
J Appl Ecol. 2018;1–12.	 wileyonlinelibrary.com/journal/jpe	 	 | 	1© 2018 The Authors. Journal of Applied Ecology 
© 2018 British Ecological Society

 

Received:	22	July	2017  |  Accepted:	6	December	2017
DOI:	10.1111/1365-2664.13074

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

Mapping extinction debt highlights conservation opportunities 
for birds and mammals in the South American Chaco

Asunción Semper-Pascual1  | Leandro Macchi1,2 | Francesco Maria Sabatini1 |  
Julieta Decarre3 | Matthias Baumann1 | Pedro G. Blendinger2 | Bibiana Gómez-Valencia4 |  
Matías E. Mastrangelo5 | Tobias Kuemmerle1,6

1Geography	Department,	Humboldt-Universität	zu	Berlin,	Berlin,	Germany;	2Instituto	Ecología	Regional	(IER),	CONICET	-	Universidad	Nacional	de	Tucumán,	
Tucumán,	Argentina;	3Centro	de	Investigación	en	Recursos	Naturales	(CIRN-IRB),	Instituto	Nacional	de	Tecnología	Agropecuaria	(INTA),	Córdoba,	Argentina;	4Grupo 
de	Estudios	de	Sistemas	Ecológicos	en	Ambientes	Agrícolas,	Facultad	de	Ciencias	Exactas	y	Naturales,	Universidad	de	Buenos	Aires,	Buenos	Aires,	Argentina;	
5CONICET	-	Grupo	de	Estudios	de	Agroecosistemas	y	Paisajes	Rurales	(GEAP),	Universidad	Nacional	de	Mar	del	Plata,	Mar	del	Plata,	Buenos	Aires,	Argentina	and	
6Integrative	Research	Institute	on	Transformations	of	Human-Environment	Systems	(IRI	THESys),	Berlin,	Germany

Correspondence
Asunción	Semper-Pascual
Email:	asuncion.semper.pascual@ 
geo.hu-berlin.de

Funding information
Deutsche	Forschungsgemeinschaft,	Grant/
Award	Number:	Project	KU	2458/5-1;	
German	Ministry	of	Education	and	Research,	
Grant/Award	Number:	031B0034A

Handling	Editor:	Cristina	Banks-Leite

Abstract
1.	 Habitat	loss	is	the	primary	cause	of	local	extinctions.	Yet,	there	is	considerable	un-
certainty	regarding	how	fast	species	respond	to	habitat	loss,	and	how	time-delayed	
responses	vary	in	space.

2.	 We	focused	on	the	Argentine	Dry	Chaco	(c.	32	million	ha),	a	global	deforestation	
hotspot,	and	tested	for	time-delayed	response	of	bird	and	mammal	communities	to	
landscape	transformation.	We	quantified	the	magnitude	of	extinction	debt	by	mod-
elling	contemporary	species	richness	as	a	function	of	either	contemporary	or	past	
(2000	and	1985)	landscape	patterns.	We	then	used	these	models	to	map	communi-
ties’	extinction	debt.

3.	 We	found	strong	evidence	for	an	extinction	debt:	landscape	structure	from	2000	
explained	contemporary	species	richness	of	birds	and	mammals	better	than	con-
temporary	and	1985	 landscapes.	This	suggests	 time-delayed	responses	between	
10	and	25	years.	Extinction	debt	was	especially	strong	for	forest	specialists.

4.	 Projecting	our	models	across	the	Chaco	highlighted	areas	where	future	 local	ex-
tinctions	due	to	unpaid	extinction	debt	are	likely.	Areas	recently	converted	to	agri-
culture	 had	 highest	 extinction	 debt,	 regardless	 of	 the	 post-conversion	 land	 use.	
Few	local	extinctions	were	predicted	in	areas	with	remaining	larger	forest	patches.

5.	 Synthesis and applications.	 The	 evidence	 for	 an	 unpaid	 extinction	 debt	 in	 the	
Argentine	Dry	Chaco	provides	a	substantial	window	of	opportunity	for	averting	local	
biodiversity	losses.	However,	this	window	may	close	rapidly	if	conservation	activi-
ties	 such	as	habitat	 restoration	are	not	 implemented	swiftly.	Our	extinction	debt	
maps	highlight	areas	where	such	conservation	activities	should	be	implemented.
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1  | INTRODUCTION

Populations	of	numerous	species	have	recently	undergone	rapid	de-
cline,	 leading	 to	 local	 extinctions	 (Ceballos	 et	al.,	 2015;	Pimm	et	al.,	
2014).	The	primary	cause	of	these	declines	has	been	land-	use	change,	
mainly	 through	 the	 loss,	 degradation	 and	 fragmentation	 of	 habitat	
(Ehrlich	&	Pringle,	2008;	Foley	et	al.,	2005).	Therefore,	understanding	
how	habitat	transformation	affects	 local	extinctions	 is	crucial	 to	un-
derstand	ongoing	community	changes	and	prevent	future	biodiversity	
loss.

Although	local	extinction	can	occur	immediately,	time	delays	be-
tween	 habitat	 transformations	 and	 biodiversity	 declines	 occur	 fre-
quently	(Essl	et	al.,	2015;	Kuussaari	et	al.,	2009).	Tilman,	May,	Lehman,	
and	Nowak	(1994)	introduced	the	term	“extinction	debt”	to	describe	
such	time-	delayed	responses,	defined	as	the	number	or	proportion	of	
extant	 species	predicted	 to	go	extinct	due	 to	past	 landscape	 trans-
formation.	 Extinction	 debt	 can	 be	 detected	 by	 comparing	 the	 rela-
tionship	 between	 landscape	 structure	 and	 current	 species	 richness.	
Evidence	for	an	extinction	debt	exists	when	past	landscape	structure	
explains	current	 richness	better	 than	current	 landscape	 structure.	A	
critical	assumption	behind	this	approach	is	that	species	richness	was	
in	equilibrium	before	landscape	transformation,	and	species	will	slowly	
disappear	 until	 the	 community	 reaches	 a	 new	 equilibrium	with	 the	
environment.

