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Abstract
1.	 Most	of	the	world’s	remaining	tropical	forests	have	been	affected	by	either	selec-
tive	logging,	understorey	fires,	fragmentation	or	are	regrowing	in	areas	that	were	
previously	deforested.	Despite	the	ubiquity	of	these	human‐modified	forests,	we	
have	a	limited	knowledge	of	their	potential	to	recover	key	traits	linked	to	ecosys-
tem	processes	and	consequent	services.

2.	 Here	we	present	data	from	31,095	trees	and	saplings	distributed	across	121	plots	
of	undisturbed	and	disturbed	primary	forests	as	well	as	secondary	forests	in	the	
eastern	Amazon.	We	 examined	 the	 post‐disturbance	 recovery	 trajectory	 of	 an	
important	plant	functional	trait,	wood	density.	We	tested	whether	human‐modi-
fied	Amazonian	forests	are	experiencing	a	rapid	or	a	slow,	or	even	impeded,	recov-
ery	of	this	trait,	which	is	associated	with	the	provision	of	a	fundamental	ecosystem	
service—carbon storage.

3.	 As	expected,	we	found	that	the	plot‐level	wood	density	of	trees	and	saplings	in	
disturbed	primary	and	 secondary	 forests	was	 significantly	 lower	 than	 in	undis-
turbed	forests.	However,	there	was	no	significant	difference	in	the	average	wood	
density	of	 saplings	between	disturbed	primary	and	secondary	 forests,	possibly	
indicating	a	process	of	secondarization.	We	also	found	evidence	that	the	recovery	
of	wood	 density	 in	 human‐modified	 forests	 is	 being	 severely	 disrupted	 due	 to	
edge	effects	(in	the	case	of	disturbed	primary	forests)	and	high	liana	densities	(in	
the	case	of	both	disturbed	primary	and	secondary	forests).	Surprisingly,	these	two	
factors	were	more	important	predictors	of	wood	density	recovery	than	the	time	
elapsed	since	the	disturbance	event.

4. Synthesis.	Plant	communities	in	human‐modified	Amazonian	forests	appear	to	not	
be	recovering	a	key	functional	property—wood	density,	which	in	turn	may	affect	
their	ability	to	store	carbon	in	the	future.	If	the	aim	of	conservation	programs	in	
tropical	forests	is	to	maintain	existing	rates	of	ecosystem	functions,	processes	and	
services,	 then	 they	 must	 concentrate	 efforts	 on	 avoiding	 anthropogenic	
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1  | INTRODUC TION

In	a	world	under	intense	human	pressure,	it	is	crucial	to	understand	
how	ecosystems	and	the	services	they	provide	recover	after	human	
disturbance	 (Steffen	 et	 al.,	 2015).	 This	 is	 particularly	 important	 in	
human‐modified	 tropical	 forests,	 which	 are	 an	 increasingly	 prev-
alent	 feature	 of	 the	 humid	 tropics	 (Asner,	 Rudel,	 Aide,	Defries,	 &	
Emerson,	2009;	Lewis,	Edwards,	&	Galbraith,	2015),	occupying	over	
500	million	 hectares	 (ITTO,	 2002).	 Human‐modified	 tropical	 for-
ests	 include	both	disturbed	primary	 forests	 (i.e.	 forest	stands	 that	
have	never	been	clear‐felled,	but	have	experienced	human‐induced	
disturbance	such	as	selective	logging	or	understorey	fires)	and	sec-
ondary	 forests	 (i.e.	 forest	 regrowth	 in	 areas	 that	 have	 been	 com-
pletely	 cleared).	 These	 forests	 are	 often	 embedded	 in	 agricultural	
landscapes	devoid	of	undisturbed	vegetation,	and	play	an	essential	
role	in	the	provision	of	locally,	regionally	and	globally	important	eco-
system	services,	including	carbon	storage,	biodiversity	conservation	
and	climate	regulation	(Barlow	et	al.,	2016;	Berenguer	et	al.,	2014;	
Parrotta,	Wildburger,	&	Mansourian,	2012).	However,	it	is	unclear	to	
what	extent	these	human‐modified	forests	are	maintaining	or	recov-
ering	pre‐disturbance	functions	and	associated	ecosystem	services	
(Davidson	et	al.,	2012).

Our	 current	 knowledge	 of	 post‐disturbance	 recovery	 of	 trop-
ical	 forests	 remains	 limited	mainly	 because	 of	 four	main	 reasons.	
First,	very	few	studies	in	disturbed	areas	have	access	to	long‐term	
datasets	or	accurate	information	on	disturbance	history.	This	is	im-
portant	because	post‐disturbance	recovery	depends	on	the	nature,	
timing,	 frequency	and	 intensity	of	 the	disturbance	event	 (Bonnell,	
Reyna‐Hurtado,	&	Chapman,	2011;	Chazdon	et	al.,	2009;	Gardner	
et	 al.,	 2009;	 Mesquita,	 Massoca,	 Jakovac,	 Bentos,	 &	 Williamson,	
2015).	 Second,	 most	 studies	 either	 address	 only	 secondary	 for-
ests	 (Piotto,	Montagnini,	Thomas,	Ashton,	&	Oliver,	2009;	Poorter	
et	 al.,	 2016)	 or	 only	 specific	 forms	 of	 primary	 forest	 disturbance,	
such	as	selective	 logging	 (Rutishauser	et	al.,	2015)	or	fire	 (Brando,	
Oliveria‐Santos,	Rocha,	Cury,	&	Coe,	2016),	not	considering	the	full	
suite	 of	 disturbances	 that	 commonly	 co‐occur	 in	 human‐modified	
tropical	forests.	Third,	the	majority	of	studies	investigating	the	rates	
of	 forest	 recovery	 tend	 to	 focus	 on	 large	 stems	 (≥10	cm	diameter	
at	 breast	 height—DBH),	 which	 include	many	 long‐lived	 relics	 that	
have	 survived	 disturbance	 events,	 but	 that	 may	 not	 successfully	
reproduce	and	persist	in	the	future	(Metzger	et	al.,	2009;	Rigueira,	
Rocha,	 &	Mariano‐Neto,	 2013).	 As	 such,	 these	 studies	 ignore	 the	
small‐stemmed	vegetation	that	reflects	patterns	of	post‐disturbance	
dispersal	 and	 recruitment,	 and	 therefore	provides	 greater	 insights	

into	the	process	of	post‐disturbance	succession	(Williamson,	Bentos,	
Longworth,	&	Mesquita,	 2014).	 Last,	 the	majority	 of	 studies	 have	
focused	only	on	taxonomic	or	biomass	changes	following	human	im-
pacts	(e.g.	Imai	et	al.,	2012;	Letcher	&	Chazdon,	2009;	Poorter	et	al.,	
2016).	However,	 a	 narrow	 focus	on	 taxonomic	 changes	may	mask	
underlying	 functional	 shifts	 in	 the	 studied	 system	 if,	 for	 example,	
a	whole	functional	group	is	lost	or	severely	reduced	due	to	human‐
induced	disturbances	(Chillo,	Anand,	&	Ojeda,	2011).	To	better	un-
derstand	the	post‐disturbance	recovery	of	tropical	forests	it	is	thus	
critical	to	directly	assess	changes	in	specific	traits	that	underlie	key	
ecosystem	functions	(Asner	et	al.,	2017)	and	whose	impairment	can	
have	profound	impact	on	the	future	provision	of	critical	ecosystem	
services	(Bello	et	al.,	2010).

