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Abstract
1.	 Tropical	conservation	strategies	traditionally	focus	on	large	tracts	of	pristine	for-
ests	but,	given	rapid	primary	forest	decline,	understanding	the	role	of	secondary	
forest	remnants	for	biodiversity	maintenance	is	critical.	Until	now,	the	interactive	
effects	of	changes	in	forest	amount,	configuration	and	disturbance	history	(second-
ary	vs.	primary	forest)	on	the	conservation	value	of	 tropical	 landscapes	have	re-
mained	unknown,	hampering	the	incorporation	of	these	global	change	drivers	into	
local	and	global	conservation	planning.

2.	 We	disentangled	effects	of	landscape-wide	forest	amount,	fragment	size	and	forest	
age	(old	growth	vs.	secondary	forest)	on	abundance,	α-diversity,	β-diversity	(biotic	
homogenization)	and	community	shifts	of	bird	communities	in	human-dominated	
landscapes	of	southern	Costa	Rica.	Utilizing	two	complementary	methods,	yielding	
6,900	individual	detections	and	223	species,	we	characterized	bird	communities	in	
49	forest	fragments	representing	independent	gradients	in	fragment	size	(<5	ha	vs.	
>30	ha)	and	forest	amount	(5%–80%)	in	the	surrounding	landscape	(within	1000	m).

3.	 Abundance	and	α-diversity	of	forest	specialists	and	insectivores	declined	by	half	in	
small	fragments,	but	only	 in	 landscapes	with	 little	old-growth	forest.	Conversely,	
secondary	 forest	 at	 the	 landscape	 scale	 showed	 no	 such	 compensation	 effect.	
Similarly,	a	null-model	approach	indicated	significant	biotic	homogenization	in	small	
vs.	large	fragments,	but	only	in	landscapes	with	little	old-growth	forest,	suggesting	
forest	amount	and	configuration	interactively	affect	β-diversity	in	tropical	human-
dominated	landscapes.	Finally,	dramatic	abundance-based	community	shifts	rela-
tive	to	intact	forests	are	largely	a	result	of	landscape-scale	loss	of	old	growth	rather	
than	changes	in	overall	forest	cover.

4.	 Policy implications.	Our	study	provides	strong	evidence	that	retaining	old	growth	
within	 tropical	 human-modified	 landscapes	 can	 simultaneously	 curb	 erosion	 of	
avian	forest	specialist	α-diversity,	mitigate	collapse	of	β-diversity	(biotic	homogeni-
zation)	and	dampen	detrimental	avian	community	shifts.	However,	secondary	for-
ests	 play,	 at	 best,	 a	 subordinate	 role	 to	 mitigate	 these	 processes.	 To	 maintain	
tropical	forest	biodiversity,	retaining	old-growth	forest	within	landscapes	should	be	
first	priority,	highlighting	a	land-sparing	approach.
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1  | INTRODUCTION

Tropical	forests	sustain	more	than	50%	of	all	known	species	(Laurance,	
1999),	and	their	unabated	modification	by	humans	is	likely	the	largest	
threat	to	biodiversity	globally	(Sala	et	al.,	2000).	Traditional	conserva-
tion	approaches	often	focus	on	large	blocks	of	pristine	forests,	but	it	
has	recently	been	suggested	that	high	species	richness	can	be	main-
tained	in	human-	modified	tropical	landscapes	(HMTLs)	when	produc-
tive	land	co-	occurs	with	fragments	of	primary	and	secondary	tropical	
forest	 (Laurance,	 Sayer,	 &	Cassman,	 2014;	Melo,	Arroyo-	Rodriguez,	
Fahrig,	Martinez-	Ramos,	&	Tabarelli,	2013;	Mendenhall,	Karp,	Meyer,	
Hadly,	&	Daily,	2014).	This	idea	is	enticing,	but	remains	highly	contro-
versial	given	the	large	uncertainty	regarding	the	importance	of	primary	
and	secondary	forest	at	local	and	landscape	scales	for	the	conserva-
tion	capacity	of	HMTLs	(Arroyo-	Rodríguez	et	al.,	2017;	Barlow	et	al.,	
2016;	Gibson	et	al.,	2011;	Melo	et	al.,	2013).

Unfortunately,	 our	 understanding	 of	 how	 landscape-	wide	 forest	
amount	and	successional	stage	mediate	fragment	area	effects	in	HMTLs	
is	 currently	 limited	 (Arroyo-	Rodríguez	 et	al.,	 2017;	 Hadley	 &	 Betts,	
2016;	Melo	et	al.,	2013):	 first,	although	positive	 local	scale-	effects	of	
old-growth	relative	to	secondary	forest	have	been	widely	established	for	
forest-	dwelling	organisms	(α-	diversity,	e.g.	Gibson	et	al.,	2011),	studies	
investigating	these	factors	at	a	 landscape	level	remain	scarce	(Barlow	
et	al.,	2016;	Carrara	et	al.,	2015;	Hadley	&	Betts,	2016;	Morante-Filho,	
Arroyo-Rodriguez,	&	Faria,	2016).	Second,	forest	amount,	successional	
stage	and	fragment	area	are	often	interwoven	in	real-	world	landscapes,	
as	small	fragments	of	secondary	forest	often	occur	in	deforested	land-
scapes.	Thus,	disentangling	the	biological	relevance	of	these	factors	by	
either	 experimental	 design	 or	 statistical	 inference	 is	 logistically	 chal-
lenging	and	requires	adequate	sample	size.	Third,	theories	differ	in	their	
predictions	on	how	landscape-	wide	forest	amount	may	mediate	frag-
ment	area	effects.	For	example,	Andrén	(1994)	and	Rybicki	and	Hanski	
(2013)	propose	that	below	a	threshold	of	landscape-	wide	habitat	cover,	
landscape-	scale	connectivity	is	eroded	and	reduced	fragment	area	will	
strongly	 reduce	 α-	diversity	 (the	 fragmentation	 threshold	 theory,	 but	
see,	 Villard	 &	 Metzger	 2014).	 Alternatively,	 the	 recently	 postulated	
“habitat	amount	hypothesis”	 (Fahrig,	2013)	predicts	that	 local	species	
richness	is	determined	by	the	landscape-	wide	amount	of	habitat,	while	
variation	in	fragment	size	makes	little	difference.