The	probability	and	duration	of	time-	delayed	responses	may	vary	
due	to	different	factors	(Kuussaari	et	al.,	2009;	Ovaskainen	&	Hanski,	
2002).	First,	the	magnitude	of	habitat	perturbation	may	influence	the	
pace	with	which	 species	 respond	 to	 landscape	 transformation	 (Lira,	
Ewers,	Banks-	Leite,	Pardini,	&	Metzger,	2012;	e.g.	species	may	survive	
longer	if	forests	are	only	thinned	compared	to	clear	cut).	Second,	the	
extent	 of	 habitat	 transformation	may	 influence	 the	 number	 of	 pre-
dicted	extinctions	(May	&	Lawton,	1995;	e.g.	if	habitat	loss	occurs	only	
locally,	species	may	move	to	remaining	patches	and	therefore	persist	
longer).	Finally,	species’	 traits	may	 influence	time-	delayed	responses	
(Metzger	 et	al.,	 2009;	 e.g.	 long-	lived	 species	 and	 habitat	 specialists	
are	more	 likely	 to	 show	delayed	 responses	 compared	 to	 short-	lived	
species	 and	 generalists).	Given	 this	variability	 in	 the	probability	 and	
duration	of	time-	delayed	responses,	 it	 is	essential	to	understand	the	
processes	 underlying	 such	 delays.	 In	 addition,	 understanding	 time-	
delayed	 responses	 is	 crucial	 from	 a	 conservation	 perspective,	 as	
documenting	 the	number	of	species	 found	 in	situ	without	consider-
ing	extinction	debt	might	 lead	 to	an	underestimation	of	 threat	 level	
(Hanski	&	Ovaskainen,	2002).	Most	importantly,	identifying	extinction	
debt	may	provide	a	window	of	opportunity	for	conservation	to	prevent	
extinctions	(e.g.	by	restoring	habitat	for	species	affected	by	extinction	
debt).

Even	 though	 time-	delayed	 responses	 to	 habitat	 transformation	
have	received	considerable	attention,	many	gaps	 in	our	understand-
ing	of	extinction	debt	remain.	For	example,	whereas	extinction	debt	
should	be	more	 likely	 to	occur	 in	 landscapes	undergoing	recent	and	
widespread	 habitat	 transformations	 (Hanski	 &	 Ovaskainen,	 2002),	
such	 as	 in	 tropical	 deforestation	 frontiers,	most	 studies	 so	 far	 have	
focused	on	regions	where	habitat	transformation	occurred	slowly	and	

gradually	(Helm,	Hanski,	&	Pärtel,	2006;	Herrault	et	al.,	2016;	Krauss	
et	al.,	2010;	Lindborg	&	Eriksson,	2004).	Most	extinction	debt	stud-
ies	so	 far	have	also	 focused	on	 relatively	small	areas	 (Chen	&	Peng,	
2017),	and	therefore,	extinction	debt	at	landscape-	to-	regional	scales,	
where	most	conservation	planning	takes	place,	is	weakly	understood.	
Additionally,	 there	 has	 been	 a	 strong	 focus	 on	 plants	 (Helm	 et	al.,	
2006;	Lindborg	&	Eriksson,	2004)	and	birds	(Brooks,	Pimm,	&	Oyugi,	
1999;	 Lira	 et	al.,	 2012;	Metzger	 et	al.,	 2009),	while	 the	 importance	
of	extinction	debt	for	other	threatened	taxa	(IUCN,	2016),	especially	
mammals,	remains	largely	unknown.

While	 identifying	 extinction	 debt	 provides	 an	 imperative	 to	 act,	
many	extinction	debt	studies	are	non-	spatial	and	thus	leave	the	ques-
tion	of	where	to	act	unanswered.	Very	few	studies	have	attempted	to	
map	extinction	debt	 (Chen	&	Peng,	2017;	Cowlishaw,	1999;	Soga	&	
Koike,	2013;	Wearn,	Reuman,	&	Ewers,	2012),	mostly	relying	on	spe-
cies–area	relationships	which	are	prone	to	overestimating	extinction	
rates	(He	&	Hubbell,	2011).	Here,	we	present	a	new	approach	for	map-
ping	extinction	debt	based	on	mapping	species	richness	in	the	current	
landscape	and	in	a	new,	future	equilibrium	after	relaxation.	Our	overall	
goal	was	 to	 investigate	 time-	delayed	responses	 in	bird	and	mammal	
communities	caused	by	landscape	transformation	in	the	Argentine	Dry	
Chaco,	 a	highly	dynamic	deforestation	 frontier.	To	 test	 for	 and	map	
extinction	 debt,	 we	 examined	 the	 influence	 of	 landscape	 structure	
on	contemporary	species	richness	 (2009–2015)	based	on	 landscape	
structure	 from	 three	 time	 periods	 (1985,	 2000	 and	 contemporary).	
Specifically,	we	explored	the	following	research	questions:

1. What	 are	 the	 relationships	 between	 contemporary	 richness	 of	
birds	 and	 mammals,	 and	 historical	 and	 contemporary	 landscape	
structure?

2. Are	 there	 differences	 in	 time-delayed	 responses	 to	 landscape	
transformation	between	birds	and	mammals,	and	between	forest-
dependent	species	and	the	entire	community?

3. Which	areas	of	the	Argentine	Dry	Chaco	are	 likely	to	experience	
local	extinctions	due	to	an	unpaid	extinction	debt,	and	how	does	
the	magnitude	of	this	extinction	debt	vary	across	space?

2  | MATERIALS AND METHODS

2.1 | Study area

Our	study	area	(Figure	1)	is	located	in	the	Gran	Chaco	region,	South	
America’s	 largest	 tropical	 dry	 forest,	 stretching	 into	 Argentina,	
Paraguay,	 Bolivia	 and	 Brazil	 (Bucher	 &	 Huszar,	 1999).	 Since	 the	
1990s,	and	especially	after	2000,	the	region	experienced	one	of	the	
highest	 deforestation	 rates	 world-	wide,	 mainly	 due	 to	 the	 expan-
sion	of	soybean	production	and	 industrial	cattle	 ranching	 (Baumann	
et	al.,	 2017;	Gasparri	&	Baldi,	 2013;	Grau,	Gasparri,	&	Aide,	 2005).	
The	Chaco	is	also	considered	a	biodiversity	hotspot,	harbouring	more	
than	400	birds,	150	mammals,	120	reptiles	and	100	amphibian	species	
(The	Nature	Conservancy	(TNC),	Fundación	Vida	Silvestre	Argentina	
(FVSA),	Fundación	para	el	Desarrollo	Sustentable	del	Chaco	(DeSdel	
Chaco)	&	Wildlife	Conservation	Society	Bolivia	 (WCS),	2005).	Given	
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the	high	biodiversity,	 the	high	 anthropogenic	 pressure	 and	 the	 lim-
ited	extent	of	protected	areas	(9%;	Nori	et	al.,	2016),	the	Chaco	is	in	
	urgent	need	of	conservation	action	(Kuemmerle	et	al.,	2017).