Here,	we	address	 these	knowledge	gaps	by	 investigating	 the	
extent	 to	 which	 tropical	 forests	 are	 recovering	 from	 human‐in-
duced	disturbances,	including	selective	logging,	understorey	fires	
(i.e.	 disturbed	 primary	 forests),	 and	 clear‐felling	 (i.e.	 secondary	
forests).	We	 analyse	 a	 unique	 dataset	 comprising	 31,095	 stems	
measured	 in	121	forest	plots	 in	an	agricultural	 frontier	region	of	
the	 eastern	 Brazilian	 Amazon,	 combined	 with	 an	 assessment	 of	
forest	disturbance	history	based	on	a	22‐year	chronosequence	of	
satellite	 images.	 This	 time‐scale	 is	 relevant	 to	 provide	 novel	 in-
sights	into	tropical	forest	recovery	in	dynamic	landscapes,	where	
new	 anthropogenic	 disturbances	 are	 likely	 to	 occur	 in	 intervals	
shorter	 than	 20	years.	 For	 example,	 in	 the	Amazon,	most	 selec-
tive	logging	is	illegal,	with	cutting	cycles	shorter	than	the	30	years	
stipulated	 by	 law	 (Monteiro,	 Cardoso,	 Conrado,	 Verissimo,	 &	
Souza,	 2013);	 extreme	drought	 events	 are	 becoming	more	 com-
mon	 (Lewis,	 Brando,	 Phillips,	 Heijden,	 &	Nepstad,	 2011),	 reduc-
ing	the	return	 intervals	of	 large‐scale	understorey	fires	 (Alencar,	
Brando,	 Asner,	 &	 Putz,	 2015);	 and	 most	 secondary	 forests	 are	
<5	years	old	before	being	converted	again	for	agriculture	(Neeff,	
Lucas,	Dos,	Brondizio,	&	Freitas,	2006).	As	such,	human‐modified	
tropical	forests	are	unlikely	to	experience	a	recovery	process	free	
from	new	disturbances	in	time‐scales	longer	than	20–30	years,	a	
challenge	 that	must	 be	 considered	 in	 any	 conservation	 program	
held	in	non‐protected	areas	if	we	wish	for	these	forests	to	resem-
ble undisturbed ones.

To	 enhance	 our	 understanding	 of	 the	 functional	 recovery	 of	
human‐modified	forests,	we	used	wood	density,	a	key	plant	func-
tional	trait,	as	an	indicator.	Variation	in	wood	density	is	linked	to	
tree	growth	and	mortality	rates,	carbon	investment	per	unit	area,	
cavitation	avoidance	in	the	xylem,	resistance	to	splitting	and	elas-
ticity	to	bending	(Chave	et	al.,	2009).	Consequently,	wood	density	

disturbance	 in	 areas	 of	 currently	 undisturbed	 forests.	 It	 is	 also	 vital	 to	 prevent	
further	disturbance	in	human‐modified	forests	to	avoid	disrupting	even	more	their	
recovery.

K E Y W O R D S

Amazon,	degradation,	edge	effects,	lianas,	recovery,	succession,	wood	density
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is	closely	related	to	important	ecosystem	functions	and	services,	
such	 as	 drought	 and	 mechanical	 resistance,	 provision	 of	 timber	
stocks	 and	 carbon	 storage	 (Baker,	 Phillips,	 &	Malhi,	 2004;	 Bello	
et	 al.,	 2010;	 Phillips	 et	 al.,	 2009;	 van	Gelder,	 Poorter,	 &	 Sterck,	
2006).	We	make	inferences	about	forest	recovery	by	focusing	on	
the	 saplings	 (stems	<	10	cm	 DBH),	 which	 respond	 much	 faster	
than	 large	 trees	 (stems	≥	10	cm	 DBH)	 to	 human‐induced	 distur-
bance	(Barlow,	Peres,	Lagan,	&	Haugaasen,	2003;	Laurance	et	al.,	
1997;	Rigueira	et	al.,	2013),	and	effectively	 represent	 the	 future	
of	a	forest	stand—although	not	all	saplings	will	survive	to	become	
trees,	the	opposite	is	not	true;	all	trees	were	indeed	once	saplings	
that	 have	 successfully	 passed	 through	 the	 environmental	 filters	
present	 at	 the	 time	 they	were	 growing.	 Specifically,	we	 address	
three	questions:

1. What	are	 the	differences	between	 the	average	plot‐level	wood	
density	 of	 trees	 and	 saplings	 in	 either	 disturbed	 primary	 or	
secondary	 forests	when	 compared	 to	 undisturbed	 forests?	We	
expect	 to	 find	 a	 higher	 average	 wood	 density	 in	 the	 trees	
and	 saplings	 of	 undisturbed	 forests	 where	 low‐wood	 density	
pioneer	 species	 are	 less	 abundant	 (Laurance,	 Nascimento,	
Laurance,	 Andrade,	 Fearnside,	 et	 al.,	 2006;	 Park,	 Justiniano,	 &	
Fredericksen,	 2005).

2. Within	each	forest	disturbance	class,	what	are	the	differences	be-
tween	the	average	plot‐level	wood	density	of	trees	and	saplings?	
We	expect	that	these	differences	will	vary	according	to	each	for-
est	class:	in	undisturbed	forests	the	average	wood	density	of	trees	
and	saplings	 is	 likely	to	be	very	similar,	but	statistically	 lower	 in	
saplings.	This	is	expected	because,	although	recruitment	into	the	
understorey	will	largely	mirror	the	average	trait	values	of	the	es-
tablished	trees	(Wright,	Muller‐Landau,	Condit,	&	Hubbell,	2003),	
the	understorey	may	hold	a	 larger	number	of	 low‐wood	density	
pioneers	(Hubbell	et	al.,	1999;	Poorter	&	Bongers,	2006)	that	will	
likely	die	before	reaching	the	canopy	(Wright	et	al.,	2010).	In	sec-
ondary	forests,	we	predict	that	saplings	will	have	a	higher	average	
wood	 density	 than	 trees	 as	 a	 consequence	 of	 the	 successional	
process,	with	more	high‐wood	density	species	represented	in	the	
saplings	than	in	the	larger	stems	(Piotto	et	al.,	2009).	Finally,	we	
expect	no	significant	differences	between	the	average	wood	den-
sity	of	trees	and	saplings	in	disturbed	primary	forests	where	the	
time	elapsed	since	the	disturbance	event	varies	from	0	to	25	years:	
this	is	because	of	a	gradual	stand	replacement	in	the	trees,	with	
delayed	mortality	of	old‐growth	individuals	(Barlow	et	al.,	2003;	
Vellend	et	al.,	2006)	and	recruitment	of	pioneers	into	the	larger	
size	classes	 (Laurance,	Nascimento,	Laurance,	Andrade,	Ribeiro,	
et	al.,	2006),	accompanied	by	 the	successional	processes	 in	 the	
saplings	(Park	et	al.,	2005).

