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ABSTRACT	

The	biochemistry	of	leaves	merges	the	fates	of	trees	and	the	atmosphere.	Leaf	

primary	metabolism	cycles	carbon	and	indirectly	drives	atmospheric	circulation	via	

the	latent	heat	of	transpiration.	Tropical	forests	contain	half	of	global	forest	carbon,	

and	actively	cycle	carbon	and	energy	year	round,	making	them	critical	components	

of	the	coupled	biosphere-climate	system.	Climate	change	threatens	tropical	forests	

with	rising	temperatures	and	increasing	variability	of	precipitation.	Their	response	

will	influence	future	biodiversity	as	well	as	the	fate	of	the	climate.	

	 Understanding	the	physiological	attributes	that	define	tropical	tree	

responses	and	feedbacks	to	climate	is	a	current	research	priority.	The	emission	of	

isoprene	gas	from	plant	leaves	has	been	demonstrated	to	enhance	leaf	tolerance	to	

high	temperatures	and	drought.	Isoprene	is	a	volatile	secondary	metabolite	

produced	in	the	chloroplast	by	approximately	one-third	of	plant	species.	While	the	

benefits	of	isoprene	are	supported	by	extensive	laboratory	and	greenhouse-based	

research,	work	has	only	begun	to	explore	how	the	trait	is	integrated	in	plant	

functional	strategies.	Whether	isoprene	influences	differential	species	performance	

and	survival	across	environments	has	yet	to	be	tested.	An	impediment	to	filling	this	

clear	ecological	research	gap	has	been	a	lack	of	instrumentation	capable	of	

quantifying	isoprene	emissions	from	leaves	in	remote	field	settings.	

The	first	study	presented	here	tests	the	hypothesis	that	isoprene	emission	

influences	plant	community	assembly	shifts	across	environmental	gradients	and	

through	time	in	tropical	forests.	The	capacity	for	a	species	to	produce	isoprene	was	

associated	with	increased	relative	abundance	at	higher	temperatures	and	following	
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drought	anomalies.	A	negative	relationship	with	the	length	of	seasonal	drought	

suggests	a	trade-off	between	isoprene	emission	and	other	plant	traits,	such	as	

deciduous	leaf	habit.	The	second	study	presents	the	development	of	a	new	

instrument	that	is	uniquely	optimized	for	field-based	ecological	research	on	leaf	

volatiles.	The	new	system,	named	PORCO	(Photoionization	of	Organic	Compounds),	

utilizes	custom	leaf	cuvettes,	precision	light	control,	and	an	optimized	commercial	

photoionization	detector	to	achieve	real-time	detection	of	leaf	emissions	with	

detection	limits	better	than	0.5	nmol	m-2leaf	s-1.	The	third	study	utilizes	PORCO	to	

test	hypotheses	about	the	structuring	of	isoprene	within	plant	functional	strategies	

and	across	forest	microenvironments	in	an	eastern	Amazonian	evergreen	tropical	

forest.	The	results	support	the	role	of	isoprene—and	potentially	other	volatile	

isoprenoids—in	mitigating	effects	of	intermittent	sun	exposure	in	the	sub-canopy.	

Emissions	are	structured	in	a	complex,	multivariate	manner	that	depends	on	

taxonomy,	leaf	and	wood	characteristics,	tree	height,	and	light	environment.	

	 The	results	from	this	dissertation	work	demonstrate	that	isoprene	emission	

from	leaves	affects	plant	responses	to	climate	at	ecologically	relevant	scales.	

Isoprene	influences	climate	not	only	by	its	effect	on	primary	leaf	functions,	but	also	

by	directly	altering	atmospheric	chemistry,	and	contributing	to	aerosol	and	cloud	

properties.	Understanding	isoprene’s	role	in	forest	responses	to	increasing	

temperatures	and	drought	will	help	to	predict	the	feedbacks	between	forest	

ecosystems	and	climatic	change.	 	
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INTRODUCTION	

A	current	frontier	in	ecology	is	the	scaling	of	physiological	processes	of	individual	

plants	through	diverse	vegetation	compositions	up	to	ecosystem-scale	feedbacks	

with	climate.	Because	species	differ	in	their	physiological	properties,	translating	

individual	function	to	ecosystem	function	invokes	a	foundational	question	in	

ecology:	how	species	of	organisms	are	assembled	into	communities.	An	increasingly	

mechanistic	approach	to	that	question	has	paved	the	way	for	current	computer	

simulations	that	model	the	planet	as	an	integrated	flow	of	physical	and	biological	

processes.	