The	Chaco	can	be	subdivided	along	a	precipitation	gradient,	with	
the	Wet	 Chaco	 in	 the	 East	 (900–1,200	mm),	 the	Dry	 Chaco	 in	 the	
West	(450–700	mm)	and	a	transition	area	in	between	(700–900	mm;	
Cabrera	&	Willink,	1973).	We	focused	on	the	northern	Argentine	Dry	
Chaco	 (covering	c.	32	million	ha,	Figure	1),	an	area	characterized	by	
semi-	deciduous	xerophytic	forests,	with	interspersed	shrublands,	sa-
vannas	 and	 grasslands	 (Bucher	 &	Huszar,	 1999;	 Cabrera	 &	Willink,	
1973).	Much	of	the	area	has	recently	been	converted	to	pastures	and	
croplands	(Baumann	et	al.,	2017),	and	most	remaining	natural	forests	
and	grasslands	are	grazed	by	livestock	(Bucher	&	Huszar,	1999).

2.2 | Biodiversity data

We	used	extensive	field	data	available	from	previous	studies	on	birds	
(Decarre,	2015;	Macchi,	Grau,	Zelaya,	&	Marinaro,	2013;	Mastrangelo	
&	 Gavin,	 2012)	 and	 mammals	 (Decarre,	 2015;	 Gómez-	Valencia,	
2017).	For	both	taxa,	we	used	(1)	total	species	richness	and	(2)	forest-	
dependent	species	richness	as	our	response	variables.

Birds	were	surveyed	at	227	sites	between	2009	and	2013.	Each	
site	was	sampled	using	point	counts,	where	all	bird	 individuals	were	
identified	 to	 species	 level.	All	 species	 recorded	were	 classified	 into	
forest-	dependent	 (hereafter:	 forest	 species)	 and	 species	 preferring	
non-	forest	 environments	 (hereafter:	 non-	forest	 species)	 according	
to	our	own	field	experience	(Decarre,	2015;	Macchi	et	al.,	2013),	ex-
perts’	knowledge	(Torres,	Gasparri,	Blendinger,	&	Grau,	2014)	and	ex-
isting	literature	(del	Hoyo,	2015;	Ridgely	&	Tudor,	1994;	Short,	1975;	
Table	S1).	We	excluded	migratory	species	to	minimize	seasonal	effects.	

In	total,	we	included	212	bird	species	in	our	analyses	of	which	74	were	
forest	species	(Table	S1).	Because	the	number	of	point	counts	per	site	
varied	depending	on	the	study	(4,	6	and	9	point	counts),	we	calculated	
rarefied	richness	for	the	entire	community	and	for	the	forest	species	
using	sample-	based	rarefaction	curves	to	correct	for	uneven	sampling	
efforts.	We	rarefied	all	sites	to	the	smallest	sampling	effort	(i.e.	4	point	
counts)	using	the	vegan	package	in	r	(Oksanen	et	al.,	2016).	A	sample	
coverage	curve	 (Figure	S1)	suggests	that	rarefying	to	4	point	counts	
does	 only	marginally	 underestimate	 species	 richness	 as	 opposed	 to	
rarefying	and	extrapolating	to	6	or	9	point	counts,	a	conclusion	also	
supported	by	the	relationship	between	original	richness	and	estimated	
rarefied	richness	(Figure	S2).

Medium	and	 large-	bodied	mammals	were	 surveyed	 at	 226	 sites	
from	2012	to	2015,	using	camera	traps.	Sites	were	chosen	randomly,	
while	 avoiding	 trails.	Mammals	were	 classified	 into	 forest	 and	 non-	
forest	 species	 following	 expert	 recommendations	 (Decarre,	 2015;	
Gómez-	Valencia,	2017)	and	literature	(Canevari	&	Vaccaro,	2007).	We	
documented	a	total	of	26	mammal	species	in	the	study	area,	with	11	
forest	 species	 (Table	S2).	 Cameras	were	 active	 between	 9	 and	 153	
camera-	trap	nights	per	 site	 (M	=	43),	with	9,719	camera-	trap	nights	
in	total.	To	correct	for	differences	in	camera-	trap	nights	among	sites	
without	having	to	discard	substantial	amounts	of	data,	we	generated	
rarefaction	curves	following	Colwell	et	al.	(2012),	using	the	r	package	
iNEXT	(Hsieh,	Ma,	&	Chao,	2016).	Instead	of	rarefying	all	the	sites	to	
the	 lowest	sampling	effort,	this	method	allows	to	rarefy	sites	with	a	
high	number	of	camera-	trap	nights	and	extrapolate	sites	with	a	 low	
number	of	camera-	trap	nights	to	a	common	number	(i.e.	in	our	case	39	
and	40	camera-	trap	nights	for	the	entire	community	and	for	the	forest	
species	respectively,	which	represents	the	mean	number	of	camera-	
trap	nights,	 after	excluding	 the	outliers).	Since	 iNEXT	 cannot	handle	

F IGURE  1 Location	of	the	study	area	
in	(a)	South	America	and	(b)	Northern	
Argentina,	including	bird	and	mammal	
sampling	sites
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sites	with	identical	capture	records,	we	excluded	duplicate	sites	yield-
ing	a	final	sample	size	of	223	sites	for	the	entire	community	and	225	
for	forest	species.

Further	details	on	the	field	methods	are	provided	in	Appendix	S1,	
including	a	comparison	of	original	and	the	estimated	rarefied	richness	
(Figure	S2).

2.3 | Landscape variables

We	 selected	 two	 landscape	 predictors	 as	 proxies	 for	 habitat	 avail-
ability	 (percentage	 of	 forest,	 percentage	 of	 core	 forest)	 and	 three	
landscape	predictors	as	proxies	for	habitat	connectivity	 (percentage	
of	edge	between	forest	and	non-	forest	patches,	percentage	of	con-
nectivity,	aggregation	 index)	around	each	sampling	site	 (Table	1	and	
Table	S3).	We	estimated	these	five	landscape	predictors	for	each	time	
period,	i.e.	1985,	2000	and	contemporary	(Table	1),	based	on	different	
Landsat-	based	 land-	cover	data.	We	used	 the	Global	 Forest	Change	
map	 from	Hansen	 et	al.	 (2013)	 to	 derive	 contemporary	 (from	2009	
to	2013)	and	past	(2000)	forest	extent	and	configuration,	and	a	land-	
cover	map	from	Baumann	et	al.	(2017)	to	assess	past	(1985)	landscape	
configuration	 (Appendix	S2).	 Both	maps	 have	 a	 high	 accuracy	 (99%	
and	88%,	respectively)	and	comparing	the	estimated	forest	loss	areas	
for	 the	post-	2000	period	suggests	 that	both	maps	are	well-	aligned.	
Since	bird	data	were	collected	in	different	years	(from	2009	to	2013),	
we	 extracted	 contemporary	 landscape	 data	 for	 the	 specific	 year	
in	which	 a	 site	was	 sampled,	 thus	 accounting	 for	 land-	use	 changes	

during	the	sampling	period	(e.g.	sites	sampled	in	2009	were	related	to	
forest	cover	from	2009).	For	the	mammal	dataset	(sampled	between	
2012	and	2015),	we	used	forest	maps	from	2013	since	more	recent	
land-	cover	maps	were	not	available.