Further,	most	studies	in	HMTLs	have	been	restricted	to	α-	diversity	
so	far,	although	complementary	ecological	properties	 like	β-	diversity	
and	 deterministic	 community-	level	 shifts,	 that	 is,	 the	 non-	random	
change	species	abundances	compared	to	reference	communities,	may	
be	 as	 relevant	 for	 conservation	 planning	 and	 ecosystem	 function-
ing	 (Carrara	 et	al.,	 2015;	Karp	 et	al.,	 2012;	Mendenhall	 et	al.,	 2014;	
Morante-	Filho	et	al.,	2016;	Solar	et	al.,	2015;	Tscharntke	et	al.,	2012).	
For	 example,	 reduced	 forest	 cover	may	decrease	dispersal	 between	

fragments,	 increase	 ecological	 drift	 and	 thus	 increase	 β-	diversity	
“biotic	 differentiation	 hypothesis”	 (Arroyo-	Rodríguez	 et	al.,	 2013).	
As	 a	 non-	exclusive	 alternative	 to	 this,	 reduced	 fragment	 size	 and	
landscape-	wide	forest	amount	may	decrease	β-	diversity	through	spe-
cies	sorting	when	environmental	heterogeneity	among	local	fragments	
in	a	 landscape	 is	reduced	(“biotic	homogenization	hypothesis”	sensu	
Solar	 et	al.,	 2015).	This	 loss	of	disturbance-	sensitive	 species	 (losers)	
and	proliferation	of	few	disturbance	adapted	species	(winners),	caus-
ing	biotic	homogenization	 in	highly	disturbed	fragments	 (Solar	et	al.,	
2015;	Tabarelli,	Peres,	&	Melo,	2012).	Overall,	these	knowledge	gaps	
substantially	 limit	 our	 ability	 to	 inform	 landscape	 and	 conservation	
planning	in	tropical	regions.

Here,	 we	 assessed	 how	 changes	 in	 landscape	 composition	
(landscape-	wide	amount	of	forest)	and	forest	configuration	(fragment	
size)	interactively	affect	forest	bird	communities,	disentangling,	to	our	
knowledge	for	the	first	 time,	 the	effect	of	old	growth	vs.	secondary	
forest	at	 local	and	landscape	scales.	We	chose	the	fragmented	Coto	
Brus	region,	where	the	degree	of	habitat	destruction	(70%	forest	loss	
of	the	original	forest	cover	(Zahawi,	Duran,	&	Kormann,	2015)	is	repre-
sentative	for	HMTLs	of	many	Latin	American	regions	with	moderately	
intensive	land-	use	(Lindquist	et	al.,	2012).	Birds	are	crucial	providers	of	
key	ecosystem	functions,	and	their	disappearance	in	tropical	systems	
has	been	linked	to	pervasive	reductions	of	ecosystem	functions	such	
as	pollination,	seed	dispersal	and	herbivore	control,	and	rapid	evolu-
tionary	 changes	 in	mutualistic	 partners	 (Galetti	 et	al.,	 2013;	Hadley,	
Frey,	Robinson,	John	Kress,	&	Betts,	2014;	Karp	et	al.,	2013;	Kormann	
et	al.,	2016).	Further,	birds	are	highly	sensitive	to	disturbance	of	native	
forest	 (Barlow	et	al.,	 2007;	Gibson	et	al.,	 2011),	with	 forest	 special-
ists	 and	particularly	 forest-	dependent	 insectivores	being	 among	 the	
most	vulnerable	organisms	to	forest	modification	(Barlow	et	al.,	2007;	
Carrara	et	al.,	2015;	Gibson	et	al.,	2011;	Morante-	Filho	et	al.,	2016;	
Powell,	Cordeiro,	&	Stratford,	2015;	Powell,	Wolfe,	et	al.,	2015).

We	focused	on	 responses	of	 three	complementary	bird	commu-
nity	descriptors:	α-	diversity	 and	 abundance	 at	 the	 local	 point-	count	
scale,	β-	diversity	measured	as	variation	in	species	identities	between	
fragments	and	directed,	community-	level	shifts	 in	bird	abundance	in	
fragments	relative	to	intact	reference	forests.	In	particular,	we	tested	
the	 following	hypotheses:	under	 the	habitat	amount	hypothesis,	we	
expect	no	effect	of	fragment	size	on	diversity	beyond	effects	of	for-
est	 area.	However,	 under	 the	 threshold	 hypothesis,	we	 expect	 that	
reduced	 fragment	 area	 will	 strongly	 reduce	 α-	diversity	 (particularly	
for	forest	specialists)	in	forest	poor	landscapes.	Further,	according	to	
the	biotic	homogenization	hypothesis	 (1)	 reduced	β-	diversity	among	
fragments	and	(2)	avian	community	shifts	compared	to	reference	for-
est	should	be	strongest	in	small	fragments	with	little	remaining	forest.	
Also,	 if	old-growth	 forest	 contributes	more	 strongly	 than	 secondary	
forest	to	fragment	colonization	(i.e.	a	“mass	effect”—Shmida	&	Wilson,	

K E Y W O R D S
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1985),	we	expect	that	 (3)	the	amount	of	old	forest	rather	than	total	
forest	in	the	landscape	will	best	predict	bird	community	structure.

2  | MATERIALS AND METHODS

2.1 | Study area

The	 study	 was	 performed	 in	 Southern	 Costa	 Rica,	 around	 the	 Las	
Cruces	Biological	Station	(8°47N,	82°57W).	The	landscape	was	origi-
nally	covered	by	Pacific	pre-	montane	humid	forest,	but	after	massive	
deforestation	40	to	60	years	ago,	only	app.	30%	of	landscape	remains	
forested,	one-	third	of	which	is	secondary	forest	(Zahawi	et	al.,	2015).	
The	existing	forest	persists	in	c.	2,100	forest	fragments	ranging	from	
<1	ha	to	>1,000	ha	in	size	and	c.	850–1,500	m	a.s.l.	in	altitude.	Non-	
forest	land	cover	is	largely	pasture	(>90%,	Hadley	et	al.,	2014).