3. Using	 the	 average	plot‐level	wood	density	 of	 saplings	 in	 undis-
turbed	forests	as	our	baseline,	can	we	infer	whether	human‐modi-
fied	Amazonian	forests	are	experiencing	either	a	rapid	trajectory	
of	 recovery	 (cf.	Poorter	et	al.,	2016)	or	a	very	slow	or	even	 im-
peded	recovery	following	disturbance	(cf.	Flores,	Fagoaga,	Nelson,	
Holmgren,	 &	 Barlow,	 2016;	 Tymen	 et	 al.,	 2016)?	 If	 secondary	

forests	are	following	a	rapid	trajectory	of	recovery,	we	would	ex-
pect	a	consistent	increase	in	the	average	wood	density	of	saplings	
over	 time	 (Letcher	 &	 Chazdon,	 2009;	 Liebsch,	 Marques,	 &	
Goldenberg,	2008;	Piotto	et	al.,	2009).	 In	the	case	of	disturbed	
primary	forests,	we	would	expect	to	observe	an	initial	sharp	re-
duction	in	the	average	wood	density	of	saplings,	due	to	the	rapid	
recruitment	of	low‐wood	density	pioneer	species	within	the	first	
years	 (D’Oliveira	&	Ribas,	2011;	Park	et	al.,	2005),	which	would	
then	be	 followed	by	a	gradual	 recruitment	of	old‐growth	 (high‐
wood	 density)	 species	 (Bonnell	 et	 al.,	 2011),	 with	 a	 consistent	
trend	towards	 levels	of	wood	density	 found	 in	undisturbed	for-
ests.	In	contrast,	if	disturbed	primary	or	secondary	forests	are	not	
recovering	from	human	disturbance,	we	expect	that	the	average	
wood	density	of	saplings	will	level	off	at	lower	values	than	those	
found	in	undisturbed	forests,	and	wood	density	would	be	linked	
to	 potential	 sources	 of	 impeded	 recovery,	 being	 lower	 close	 to	
forest	edges	(Laurance,	Nascimento,	Laurance,	Andrade,	Ribeiro,	
et	al.,	2006;	Santos	et	al.,	2008),	at	high	liana	densities	(Heijden,	
Schnitzer,	Powers,	&	Phillips,	2013;	Schnitzer,	Dalling,	&	Carson,	
2000)	or	in	landscapes	with	little	remaining	forest	cover	(Muñiz‐
Castro,	Williams‐Linera,	&	Benayas,	2006;	Nepstad,	Uhl,	Pereira,	
&	Silva,	1996).

2  | MATERIAL S AND METHODS

2.1 | Study area

Sampling	was	conducted	in	the	municipality	of	Paragominas	in	east-
ern	Amazon	(Figure	S1a).	Paragominas	was	founded	in	1965,	with	lit-
tle	human	occupancy	prior	its	foundation.	The	municipality	currently	
covers	an	area	of	1.9	million	ha	with	c.	60%	of	remaining	forest	cover.	
Most	forests	 in	the	region	have	been	selectively	 logged	at	varying	
levels	of	intensity,	as	Paragominas	was	one	of	the	world’s	largest	tim-
ber	extraction	centres	during	the	1980s	(Verissimo,	Barreto,	Mattos,	
Tarifa,	&	Uhl,	1992).	Currently,	Paragominas	 is	a	mosaic	of	agricul-
tural	 land,	 pastures,	 Eucalyptus	 plantations	 and	 human‐modified	
forests,	with	no	remnant	areas	of	undisturbed	forests	but	those	in	
reserves.	Although	deforestation	has	largely	decreased	in	the	region	
(INPE,	 2016a),	 illegal	 logging	 and	 understorey	 fires	 are	 still	 wide-
spread,	affecting	the	remaining	areas	of	forest	 (INPE,	2016b).	This	
dynamic	landscape	is	similar	to	many	others	in	the	Amazon,	where	
deforestation	is	somewhat	controlled,	but	in	which	human	impacts	
on	standing	forests	continue	to	be	rampant	(Aragão	et	al.,	2018).

We	selected	18	study	catchments	across	the	region	(c.	5,000	ha	
each),	 distributed	 along	 a	 gradient	of	 remaining	 forest	 cover	 (6%–
100%;	Figure	S1b).	In	each	catchment,	we	randomly	distributed	our	
study	plots	(10	×	250	m)	in	forested	areas,	with	a	maximum	density	
of	1	plot	per	400	ha	(Figure	S1c).	Plots	were	located	≥1,500	m	apart	
from	one	another	 and,	whenever	possible,	≥100	m	away	 from	 the	
nearest	 forest	 edge	 (Gardner	 et	 al.,	 2013).	We	 sampled	 a	 total	 of	
121	plots	located	in	undisturbed	primary	forests	(n	=	13),	disturbed	
primary	forests	(n	=	88)	and	secondary	forests	(n	=	20).	We	did	not	
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find	any	evidence	of	pre‐Columbian	settlements	(e.g.	terra	preta)	in	
any	of	our	study	plots.

2.2 | Vegetation sampling and wood 
density estimates

All	 live	 trees	 (≥10	cm	 DBH)	 in	 our	 study	 plots	 were	 identified	 to	
species	 level.	 In	each	plot,	we	established	 five	 subplots	 (5	×	20	m)	
in	which	we	 inventoried	saplings	 (2–10	cm	DBH).	 In	 total	we	sam-
pled	13,982	trees	and	17,113	saplings	(Figure	S1d).	Wood	density	of	
both	trees	and	saplings	was	obtained	from	the	Global	Wood	Density	
Database	(Zanne	et	al.,	2009),	using	values	only	from	South	America	
tropical	regions.	When	data	on	a	given	species	were	not	available,	
we	used	the	average	wood	density	of	the	next	taxonomic	level	with	
existing	data	 (Table	S1).	Although	 it	would	be	 ideal	 to	have	 locally	
validated	estimates	of	wood	density	for	all	sampled	species,	this	was	
complicated	by	the	large	number	of	plant	species	we	sampled	in	the	
region	(n	=	619	tree	and	686	sapling	species).	In	addition,	wood	den-
sity	values	change	during	the	lifetime	of	a	plant	(Castro,	Williamson,	
&	 Jesus,	 1993),	 being	 unsuitable	 for	 direct	 comparisons	 between	
trees	 and	 saplings.	 Therefore,	 to	 perform	 our	 analyses,	 we	 used	
values	from	the	Global	Wood	Density	Database,	instead	of	precise	
estimates	for	each	measured	stem,	assigning	the	same	density	value	
for	a	given	tree	or	sapling	when	they	belonged	to	the	same	species.