We	derived	landscape	data	in	a	circular	buffer	around	each	sam-
pling	site.	For	birds,	we	used	a	3-	km	radius	in	accordance	with	other	
studies	 testing	 the	 influence	 of	 landscape	 configuration	 on	 bird	
richness	 and	 abundance	 (Deconchat,	Brockerhoff,	&	Barbaro,	2009;	
Mastrangelo	&	Gavin,	 2014;	Mitchell,	 Lancia,	 &	Gerwin,	 2001).	 For	
mammals,	we	used	a	2-	km	radius,	which	represents	the	average	home	
range	sizes	of	medium	and	large	mammals	found	in	the	area	(Beisiegel	
&	Mantovani,	2006;	Canevari	&	Vaccaro,	2007;	IUCN,	2016;	Kasper,	
Soares,	&	Freitas,	2012;	Schai-	Braun	&	Hackländer,	2014).	We	used	
Morphological	Spatial	Pattern	Analysis	(Vogt	et	al.,	2007),	available	in	
the	GUIDOS	 software,	 and	SDMTools	 package	 (VanDerWal,	 Falconi,	
Januchowski,	 Shoo,	 &	 Storlie,	 2014)	 in	 r	 to	 derive	 landscape	 met-
rics.	To	 investigate	whether	 extinction	 debt	 is	 caused	 by	 landscape	
transformation	or	other	factors,	we	also	included	a	number	of	control	
variables	related	to	human	disturbance,	climate	and	water	availability	
that	 could	affect	birds	and	mammals	 in	 the	Dry	Chaco	 (Table	1	and	
Table	S3).

2.4 | Testing for extinction debt

Investigating	extinction	debt	 relies	on	 the	assumption	 that	 commu-
nities	 were	 in	 equilibrium	with	 the	 landscape	 before	 major	 habitat	

TABLE  1 Predictors	for	explaining	bird	and	mammal	richness	in	the	Chaco

Predictor by group Name Description

Landscape	structure

Extent	of	forest Forest Percentage	of	forest	in	the	buffer

Extent	of	core	forest Core Percentage	of	interior	area	of	forest	excluding	forest	perimeter	in	the	buffer

Extent	of	edge	between	forested	
and	non-	forested	patches

Edge Percentage	of	outside	perimeter	pixels	in	the	buffer

Extent	of	connectivity Connec Percentage	of	pixels	connecting	different	forest	patches	in	the	buffer

Aggregation Aggre Number	of	like	adjacencies	between	forest	patches,	divided	by	the	maximum	possible	
number	of	like	adjacencies	between	forest	patches,	multiplied	by	100	(to	convert	to	a	
percentage;	McGarigal,	2014)

Human	disturbance

Distance	to	big	settlements DistTown Euclidean	distance	(km)	to	the	closest	settlement	with	more	than	900	inhabitants

Distance	to	puestos DistPuesto Euclidean	distance	(km)	to	the	closest	puesto

Distance	to	paved	roads DistRoad Euclidean	distance	(km)	to	the	closest	paved	road

Density	of	non-	paved	roads DensRoad Density	of	non-	paved	roads	in	the	buffer	(km/km2)

Climate

Long-	term	temperature Temp Mean	temperature	(°C)	for	the	10	years	before	each	period	of	time	(1975–1985	for	
1985;	1990–2000	for	2000;	and	2000–2010	for	the	contemporary	period)

Long-	term	precipitation Prec Mean	precipitation	(mm)	for	the	10	years	before	each	period	of	time

Aridity Aridity Aridity	index	for	the	year	when	the	species	were	sampled

Water	availability

Density	of	rivers DensRiver Density	of	rivers	in	the	buffer	(km/km2)

Distance	to	water	bodies DistWater Euclidean	distance	(km)	to	the	closest	permanent	water	body
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perturbations	 occurred	 (Kuussaari	 et	al.,	 2009).	 Although	 degrada-
tion	 in	 the	Dry	Chaco	 started	 long	 ago,	major	 changes	 in	 the	 land-
scape	have	only	occurred	since	the	mid-	1990s	(Baumann	et	al.,	2017;	
Caldas,	 Goodin,	 Sherwood,	 Campos	 Krauer,	 &	 Wisely,	 2015).	 We	
therefore	assumed	an	equilibrium	state	at	the	beginning	of	our	study	
period.	We	 carried	 out	 two	 analyses:	 first,	we	 tested	 for	 the	 exist-
ence	of	 extinction	 debt	 separately	 for	 birds	 and	mammals.	 Second,	
we	mapped	the	magnitude	of	the	potential	extinction	debt	per	group.

To	 test	 for	 the	existence	of	 an	extinction	debt,	we	 first	 investi-
gated	the	relationships	between	contemporary	species	richness	and	
(1)	contemporary	landscape	predictors,	(2)	year-	2000	predictors,	and	
(3)	 year-	1985	 predictors	 (i.e.	 each	model	 only	 contained	 landscape	
predictors	 from	one	 time	period).	For	each	 time	period,	we	consid-
ered	 four	 response	variables:	 the	contemporary	 rarefied	 richness	of	
(1)	all	birds,	(2)	forest	birds,	(3)	all	mammals	and	(4)	forest	mammals.	
For	each	time	period	and	response	variable,	we	parametrized	models	
with	and	without	landscape	variables	to	investigate	whether	extinc-
tion	debt	was	 caused	by	 landscape	 transformation	or	 other	 factors	
(e.g.	 climate	 change;	Tables	S4	 and	 S5).	When	 two	 predictors	were	
collinear	(Spearman	correlation	coefficient	>0.6),	we	retained	the	vari-
able	with	the	most	ecologically	meaningful	relationship	with	species	
richness	 (Tables	S4	 and	 S5).	We	 standardized	 all	 predictors	 (M	=	0,	
SD	=	1)	 to	assess	 their	 relative	 importance	 (Schielzeth,	2010).	Since	
bird	data	were	from	different	sources,	we	controlled	for	varying	sam-
pling	designs	using	linear	mixed	models	that	included	the	categorical	
variable sampling design	 as	a	 random	 intercept,	using	 the	r	package	
nlme	 (Pinheiro,	 Bates,	 DebRoy,	 &	 Sarkar,	 2016).	 For	 the	 mammal	 
data,	we	used	simple	linear	models,	as	the	study	design	did	not	vary	
between	the	two	datasets.

When	analysing	 forest	 species,	 for	both	birds	and	mammals,	we	
used	a	two-	step	hurdle	modelling	approach	to	account	for	the	zero-	
inflation	caused	by	many	sites	without	forest	species.	We	first	mod-
elled	the	probability	of	forest	species	occurrence	(presence–absence	
data),	and	then	analysed	the	variation	in	the	number	of	forest	species	
for	sites	with	forest	species	(presence-	only	data).	We	fitted	our	data	
using	generalized	 linear	models	 (generalized	 linear	mixed	models	for	
the	forest	birds)	with	a	binomial	distribution	for	the	presence–absence	

model,	and	a	gamma	distribution	for	 the	presence-	only	model	using	
the	r	package	lme4	(Bates,	Maechler,	Bolker,	&	Walker,	2015).