Pioneering	work	by	Frederick	Clements	in	the	early	1900’s	characterized	

discreet,	predictable	plant	communities	as	fundamental	properties	of	a	landscape	

(Clements,	1936).	In	the	mid	century,	Whittaker	and	Curtis	encouraged	a	view	of	

continuous	distributions	of	species,	and	functional	groups	of	species,	across	

continuous	environmental	gradients,	and	developed	multivariate	statistical	

techniques	for	their	analysis	(Curtis	&	Mcintosh,	1951;	Whittaker	R.	H.,	1956;	

Whittaker,	1967).	In	1983,	an	influential	article	by	Steve	Arnold	helped	shift	the	

focus	from	patterns	to	mechanisms	by	understanding	the	‘functional	traits’	that	

determined	a	species’	place	in	its	environment	(Arnold,	1983).	Today,	species	

assemblages	are	frequently	modeled	solely	in	terms	of	community	distributions	of	

functional	traits.	This	approach	informs	the	mechanisms	behind	community	

assembly	and	how	individual	properties	aggregate	to	the	ecosystem	scale	(Enquist	

et	al.,	2015).	Distributions	of	functional	traits	drive	computer	simulations	that	

predict	the	dynamics	of	feedbacks	between	forests	and	climate	at	regional	and	
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global	scales	(Moorcroft,	2006).	For	example,	a	recent	modeling	study	examines	the	

relationship	between	functional	trait	diversity	and	the	trajectory	of	biomass	carbon	

stocks	and	their	recovery	following	climatic	disturbance	in	the	Amazon	basin	

(Sakschewski	et	al.,	2016).	

	 While	the	theoretical	groundwork	has	been	laid	to	integrate	individual	

function	through	ecosystems	to	planetary	processes,	much	work	is	still	needed	to	

understand	which	functional	traits	determine	plant	performance	and	mortality	

across	environments,	and	how	those	traits	are	integrated	into	holistic	functional	

strategies	retained	by	species.	In	this	context,	the	following	dissertation	work	

elucidates	the	ecological	role	of	isoprene	gas	emissions	from	plant	leaves.	Isoprene	

is	a	five-carbon,	volatile	secondary	metabolite	produced	in	leaves	by	a	third	of	plant	

species	(Sharkey	&	Yeh,	2001).	Diverse	experimental	and	theoretical	studies	show	

that	isoprene	reduces	impacts	to	photosynthesis	stemming	from	high	temperatures	

(Singsaas	et	al.,	1997;	Hanson	&	Sharkey,	2001;	Sharkey	et	al.,	2001;	Sharkey,	2005;	

Behnke	et	al.,	2007)	and	drought	(Funk	et	al.,	2004;	Apel	&	Hirt,	2004;	Brilli	et	al.,	

2007;	Vickers	et	al.,	2009;	Ryan	et	al.,	2014).	Forests	emit	significant	quantities	of	

isoprene	to	the	atmosphere,	where	it	indirectly	influences	greenhouse	gas	lifetimes	

and	albedo	by	affecting	atmospheric	chemistry,	aerosol	formation,	and	cloud	

properties	(Carslaw	et	al.,	2010).	

	 Tropical	forests	are	the	strongest	source	biome	of	isoprene	to	the	

atmosphere	(Guenther	et	al.,	2006).	They	are	also	critical	components	of	the	global	

carbon	and	energy	cycles.	Tropical	forests	store	half	the	world’s	forest	biomass	

carbon	(Pan	et	al.,	2011),	and	their	year-round	physiological	activity	drives	
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atmospheric	circulation	via	the	latent	heat	of	transpiration	(Chase	et	al.,	1996;	

Garcia	et	al.,	2016).	Overwhelming	species	richness	necessitates	a	trait-based	

approach	to	distill	the	mechanisms	behind	tropical	forest	responses	and	feedbacks	

to	climate.	Climate	models	project	increasing	temperatures	and	drought	frequency	

in	the	tropics	(Galbraith	et	al.,	2010).	By	buffering	photosynthesis	against	these	

climatic	changes,	isoprene	may	play	an	important	role	in	tropical	forest	resilience.	

