forest	cover	was	an	important	
predictor	of	community	structure	as	refѴected	by	the	NMDS	axis	Ɛ	
for	species	of	conservation	concernĺ	The	second	axes	of	our	NMDS	
anaѴyses	exhibited	no	significant	reѴationship	with	the	environmen-

taѴ	predictorsĺ
Community	 subsets	 for	 aѴѴ	 speciesķ	 forestŊ	dependent	 speciesķ	

and	species	of	conservation	concern	differed	 in	 the	reserve	width	
at	which	richness	was	equaѴ	to	that	found	in	riparian	forest	controѴs	
ŐFigure	Ɠőĺ	Trend	Ѵines	 intersected	mean	richness	 ѴeveѴs	for	riparian	
controѴs	at	c.	ƓƏ	m	when	aѴѴ	 species	were	examinedĺ	Howeverķ	 for	
forestŊ	dependent	 taxa	and	species	of	conservation	concernķ	 ripar-
ian	reserves	did	not	reach	equivaѴent	richness	 ѴeveѴs	to	that	found	
at	controѴ	sitesĺ	The	extent	of	this	pattern	with	aboveŊ	ground	car-
bon	 density	 aѴso	 varied	 between	 community	 subsets	 ŐFigure	Ɠdķeķ	
főĺ	 NotabѴyķ	 reserve	 richness	 reached	 equivaѴent	 ѴeveѴs	 to	 controѴ	
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F IGURE  ƑՊBoxpѴots	of	siteŊ	ѴeveѴ	bird	abundance	and	species	richness	across	the	different	habitat	types	forĹ	aѴѴ	speciesĸ	forestŊ	dependent	
speciesĸ	and	species	of	conservation	concernĺ	GeneraѴ	Ѵinear	modeѴŊ	derived	Ѵinear	hypothesis	Tukey	tests	reveaѴed	significant	differences	in	
richness	Őp	ƺ	ƏĺƏƔő	between	aѴѴ	habitat	types	except	for	those	cases	marked	nonsignificant	Őnĺső
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sites	at	around	ѵƔ	tCņha	for	aѴѴ	speciesķ	but	at	around	ƐƏƏ	tCņha	for	
forestŊ	dependent	and	species	of	conservation	concern	subsetsĺ

ƓՊ |ՊDISCUSSION

We	found	that	riparian	reserves	in	oiѴ	paѴmķ	supported	comparabѴe	
ѴeveѴs	 of	 bird	 diversity	 to	 sites	 in	 continuous	 forest	 Őboth	 CF	 and	
RFCőķ	especiaѴѴy	when	reserves	are	wide	and	comprise	high	carbon	
forestĺ	Howeverķ	these	reserves	contained	fewer	forestŊ	dependent	

taxa	and	species	of	conservation	concernķ	which	ѴikeѴy	require	Ѵarger	
tracts	of	continuous	forest	for	ѴongŊ	term	popuѴation	viabiѴityĺ	These	
resuѴts	 suggest	 that	 the	mandated	 reserve	width	 in	many	 tropicaѴ	
countries	shouѴd	be	increasedĺ	In	tandemķ	forest	quaѴity	in	riparian	
reserves	shouѴd	be	improvedĹ	in	new	pѴantations	by	deѴineating	re-

serves	prior	 to	 cѴearance	 and	preventing	 additionaѴ	 Ѵogging	within	
themĸ	 in	 existing	 heaviѴy	 degraded	 reserves	 via	 vine	 cutting	 and	
pѴanting	with	native	treesķ	pѴus	by	repѴanting	 in	areas	where	crops	
were	pѴanted	to	river	banks	and	no	riparian	reserves	retainedĺ	Our	
appraisaѴs	 of	 forestŊ	dependent	 taxa	 and	 species	 of	 conservation	