Finally,	we	checked	for	the	existence	of	spatial	autocorrelation	by	
computing	the	semi-	variogram	of	the	residuals.	We	used	the	Akaike’s	
information	criterion	(AIC;	Burnham	&	Anderson,	2002)	to	determine	
which	 model	 explained	 species	 richness	 best,	 ranked	 models	 using	
ΔAIC,	considering	models	with	a	ΔAIC	<2	to	equally	be	supported.	We	
also	calculated	Akaike	weights	to	quantify	the	probability	of	each	can-
didate	model	of	being	the	best	model	(Wagenmakers	&	Farrell,	2004).	
For	the	hurdle	models,	we	calculated	AIC	by	adding	the	AICs	of	the	
two	individual	models	(Zuur	&	Ieno,	2016).

2.5 | Mapping extinction debt

To	map	extinction	debt	for	the	entire	community,	we	used	our	models	
to	predict	(1)	contemporary	total	species	richness	and	(2)	total	species	
richness	after	extinction	debt	has	been	paid	(Figure	2).	This	assumes	
that	communities	are	in	equilibrium	before	large-	scale	habitat	trans-
formation	(before	1990	in	our	case).	Following	land-	use	change,	spe-
cies	are	 lost	either	 immediately	or	gradually,	due	to	extinction	debt,	
until	 a	 new,	 future	 equilibrium	 is	 reached.	 The	 difference	 between	
the	old	and	new	equilibrium	represents	the	total	number	of	species	
going	extinct	as	a	consequence	of	land-	use	change,	whereas	the	dif-
ference	between	 contemporary	 richness	 and	 the	 future	 equilibrium	
represents	the	extinction	debt	(Figure	2).

To	 predict	 contemporary	 richness	 patterns,	 we	 used	 the	 model	
that	 explained	 contemporary	 biodiversity	 patterns	 as	 observed	 via	
bird	 counts	 and	mammal	 camera	 trapping	 best	 (i.e.	 the	model	with	
lowest	AIC;	hereafter:	best-	fitting	model,	Figure	3).	In	the	presence	of	
an	extinction	debt,	this	model	should	contain	historical	landscape	pre-
dictors.	We	then	project	the	same	best-	fitting	model	to	contemporary	
landscape	patterns	(i.e.	using	the	same	set	of	predictor	variables	and	
regression	 coefficients,	 but	 replacing	 historical	 landscape	 predictors	
with	contemporary	predictors).	This	predicts	the	total	number	of	spe-
cies	that	can	persist	in	the	new	landscape,	that	is	species	richness	from	
the	past	equilibrium	minus	those	species	lost	immediately	(and	there-
fore	not	in	our	dataset)	and	those	that	will	be	lost	due	to	extinction	

F IGURE  2 Species	can	be	lost	immediately	after	land-	use	change	or	with	a	time	delay.	Extinction	debt	refers	to	those	species	that	will	go	
extinct	in	the	future	(compared	to	now).	Extinction	debt	can	be	lower	than	the	total	number	of	species	lost	if	some	species	have	already	gone	
locally	extinct
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debt.	We	refer	to	this	as	the	future	equilibrium	(note	that	this	does	not	
include	the	effect	of	possible	future	habitat	transformation).	We	then	
calculate	extinction	debt	as	the	difference	between	predicted	contem-
porary	and	future	 total	 richness,	with	positive	differences	 indicating	
sites	where	local	extinctions	are	likely	to	happen.

Since	 the	 aim	 of	 our	 study	 was	 to	 investigate	 extinction	 debt	
caused	by	habitat	transformation,	we	used	the	best-	fitting	model	using	
only	landscape	variables	to	map	extinction	debt	(landscape	structure	
variables	 in	Tables	S4	and	S5).	We	 log-	transformed	the	variable	per-
cent of core forest	for	the	mammal	dataset	to	meet	the	assumption	of	
linearity	(we	had	not	log-	transformed	predictor	variables	when	testing	
for	extinction	debt	since	we	wanted	to	keep	models	comparable).	We	
developed	two	maps	showing	where	extinction	debt	is	likely	to	occur	
(one	for	birds	and	one	for	mammals)	at	300-	m	resolution,	which	re-
quired	us	 to	summarize	 landscape	variables	around	each	pixel	using	
3-	km	(birds)	or	2-	km	(mammals)	buffers	using	a	circular	moving	win-
dow.	To	facilitate	map	interpretation,	we	distinguished	the	following	
classes:	high	extinction	debt	(more	than	20%	of	contemporary	species	
richness	expected	to	go	extinct	because	of	past	 landscape	transfor-
mation)	and	low	extinction	debt	(5%–20%	expected	to	go	extinct).	In	
addition,	we	identified	stable	areas	(expected	increase	or	decrease	less	
than	5%)	and	colonization	areas	(expected	increase	more	than	5%).

3  | RESULTS

The	contemporary	total	species	richness	of	both	birds	and	mammals	
in	the	Argentine	Dry	Chaco	was	better	explained	by	models	based	on	
past	landscape	variables	compared	to	models	relying	on	contemporary	
landscape	variables.	Models	based	on	landscape	variables	from	2000	
were	consistently	selected	as	best-	fitting	models	(ΔAIC	<2,	Table	2),	for	
both	birds	and	mammals.	Models	based	on	landscape	predictors	from	
1985	performed	worse	than	models	containing	contemporary	predic-
tors	(Table	2).	Comparing	models	with	and	without	landscape	variables	
showed	that	 including	 landscape	variables	markedly	 improved	model	
fitting	for	the	best	models	(Table	2).	The	regression	coefficients	of	the	
landscape	variables	were	generally	higher	than	those	of	other	variables	
(Table	3),	with	the	percentage	of	core	forest	and	connectivity	showing	
the	strongest	effects.	Bird	and	mammal	richness	was	positively	related	
to	core	forest,	for	both	the	models	using	2000	and	contemporary	land-
scape	data;	however,	this	relationship	was	stronger	in	the	2000	model	

(Table	3	and	Figure	4).	Together,	these	results	suggest	that	contempo-
rary	species	 richness	of	 the	entire	communities	was	more	related	to	
past	(i.e.	year	2000)	than	contemporary	landscape	patterns.