2.3 | Variable selection

We	used	both	disturbance‐related	(i.e.	time‐since	disturbance,	stand	
age,	distance	to	edge	and	amount	of	surrounding	forests)	and	natural	
variables	(i.e.	liana	density,	plot	slope	and	soil	clay	content)	to	evalu-
ate	determinants	of	forest	recovery.	Time‐since	the	last	disturbance	
(in	the	case	of	disturbed	primary	forests)	and	stand	age	(in	the	case	
of	secondary	 forests)	were	obtained	through	a	visual	analysis	of	a	
chronosequence	(1988–2010)	of	georeferenced	Landsat	images	with	
30‐m	 spatial	 resolution	 (Table	 S2).	 This	 remote‐sensing	 approach	
was	combined	with	a	ground	assessment	of	past	disturbance	in	the	
primary	 forest	 plots.	 In	 the	 occasions	 in	which	we	 found	physical	
evidence	of	past	disturbance	in	the	ground	assessment	(e.g.	logging	
stumps,	charcoal,	charred	stems),	but	not	in	the	satellite	images,	we	
attributed	an	arbitrary	value	of	25	years	since	disturbance,	assuming	
that	the	event	occurred	before	the	earliest	image	(n	=	18	plots).	We	
used	a	2010‐(sampling	year)classified	Landsat	image	to	estimate	the	
average	distance	of	all	pixels	that	comprise	a	plot	to	the	nearest	for-
est	edge	surrounding	it	(hereafter	distance	to	edge)	and	the	per	cent	
of	 remaining	primary	 forest	 in	 a	500‐m	buffer	 around	each	 study	
plot	 (hereafter	 percentage	 of	 surrounding	 forest).	 Although	 study	
catchments	had	between	6–100%	forest	cover,	at	the	500‐m	buffer	
scale	forest	cover	varied	between	40%	and	100%	(Table	S2).	All	re-
mote	sensing	analyses	were	conducted	in	ArcGIS	9.3.

For	 the	 natural	 variables,	 we	 used	 a	 digital	 elevation	 model	
(STRM	90	m)	to	estimate	mean	plot	slope.	Both	liana	density	and	soil	
clay	content	were	evaluated	through	ground	assessments.	Lianas	(di-
ameter	2–10	cm	at	1.3	m	from	the	main	rooting	point)	were	sampled	

at	the	same	subplots	in	which	we	inventoried	saplings	(i.e.	five	sub-
plots	 of	 5	×	20	m	within	 each	 study	 plot;	 Figure	 S1d).	 In	 total	 we	
measured	2,845	lianas.	To	estimate	clay	content,	we	took	45	com-
posite	soil	samples	(0–30	cm)	 in	every	plot	from	a	total	of	five	dif-
ferent	sampling	points	separated	by	50	m	(Figure	S1d).	Clay	content	
(g/kg)	was	determined	by	the	densimeter	method	(Camargo,	Moniz,	
Jorge,	 &	 Valadares,	 2009)	 and	 averaged	 for	 each	 plot.	 No	 other	
natural	factors	known	to	considerably	slow	or	even	impede	the	re-
covery	 of	 tropical	 forests	were	 present	 in	 our	 plots,	 such	 as	 high	
density	of	bamboos	(Griscom	&	Ashton,	2003;	Guilherme,	Oliveira‐
Filho,	 Appolinário,	 &	 Bearzoti,	 2004),	 ferns	 (Douterlungne,	 Levy‐
Tacher,	 Golicher,	 &	Dañobeytia,	 2010;	 Slocum,	 Aide,	 Zimmerman,	
&	Navarro,	2004),	grasses	 (Sarmiento,	1997)	or	understorey	palms	
(Denslow,	Newell,	&	Ellison,	1991;	Schnitzer	et	al.,	2000),	and	there-
fore	were	not	analysed	here.

2.4 | Data analysis

For	each	study	plot	we	calculated	the	abundance‐weighted	average	
wood	density	for	trees	and	saplings	separately.	We	pooled	together	
data	 for	 the	 five	subplots	 in	each	study	plot	 to	avoid	pseudo‐rep-
lication	in	the	analyses	of	saplings.	Given	that	we	used	saplings	to	
make	predictions	 about	 the	 future	 trees	 in	 a	 forest	 stand,	we	 ex-
cluded	from	analyses	all	species	that	are	restricted	to	the	understo-
rey	and	will	never	reach	a	DBH	of	10	cm	(n	=	34	individuals	from	10	
species;	Table	S3).	To	first	assess	whether	in	fact	the	average	wood	
density	of	saplings	mirror	that	of	trees	in	undisturbed	forests,	we	ran	
a	Spearman’s	rank	correlation	test.

To	evaluate	if	there	were	significant	differences	in	average	plot‐
level	wood	density	between	forest	classes,	we	performed	Kruskal–
Wallis	 tests	 followed	 by	 post‐hoc	 Dunn	 tests,	 first	 considering	
only	trees	and	then	considering	only	saplings.	In	addition,	we	used	
Wilcoxon	Signed‐rank	tests	 to	evaluate	differences	between	aver-
age	wood	density	of	trees	and	saplings	within	each	forest	class.

To	examine	the	two	alternative	trajectories	of	forest	recovery	
(i.e.	either	fast	or	slow),	we	averaged	wood	density	of	saplings	over	
all	undisturbed	forest	plots	and	then	subtracted	from	this	average	
the	 mean	 wood	 density	 of	 each	 human‐modified	 plot.	We	 used	
these	values	to	model	plot‐level	variability	in	mean	wood	density,	
building	 two	 sets	 of	 models	 using	 Random	 Forests	 with	 10,000	
decision	 trees	each.	One	 set	of	models	 contained	only	disturbed	
primary	 forests	 and	 the	 other	 only	 secondary	 forests.	 Predictor	
variables	 included	 time‐since	 the	 last	 disturbance	 (for	models	 of	
disturbed	primary	 forests)	or	 stand	age	 (for	models	of	 secondary	
forests),	distance	to	edge,	liana	density,	percentage	of	surrounding	
forest,	 soil	 clay	 content	 and	 plot	 slope.	Models	 of	 disturbed	 pri-
mary	forests	including	slope	and	models	of	secondary	forests	with	
either	 distance	 to	 edge	 or	 slope	 did	 not	 converge	 on	 a	 solution,	
so	these	variables	were	excluded.	After	models	were	built,	we	as-
sessed	 the	 relative	 importance	of	all	variables	 in	each	model	set.	
We	also	built	partial	plots	to	analyse	the	effect	of	each	individual	
variable	on	wood	density	when	partialling	out	the	effect	of	all	other	
modelled	variables.	Last,	we	used	Wilcoxon—Mann–Whitney	tests	
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to	 compare	 the	 mean	 wood	 density	 of	 saplings	 between	 undis-
turbed	forests	and	study	plots	that	reached	a	plateau	in	recovery	
of	wood	density.	All	 analyses	were	 conducted	 in	 r	 version	3.2.0,	

using	both	the	“dunn.test”	 (Dinno,	2015)	and	the	“randomForest”	
(Liaw	&	Wiener,	2002)	packages.