	 While	the	importance	of	isoprene	both	to	plant	physiology	and	climate	is	well	

demonstrated,	the	implications	of	isoprene	emissions	to	ecological	processes	have	

only	begun	to	be	explored	(Harrison	et	al.,	2013;	Dani	et	al.,	2014).	This	research	

deficit	is	attributable	in	part	to	a	lack	of	instrumentation	for	quantifying	emissions	

from	plant	leaves	in	field	settings.	In	the	first	chapter	of	the	present	dissertation,	the	

hypothesis	is	tested	that	tropical	tree	species	that	produce	isoprene	are	more	

tolerant	than	non-emitting	species	to	high	temperatures	and	drought.	New	species	

measurements	and	literature	data	are	combined	to	assess	community	composition	

changes	across	landscape	gradients	and	through	time.	In	the	second	chapter,	a	new	

instrument	is	developed	to	enable	quantitative	measurement	of	isoprene	emissions	

from	plant	leaves	in	the	field.	The	new	system	is	field	portable,	provides	real-time	

emission	calculation	and	live	measurement	feedback,	and	can	detect	emissions	

lower	than	0.5	nmol	m-2leaf	s-1.	In	the	third	chapter,	the	new	instrument	is	utilized	to	

determine	the	structuring	of	isoprene	emissions	across	plant	functional	strategies	

and	forest	microenvironments	in	an	eastern	Amazonian	evergreen	forest.	

Hypotheses	are	tested	about	the	adaptive	function	of	isoprene	and	the	

environmental	and	physiological	constraints	on	its	utilization	by	plants. 
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PRESENT	WORK	

The	manuscripts	for	my	dissertation	research	are	presented	in	Appendices	A-C,	

which	contain	the	introduction,	methods,	results,	and	discussion	sections	for	each	

chapter.	Here,	I	have	provided	a	summary	of	the	main	findings	of	each	study.	

	

Summary	of	Appendix	A:	“Isoprene	emission	structures	tropical	tree	

biogeography	and	community	assembly	responses	to	climate”	

This	article	presents	the	first	quantitative	analysis	of	the	role	of	isoprene	emission	

in	tropical	tree	community	assembly.	We	tested	the	hypothesis	that	

environmentally	dependent	performance	differences	structure	the	distributions	of	

isoprene-emitting	and	non-emitting	tree	species	in	tropical	forests.	Using	a	large	

biogeographic	database	of	tropical	tree	species	and	abundance	data,	we	found	that	

the	proportion	of	trees	that	produce	isoprene	significantly	increases	with	site	mean	

annual	temperature,	and	decreases	with	dry-season	length.	We	analyzed	community	

changes	through	time	in	three	tropical	forests	subjected	to	significant	warming	(one	

site)	or	drought	(two	sites).	We	found	a	strong	increase	in	the	proportion	of	

emitters	following	warming,	and	a	moderate	increase	following	anomalous	drought.	

We	conclude	that	isoprene	emission	relates	to—and	potentially	influences—tree	

species	demographics	and	environmental	distributions.	Alternative	trait	strategies	

that	trade-off	with	isoprene	emission	are	proposed	to	explain	divergent	community	

responses	to	anomalous	drought	and	seasonal	drought.	We	report	statistical	

relationships	between	climate	and	the	relative	abundance	of	emitters	scaled	by	

basal	area,	which	can	be	directly	incorporated	into	isoprene	emission	models	as	
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improved	a	priori	predictions	of	the	proportion	of	leaf	area	that	emits	at	any	site.	

This	article	is	in	preparation	for	submission	to	Global	Change	Biology.	

	

Summary	of	Appendix	B:	“A	new	system	for	quantification	of	volatile	organic	

compound	emissions	from	plant	leaves	in	the	field”	

This	article	describes	a	custom	instrument	system	designed	for	measuring	

emissions	of	volatile	organic	compounds	from	plant	leaves	in	the	field.	The	system,	

named	PORCO	(Photoionization	of	Organic	Compounds),	provides	several	

advantages	over	detection	methods	currently	employed	in	field	settings.	Online	

detection	eliminates	the	need	for	sample	transport	to	laboratories	and	the	risk	of	

signal	degradation	during	transport.	Real-time	emission	quantification	provides	a	

view	of	dynamic	emission	response	curves,	as	opposed	to	aggregated	signals	from	

stored	samples.	Live	measurement	feedback	enables	adjustment	of	sampling	

strategy	in	the	field.	Custom	leaf	cuvettes	increase	emission	detectability	relative	to	

commercial	photosynthesis	cuvettes.	Current-controlled	light-emitting	diode	panels	

precisely	regulate	photosynthetically	active	radiation	throughout	the	intensity	

range	of	natural	sunlight.	The	lower	detection	limit	of	leaf	emissions	is	<	0.5	nmol	m-

2	s-1.	PORCO	is	backpack	mounted	for	field	portability	and	examples	of	use	on	the	

ground	and	in	the	canopy	are	demonstrated.	This	article	is	in	preparation	for	

submission	to	Ecological	Applications.	