F IGURE  ƒՊNonmetric	muѴtidimensionaѴ	scaѴing	ordinations	of	bird	community	structure	across	riparian	and	nonriparian	habitat	typesĺ	
PѴots	show	dissimiѴarity	across	Őaő	aѴѴ	speciesĸ	Őbő	forestŊ	dependent	speciesĸ	and	Őcő	species	of	conservation	concernĺ	OiѴ	paѴm	river	sites	
were	excѴuded	from	Őbő	and	Őcő	because	they	incѴuded	onѴy	seven	forestŊ	dependent	species	and	three	species	of	conservation	concernķ	and	
therefore	couѴd	not	be	pѴotted	within	the	same	ordination	spaceĺ	Axis	scores	denote	R2 values
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concern	aѴso	demonstrate	that	not	aѴѴ	species	are	weѴѴ	represented	in	
riparian	reserves	and	it	is	ѴikeѴy	that	these	taxa	require	Ѵarger	tracts	
of	continuous	forest	for	ѴongŊ	term	popuѴation	viabiѴityĺ

Despite	 a	 growing	 number	 of	 ecoѴogicaѴ	 studies	 on	 tropicaѴ	
riparian	 reservesķ	 there	 is	 stiѴѴ	 ѴittѴe	 information	 regarding	which	
features	have	the	greatest	benefit	for	biodiversity	ŐLuke	et	aѴĺķ	 In	
preparationőĺ	 For	 birds	 in	 oiѴ	 paѴmķ	we	 find	 that	 riparian	 reserve	
width	 is	 an	 important	 predictor	 of	 overaѴѴ	 number	 of	 speciesķ	
with	reserves	at	 Ѵeast	ƓƏ	m	wide	Őiĺeĺķ	ѶƏ	m	totaѴ	widthő	support-
ing	 comparabѴe	 numbers	 of	 species	 to	 riparian	 forest	 controѴsĺ	
NonetheѴessķ	to	support	equivaѴent	numbers	of	forestŊ	dependent	

taxa	and	species	of	conservation	concernķ	riparian	reserves	wouѴd	
need	to	be	much	ѴargerŌat	Ѵeast	ƐƏƏ	m	wide	ŐƑƏƏ	m	totaѴ	widthőķ	
based	on	extrapoѴation	of	observed	trend	 Ѵines	 ŐFigure	Ɠbķcőĺ	We	
can	onѴy	extrapoѴateķ	as	 Ѵarge	 riparian	 reserves	are	scarce	 in	our	
study	system	and	oiѴ	paѴm	Ѵandscapes	 in	generaѴĺ	 It	therefore	re-

mains	to	be	seen	whether	aѴѴ	forestŊ	dependent	taxa	and	species	of	
conservation	concern	present	in	Ѵogged	forest	wouѴd	actuaѴѴy	use	
riparian	reserves	even	if	they	were	of	substantiaѴ	width	and	cѴose	
to	continuous	forestĺ

UniqueѴy	 for	 oiѴ	 paѴm	 Ѵandscapesķ	 our	 resuѴts	 demonstrate	 the	
infѴuence	 of	 forest	 quaѴity	 Őas	 measured	 by	 aboveŊ	ground	 carbon	

TABLE  ƐՊOutputs	of	GLM	and	GLMM	showing	modeѴ	averaged	parameter	estimatesķ	SEķ	and	confidence	intervaѴs	for	important	
predictors	of	observed	species	richness	and	community	structureĺ	The	∆AIC	ƺ	Ɠ	modeѴ	set	was	used	to	estimate	averaged	outputsĺ	n 

represents	the	number	of	sites	incѴuded	in	each	modeѴĺ	One	riparian	reserve	ŐRRƐƕő	was	excѴuded	severaѴ	environmentaѴ	predictors	were	
missing	for	this	site