3  | RESULTS

3.1 | Wood density of trees and saplings across 
human‐modified tropical forests

We	found	a	strong	positive	relationship	between	plot‐level	average	
wood	density	of	trees	and	saplings	in	undisturbed	forests	(rho	=	0.67,	
p	<	.05),	even	though	average	wood	density	varied	very	little	(Figure	
S2).	The	average	wood	density	of	both	large	trees	and	saplings	was	
lower	 in	 human‐modified	 forests	 than	 in	 undisturbed	 sites.	When	
considering	only	trees,	the	average	plot‐level	wood	density	was	sig-
nificantly	different	among	all	forest	classes	(Figure	1a),	with	undis-
turbed	 forests	having	 the	highest	 average	wood	density,	 followed	
by	disturbed	primary	and	secondary	forests	(H	(2)	=	43.32,	p < .001; 
Dunn	tests,	all	p	<	.001;	Figure	S3).	Saplings	 in	both	disturbed	pri-
mary	 forests	 and	 secondary	 forests	 had	 significantly	 lower	wood	
density	than	saplings	in	undisturbed	forests	(H	(2)	=	34.39,	p < .001; 
Dunn	tests,	both	p	<	.001;	Figure	1b),	but	there	was	no	difference	in	
average	wood	density	 of	 saplings	 between	disturbed	primary	 and	
secondary	forests	(p	=	.23).

3.2 | Wood density of trees and saplings within 
each forest disturbance class

In	undisturbed	forests,	there	was	a	significant	difference	between	
the	average	plot‐level	wood	density	of	 trees	and	saplings	 (V	=	0,	
p	<	.001),	 with	marginally	 higher	 values	 in	 the	 trees	 than	 in	 the	
saplings	 (Figure	1c).	However,	 these	differences	were	very	small	
(Figure	 S4),	 and	 the	 averaged	 values	 were	 just	 4%	 lower	 in	 the	
saplings.	In	disturbed	primary	forests	we	found	no	significant	dif-
ference	between	the	average	wood	density	of	trees	and	saplings	
(V	=	1,842,	 p	=	.63;	 Figure	 1c);	 while	 in	 secondary	 forests	 sap-
lings	 had	 significantly	 higher	 wood	 density	 than	 trees	 (V	=	210,	
p	<	.001;	Figure	1c,	Figure	S4).

3.3 | Recovery trajectories of plot‐level 
wood density

There	were	nonlinear	positive	relationships	between	wood	density	
of	saplings	 in	disturbed	primary	forests	 (Figure	2)	and	in	second-
ary	 forests	 (Figure	3)	with	 time‐since	disturbance	 and	 stand	 age	

F I G U R E  1  Average	wood	density	of	(a)	trees	and	(b)	saplings	
across	forest	disturbance	classes.	Letters	represent	significant	
differences	(p	<	.05)	in	plot‐level	wood	density	between	forest	
classes,	following	Kruskal–Wallis	and	Dunn	post‐hoc	tests.	(c)	
Relationship	between	the	average	plot‐level	wood	density	of	
saplings	and	trees	within	undisturbed	forests,	disturbed	primary	
forests	and	secondary	forests.	The	dotted	line	indicates	the	
expected	value	if	the	average	wood	density	of	saplings	and	trees	
was	equal
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respectively.	 These	 variables	 were	 highly	 important	 in	 influenc-
ing	 the	 recovery	 of	 wood	 density	 (Random	 Forests	 importance	
value	of	time	since	disturbance	=	70%,	importance	value	of	stand	
age	=	37%).	In	disturbed	primary	forests,	rates	of	increase	in	wood	
density	 appeared	 to	 stabilize	 19	years	 after	 human	 disturbance	
(Figure	2a).	However,	 this	 result	 should	be	 interpreted	with	 cau-
tion	because	the	sites	that	experienced	either	selective	logging	or	

fire	at	least	25	years	ago	had	a	large	variation	in	recovery	rates.	In	
secondary	forests,	the	wood	density	of	saplings	appeared	to	sta-
bilize	 after	 just	 12	years	 following	 the	 commencement	 of	 forest	
regeneration	 (Figure	3a).	 In	both	primary	 and	 secondary	 forests,	
the	wood	density	of	saplings	plateaued	long	before	they	reached	
values	 similar	 to	 those	 of	 undisturbed	 forest	 plots	 (both	W	=	0,	
p	<	.001,	Figure	4a).

F I G U R E  2  Expected	(left)	and	
observed	(right)	differences	from	
undisturbed	forests	in	average	plot‐level	
wood	density	of	saplings	in	disturbed	
primary	forests	across	gradients	of	(a)	
time‐since	anthropogenic	disturbance,	(b)	
distance	to	the	nearest	forest	edge	(in	a	
log	scale),	(c)	liana	density,	and	(d)	amount	
of	surrounding	forest	in	a	500‐m	buffer.	
Expected	differences	can	either	indicate	
a	rapid	(dark	grey	line)	or	an	impeded	
recovery	following	disturbance	(dotted	
line).	The	zero	line	is	indicated	in	light	grey	
(baseline).	The	observed	differences	are	in	
the	logit	scale	and	show	the	effect	of	each	
of	the	predictor	variables	on	the	response	
when	holding	constant	all	the	other	
predictors	presented.	The	black	solid	line	
is	the	model	result,	while	the	grey	dots	are	
the	observed	data
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Edge	effects	and	a	high	density	of	 lianas	were	both	associated	
with	 lower	 plot‐level	 values	 of	 wood	 density	 in	 human‐modified	
Amazonian	forests	 (Figures	2b,c	and	3b).	 In	disturbed	primary	 for-
ests,	distance	to	the	nearest	forest	edge	was	more	important	than	
time‐since	 disturbance	 in	 explaining	 the	 observed	 variance	 of	 av-
erage	wood	density	of	 saplings	 (importance	value	=	78%).	 In	plots	
located	within	160	m	from	edges,	the	recovery	trajectory	appeared	
impeded	(Figure	2b)	and	a	closer	look	showed	that	such	plots	had	a	
significantly	 lower	average	wood	density	than	the	baseline	(W	=	4,	
p	<	.001;	Figure	4b).	Liana	density	was	the	third	most	important	fac-
tor	 in	disturbed	primary	 forests	 (importance	value	=	37%)	and	 the	
most	important	in	secondary	forests	(importance	value	=	40%).	The	
influence	of	 liana	density	appeared	to	 level	off	at	600	stems/ha	 in	
disturbed	primary	forests	(Figure	2c)	and	at	950	stems/ha	in	second-
ary	forests	(Figure	3b).	Subsequent	Wilcoxon–Mann–Whitney	tests	
showed	that	disturbed	primary	forests	with	≥600	liana	stems/ha	and	
secondary	 forests	 with	 liana	 densities	≥	950	stems/ha	 presented	

significantly	 lower	 levels	of	wood	density	 than	undisturbed	 forest	
plots	(disturbed	primary	forests:	W	=	4,	p	<	.001;	secondary	forests:	
W	=	0,	p	<	.01;	Figure	4c).	The	percentage	of	surrounding	forest	was	
of	lower	importance	in	both	disturbed	primary	forests	(importance	
value	=	20%)	 and	 secondary	 forests	 (importance	 value	=	3%),	 not	
showing	 any	 strong	 relationships	 with	 wood	 density	 (Figures	 2d,	
3c).	 Finally,	our	 remaining	natural	 covariate	 (soil	 clay	 content)	was	
also	of	limited	importance	in	the	models	(RandomForest	importance	
value	=	11%	and	17%	 in	disturbed	primary	 and	 secondary	 forests,	
respectively;	Figure	S5).