	

Summary	of	Appendix	C:	“Taxonomy,	traits,	and	environment	determine	

isoprenoid	emission	from	an	evergreen	tropical	forest”	
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This	article	presents	an	analysis	of	the	ecological	factors	that	limit	and	covary	with	

isoprenoid	emissions	in	an	eastern	Amazonian	forest.	The	new	PORCO	detection	

system	was	used	to	measure	161	leaves	from	71	trees	comprising	52	species.	

Emission	capacity	was	found	to	relate	dynamically	to	branch	height,	light	

environment,	leaf	traits,	and	wood	traits.	The	emission	response	to	bright	light	

exposure	was	strongest	from	leaves	acclimated	to	shadier	light	environments,	

supporting	a	hypothesized	role	of	isoprenoid	emissions	in	mitigating	effects	of	rapid	

light	and	temperature	fluctuation.	The	relationship	between	emission	capacity	and	

leaf	structural	investment	suggests	that	emissions	are	associated	with	an	allocation	

tradeoff	between	longevity	and	photosynthetic	infrastructure.	Significantly	different	

correlations	between	leaf	and	wood	characteristics	showed	emitters	and	non-

emitters	to	be	distinct	functional	groups	with	unique	axes	of	trait	variation.	

Multivariate	analysis	of	traits	and	microenvironments	among	emitters	reveals	

distinct	functional	groups	that	utilize	emissions	differently,	possibly	in	relation	to	

each	species’	ultimate	canopy	positions.	This	article	is	in	preparation	for	submission	

to	New	Phytologist.	
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Abstract	

Tropical	forests	emit	significant	quantities	of	isoprene	gas	to	the	atmosphere,	which	

there	affect	atmospheric	chemistry,	aerosols,	and	cloud	dynamics.	Isoprene	

emission	from	leaves	has	been	shown	to	enhance	plant	tolerance	to	climatic	stress,	

but	whether	this	effect	results	in	fitness	differences	between	emitting	and	non-

emitting	species	is	unknown.	With	increasing	temperatures	and	frequency	of	

droughts	in	tropical	forests,	enhanced	tolerance	of	isoprene-emitting	species	could	

influence	community	assembly	and	the	regional	patterns	of	forest	emissions.	We	
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tested	the	hypothesis	that	environmentally	dependent	performance	differences	

structure	the	distributions	of	isoprene-emitting	and	non-emitting	tree	species	in	

tropical	forests.	Using	a	biogeographic	database	of	tropical	tree	species	and	

abundance	data	(SALVIAS),	we	estimated	the	proportional	abundance	of	isoprene-

emitting	trees	(pIE)	at	105	lowland	sites.	We	found	that	pIE	increases	with	mean	

annual	temperature	across	the	neotropics	(ΔpIE	=	0.034	per	˚C),	but	decreases	with	

dry	season	length	(ΔpIE	=	−0.012	per	month).	A	model	accounting	for	covariation	

between	environmental	variables	explained	32%	of	variation	in	site	pIE.	We	

examined	community	shifts	through	time	at	three	distinct	tropical	forest	sites—two	

natural	and	one	artificial—subjected	to	either	warming	or	drought	and	found	on	

average	a	27%	increase	in	pIE.	The	apparent	performance	advantage	of	emitters	

under	high	temperatures	and	anomalous	drought	are	consistent	with	previous	

physiological	research	on	the	role	of	isoprene	in	buffering	leaf	biochemistry	against	

environmental	perturbations.	We	hypothesize	that	the	negative	relationship	with	

dry-season	length	could	be	explained	by	constraints	on	the	occurrence	of	isoprene	

emissions	with	other	leaf	strategies.	Leaf	phenotypes	diverge	toward	the	extremes	

of	carbon	economics	strategies	with	increasing	dry-season	length	in	tropical	forests.	

This	analysis	provides	an	ecological	mechanism	for	regional	variability	in	forest	

isoprene	emissions	that	can	be	applied	to	emissions	models.	An	influence	of	

isoprene	on	species	performance	under	rapid	climate	change	would	alter	landscape	

emission	patterns	and	the	functional	composition	of	forests.	