2.2 | Study design

We	 used	 a	 stratified-	random	 sampling	 design,	 which	 consisted	 of	
49	forest	fragments	representing	two	uncorrelated	gradients	 in	for-
est	 amount	 (forest	 cover	 within	 1,000	m	 radius)	 and	 fragment	 size	
(Figure	1,	for	details,	see	Hadley	et	al.,	2014)	stratified	across	eleva-
tion.	We	 chose	 a	 1,000	m	 radius	 to	 represent	 expected	 maximum	
daily	movement	distances	for	small-		to	medium-	sized	forest	special-
ist	birds	in	the	region	(Sekercioglu,	Loarie,	Oviedo	Brenes,	Ehrlich,	&	
Daily,	2007;	Volpe,	Hadley,	Robinson,	&	Betts,	2014).	We	randomly	
selected	 forest	 fragments	 from	potential	 options	within	each	 strata	
using	ARCGIS	10.0	 (ESRI	Geoinformatik	GmbH,	Hanover,	Germany)	
and	 orthophoto-	based	 forest	 cover	 maps	 (2	m	 resolution;	 Hadley	
et	al.,	2014).	For	fragment	selection,	fragments	were	considered	to	be	

separate	if	they	were	at	least	30	m	apart,	which	constitutes	a	severe	
movement	barrier	for	many	neotropical	forest	birds	(Kormann	et	al.,	
2016;	Lees	&	Peres,	2009;	Volpe	et	al.,	2014).	For	the	purpose	of	frag-
ment	selection,	we	a	priori	defined	two	fragment	size	categories	(small:	
<5	ha,	large:	>30	ha)	and	selected	fragments	from	both	size	categories	
that	represented	the	variation	in	forest	amount	within	a	1,000	m	ra-
dius	(5%	to	80%).	Importantly,	fragments	were	altitudinally	stratified	
across	two	elevational	bands	(880–1,100	a.s.l.	and	>1,100–1,500	a.s.l.)	
and	interspersed	across	the	region	(Figure	1).	Of	the	initially	selected	
52	fragments,	3	could	not	be	accessed	(lack	of	permission,	steepness).	
Our	stratified-	random	sampling	design	guaranteed	that	fragment	size,	
forest	amount	and	altitude	were	not	strongly	correlated	(all	Pearson’s	
r	<	.5,	 see	 Table	 S1).	 On	 average,	 selected	 fragments	 were	 80.5	m	
away	from	the	next	fragment	(Figure	S2).

2.3 | Bird surveys

In	each	fragment,	we	performed	fixed	radius	point	counts	(r	=	25	m)	
and	stopping	rule-	based	walkabout	surveys,	which	we	treated	as	sep-
arate	datasets	in	the	subsequent	analysis.	While	point	counts	are	well	
suited	to	assess	relative	bird	abundance	and	local	species	richness	per	
unit	area,	stopping	rule-	based	surveys	walkabouts	accumulate	obser-
vations	until	no	new	species	have	been	recorded	for	a	previously	fixed	
time	span	(Herzog,	Kessler,	&	Cahill,	2002),	and	are	better	suited	to	
estimate	species	richness	when	bird	communities	contain	many	rare	
(Herzog	et	al.,	2002;	Robinson,	1999;	Watson,	2010).

Each	 fragment	 was	 visited	 once	 for	 surveys	 between	 May	 and	
June	2011	(40	fragments)	and	in	early	June	2012	(9	fragments),	when	
most	 resident	 species	 reproduce	 (Stiles	 &	 Skutch,	 1989).	 We	 ran-
domized	the	visitation	order.	In	small	fragments,	we	performed	three	

F IGURE  1 Map	of	the	study	region	in	
Southern	Costa	Rica	(a),	and	photographs	
of	(b)	old-growth	forest	and	(c)	secondary	
forest.	Shown	are	small	(<5	ha)	and	large	
study	fragments	(>30	ha)	as	triangles	
and	dots,	respectively,	old	growth	
(green),	secondary	forest	(orange)	and	
non-	forest	(primarily	pasture;	white).	
Reference	fragments	for	the	community	
shift	index	are	surrounded	by	a	circle.	
Photograph	credits:	Sarah	Frey,	Mauricio	
Paniaguas	
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point	 counts	 and	 six	 in	 large	 fragments,	which	 lasted	 12	min.	 each.	
Walkabouts	lasted	80	±	20	min	(M	±	SE	are	given	throughout)	in	small	
fragments	and	155	±	33	min	in	large	fragments.	All	surveys	were	con-
ducted	by	 the	same,	experienced	observer	 (Jeisson	Figueroa).	A	de-
tailed	survey	protocol	is	provided	in	“Survey	methods”	(S3).	Birds	were	
classified	as	forest	insectivores,	if	their	main	diets	were	insects	(Stiles	
&	Skutch,	1989)	and	if	two	of	three	sources	indicated	that	their	habitat	
was	largely	restricted	to	forest	(Table	S4;	sources	considered:	Hughes,	
Daily,	&	Ehrlich,	2002;	Stiles	&	Skutch,	1989;	W.	Douglas	Robinson,	
pers.	comm.)

2.4 | Forest parameters

For	 every	 point	 count,	 we	 determined	 elevation	 and	 the	 distance	
to	the	nearest	fragment	edge,	using	“distance	on	ground”	 in	Google	
Earth	and	a	digital	elevation	model	(NASA	Shuttle	Radar	Topography	
Mission).	Also,	the	observer	directly	assigned	one	of	three	alternative	
forest	classes	to	each	point	count	in	the	field:	old-growth	(character-
ized	by	no	visible	 logging	and	a	high	abundance	of	 large	trees	DBH	
>50	cm),	 selectively	 logged	 (recent	 signs	 of	 tree	 stubs,	 felled	 trees)	
and	 regenerating	 secondary	 forest.	 We	 verified	 old-growth	 forest	
designation	using	a	published	forest	age	classification	based	on	his-
torical	aerial	 images	 (Zahawi	et	al.,	2015);	areas	were	considered	 to	
be	old	growth,	if	they	already	occurred	as	forests	on	the	oldest	aerial	
image	available	when	settlement	first	occurred	(1947).	We	found	no	
mismatches	with	field	classification.	Similarly,	secondary	forest	point	
counts	were	always	younger	than	24	years,	based	on	aerial	imagery.	
For	every	point	count,	we	also	calculated	the	amount	of	old-growth	
forest	and	the	total	amount	of	forest	(all	forest	categories	combined)	
within	a	100-	m,	500-	m	and	1,000-	m	radius	buffer,	using	GIS.