Predictor Parameter estimate SE Lower ƖƔѷ CI Upper ƖƔѷ CI

GLMĹ	richness	in	riparian	reserves	and	oiѴ	paѴm	rivers	ŐRRķ	OPRķ	n	Ʒ	ƐƐő

AѴѴ	species

Intercept 63.8 1.1 61.2 66.4

AboveŊ	ground	carbon	density 6.1 2.2 ƏĺƖ 11.3

Forest	cover 8.3 2.3 ƑĺƖ 13.8

Riparian	reserve	width 8.6 2.5 ƑĺƖ 14.3

ForestŊ	dependent	species

Intercept ƒѵĺƕ 1.3 33.6 ƒƖĺѶ

AboveŊ	ground	carbon	density 6.6 2.6 0.5 ƐƑƕ

Riparian	reserve	width 10.3 3.0 3.4 ƐƕĺƑ

Forest	cover ѶĺƖ 3.0 ƐĺƖ ƐƔĺƖ

Species	of	conservation	concern

Intercept 13.4 ƏĺƖ 11.4 15.4

GLMĹ	richness	in	riparian	habitats	ŐRRķ	OPRķ	RFCķ	n	Ʒ	ƐƖő

AѴѴ	species

Intercept ƔƖĺѵ 2.5 54.3 ѵƓĺƖ

ForestŊ	dependent	species

Intercept 36.1 2.0 ƒƐĺƖ 40.3

AboveŊ	ground	carbon	density 156.0 5.3 5.0 ƑƕĺƏ

Species	of	conservation	concern

Intercept 13.3 0.8 11.6 15.0

AboveŊ	ground	carbon	density 5.2 2.6 1.8 10.0

GLMMĹ	community	structure	ŐNMDS	axis	Ɛő	in	aѴѴ	forest	or	riparian	reserve	ŐRRķ	RFCķ	CFķ	n	Ʒ	Ƒѵő

AѴѴ	species

Intercept 0.0 0.0 ƴƏĺƐ 0.0

AboveŊ	ground	carbon	density ƴƏĺƑ 0.1 ƴƏĺƒ ƴƏĺƐ

Forest	cover ƴƏĺƓ 0.1 ƴƏĺƔ ƴƏĺƒ

ForestŊ	dependent	species

Intercept 0.1 0.4 ƴƏĺƕ ƏĺƖ

Species	of	conservation	concern

Intercept ƴƏĺƏ 0.1 ƴƏĺƑ 0.1

Forest	cover ƴƐĺƐ 0.2 ƴƐĺѵ ƴƏĺƕ
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densityőķ	as	weѴѴ	as	reserve	widthķ	on	the	riparian	reserve	avifaunaĺ	
These	findings	suggest	that	protecting	reserves	of	poor	forest	quaѴ-
ity	 wiѴѴ	 offer	 few	 conservation	 gains	 without	 habitat	 restorationĺ	
SimiѴar	 findings	 have	 been	 reported	 from	 cattѴe	 ranching	 areas	 in	
Amazoniaķ	 where	 riparian	 reserve	 width	 and	 percentage	 canopy	
cover	 were	 both	 positiveѴy	 reѴated	 to	 bird	 and	 mammaѴ	 richness	
ŐLees	ş	Peresķ	ƑƏƏѶĸ	Zimbres	et	aѴĺķ	ƑƏƐƕőĺ	This	 resuѴt	 impѴies	 that	
approaches	to	restore	biodiversity	in	agricuѴturaѴ	areas	may	be	Ѵess	
successfuѴ	 than	 sparing	 areas	 for	 conversion	 in	 the	 first	pѴaceķ	 es-
peciaѴѴy	because	smaѴѴ	forest	patchesķ	such	as	riparian	reservesķ	are	
susceptibѴe	to	further	degradation	via	edge	effects	ŐLaurance	et	aѴĺķ	
ƑƏƐѶőĺ	DisentangѴing	 this	 reѴationship	 is	difficuѴtķ	howeverķ	as	both	
Ѵarger	 fragments	 and	 reserves	 tend	 to	 be	 of	 higher	 forest	 quaѴity	
than	smaѴѴer	ones	Őeĺgĺķ	Lees	ş	Peresķ	ƑƏƏѶőĺ