Although	we	generally	found	the	same	pattern	when	investigating	
forest	species	only	(i.e.	predictors	from	2000	explained	contemporary	
forest	species	richness	better	than	predictors	from	the	contemporary	
period	 and	 1985,	 Table	2),	 these	 patterns	were	 even	 stronger	 than	
when	 considering	 the	 entire	 community.	 The	 contribution	 of	 land-
scape	 variables	 from	 2000	 was	 especially	 important	 for	 explaining	
contemporary	 species	 richness	of	 forest	 species	 (birds	AICw	=	1.00;	
mammals	AICw	=	0.96).

Our	 projections	 of	 extinction	 debt	 showed	 that	 for	 both	 birds	
and	mammals,	 areas	 recently	 deforested	 due	 to	 agricultural	 expan-
sion	 were	 most	 likely	 to	 experience	 future	 local	 bird	 and	 mammal	
extinctions	 (e.g.	 the	 Salta-	Santiago	 del	 Estero	 border	 or	 the	Chaco-	
Santiago	del	Estero	border;	Figure	5).	In	contrast,	few	future	local	ex-
tinctions	were	 expected	 in	 areas	with	 larger	 patches	 of	 forest	 such	
as	Copo	National	Park	(North	of	Santiago	del	Estero	Province)	or	the	
Impenetrable	(North	of	Chaco	Province).	Although	the	spatial	patterns	
of	extinction	debt	were	similar	across	birds	and	mammals,	the	magni-
tude	of	the	extinction	debt	was	higher	for	birds.	High	extinction	debt	
was	predicted	for	a	larger	area	for	birds	(5%	of	the	study	region)	than	
for	mammals	 (0.3%	 of	 the	 study	 region,	 Figure	5	 and	 Figure	S3).	 In	
	addition,	high	extinction	debt	for	birds	was	similar	in	areas	converted	
to	crops	and	pastures	 (Figure	6).	Low	extinction	debt,	both	for	birds	
and	for	mammals,	was	more	likely	to	occur	 in	forested	areas	around	
agricultural	fields	(Figures	5	and	6).

4  | DISCUSSION

Habitat	 loss	 and	 fragmentation	 threaten	 biodiversity	 globally,	 and	
understanding	 time-	delayed	 responses	 of	 communities	 to	 habitat	
transformation	might	help	to	counteract	future	extinctions.	We	found	
strong	 evidence	 for	 extinction	 debt	 for	 birds	 and	 mammals	 in	 the	
Argentine	Dry	Chaco,	but	also	that	this	extinction	debt	may	be	paid	
soon.	 Interestingly,	 relaxation	 time	 (i.e.	 the	 time	 needed	 to	 reach	 a	
new,	future	equilibrium)	was	similar	for	birds	and	mammals	(between	
10	and	25	years),	and	for	forest	specialists	and	the	entire	community.	
Additionally,	 extinction	 debt	 is	more	 likely	 to	 occur	 in	 areas	where	
agriculture	 has	 expanded	 recently,	 but	 its	magnitude	 is	 comparable	

F IGURE  3 Approach	followed	to	map	extinction	debt.	The	model	including	past	landscape	patterns	(our	best-	fitting	model,	M)	was	used	
to	predict	contemporary	species	richness.	The	same	model	was	then	projected	to	contemporary	landscape	patterns,	thus	predicting	species	
richness	in	the	new,	future	equilibrium	(new_EQ),	once	extinction	debt	has	been	fully	paid	(and	assuming	no	further	habitat	transformation).	The	
difference	in	the	number	of	species	between	the	contemporary	time	and	the	new	equilibrium	represents	the	extinction	debt
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across	systems	with	different	post-	deforestation	land	use	(e.g.	ranch-
ing	vs.	 cropping).	 In	 these	areas,	up	 to	56%	and	29%	of	 the	extant	
birds	and	mammals,	respectively,	may	go	locally	extinct	 if	conserva-
tion	actions	are	not	implemented	soon.

Past	landscape	structure	explained	contemporary	bird	and	mammal	
richness	 better	 than	 contemporary	 landscape	 structure,	 supporting	

the	hypothesis	of	time-	delayed	responses	to	habitat	transformation	in	
the	Chaco.	This	seems	reasonable	given	the	high	rate	of	habitat	trans-
formations	 in	deforestation	 frontiers	 (Baumann	et	al.,	2017;	Carlson	
et	al.,	2013;	Numata,	Cochrane,	Souza,	&	Sales,	2011)	and	 is	 in	 line	
with	 the	 few	 studies	 that	 have	 investigated	extinction	debt	 in	 such	
highly	dynamic	landscapes	(Lira	et	al.,	2012;	Metzger	et	al.,	2009).	Our	

TABLE  2 AIC,	ΔAIC	and	model	weights	(AICw)	for	all	candidate	models	(ranked	by	AIC).	Full	models	include	all	predictors,	noLS	models	
exclude	landscape	structure	predictors	and	null	models	do	not	include	any	predictors

All species Forest species

Model AIC ΔAIC AICw Model AIC ΔAIC AICw

Birds

Birds_2000_full 1,618.89 0.00 0.76 BirdsFor_2000_full 1,248.67 0.00 1.00

Birds_contemp_full 1,621.18 2.29 0.24 BirdsFor_contemp_full 1,260.31 11.65 0.00

Birds_1985_noLS 1,631.66 12.77 0.00 BirdsFor_1985_noLS 1,271.83 23.16 0.00

Birds_1985_full 1,635.25 16.36 0.00 BirdsFor_1985_full 1,273.85 25.19 0.00

Birds_2000_noLS 1,637.54 18.65 0.00 BirdsFor_2000_noLS 1,277.32 28.65 0.00

Birds_contemp_noLS 1,654.61 35.72 0.00 BirdsFor_contemp_noLS 1,313.04 64.37 0.00

Birds_null 1,684.00 65.10 0.00 BirdsFor_null 1,359.73 111.07 0.00

Mammals

Mam_2000_full 1,001.81 0.00 0.78 Mam_2000_full 503.05 0.00 0.96

Mam_contemp_full 1,005.06 3.25 0.15 Mam_contemp_full 509.36 6.32 0.04

Mam_1985_full 1,008.80 6.99 0.02 Mam_2000_noLS 520.76 17.72 0.00

Mam_1985_noLS 1,009.12 7.31 0.02 Mam_contemp_noLS 523.90 20.85 0.00

Mam_contemp_noLS 1,010.20 8.39 0.01 Mam_1985_full 529.75 26.70 0.00

Mam_null 1,011.76 9.95 0.01 Mam_1985_noLS 532.85 29.80 0.00

Mam_2000_noLS 1,014.76 12.95 0.00 Mam_null 546.09 43.05 0.00

TABLE  3 Parameter	estimates	of	the	two	best	models	(contemporary	and	2000	period	in	Table	2).	For	the	bird	models,	fixed	effects	
estimates	from	the	linear	mixed	models	are	shown.	For	the	mammal	models,	estimates	are	derived	from	linear	models.	All	variables	are	
standardized	to	0	mean	and	1	standard	deviation	for	comparison