2.5 | Statistical analyses

2.5.1 | α- Diversity and raw detections

All	analyses	were	performed	in	r	version	3.3.0.	(R	Core	Team,	2016).	
To	assess	the	response	of	the	entire	bird	community,	forest	specialists	
and	forest	insectivores	to	local	and	landscape	factors,	we	investigated	
α-	diversity	and	the	number	of	 total	counts	 (raw	detections)	of	 these	
three	 groups	 at	 the	 point-count	 scale.	 Statistical	 community-	level	
analyses	exist	that	explicitly	adjust	for	 imperfect	detection,	but	a	re-
cent	review	highlighted	their	high	uncertainty	rate	and	limited	value	for	
hyperdiverse	systems	(Banks-	Leite	et	al.,	2014).	Indeed,	detectability-	
adjusted	estimates	of	species	richness	showed	very	high	uncertainty,	
although	their	analysis	yielded	qualitatively	similar	results	as	using	raw	
numbers	(Chao′s	estimator,	Figure	S5	and	Table	S7).	Instead,	we	mini-
mized	bias	through	study	design	by	(1)	having	a	consistent	observer	for	
all	surveys,	 (2)	 including	time	of	day	in	the	analysis	and	(3)	excluding	
point	counts	with	high	acoustic	interference	from	cicadas.

First,	we	fitted	a	full	linear	mixed-	effects	model	to	the	α-	diversities	
(raw	 species	 richness)	 and	 total	 counts	 at	 the	 point	 count	 level	 for	
each	of	 these	groups	 (lme,	package	nlme,	version	3.1-	113,	Pinheiro,	
Bates,	DebRoy,	&	Sarkar,	2014;	following	Gras	et	al.,	2016).	This	model	

included	local	forest	type	(FORTYP),	fragment	area	in	ha	(AREA,	con-
tinuous	variable),	proportion	of	old-growth	forest	(OLDFOR),	propor-
tion	of	 total	 forest	amount	 (ALLFOR),	edge	distance	 (DIST),	altitude	
(ALT),	daytime	(TIME)	as	explanatory	variables.	To	test	whether	patch	
size	 effects	 are	mediated	 by	 landscape-	scale	 forest	 amount,	we	 in-
cluded	interactions	between	AREA	and	OLDFOR,	AREA	and	ALLFOR.	
As	an	initial	exploratory	analysis	revealed	potential	nonlinear	effects	
of	AREA,	DIST	 and	OLDFOR	 (function	 gamboost,	 package	mboost,	
version	2.3-	0,	Hothorn,	Buehlmann,	Kneib,	Schmid,	&	Hofner,	2012),	
we	log10-	transformed	AREA	and	DIST	and	included	a	quadratic	term	
for	 OLDFOR	 in	 further	 analysis.	 Continuous	 explanatory	 variables	
were	centred	and	standardized	to	 improve	the	 interpretability	of	re-
gression	coefficients.	We	included	fragment	ID	as	random	intercept,	
variance	functions	to	account	for	heteroscedasticity	(Table	S6)	and	a	
linear	spatial	correlation	structure	to	account	for	spatial	dependency	
of	 nearby	 fragments	 (corLin(form	=	~X + Y)).	 Models	 were	 checked	
with	VIFs	 and	diagnostic	 plots	 for	 residual	 normality,	 heteroscedas-
ticity	and	leverage.

Second,	the	models	were	simplified	by	retaining	those	predictors	that	
contributed	to	the	model,	as	indicated	by	an	AICc-	based	multimodel	in-
ference	framework	(“MuMIn”,	Bartoń,	2013).	Variables	and	their	interac-
tions	were	considered	important,	if	their	corresponding	95%	confidence	
intervals	excluded	0.	Third,	the	model	including	these	variables	and	inter-
actions	was	refitted	using	restricted	maximum	likelihood.	Significant	differ-
ences	of	forest	types	were	assessed	using	pairwise	post	hoc	comparisons	
on	the	final	model	(Tukey′s	test	function	glht,	package	multcomp,	version	
1.3-	6,	Hothorn,	Bretz,	Westfall,	&	Heiberger,	2008).	We	report	statisti-
cal	significance	from	the	final	model	using	ANOVA	type	II	(see	Table	1).	 
Model	residuals	for	α-	diversity	and	total	counts	did	not	show	any	spatial	
or	altitudinal	pattern	(Figure	S11).

As	ALLFOR	and	OLDFOR	were	correlated	(Pearson’s	r	=	.69),	we	
additionally	ran	the	model	selection	procedure	with	all	variables	but	
without	 ALLFOR,	 or	 without	 OLDFOR,	 respectively.	 However,	 this	
showed	that	the	results	were	robust	against	the	simultaneous	inclu-
sion	of	 both	 factors	 (Table	 S9).	 Last,	 to	 assess	 the	 scale	 of	 the	 for-
est	amount	effect,	we	repeated	these	analyses	at	with	ALLFOR	and	
OLDFOR	measured	at	r = 100 m and r	=	500	m.	However,	this	did	not	
improve	model	fit	(Table	S10).

2.5.2 | β- diversity

To	assess	whether	biotic	homogenization	was	strongest	among	small	
fragments	 surrounded	 by	 little	 old-growth	 forest	 (homogenization	
hypothesis),	we	assessed	beta-	diversity	as	a	 function	of	old-growth	
forest	amount	and	fragments	size.	We	first	categorized	the	fragments	
into	four	groups	based	on	their	size	(large	vs.	small)	and	the	landscape	
proportion	of	old	growth-forest	 (high	vs.	 low).	We	used	the	median	
proportion	of	old	growth-forest	(25.6%)	as	the	cut-	off	between	con-
nected	 and	 isolated	 fragments	 (25.6%)	 to	 ensure	 similar	 fragment	
numbers	per	group.

We	then	tested	whether	or	not	groups	differed	in	β-	diversity,	that	
is,	the	degree	of	variation	in	species	identities	among	fragments,	using	
multivariate	 tests	 of	 group	 dispersion	 in	 species	 space	 (Anderson,	
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Ellingsen,	&	McArdle,	2006;	but	see	Anderson	et	al.,	2011).	This	method	
allows	to	statistically	assess	the	degree	of	biotic	homogenization	among	
treatments	with	different	sample	sizes,	where	large	treatment-	wise	dis-
persion	indicates	a	large	variation	in	species	identities	among	fragments	
and	 thus	a	 low	species	overlap	between	 fragments	 (high	β-	diversity),	
and	small	values	indicate	small	variation	in	species	identities	and	thus	
community	 homogenization	 (function	 betadisper,	 package	 vegan,	
Oksanen	et	al.,	2013).	We	used	a	probabilistic,	null-	model-	based	mea-
sure	of	multivariate	dispersion	(Raup–Crick	dissimilarities),	which	con-
trols	for	differences	in	α-	diversity	among	sites,	and	can	be	interpreted	as	
the	probability	that	two	fragments	share	less	species	than	expected	for	
randomly	drawn	samples	of	their	joint	species	pool,	given	their	existing	
differences	in	richness	(Anderson	et	al.,	2011).	This	index	of	β-	diversity	
is	 independent	 of	 differences	 in	α-	diversity	 between	 groups	 and	has	
been	suggested	to	be	superior	to	classical	measures	of	β-	diversity	for	
samples	showing	little	species	overlap	(Anderson	et	al.,	2011).