Many	 previous	 studies	 have	 onѴy	 compared	 riparian	 reserves	
with	the	communities	of	continuous	nonriparian	forest	controѴs	Őeĺgĺķ	
Gray	et	aѴĺķ	ƑƏƐƓőĺ	We	show	thatķ	whiѴe	overaѴѴ	richness	remains	com-

parabѴe	to	nonriparian	controѴ	sites	in	continuous	forestķ	bird	com-

munity	composition	in	riparian	reserves	is	intermediate	between	that	

of	riparian	controѴs	ŐRFCő	and	oiѴ	paѴm	rivers	ŐOPRő	ŐFigures	Ƒ	and	ƒőĺ	
WhiѴe	 there	were	many	 species	 shared	between	 riparian	 reserves	
and	riparian	forest	habitatķ	 reserves	aѴso	had	some	generaѴist	spe-

cies	Őeĺgĺķ	Spilopelia chinensis	Œspotted	doveœķ	Geopelia striataķ	 Œzebra	
doveœ	 Copsychus saularisķ	 ŒorientaѴ	 magpie	 robinœķ	 and	 Pycnonotus 

analis	ŒSunda	yeѴѴowŊ	vented	buѴbuѴœő	that	were	rare	or	absent	in	both	
riparian	and	nonriparian	 forestsĽ	 controѴs	 Őiĺeĺķ	CF	and	RFCőĺ	These	
matrixŊ	dweѴѴing	species	are	known	to	be	abundant	in	both	industriaѴ	
oiѴ	 paѴm	 pѴantations	 ŐEdwards	 et	aѴĺķ	 ƑƏƐƏő	 and	 mixed	 smaѴѴhoѴder	
cuѴtivation	ŐAzhar	et	aѴĺķ	ƑƏƐƐőĺ	Riparian	reserves	aѴso	Ѵacked	severaѴ	
forestŊ	dependent	taxa	and	species	of	conservation	concernķ	 in	ac-
cordance	with	previous	studiesķ	which	found	smaѴѴ	forest	fragments	
to	support	few	speciaѴist	species	 ŐLaurance	et	aѴĺķ	ƑƏƐѶőĺ	Across	aѴѴ	
riparian	reservesķ	we	recorded	over	ƕƏѷ	of	the	community	found	in	
nonriparian	forests	and	over	ѶƏѷ	ŐSupporting	Information	Figure	SƐő	
of	 the	community	 found	 in	 riparian	forest	controѴ	areasĺ	Howeverķ	
the	 highѴy	 different	 community	 composition	 ŐFigure	ƒő	 and	 Ѵower	
siteŊ	ѴeveѴ	species	richness	ŐFigure	Ƒő	suggests	that	such	forest	spe-

cies	are	found	in	greatѴy	reduced	numbers	in	riparian	reservesĺ

F IGURE  ƓՊObserved	species	richness	for	riparian	reserve	ŐcircѴeső	and	oiѴ	paѴm	river	Ősquareső	sites	in	reѴation	to	reserve	width	Őon	each	
bankő	for	aѴѴ	speciesĸ	forestŊ	dependent	speciesĸ	and	species	of	conservation	concern	Őaķ	bķ	cőĺ	Richness	vaѴues	are	expressed	as	percentages	
of	the	median	richness	from	the	eight	riparian	forest	controѴ	ŐRFCő	sitesĺ	Observed	species	richness	was	aѴso	significantѴy	positiveѴy	
associated	with	aboveŊ	ground	carbon	density	Ődķ	eķ	főĺ	HorizontaѴ	red	shading	demonstrates	the	first	and	third	quartiѴe	in	the	distribution	
of	species	richness	across	aѴѴ	RFC	contoѴ	sitesķ	with	median	shown	as	the	bѴack	dotted	Ѵineĺ	Grey	shading	around	trend	Ѵines	denotes	ƖƔѷ	
confidence	intervaѴsĺ	One	riparian	reserve	ŐRRƐƕő	was	excѴuded	from	the	modeѴs	because	of	missing	environmentaѴ	data	for	the	site
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We	found	that	bird	communities	around	oiѴ	paѴm	rivers	without	
a	reserve	were	highѴy	depauperateķ	consistent	with	species	richness	
observed	 in	previous	oiѴ	paѴm	studies	 ŐAzhar	et	aѴĺķ	ƑƏƐƐĸ	Edwards	
et	aѴĺķ	ƑƏƐƏőĺ	Thusķ	the	presence	of	rivers	per	se	appears	to	have	Ѵit-
tѴe	effect	on	bird	diversity	in	the	absence	of	significant	amounts	of	
naturaѴ	vegetationĺ	This	stark	difference	was	cѴear	even	for	sites	with	
degraded	reservesķ	highѴighting	that	narrowķ	ѴowŊ	quaѴity	riparian	re-