Birds Mammals

Contemporary 2000 Contemporary 2000

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

Intercept 19.83 22.76,	16.91 19.03 22.05,	16.01 3.74 4.04,	3.45 3.74 4.04,	3.45

Core 2.87 4.62,	1.13 4.46 6.25,	2.66 0.79 1.29,	0.29 0.82 1.23,	0.41

Edge 1.15 2.69,	−0.39 0.75 2.13,	−0.64 −0.14 0.25,	−0.54 −0.19 0.11,	−0.49

Connec 3.30 4.82,	1.77 1.88 3.43,	0.33 0.18 0.56,	−0.21

DistTowns −1.02 0.31,	−2.34 −1.64 −0.29,	−2.98

DistRoads 0.49 1.85,	−0.87 1.79 3.46,	0.12 −0.06 0.32,	−0.44 0.13 0.52,	−0.25

DensRoads −1.00 0.15,	−2.16 −0.70 0.45,	−1.85 0.10 0.47,	−0.26 0.19 0.61,	−0.22

DistPuestos −0.66 0.68,	−2.00 0.41 1.99,	−1.16 −0.08 0.45,	−0.6

Temp 1.45 3.13,	−0.23

Prec −0.68 0.99,	−2.35 0.68 2.32,	−0.97 0.17 0.73,	−0.38

Aridity 2.01 3.58,	0.44 1.07 3.02,	−0.88 −0.32 0.05,	−0.69 −0.21 0.36,	−0.78

DensRivers 0.68 1.97,	−0.61 1.21 2.55,	−0.14

DistWater 1.47 2.93,	0.02 1.75 3.29,	0.21 −0.33 0.03,	−0.70 −0.24 0.18,	−0.65
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long-	term	forest-	cover	dataset	allowed	us	to	provide	upper	and	lower	
bounds	for	this	time	delay:	 landscape	patterns	from	2000	explained	
contemporary	 richness	 best,	 indicating	 that	 average	 relaxation	 time	
is	greater	 than	10	years,	but	contemporary	richness	was	not	associ-
ated	with	1985-	landscape	structure,	 suggesting	 that	 relaxation	 time	
is	 less	 than	 25	years.	Major	 landscape	 transformation	 in	 the	 Chaco	
landscape	began	only	at	the	end	of	the	20th	century	(Baumann	et	al.,	
2017;	Caldas	et	al.,	2015),	explaining	why	bird	and	mammal	communi-
ties	were	likely	still	in	equilibrium	in	1985.

The	time-	delayed	response	of	c.	10–25	years	we	found	is	similar	to	
those	found	in	other	studies	for	vertebrates.	For	example,	MacHunter,	
Wright,	 Loyn,	 and	 Rayment	 (2006)	 found	 an	 evidence	 of	 relaxation	
time	 for	 birds	 of	 22	years	 in	 southeastern	Australia.	 Similarly,	 Sales	
et	al.	 (2015)	 reported	 a	 time-	delayed	 response	 of	 11	years	 for	 a	
primate	 species	 in	Brazil.	An	 exception	 is	 the	work	 by	Brooks	 et	al.	
(1999),	who	estimated	relaxation	times	for	tropical	birds	of	>50	years	
using	species-	area	relationships.	Such	models,	however,	are	prone	to	
overestimate	extinction	risk	and	thus	extinction	debt	(He	&	Hubbell,	
2011).	The	relaxation	time	we	found	is	considerably	shorter	than	that	
found	 for	 plants	 (Helm	et	al.,	 2006;	Krauss	 et	al.,	 2010;	 Lindborg	&	
Eriksson,	2004)	which	can	exceed	a	century	(Vellend	et	al.,	2006).

Extinction	debt	did	not	vary	substantially	among	birds	and	mam-
mals.	Species-	specific	traits,	such	as	longevity,	home	range	size,	diet	
or	habitat	association,	may	influence	extinction	debt,	but	the	evidence	
remains	inconclusive	(Hylander	&	Ehrlén,	2013;	Kuussaari	et	al.,	2009).	
For	example,	Metzger	et	al.	(2009)	found	extinction	debt	for	birds	in	
the	Atlantic	 Forest	 but	 not	 for	 small	mammals,	while	 another	 study	
from	the	same	region	did	not	find	extinction	debt	for	either	taxa	(Lira	

et	al.,	2012).	Although	there	is	a	general	lack	of	information	on	the	lon-
gevity	of	many	species	we	studied,	a	likely	explanation	for	the	similar	
time	delays	we	 found	are	 relatively	 similar	 longevity	and	generation	
times	(e.g.	average	longevity	for	Chacoan	mammals	is	around	15	years	
(Bobick	&	Peffer,	1993;	Grzimek,	1990),	while	average	 longevity	 for	
Neotropical	birds	 is	around	10	years	(Snow	&	Lill,	1974).	Further	re-
search	is	needed	to	clarify	the	effect	of	longevity	or	other	traits	on	ex-
tinction	debt.	In	addition,	that	both	taxa	had	time-	delayed	responses	
to	landscape	transformation	suggests	both	birds	and	mammals	in	the	
Chaco	are	equally	habitat-	dependent.

While	we	 found	extinction	debt	both	 for	 forest	 species	and	 the	
entire	community,	support	was	stronger	for	forest	species.	This	can	be	
expected	and	supports	the	idea	that	assessing	only	specialist	species	
may	be	more	effective	for	detecting	extinction	debt	(Kuussaari	et	al.,	
2009).	On	the	other	hand,	reliably	classifying	species	into	forest	and	
non-	forest	specialists	is	challenging	in	tropical	dry	forests	and	savan-
nas	that	are	characterized	by	heterogeneous	landscapes	and	ecotones	
(Murphy	&	Lugo,	1986).	The	fact	that	we	found	extinction	debt	for	the	
bird	and	mammal	communities	as	a	whole	highlights	that	even	those	
species	not	strictly	linked	to	forests	may	still	critically	depend	on	the	
forest	(e.g.	anteaters	use	forest	patches	to	shelter	and	rest;	Quiroga,	
Noss,	Boaglio,	&	Di	Bitetti,	2016).	By	omitting	these	species,	extinc-
tion	debt	may	thus	be	underestimated.