We	pooled	the	first	three	point	counts	per	fragment	to	achieve	
equal	sampling	intensity,	but	analyses	based	on	the	walkabout	data-
set	yielded	qualitatively	the	same	results	(Figure	S12a).	We	accounted	

for	 the	 slightly	 unequal	 number	 of	 fragments	 per	 group	 by	 adjust-
ing	the	groupwise	mean	distance	to	the	group	median	with	a	sqrt(n/
(n−1))	 correction	 (n	=	number	 of	 sites	 per	 group,	 Stier,	 Geange,	
Hanson,	&	Bolker,	2013).	Significance	among	groups	was	calculated	
with	permutation	tests	(9,999	permutations	implemented	in	function	
betadisper).

2.5.3 | Community shift

To	test	for	 interactive	effects	of	fragment	size,	old	growth	and	sec-
ondary	 forest	 amount	 on	 deterministic	 changes	 in	 bird	 community	
abundances	 (biotic	homogenization	hypothesis),	we	used	a	commu-
nity	shift	index	(Mendenhall	et	al.,	2014).	This	index	ranges	from	0	to	
1	and	describes	how	the	abundances	within	an	avian	forest	fragment	
community	collectively	shift	compared	to	five	intact	reference	forests	
in	the	study	region	(Figure	2).	Small	CSI	values	indicate	an	intact	bird	
community	 similar	 to	 the	pristine	 reference	 forests,	whereas	values	
close	 to	1	 indicate	a	 strongly	altered	community.	Reference	 forests	
were	assumed	to	harbour	a	largely	undisturbed	bird	community	and	

TABLE  1 Model	summary	for	the	best	linear	mixed-	effects	models	predicting	total	counts	and	α-	diversity	per	point	count,	for	all	birds,	
forest	birds	and	insectivorous	forest	birds,	respectively.	Significant	variables	are	indicated	in	bold.	Comparisons	of	forest	types	are	based	on	
Tukey′s	post	hoc	tests

Total counts α- Diversity

Estimate SE p Estimate SE p

All	species

Intercept 12.81 0.35 .00 11.00 0.33 .00

Daytime −0.71 0.32 .03 −0.71 0.26 .01

Forest	species

Intercept 4.46 0.48 .00 3.77 0.35 .00

Forest	type

Old	growth—sel.	logged 1.16 0.57 .10 0.83 0.42 .11

Secondary—sel.	logged −0.98 0.56 .18 −0.64 0.41 .27

Secondary—old	growth −2.15 0.45 .00 −1.47 0.35 .00

Edge	distance 0.76 0.21 .00 0.65 0.17 .00

Old-growth	forest	% — — — 0.20 0.15 .20

Daytime −0.60 0.20 .00 −0.48 0.15 .00

Old-growth	forest	%	×	area — — — −0.34 0.13 .01

Forest	insectivores

Intercept 3.51 0.37 .00 2.72 0.28 .00

Forest	type

Old	growth—sel.	logged 0.33 0.44 .73 0.29 0.33 .64

Secondary—sel.	logged −0.85 0.40 .09 −0.55 0.30 .16

Secondary—old	growth −1.17 0.34 .00 −0.85 0.26 .00

Area 0.37 0.22 .10 0.25 0.16 .13

Edge	distance 0.53 0.18 .00 0.44 0.13 .00

Old	growth	% 0.30 0.20 .14 0.22 0.13 .10

Altitude 0.30 0.16 .07 — — —

Daytime −0.44 0.15 .00 −0.33 0.11 .00

Old	growth	%	×	area −0.36 0.15 .02 −0.31 0.11 .01
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were	evenly	spread	 in	the	study	region,	with	three	reference	forest	
in	the	upper	and	two	in	the	lower	altitudinal	band.	We	acknowledge	
that	even	these	reference	fragments	are	relatively	small	when	com-
pared	 to	 the	original	 tracts	of	contiguous	 forest	 that	existed	 in	 this	
system	and	may	represent	a	shifted	baseline.	Thus,	our	results	should	
be	considered	conservative	estimates	because	effect	sizes	might	be	
even	larger	compared	to	true	past	baselines.

The	community	shift	index	(CSI)	was	defined	as

where	CSIi	is	the	community	shift	index	for	fragment	i	out	of	n	frag-
ments,	k	is	the	number	of	reference	forests,	and	Dij	is	the	observed	dis-
similarity	between	fragment	i	and	reference	forest	j.	In	particular,	we	
used	Chao’s	dissimilarity	index,	an	abundance-	based	index	taking	into	
account	imperfect	detection	(Chao,	Chazdon,	&	Shen,	2005;	Oksanen	
et	al.,	2013).

Following	 the	above	equation,	we	 first	 calculated	 the	mean	dis-
similarity	of	every	forest	fragment	to	five	large	and	(near-	)	pristine	ref-
erence	forests,	using	the	walkabout	dataset	(indicated	by	dotted	blue	
circles	in	Figure	2).	Using	the	aggregated	point	count	dataset	did	yield	

similar	results	(Figure	S12b).	Finally,	we	standardized	mean	dissimilar-
ity	per	fragment	by	dividing	through	its	maximum	value.

Using	 a	 glm,	 we	 then	 tested	whether	 patch	 size	 effects	 on	 CSI	
were	 mediated	 by	 landscape-	scale	 forest	 amount.	 The	 CSI	 was	 the	
response	 variable,	 fragment	 area	 (AREA),	 proportion	 of	 old-growth	
forest	(OLDFOR),	proportion	of	all	forest	(ALLFOR)	and	altitude	(ALT),	
AREA	×	OLDFOR	and	AREA	×	ALLFOR	the	predictors.	Predictor	values	
were	averaged	across	the	corresponding	point	counts.	We	also	included	
the	 total	 abundance	 of	 birds	 per	 fragment	 as	 predictor	 (Mendenhall	
et	al.,	2014),	as	Chao	dissimilarity,	and	thus,	 the	CSI	 is	 influenced	by	
abundance.	Model	residuals	did	not	show	any	spatial	autocorrelation	
(Figure	S11).	Model	selection	was	accomplished	as	for	plot-	based	anal-
yses,	but	by	mandatorily	retaining	abundance	in	all	models.