4  | DISCUSSION

4.1 | Seeing the woods through the saplings

In	undisturbed	Amazonian	forests,	canopy	and	emergent	trees	can	live	
up	to	1,400	years	(Chambers,	Higuchi,	&	Schimel,	1998)	and,	as	a	result,	

F I G U R E  3  Expected	(left)	and	
observed	(right)	differences	from	
undisturbed	forests	in	average	plot‐level	
wood	density	of	saplings	in	secondary	
forests	across	gradients	of	(a)	stand	
age,	(b)	liana	density,	and	(c)	amount	of	
surrounding	forest	in	a	500‐m	buffer.	
Expected	differences	can	either	indicate	
a	rapid	(dark	grey	line)	or	an	impeded	
recovery	after	forest	clearance	(dotted	
line).	The	zero	line	is	indicated	in	light	grey	
(baseline).	The	observed	differences	are	in	
the	logit	scale	and	show	the	effect	of	each	
of	the	predictor	variables	on	the	response	
when	holding	constant	all	the	other	
predictors	presented.	The	black	solid	line	
is	the	model	result,	while	the	grey	dots	are	
the	observed	data
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conventional	 floristic	 analyses,	 which	 focus	 only	 on	 large	 trees	 (i.e.	
≥10	cm	DBH),	can	provide	valuable	insights	into	the	current	and	future	
ecological	states	of	a	forest	stand.	However,	the	same	assumptions	do	
not	necessarily	hold	for	either	disturbed	primary	or	secondary	forests,	
which	are	highly	dynamic,	presenting	elevated	levels	of	tree	mortality	
and	greater	abundances	of	short‐lived,	pioneer	species	(Barlow	et	al.,	
2003;	Brando	et	al.,	2012;	Laurance,	Nascimento,	Laurance,	Andrade,	
Ribeiro,	et	al.,	2006;	Piotto	et	al.,	2009).	In	addition,	these	forests	often	
have	long‐lived	relics,	trees	that	remained	in	the	land	even	after	log-
ging	or	clearance,	but	that	are	not	successfully	reproducing	and	thus	
will	 not	 leave	offspring	 (Metzger	 et	 al.,	 2009;	Rigueira	 et	 al.,	 2013).	
Therefore,	to	examine	the	likely	future	state	of	a	human‐modified	for-
est	 stand,	 it	 is	essential	 to	survey	 the	saplings	 (i.e.	<10	cm	DBH),	as	
they	effectively	constitute	the	future	of	the	forest	canopy–although	
not	all	individual	sapling	will	make	to	the	canopy,	all	canopy	trees	were	
once	saplings;	their	survival	thus	reflecting	the	environmental	filters	
that	were	at	work	during	the	post‐disturbance	recovery	process	of	a	
forest.	This	recovery,	however,	is	likely	to	be	often	disrupted	and	suf-
fer	a	 reset	 in	human‐modified	Amazonian	 forests—these	 forests	are	
the	most	vulnerable	to	further	human	impacts	in	the	decades	after	the	
initial	disturbance	event,	due	to	changes	in	microclimate	(Camargo	&	
Kapos,	1995;	Uhl	&	Kauffman,	1990),	increased	fuel	loads	on	the	for-
est	floor	(Gerwing,	2002;	Keller,	Palace,	Asner,	Pereira,	&	Silva,	2004)	
and	the	newly	acquired	ease	of	access	(Asner	et	al.,	2006;	Laurance,	
Goosem,	&	Laurance,	2009).	Hence,	to	make	any	estimates	of	recov-
ery	beyond	25–30	years	in	these	systems	is	probably	unrealistic.	Using	
wood	density	 levels	 in	sapling	communities	as	an	 indicator	of	 forest	
recovery,	our	findings	reveal	the	following	new	insights:

4.1.1 | Human‐modified forests are functionally 
different from undisturbed forests

Our	expectation	that	both	disturbed	primary	and	secondary	forests	
would	have	 lower	wood	densities	when	 compared	 to	 undisturbed	
forests	was	supported.	Plot‐level	wood	density	of	trees	and	saplings	
in	disturbed	primary	forests	were,	respectively,	19%	and	17%	lower	
than	in	undisturbed	forests;	while	in	secondary	forests	these	differ-
ences	were	33%	 for	 trees	 and	18%	 for	 saplings.	 These	 significant	
differences	in	average	wood	density	highlight	that	not	only	are	cur-
rent	human‐modified	Amazonian	forests	different	from	undisturbed	
ones,	but	also	that	in	the	future	this	difference	is	likely	to	persist.	It	
is	worthwhile	pointing	out	that	these	results	are	probably	conserva-
tive—as	human‐modified	forests	are	more	prone	to	additional	distur-
bances	(Asner	et	al.,	2006;	Siegert,	Ruecker,	Hinrichs,	&	Hoffmann,	
2001),	 these	differences	 in	wood	density	are	expected	to	become	
even	more	accentuated	after	new	disturbance	events.

4.1.2 | Convergence of disturbed primary and 
secondary forests

Our	results	also	indicate	that	in	the	future,	disturbed	primary	forests	and	
secondary	forests	are	likely	to	have	similar	wood	density	values,	as	there	

F I G U R E  4  Comparison	between	the	average	wood	density	
of	saplings	in	undisturbed	forest	plots	and	(a)	disturbed	primary	
forests	that	experienced	either	selective	logging	or	understorey	
fires	≥19	years	prior	sampling,	and	secondary	forests	≥12	years	
old;	(b)	disturbed	primary	forests	within	160	m	from	a	man‐made	
edge;	(c)	disturbed	primary	forests	with	liana	density≥600	stems/
ha	and	secondary	forests	with	liana	density	≥950	stems/ha.	Error	
bars	indicate	standard	error.	Asterisks	represent	p	<	.001	(***)	and	
p	<	.01	(**)	in	relation	to	undisturbed	plots,	following	Wilcoxon–
Mann–Whitney	tests
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was	no	significant	difference	in	average	sapling	wood	density	between	
these	forests.	This	apparent	convergence	between	disturbed	primary	
and	 secondary	 Amazonian	 forests,	 a	 process	 called	 secondarization	
(Malhi,	 Gardner,	 Goldsmith,	 Silman,	 &	 Zelazowski,	 2014),	 has	 already	
been	observed	both	in	terms	of	carbon	stocks	(Berenguer	et	al.,	2014)	
and	forest	structure	(Xaud,	Martins,	&	SRV,	Santos	JR	dos,	2013),	but	
this	is	the	first	time	to	be	highlighted	in	terms	of	a	plant	functional	trait.