serves	can	stiѴѴ	have	a	significant	positive	effect	on	bird	community	
structure	aѴbeit	a	smaѴѴ	oneĺ	CruciaѴѴyķ	narrow	and	degraded	reserves	
stiѴѴ	 heѴd	more	 forestŊ	dependent	 taxa	and	 species	of	 conservation	
concern	than	oiѴ	paѴm	on	its	ownķ	aѴthough	at	much	Ѵower	numbers	
than	in	Ѵarge	riparian	forest	areasĺ

It	 is	possibѴe	 that	 species	 recorded	 in	 riparian	habitats	 are	not	
part	of	a	viabѴe	popuѴation	and	that	the	reserves	are	sinks	ŐGiѴroy	ş	
Edwardsķ	ƑƏƐƕőĺ	For	exampѴeķ	WeѴdon	and	Haddad	 ŐƑƏƐƕő	demon-

strated	 that	 indigo	 buntings	 ŐPasserina cyaneaő	 in	 smaѴѴ	 fragments	
continued	 to	 nest	 in	 patches	with	 greater	 forest	 edge	 despite	 in-

creased	mortaѴityĺ	 Likewiseķ	 smaѴѴ	 fragmented	 areas	of	 habitat	 are	
far	more	susceptibѴe	to	further	perturbations	and	edge	effects	than	
Ѵarge	 continuous	 forests	 ŐEwersķ	 Thorpeķ	ş	Didhamķ	 ƑƏƏƕőķ	which	
can	resuѴt	in	extinction	cascades	Ѵong	after	fragmentation	has	taken	
pѴace	ŐKitzes	ş	HartѴeķ	ƑƏƐƔőĺ	AѴternativeѴyķ	riparian	reserves	couѴd	
act	as	movement	corridors	between	Ѵargerķ	higher	quaѴityķ	areas	of	
forestĺ	 In	 the	 context	 of	 ѴandŊ	use	 changeķ	 faciѴitating	 species	 dis-
persaѴ	in	this	way	couѴd	be	vitaѴ	in	maintaining	viabѴe	popuѴations	in	
otherwise	 isoѴated	remnant	habitat	fragments	 ŐCapon	et	aѴĺķ	ƑƏƐƒőķ	
particuѴarѴy	for	interior	forest	bird	species	ŐGiѴѴiesķ	Cassadyķ	ş	CѴairķ	
ƑƏƏѶőĺ

Riparian	 forest	 in	 both	 riparian	 controѴs	 and	 riparian	 reserves	
heѴd	distinct	bird	communities	to	other	sitesĺ	For	instanceķ	Butorides 

striatus and Alcedo meninting	were	onѴy	recorded	in	riparian	habitatsķ	
whiѴe	Enicurus ruficapillusķ	a	species	of	conservation	concern	ŐnearŊ	
threatenedőķ	 was	 identified	 as	 an	 indicator	 of	 riparian	 forest	 con-

troѴs	 ŐSupporting	 Information	 TabѴe	SƑőĺ	 MicrocѴimateķ	 vegetation	
structureķ	and	prey	abundance	have	been	found	to	differ	between	
riparian	and	nonriparian	habitats	in	Hong	Kongķ	and	these	changes	
correѴated	with	differences	in	bird	species	richness	and	abundance	
ŐChanķ	 Chanķ	 Yuķ	 Zhangķ	 ş	 Dudgeonķ	 ƑƏƏѶőĺ	 This	 emphasizes	 the	
vaѴue	of	incѴuding	a	riparian	forest	as	a	comparatorķ	rather	than	just	
a	 nonriparian	 continuous	 forestĺ	 It	 aѴso	 demonstrates	 that	 spatiaѴ	
turnover	 in	 species	 composition	between	 riparian	and	nonriparian	
sites	is	greater	than	that	within	just	one	habitat	typeķ	indicating	that	
riparian	areas	have	an	additionaѴ	effect	on	regionaѴ	species	richness	
ŐSabo	et	aѴĺķ	ƑƏƏƔőĺ