3  | RESULTS

We	 sampled	 6,906	 individuals	 representing	 223	 different	 bird	 spe-
cies.	The	209	point	counts	yielded	2,520	bird	individuals,	189	species	
including	31	singletons	 (cumulative	time	=	2,508	min).	A	total	of	977	
individuals	 from	 76	 species	 were	 forest	 specialists	 (14	 singletons),	
including	45	forest	insectivore	bird	species	(645	individuals,	8	single-
tons).	The	49	walkabouts	 totalled	5,825	min	and	yielded	4,386	 indi-
viduals	of	216	species	(26	singletons),	with	1,622	individuals	and	83	
species	being	forest	specialists	(10	singletons).	About	82%	(182)	of	the	
species	were	detected	with	both	methods	(Table	S4	and	Figure	S5a).

3.1 | α- Diversity and raw detections

Overall,	α-	diversity	and	raw	counts	for	the	entire	bird	community	were	
unaffected	by	 landscape	composition	and	configuration	 (Table	1).	 In	
contrast,	forest	specialists	and	forest	insectivores	showed	three	dis-
tinct	patterns:	 first,	 landscape-	wide	old-growth	 forest	and	fragment	
size	significantly	interacted;	forest	specialists	and	forest	insectivores	
α-	diversity	decreased	by	c.	40%	in	small	fragments	compared	to	large	
fragments,	 but	 only	 within	 old-growth	 poor	 landscapes	 (Figure	2,	
Table	1).	Contrastingly,	small	fragments	in	old-growth	rich	landscapes	
retained	 α-	diversity	 comparable	 to	 large	 fragments	 (Figure	2,	 Table	
1).	This	pattern	was	mirrored	by	forest	insectivore	raw	detections:	c. 
40%	fewer	forest	insectivores	were	seen	during	point	counts	in	small,	
isolated	fragments	compared	to	small	connected	or	 large	fragments	
(Figure	S8).	Importantly,	the	total	forest	cover	was	not	retained	in	any	
analysis.	 Second,	 old-growth	 forest	 harboured	24%	more	 forest	 in-
sectivore	 species	 at	 the	plot	 level	 than	 secondary	 forests	 (richness:	
2.96	±	0.16	vs.	2.21	±	0.20,	p	=	.016;	Figure	2,	Table	1).	Third,	forest	
insectivore	α-	diversity	decreased	substantially	 in	proximity	to	edges	
(p	<	.001	 in	both	cases,	Figure	2,	Table	1).	For	example,	1.92	±	0.16	
species	 were	 found	 on	 average	 per	 plot	 at	 25	m	 edge	 distance,	
while	 this	 increased	 to	 3.00	±	0.27	 species	 at	 200	m	 edge	 distance	
(Figure	2).

Importantly,	we	found	no	significant	effect	of	the	total	forest	cover	on	
abundance	and	richness	at	the	plot	level;	variable	importance	of	ALLFOR	
never	 exceeded	 0.5	 in	 any	model.	Models	 including	OLDFOR	 always	

CSIi=
1

k
∗

k
∑

j=1

Dij

F IGURE  2 Effects	of	(a)	forest	type	within	the	point	count,	(b)	the	
percentage	of	all	forest	within	1,000	m	(c)	distance	to	the	nearest	
forest	edge	and	(d)	fragment	size	and	percentage	of	old-growth	forest	
within	1,000	m	radius	on	α-	diversity	of	avian	forest	insectivores	per	
point	count.	Note	that	the	entire	forest	bird	community	and	raw	
counts	responded	similarly.	Lines	and	solid	dots	are	predictions,	
whiskers	and	red	bands	depict	the	95%	confidence	intervals,	
and	grey	dots	are	partial	residuals.	In	(d),	small	and	large	refer	to	
predictions	for	fragments	of	2.5	and	100	ha	size,	respectively.	Effects	
in	(a),	(c)	and	(d)	are	significant	at	α	=	0.05	
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considerably	 outperformed	 the	 corresponding	 model	 with	 ALLFOR	
(ΔAICc	>	2	for	in	all	comparisons	and	for	all	responses,	Table	S9).

3.2 | β- Diversity

The	four	landscape	groups	differed	significantly	in	β-	diversity	(ANOVA:	
df	=	3,45;	 F	=	6.74;	 p	<	.001).	 Generally,	 large	 connected	 fragments	
showed	the	highest	β-	diversity,	followed	by	large	isolated,	small	con-
nected	and	finally	small	isolated	fragments.	Importantly,	β-	diversity	in	
small	 isolated	 fragments	was	 significantly	 reduced	by	86%,	83%	and	
83%	compared	to	large	connected,	large	isolated	and	small	connected	
fragments,	respectively	(Figure	3a,	Table	2),	indicating	biotic	homogeni-
zation.	In	contrast,	pairwise	differences	in	β-	diversity	among	the	other	
three	fragment	categories	were	not	statistically	significant	(Table	2).

3.3 | Community shift

The	only	important	variable	influencing	community	shift	was	the	pro-
portion	of	old-growth	forest	(variable	weight	=	1).	The	CSI	decreased	
significantly	with	increasing	proportion	of	old-growth	forest	(ANOVA:	
χ2	=	36.21,	 df	=	1,	 p	<	.001),	 indicating	 that	 bird	 communities	 were	
highly	similar	to	pristine	forest	at	high	proportions	of	old-growth	for-
est,	irrespective	of	fragment	size	(Figure	3b).

4  | DISCUSSION

We	found	three	key	results;	first,	there	were	significantly	fewer	spe-
cies	 and	 individuals	 of	 forest	 specialists	 and	 forest	 insectivores	 in	

small	fragments,	but	this	only	occurred	at	low	amounts	of	old-growth	
forest	within	 the	 landscape.	Thus,	 there	were	not	only	 locally	more	
forest	species	and	insectivores	in	old-growth	forest	(c.	32%	increase	
in α-	diversity),	 but	 this	 effect	was	 amplified	 at	 the	 landscape	 level.	
Importantly,	 secondary	 forest	did	not	have	any	capacity	 to	mediate	
these	negative	effects	of	small	fragment	size	in	our	study	landscape.