4.1.3 | A slowdown in the recovery trajectory of 
wood density may negatively impact carbon storage

Tropical	forests	are	expected	to	take	≥12	years	to	return	to	original	
levels	of	biomass	following	selective	logging	(Rutishauser	et	al.,	2015)	
and	 ≥66	years	 following	 clearance	 (Hughes,	 Kauffman,	&	 Jaramillo,	
1999;	Letcher	&	Chazdon,	2009;	Poorter	et	al.,	2016),	although	biodi-
versity	recovery	can	take	much	longer	(Chazdon	et	al.,	2009;	Mesquita	
et	al.,	2015).	Recovery	rates	can	vary	depending	on	disturbance	type,	
frequency	and	intensity	(in	the	case	of	disturbed	primary	forests);	pre-
vious	 land‐use	management	 (in	 the	case	of	 secondary	 forests);	 and	
on	differences	in	soil	fertility,	landscape	configuration	and	the	pres-
ence	of	 organisms	 that	 can	 either	 accelerate	or	 hamper	 the	 recov-
ery	process	(Chazdon,	2003;	Imai	et	al.,	2012;	Mesquita	et	al.,	2015;	
Schnitzer	et	al.,	2000;	Zarin	et	al.,	2005).	Our	results	show	that	the	re-
covery	of	sapling	wood	density	appears	to	either	stop	or	dramatically	
slow	down	after	only	19	years	in	disturbed	primary	forests	and	after	
12	years	in	secondary	forests.	Average	wood	density	in	each	case	lev-
elled	off	at	values	significantly	lower	than	those	found	in	undisturbed	
forests,	 indicating	 that	disturbed	and	secondary	Amazonian	 forests	
are	either	experiencing	a	very	slow	rate	of	recovery	or	are	in	a	state	of	
impeded	succession	with	respect	to	this	key	plant	functional	trait.	We	
cannot	differentiate	which	is	the	case,	whether	these	forests	are	un-
dergoing	a	process	of	step‐change	recovery	(Norden,	Letcher,	Boukili,	
Swenson,	&	Chazdon,	2012)	that	we	could	not	detect	within	our	time	
frame	of	25	years,	or	whether	their	recovery	has	been	arrested	and	
they	are	currently	trapped	into	an	alternative	stable	state	as	seen	in	
burned	Amazonian	floodplains	(Flores	et	al.,	2016).	Regardless,	both	
alternatives	are	alarming;	because	they	can	undermine	the	provision	
of	a	crucial	ecosystem	service—carbon	storage.	For	example,	an	indi-
vidual	tree	with	30‐cm	DBH	from	a	common	low‐wood	density	pio-
neer	species	in	the	region,	such	as	Jacaranda copaia,	 is	estimated	to	
store	0.43	Mg	C,	while	a	tree	of	the	same	size	from	an	abundant	high‐
wood	 density	 canopy	 species,	 such	 as	 Eschweilera coriacea,	 stores	
1.03	Mg	C;	a	difference	of	139%	in	carbon	storage	capacity.	It	is	thus	
critical	to	identify	the	factors	that	may	be	negatively	influencing	the	
recovery	of	wood	density	in	disturbed	and	regenerating	Amazonian	
forests,	in	order	to	develop	measures	to	revert	this	process.

4.1.4 | Forest edges matter

Forest‐edge	environments	 are	 affected	by	 a	 variety	of	 changes	 in	
abiotic	aspects:	 lower	air	and	soil	moisture,	 increased	wind	distur-
bance,	and	higher	above	and	below‐ground	temperatures	(Camargo	
&	 Kapos,	 1995;	 Ewers	 &	 Banks‐Leite,	 2013).	 These	 microclimatic	

alterations	 lead	 to	biotic	changes,	 such	as	proliferation	of	 invasive	
and	 disturbance‐adapted	 plant	 and	 animal	 species,	 increased	 tree	
mortality	 and	 subsequent	 gap	 formation,	 lower	 biomass,	 thicker	
understorey	and	elevated	litter	fall;	all	of	which	then	contribute	to	
further	modification	 of	microclimatic	 conditions	 (Broadbent	 et	 al.,	
2008;	Laurance	et	al.,	2002).	Ultimately,	these	forests	experience	a	
drastic	structural	change	and	become	fire‐prone	(Alencar,	Nepstad,	
Diaz,	&	Vera,	2006),	which	is	atypical	of	undisturbed	tropical	rainfor-
ests	(Archibald,	2013).	Given	the	proximity	to	agricultural	land	uses	
and	the	increased	vulnerability	to	fire,	forest‐edge	environments	are	
more	 likely	to	burn	and	to	be	subjected	to	frequent	human	distur-
bance,	 such	 as	 logging	 and	hunting	 (Cochrane	&	 Laurance,	 2002).	
Our	findings	shed	new	light	on	the	pervasive	 impacts	of	fragmen-
tation	in	tropical	forests,	showing	that	edge	effects	can	negatively	
interfere	with	the	recovery	of	key	functional	groups,	such	as	high‐
wood	density	species.	As	already	40%	of	all	Amazonian	forests	are	
within	2	km	of	a	forest	edge	(Haddad	et	al.,	2015)	and	deforestation	
rates	are	currently	going	up	(INPE,	2016a),	it	is	expected	that	more	
remaining	 forests	 will	 become	 closer	 to	 edges,	 severely	 affecting	
the	 ability	of	 these	 forests	 to	 recover	 their	 pre‐disturbance	 levels	
of	wood	density.	 Finally,	 small	 (≤8	ha—i.e.	 ≤160	m	 radius	 if	 round)	
or	narrow	forest	fragments,	although	important	for	increasing	land-
scape	connectivity	and	conserving	a	subset	of	fauna	and	flora	spe-
cies	(Barlow	et	al.,	2010;	Lees	&	Peres,	2008),	are	unlikely	to	maintain	
all	existing	ecosystem	functional	attributes	and	processes	in	the	long	
term	if	edge	effects	hampers	the	recovery	of	wood	density.

4.1.5 | High liana densities are detrimental for 
forest recovery

Lianas	out‐compete	saplings	of	high‐wood	density	tree	species	and	
favour	the	establishment	of	pioneers	in	naturally	occurring	treefall	
gaps	 (Heijden	et	al.,	2013;	Schnitzer	et	al.,	2000).	However,	 these	
effects	have	been	reported	only	at	small	spatial	scales	and	in	areas	
with	no	human	disturbance.	A	better	understanding	of	the	ecologi-
cal	 consequences	 of	 liana	 infestation	 on	 ecosystem	 functioning	 is	
crucial	 since	 neotropical	 forests	 are	 experiencing	 a	 widespread	
increase	 in	 the	abundance	of	 small	 diameter	 lianas,	 both	 in	undis-
turbed	(Schnitzer	&	Bongers,	2011)	and	in	human‐modified	forests	
(Berenguer	et	al.,	2014;	Laurance	et	al.,	2014).	Our	finding	showed	
that	plots	with	a	high	density	of	lianas	(i.e.	≥600	liana	stems/ha,	com-
pared	to	c.	400	stems/ha	in	undisturbed	forests)	had	lower	average	
wood	density	of	saplings	in	both	disturbed	primary	and	secondary	
forests,	suggesting	a	potentially	 important	role	of	 lianas	 in	 locking	
forests	into	an	early	successional	state,	as	has	been	found	for	treefall	
gaps	 in	Central	America	 (Schnitzer	et	al.,	2000)	and	 in	forest	frag-
ments	in	the	Atlantic	Forest	(César	et	al.,	2016).