Our	maps	of	unpaid	extinction	debt	in	the	Argentine	Dry	Chaco	in-
dicated	similar	spatial	patterns	for	both	birds	and	mammals,	but	differ-
ent	magnitudes.	Higher	extinction	debt	was	predicted	in	areas	where	
deforestation	has	been	most	drastic	recently.	These	areas	were	mostly	
classified	as	having	high	extinction	debt	for	birds	but	 low	extinction	

F IGURE  4 Correlation	between	contemporary	(a)	bird	and	(b)	mammal	richness	and	contemporary	and	past	(2000)	percentage	of	core	forest.	
Upper	graphs	show	regression	lines	for	both	contemporary	and	past	core	forest.	The	lower	graphs	show	the	linear	regression	between	rarefied	
richness	and	percentage	of	core	forest	for	each	period	separately	(with	95%	confidence	intervals	around	regression	lines)
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debt	for	mammals,	suggesting	that	although	both	taxa	were	affected	
by	 extinction	 debt,	 that	 is,	 a	 percent	 of	 the	 contemporary	 number	
of	species	will	go	extinct	due	to	past	 landscape	transformation,	 this	

percentage	is	higher	for	birds	than	for	mammals.	These	results	are	sim-
ilar	 to	 the	 findings	of	Wearn	et	al.	 (2012)	who	also	 reported	higher	
magnitudes	of	extinction	debt	for	birds	than	for	mammals.	Extinction	

F IGURE  5 Extinction	debt	for	(a)	birds	and	(b)	mammals	in	the	study	region.	Permanent	water	bodies	and	salt	plains	are	depicted	as	light	
grey.	Four	categories	are	represented	in	the	map:	high	extinction	debt	(future	decrease	>20%	compared	to	contemporary	richness),	low	
extinction	debt	(future	decrease	5%–20%),	stable	areas	(<5%	increase	or	decrease)	and	colonization	areas	(>5%)

F IGURE  6 Percentage	of	extinction	debt	pixels	located	in	forest,	cropland	and	pasture	pixels	for	(a)	birds	and	(b)	mammals.	The	graph	is	the	
result	of	the	intersection	between	our	extinction	debt	map	and	the	2013	land-	cover	map	from	Baumann	et	al.	(2017)
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debt	was	small	in	areas	still	characterized	by	high	forest	cover,	such	as	
the	Copo	NP	and	the	Impenetrable	NP,	or	areas	unsuitable	for	inten-
sified	agriculture,	such	as	the	regularly	flooded	areas	in	the	north	of	
our	study	region.

Interestingly,	 extinction	 debt	 for	 birds	 did	 not	 differ	 much	 be-
tween	 post-	deforestation	 land	 uses	 (cropland	 or	 pastures).	This	 can	
be	explained	by	the	conversion	process	itself,	which	is	equally	drastic	
for	both	post-	deforestation	 land	uses,	 since	all	natural	vegetation	 is	
removed	and	exotic	grasses	are	sown	when	converting	to	intensified	
pastures	 (Baumann	et	al.,	 2017).	 Low	extinction	debt	 for	both	birds	
and	mammals,	instead,	was	generally	found	in	forested	areas	located	
around	crops	and	pastures,	highlighting	 the	 importance	of	 the	 land-
scape	context.

We	used	an	extensive	field	dataset	to	quantify	and	map	extinction	
debt	in	the	Dry	Chaco,	and	our	models	were	very	robust.	Still,	our	anal-
yses	do	not	come	without	uncertainty.	First,	while	we	used	a	large	field	
dataset,	additional	data	covering	a	larger	area	would	have	been	useful,	
especially	for	mammals.	Second,	while	we	have	explored	extinction	debt	
for	both,	forest	and	the	entire	community,	our	models	for	forest	species	
did	not	allow	projecting	extinction	debt	in	space.	Few	approaches	exist	
for	zero-	inflated	datasets	(Zuur	&	Ieno,	2016),	and	our	hurdle	modelling	
approach	does	not	allow	for	predicting	in	space.	Developing	statistical	
methods	to	better	deal	with	zero-	inflated	datasets	would	be	useful	to	
overcome	 such	 limitations.	Third,	we	 conservatively	 rarified	 our	 bird	
data	to	the	 lowest	number	of	point	counts	 (4),	which	may	underesti-
mate	extinction	debt.	Rerunning	all	our	analyses	for	rarefication	to	6	
and	9	point	counts	did	not	change	any	of	our	conclusions	(Figure	S4),	
but	our	maps	of	extinction	debt	are	likely	conservative.	Finally,	we	con-
sidered	land	conversions	only,	whereas	forest	degradation	is	also	wide-
spread	and	may	play	an	 important	role	 in	relation	to	extinction	debt.	
Including	forest	degradation,	as	soon	as	adequate	data	become	avail-
able,	as	an	explanatory	variable	 in	models	estimating	extinction	debt	
will	therefore	represent	an	important	advancement.

4.1 | Synthesis and applications

Several	major	implications	for	conservation	planning	derive	from	our	
work.	First,	our	results	show	that	bird	and	mammal	richness	in	ac-
tive	deforestation	frontiers	does	respond	to	habitat	loss	with	a	time	
delay	and	therefore,	predicting	species	richness	without	considering	
extinction	debt	may	lead	to	an	overestimation	of	the	contemporary	
number	of	 species	 (Figures	S5	and	S6).	This	 is	 encouraging	as	our	
results	 also	 suggest	 that	 despite	 drastic	 habitat	 loss,	 a	window	of	
opportunity	may	often	exist	for	saving	species	otherwise	likely	fac-
ing	extinction.	In	such	cases,	conservation	planning	should	not	only	
focus	on	protecting	remaining	forests,	but	also	exploring	options	to	
restore	 already	 transformed	 areas.	 However,	 our	 results	 highlight	
that	extinction	debt	for	birds	and	mammals	 in	the	Chaco,	some	of	
which	are	of	conservation	concern,	may	be	paid	relatively	quickly.	
In	 our	 case,	 the	 time	 to	 a	 new	 equilibrium	 state,	when	 extinction	
debt	will	 have	 been	paid,	may	 be	 as	 short	 as	 a	 decade,	 highlight-
ing	 the	 urgency	 of	 conservation	 action	 if	 local	 extinctions	 are	 to	
be	 averted.	 Second,	 extinction	 debt	 was	 highest	 in	 areas	 where	

agricultural	activities	are	expanding,	with	small	differences	regard-
ing	post-	deforestation	land	use	for	birds.	This	provides	a	cautionary	
note	regarding	the	compatibility	of	cattle	ranching	with	biodiversity	
conservation,	at	 least	 in	 terms	of	 the	 intensified	 ranching	systems	
that	have	expanded	 in	the	Chaco	since	2000.	Finally,	many	of	the	
world’s	 active	 agricultural	 frontiers	 are	 located	 in	 tropical	 forests	
and	savannas	 that	harbour	high	biodiversity	 (Schiesari,	Waichman,	
Brock,	Adams,	&	Grillitsch,	2013).	Our	study	shows	that	considering	
land-	use	legacies	and	time-	delayed	responses	of	biodiversity	to	hab-
itat	transformations,	especially	in	highly	dynamic	landscapes,	is	criti-
cal	for	effective	biodiversity	monitoring	and	conservation	planning.
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