Second,	high	amounts	of	old-growth	forest	also	curbed	biotic	ho-
mogenization;	β-	diversity	for	the	entire	bird	community	collapsed	by	
85%	in	small	fragments,	but	again,	only	at	low	amounts	of	old-growth	
forest	in	the	landscape.	Third,	the	community	shift	index	suggests	that	
changes	in	the	amount	of	old-growth	forest	in	the	landscape,	but	not	of	
secondary	forest	or	reduced	fragment	size,	caused	abundance-	based	
community	shifts	and	thus	predictable	avian	community	reassembly.	
Thus,	 species	 composition	was	 restructured	 substantially	when	old-
growth	 forest	 cover	 declined,	 even	within	 large	 fragments.	 Overall,	
this	shows	that	retaining	old	growth	within	HMTLs	is	crucial	for	lim-
iting	 loss	of	 forest	 specialist	α-	diversity,	community	homogenization	
and	avian	community	shifts.	Finally,	we	demonstrate	 that	 landscape	
composition	and	fragment	size	synergistically	shape	the	trajectory	of	
biotic	communities	in	HMTLs.

The	 three	 complementary	 lines	 of	 evidence	 we	 provide	 
(α-	diversity,	 β-	diversity,	 community	 shifts)	 constitute,	 to	 our	 knowl-
edge,	some	of	the	first	empirical	evidence	for	the	importance	of	not	
simply	retaining	forest	habitat,	but	prioritizing	old-growth	forest	con-
servation	within	tropical	landscapes.	High	landscape-	scale	proportions	
of	old	growth,	but	not	of	secondary	forests,	provided	a	“subsidy-	effect”	
which	extended	to	the	landscape	level	to	mitigate	negative	fragmen-
tation	effects	in	nearby	small	fragments.	These	benefits	persist	even	
50	years	after	large-	scale	deforestation	occurred.	Despite	the	fact	that	

FIGURE  3 β-	Diversity	and	community	shift	of	the	entire	bird	community	in	forest	fragments.	(a)	Boxplots	of	β-	diversity	measured	as	community	
dispersion	based	on	Raup–Crick	distances.	Fragments	groups:	large	with	high	amount	of	old-growth	forest	(LH),	large	with	low	amount	of	old-
growth	forest	(LL),	small	with	high	amount	of	old-growth	forest	(SH)	and	small	with	low	amount	of	old-growth	forest	(SL).	(b)	Avian	community	shift	
in	forest	fragments	compared	to	pristine	forest	as	a	function	of	the	percentage	of	old	forest	within	1,000	m.	Shown	are	predictions	(black	solid	line),	
the	95%	confidence	interval	(red)	and	partial	residuals	(grey	dots)	for	the	best	model.	High	values	represent	a	strong	community	shift	and	low	values	
high	similarity	to	pristine	forest.	**	indicates	significance	at	α	=	0.01	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

(a) (b)

www.wileyonlinelibrary.com
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successional	pathways	and	species	communities	of	secondary	forest	
fragments	 can	 be	 highly	 variable	 depending	 on	 forces	 operating	 at	
multiple	 spatio-	temporal	 scales	 (Arroyo-	Rodríguez	et	al.,	 2017),	 sec-
ondary	forests	were	generally	of	inferior	conservation	value	than	old-	
growth	forest	in	our	study.

Although	 previous	work	 has	 revealed	 shifts	 in	 community	 com-
position,	α-		and	β-	diversity	in	tropical	countrysides	around	the	world	
(e.g.	Barlow	et	al.,	2007;	Carrara	et	al.,	2015;	Mendenhall	et	al.,	2014;	
Morante-	Filho,	 et	 al.,	 2016;	 Morante-	Filho,	 Faria,	 Mariano-	Neto,	 &	
Rhodes,	 2015),	we	 separate	 the	 relative	 contributions	 of	 landscape	
composition	and	fragment	size	to	show	that	they	can	synergistically	
affect	ecological	changes	in	tropical	countrysides.

We	 suggest	 two	 explanations	 for	 this	 old-growth	 rescue	 effect:	
first,	 optimal	 foraging	 theory	 (MacArthur	 &	 Pianka,	 1966)	 predicts	
that	 if	 moving	 between	 fragments	 is	 associated	 with	 elevated	 risk	
(e.g.	 predation)	 or	 if	 small	 isolated	 fragments	 exhibit	 prey	 paucity,	
spatial	 proximity	 of	 old	 growth	 may	 enable	 individuals	 to	 include	
nearby	small	 fragments	 in	their	foraging	territory	 (landscape	supple-
mentation,	Dunning,	Danielson,	Pulliam,	&	Ecology,	1992);	small	 iso-
lated	fragments,	on	the	other	hand,	may	be	too	“costly”	to	visit.	This	
idea	 is	 supported	by	 the	 finding	 that	 small	 fragments	were	 increas-
ingly	used	by	forest	specialist	birds	when	they	were	physically	linked	
to	nearby	 large	 forests	by	wooded	corridors	 (Kormann	et	al.,	2016).	
Alternatively,	nearby	old-growth	forest	may	substantially	contribute	to	
the	landscape-	wide	pool	of	colonizers,	thereby	reducing	local	extinc-
tions	 and	 increasing	 recolonization	 of	 vacant	 fragments	 (“landscape	
species	pool	hypothesis”	Tscharntke	et	al.,	2012).	Indeed,	in	our	study	
region,	 decreased	 fragment	 size	 has	 been	 associated	with	 elevated	
community	 turnover	 and	 increased	 adult	 mortality	 for	 birds	 in	 our	
study	area	 (Borgella	&	Gavin,	2005;	Ruiz-	Gutiérrez,	Gavin,	&	Dhont,	
2008).	Taken	 together,	 this	 suggests	 that	 large	 tracts	 of	 old-growth	
forest	are	likely	net	exporters	of	many	forest	specialist	species,	while	
small	fragments	are	not.	Further,	under	this	hypothesis,	the	fact	that	
we	found	no	capacity	of	secondary	forest	to	provide	a	rescue	effect	
from	fragmentation	is	not	surprising,	given	that	secondary	forests	har-
boured	40%	less	forest	specialists	than	old-growth	forest.

Fragment	size	and	landscape	composition	did	not	alter	α-	diversity	
of	the	entire	bird	community	(compensatory	dynamics	sensu	Supp	&	
Ernest,	2014).	Thus,	if	we	had	focused	on	overall	α-	diversity	only,	we	
would	wrongly	have	concluded	that	HML	bird	communities	do	not	ex-
perience	edge	effects	and	are	insensitive	to	altered	fragment	size	and	
landscape	composition.	However,	the	50%	collapse	in	forest	birds	in	
small,	 isolated	fragments	underpins	that	overall	α-	diversity	 is	a	poor	

descriptor	of	anthropogenic	effects	on	communities.	In	line	with	the	
“fragmentation	 threshold	 hypothesis”	 (Andrén,	 1994)	 and	 empirical	
work	 (Betts,	 Forbes,	 &	 Diamond,	 2007;	 Betts,	 Forbes,	 Diamond,	 &	
Taylor,	2006),	we	thus	report	that	negative	fragmentation	effects	on	
habitat	specialists	are	enhanced	at	 low	levels	of	habitat	amount	and	
that	modification	of	native	habitat	may	not	primarily	decrease	species	
richness	or	overall	abundance,	but	rather	induce	community	shifts	to-
wards	generalist	“winner”	species	(e.g.	Tabarelli	et	al.,	2012).