4.1.6 | Surrounding primary forest cover seems of 
less importance

Surprisingly,	we	found	little	influence	of	the	percentage	of	primary	
forest	 cover	 in	 the	 surrounding	 landscape	 on	 the	 average	 wood	
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density	 of	 saplings—we	 had	 expected	 that	 plots	 surrounded	 by	
greater	 forest	 cover	 would	 present	 a	 higher	 recruitment	 of	 high‐
wood	 density	 species.	 However,	 this	 result	 should	 be	 interpreted	
with	caution:	given	that	there	was	≥40%	primary	forest	cover	in	the	
buffer	zone	surrounding	each	plot,	we	do	not	know	whether	lower	
amounts	of	surrounding	forest	could	negatively	affect	wood	density	
recovery.	It	is	very	unlikely	that	human‐modified	forests	will	recruit	
old‐growth	tree	species	in	a	landscape	devoid	of	both	seed	sources	
and	seed	dispersers	(Muñiz‐Castro	et	al.,	2006;	Nepstad	et	al.,	1996;	
Rigueira	et	al.,	2013).

4.2 | Research challenges for understanding 
ecosystem functioning in human‐modified 
tropical forests

The	establishment	and	periodic	monitoring	of	permanent	study	plots	
in	undisturbed	tropical	forests	has,	for	the	past	20	years,	greatly	in-
creased	our	understanding	of	how	edaphic,	climatic	and	topographic	
patterns	 influence	 the	 functioning	 of	 forests	 in	 the	 humid	 tropics	
(Baraloto	et	al.,	2011;	Girardin,	Malhi,	&	Aragão,	2010;	Lewis	et	al.,	
2013;	Malhi	 et	 al.,	 2009;	 Quesada	 et	 al.,	 2012).	 These	 long‐term	
datasets	have	also	been	used	to	highlight	changes	in	ecosystem	pro-
cesses	following	extreme	climatic	events,	such	as	the	2005	and	the	
2010	droughts	 in	the	Amazon,	when	affected	forests	shifted	from	
acting	as	carbon	sinks	to	carbon	sources	(Lewis	et	al.,	2011;	Phillips	
et	al.,	2009).	It	is	now	critical	to	expand	these	permanent	plot	net-
works	into	human‐modified	tropical	forests	to	provide	much‐needed	
information	on	the	recovery	dynamics	following	human	disturbance	
and,	 in	particular,	 the	extent	 to	which	successional	processes	may	
have	been	impaired	or	are	just	currently	experiencing	very	slow	step	
changes.

To	 achieve	 this	 understanding,	 our	 work	 demonstrates	 that	
sampling	protocols	must	incorporate	the	monitoring	of	saplings	and	
lianas,	components	 that	are	often	neglected	 in	vegetation	surveys	
and	subsequent	analyses,	but	 that	clearly	play	vital	 roles	 in	 forest	
recovery.	Other	locally	abundant	plant	forms	that	have	the	potential	
to	disrupt	the	recovery	of	disturbed	primary	and	secondary	forests	
should	also	be	monitored,	including	bamboos,	ferns,	grasses	and	un-
derstorey	palms	(Douterlungne	et	al.,	2010;	Guilherme	et	al.,	2004;	
Sarmiento,	1997;	Schnitzer	et	al.,	2000).	Currently	we	do	not	fully	
understand	whether	 the	 role	 of	 lianas	 and	 other	 plant	 forms	may	
change	 as	 succession	 continues	 and,	 as	 such,	 studies	 focusing	 ex-
clusively	on	these	organisms	could	considerably	improve	our	knowl-
edge	 about	 their	 influence	 on	 the	 post‐disturbance	 recovery	 of	
tropical	forests.

4.3 | Perspectives for the future of human‐modified 
tropical forests

At	 the	 beginning	 of	 the	 21st	 century,	 it	 was	 estimated	 that	
500	million	hectares	of	tropical	rainforests	were	already	modified	
by	humans	in	some	way	(ITTO,	2002).	Since	then,	this	figure	has	
increased:	new	studies	 show	that	80%	of	 forests	 in	Borneo	and	

Brunei	 have	 been	 either	 logged	 or	 cleared	 (Bryan	 et	 al.,	 2013),	
while	in	the	Brazilian	Amazon	10	million	hectares	were	selectively	
logged	between	2007	and	2013	 (INPE,	2015)	 and	vast	 forested	
areas	 burned	 during	 the	 2015–16	 El	 Niño	 event	 (INPE,	 2016b).	
The	 total	extent	of	secondary	 forests	 in	 the	 tropics	 is	harder	 to	
measure,	as	regenerating	stands	might	just	be	temporary	fallows	
between	deforestation	cycles.	Still,	 in	2,000	around	23.5	million	
hectares	of	the	world’s	humid	tropics	were	occupied	by	second-
ary	 forests	 (Asner	 et	 al.,	 2009),	 from	which	 15	million	 hectares	
were	found	in	the	Brazilian	Amazon	alone	(Almeida	et	al.,	2016).	
The	combination	of	a	continued	dependence	on	fire	for	much	of	
tropical	 agriculture	 (Aragão	 et	 al.,	 2018;	 Carmenta,	 Vermeylen,	
Parry,	&	Barlow,	2013),	unsustainable	timber	extraction	practices	
(Monteiro	et	al.,	2013)	and	widespread	fragmentation	in	the	wake	
of	ongoing	agricultural	expansion	 (Hansen	et	al.,	2013),	 indicate	
that	 the	 area	 of	 tropical	 forest	 unaffected	 by	 human	 activity	 is	
rapidly	 diminishing.	 Contrary	 to	 recent	 reports	 that	 regenerat-
ing	tropical	forests	have	a	high	level	of	resilience	(Poorter	et	al.,	
2016;	Rutishauser	 et	 al.,	 2015)	 our	 findings	 highlight	 that	 a	 key	
ecological	trait	may	in	fact	recover	very	slowly,	and	might	not	re-
gain	pre‐disturbance	levels	in	decadal	time‐scales.	Our	results	are	
also	 likely	 to	be	 conservative,	 given	 that	human‐modified	 tropi-
cal	 forests	are	more	susceptible	 to	additional	human‐driven	dis-
turbances,	 thereby	 setting	back	 the	 recovery	process.	Although	
changes	in	wood	density	levels	in	the	sapling	community	is	just	an	
indicator	of	forest	recovery,	it	is	one	more	piece	of	the	puzzle	on	
our	 understanding	of	whether	 tropical	 forests	 can	bounce	back	
from	human	impacts.	The	literature	now	abounds	with	examples	
of	 human‐modified	 tropical	 forests	 being	 trapped	 in	 alternative	
states,	 supporting	 a	much	 impoverished	 set	 of	 species	 and	 per-
forming	 ecosystem	 processes	 at	 rates	 that	 are	 significantly	 dif-
ferent	 from	 undisturbed	 forests	 (Barlow	 et	 al.,	 2016;	 Flores	 et	
al.,	2016;	Gibson	et	al.,	2011;	Laurance	et	al.,	2011;	Riutta	et	al.,	
2018).	It	seems	therefore	imperative	to	effectively	protect	areas	
of	 remaining	 undisturbed	 forests,	 while	 also	 avoiding	 further	
human	impacts	in	already	disturbed	areas.	Achieving	these	goals	
requires	a	step	change	in	the	priorities	of	conservation	research,	
practice	and	policy,	recognizing	forest	disturbance	as	a	compara-
ble	concern	to	the	maintenance	of	key	ecosystem	functions	and	
services	as	deforestation.
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