ƓĺƐՊ|ՊManagement recommendations

Our	 resuѴts	 warrant	 severaѴ	 recommendations	 for	 the	 improved	
management	of	riparian	reserves	in	the	tropicsĺ	These	are	not	mutu-

aѴѴy	excѴusiveķ	but	each	wouѴd	have	different	outcomes	for	bird	com-

munities	if	adoptedĺ	Firstķ	increasing	minimum	reserve	widths	to	at	
Ѵeast	ƓƏ	m	on	each	bank	wouѴd	improve	bird	diversity	to	ѴeveѴs	typi-
caѴ	of	riparian	areas	in	Ѵarge	forest	bѴocksĺ	In	tandem	with	the	vine	

cutting	and	repѴanting	of	native	tree	speciesķ	this	couѴd	aѴso	benefit	
forestŊ	dependent	 speciesķ	 since	 reserve	width	 showed	 a	 stronger	
reѴationship	with	forest	species	richness	than	it	did	for	overaѴѴ	com-

munity	richnessĺ
Secondķ	 the	greatest	 gains	 in	 species	 richness	 for	 the	 smaѴѴest	

Ѵoss	of	cuѴtivated	area	couѴd	be	achieved	by	repѴanting	vegetation	in	
reserves	narrower	than	ƒƏ	m	to	meet	existing	ѴegisѴative	guideѴinesĺ	
This	is	because	the	reѴationship	between	reserve	width	and	species	
richness	is	nonѴinearķ	with	the	greatest	gains	in	richness	occurring	at	
smaѴѴ	widthsĺ	Howeverķ	 this	wouѴd	onѴy	maximize	 species	 richness	
at	the	ѴeveѴ	of	individuaѴ	riversķ	whereas	effects	on	ѴandscapeŊ	scaѴe	
richness	and	the	benefit	to	forestŊ	dependent	species	wouѴd	be	Ѵess	
significantĺ

FinaѴѴyķ	 the	 biodiversity	 protection	 of	 any	 future	 riparian	 re-

serves	couѴd	be	greatѴy	improved	by	increasing	the	quaѴity	of	re-

serve	 habitatĺ	 This	 is	 not	 just	 achieved	 by	 restoring	 a	 degraded	
habitat	 in	existing	pѴantations	but	aѴso	by	ensuring	 that	contrac-
tors	foѴѴow	environmentaѴ	reguѴations	whiѴe	forests	are	being	con-

vertedĺ	 In	 countries	 such	 as	MaѴaysiaķ	 these	 restrictions	 aѴready	
exist	 for	 conventionaѴ	 Ѵogging	 operations	 ŐForest	 Enactment	 for	
Sabahķ	 ƐƖѵѶőĺ	Howeverķ	 narrow	 riparian	 reserves	 are	 difficuѴt	 to	
define	 and	map	 prior	 to	 cѴearance	 and	may	 endure	 opportunis-
tic	removaѴ	of	vaѴuabѴe	timber	as	a	resuѴtĺ	Once	Ѵand	has	been	re-

designated	after	 Ѵogging	for	pѴantationķ	this	can	resuѴt	 in	riparian	
reserves	of	substandard	forest	quaѴityĺ	By	improving	the	enforce-

ment	 of	 riparian	 reserve	 poѴicy	 prior	 to	 and	 during	 conversion	
operationsķ	riparian	areas	of	higher	forest	quaѴity	couѴd	be	main-

tainedĺ	This	is	ѴikeѴy	to	not	onѴy	benefit	threatened	biodiversity	but	
couѴd	aѴso	have	knock	on	benefits	 to	other	wiѴdѴifeķ	hydroѴogicaѴ	
regimesķ	and	water	quaѴity	downstreamĺ
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