Our	 data	 strongly	 support	 the	 “homogenization	 hypothesis”,	 as	
we	 found	 strong	 evidence	 that	 the	 reduction	 of	 fragment	 size	 and	
total	 cover	 of	 old-growth	 forest	 lead	 to	 reduced	 β-	diversity.	To	 our	
knowledge,	 our	 study	 is	 among	 the	 first	 to	 demonstrate	 interactive	
effects	 of	 forest	 amount	 and	 configuration	 on	 β-	diversity.	 In	 accor-
dance	with	the	“landscape	species	pool	hypothesis”	(Tscharntke	et	al.,	
2012),	these	results	support	the	idea	that	avian	communities	in	small,	
connected	fragments	are	subsidized	more	often	and	by	a	broader	di-
versity	of	 immigrants	 from	nearby	old-growth	 forest,	whereas	 small	
isolated	fragments	only	recruit	individuals	from	a	restricted	landscape-	
wide	species	pool.	In	contrast,	our	data	do	not	support	the	“biotic	dif-
ferentiation	hypothesis	“	(Arroyo-	Rodríguez	et	al.,	2013).	Rather,	over	
the	long-	term	(50	years	post-	fragmentation)	small	isolated	fragments	
appear	to	harbour	a	small,	depauperate	subset	of	generalists.

Further,	 our	 results	 also	 shed	 new	 light	 on	 the	 “dominance	 of	β-	
diversity	hypothesis”	(sensu	Tscharntke	et	al.,	2012),	which	states	that	
although	α-	diversity	may	decrease	when	fragment	size	decreases,	com-
munities	will	diverge	between	fragments,	and	the	resulting	increase	in	
β-	diversity	may	even	compensate	for	negative	impacts	of	reduced	alpha	
diversity	 on	 gamma	 diversity	 (Morante-	Filho,	 et	al.,	 2016;	 Morante-	
Filho,	et	al.,	2015;	Solar	et	al.,	2015;	Tscharntke	et	al.,	2012).	Our	results	
suggest	that	this	compensation	effect	can	be	moderated	by	landscape	
composition	(i.e.	availability	of	old-growth	forest	in	the	landscape).

Paralleling	the	landscape	effects,	we	found	that	α-	diversity	of	the	
entire	 bird	 community	 for	 edge	 and	 interior	 plots	 was	 surprisingly	
similar,	whereas	forest	specialist	dropped	by	33%	from	25	to	200	m	
edge	 proximity	 (and	 −40.5%	 for	 forest	 insectivores).	 This	 suggests	
that	 forest	 species	were	 largely	 substituted	by	more	generalist	 spe-
cies	in	edge	proximity,	a	pattern	that	has	for	example	been	observed	
in	 trees	 (Laurance	et	al.,	2006),	arthropods	 (Ewers	&	Didham,	2008)	
and	birds	in	Brazil	(Banks-	Leite,	Ewers,	&	Metzger,	2010).	About	60%	
of	forest	 in	the	study	region	and	20%	of	the	remaining	global	forest	
cover	are	 less	 than	100	m	away	 from	the	next	 forest	edge	 (Haddad	
et	al.,	2015;	Zahawi	et	al.,	2015).	Edge	effects	similar	to	the	ones	ob-
served	here	could	therefore	cause	tremendous	changes	in	community	

TABLE  2 Effect	of	fragment	type	on	β-	diversity,	measured	as	community	dispersion	based	on	Raup–Crick	distances.	Shown	are	
permutational	p-	values	(9,999	permutations)	for	pairwise	comparisons	between	small	isolated,	small	connected,	large	isolated	and	large	
connected	fragments.	Isolated	and	connected	refer	to	fragments	with	<25%	and	>25%	old	forest	at	the	landscape	scale,	respectively.	Small	
fragments	were	<5	ha,	large	fragments	>35	ha.	Significant	values	are	indicated	in	bold

Large isolated Small connected Small isolated

Large	connected 0.533 0.116 <0.001

Large	isolated 0.447 <0.001

Small	connected <0.001
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composition,	trophic	interactions	and	potentially	ecosystem	functions	
in	the	Coto	Brus	area	and	tropical	regions	globally.

Until	 now,	 combined	 effects	 of	 changes	 in	 forest	 composition,	
disturbance	and	configuration	on	the	conservation	value	of	HMTLs	
remained	 unclear,	 which	 critically	 restricts	 conservation	 planning.	
We	show	that	 future	policy	 interventions	such	as	REDD+	will	have	
to	(1)	go	beyond	simply	the	maintenance	of	forest	cover	to	prioritize	
old-growth	forest	conservation	and	 (2)	 take	 into	account	 landscape	
configuration.	Although	small	forest	remnants,	which	are	among	the	
most	abundant	tropical	landscape	elements,	can	harbour	bird	species	
found	in	pristine	forests—this	only	occurs	given	a	high	proportion	of	
proximal	 old-growth	 forest.	 Changes	 in	 α-	diversity,	 β-	diversity	 and	
resulting	 community	 shifts	 at	 low	old-growth	 amounts	 extend	pre-
vious	 calls	 on	 the	 importance	 of	 old-growth	 forest	 for	 biodiversity	
conservation	within	HMTL	(Gibson	et	al.,	2011;	Laurance	et	al.,	2012;	
Powell,	Cordeiro,	et	al.,	2015;	Powell,	Wolfe,	et	al.,	2015).	Although	
regenerating	forest	 in	biologically	depauperate	 landscapes	can	sub-
stantially	bolster	conservation	value	of	these	sites,	our	data	caution	
against	potentially	misleading	expectations	that	moderately	modified	
HMTLs	with	abundant	secondary	forest	may	represent	a	panacea	for	
the	conservation	of	tropical	biodiversity.	Instead,	conservation	efforts	
in	HMTL	should	focus	on	safeguarding	large	tracts	of	old-growth	for-
est	and	insure	that	potential	disturbance	thresholds	are	not	crossed.
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