	

Introduction	
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The	biochemistry	of	leaves	merges	the	fates	of	trees	and	the	atmosphere.	Leaf	

primary	metabolism	cycles	carbon	and	indirectly	drives	atmospheric	circulation	via	

the	latent	heat	of	transpiration	(Chase	et	al.,	1996;	Garcia	et	al.,	2016).	Leaf	

secondary	metabolism,	typically	overlooked	at	this	scale,	may	be	equally	important	

in	that	it	influences	the	conditions	under	which	primary	metabolism	can	take	place	

(Edreva	et	al.,	2008;	Ramakrishna	&	Ravishankar,	2014).	A	key	secondary	metabolic	

trait	is	the	production	of	the	volatile	compound,	isoprene.	Diverse	experimental	

studies	show	that	isoprene	protects	photosynthesis	by	reducing	damage	to	the	

chloroplast	induced	by	heat,	drought,	and	other	sources	of	environmental	stress	

(Sharkey	&	Singsaas,	1995;	Sharkey	&	Yeh,	2001;	Sharkey	&	Monson,	2014).	This	

trait	could	be	an	important	determinant	of	plant	tolerance	to	an	increasingly	warm	

and	variable	climate	(Sharkey	&	Monson,	2014).	However,	not	all	plant	species	

produce	isoprene.	The	question	remains	whether	the	costs	and	benefits	of	isoprene	

translate	to	differential	species	performance,	and	ultimately	the	structuring	of	plant	

communities	across	environments	and	through	time.	

	 The	mechanism	of	isoprene’s	action	in	the	leaf	is	still	debated,	but	it	appears	

to	stabilize	biochemistry	under	suboptimal	environmental	conditions.	Anomalous	

high	temperatures	disrupt	the	coordination	of	biochemical	processes	that	have	

different	temperature	optima	(Suzuki	&	Mittler,	2006).	When	leaves	close	their	

stomata	for	water	conservation	but	are	exposed	to	high	light,	they	face	sustained	

electron	flow	with	reduced	CO2	influx	as	an	electron	acceptor	(Franco	&	Lüttge,	

2002;	Ishida	et	al.,	2014).	These	conditions	and	other	physiological	perturbations	

can	lead	to	the	accumulation	of	harmful	oxidants	in	leaves	(Apel	&	Hirt,	2004;	
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Ahmad	et	al.,	2008).	Two	widely	discussed	hypotheses	are	that	isoprene	directly	

quenches	oxidants	(Velikova,	2008;	Vickers	et	al.,	2009a;	Jardine	et	al.,	2013),	or	

that	it	reduces	oxidant	formation	by	providing	a	safe	pathway	for	electron	flow	

(Niinemets	et	al.,	1999;	Morfopoulos	et	al.,	2014;	Dani	et	al.,	2015).	Whatever	the	

mechanism,	extensive	research	has	supported	the	role	of	isoprene	in	enhancing	

photosynthetic	thermal	tolerance	ranges	(Singsaas	et	al.,	1997;	Hanson	&	Sharkey,	

2001;	Sharkey	et	al.,	2001;	Sharkey,	2005;	Behnke	et	al.,	2007),	and	supporting	the	

recovery	of	photosynthesis	following	drought	(Vickers	et	al.,	2009b;	Ryan	et	al.,	

2014;	Velikova	et	al.,	2016).	

Our	understanding	of	the	adaptive	value	of	isoprene	stems	primarily	from	

single-species	studies.	Experimental	work	measures	the	plant	response	(e.g.,	

photosynthesis)	to	environmental	variation	(e.g.,	ozone,	temperature,	or	drought)	

while	manipulating	the	presence	of	isoprene	by	fumigation	(Singsaas	et	al.,	1997;	

Peñuelas	et	al.,	2005),	poisoning	leaves	to	reduce	isoprene	production	(Kuzuyama	et	

al.,	1998;	Sharkey	et	al.,	2001),	or	genetic	modification	(Behnke	et	al.,	2007;	Ryan	et	

al.,	2014).	Intraspecific	manipulations	are	a	sensible	attempt	to	hold	all	other	factors	

constant.	However,	the	isoprene	effect	is	never	truly	isolated.	Fumigation	does	not	

account	for	indirect	benefits	resulting	from	the	physiological	production	of	

isoprene.	Leaf	poisoning	and	genetic	modification	result	in	comprehensive	

alterations	to	leaf	biochemistry	(Possell	et	al.,	2010;	Velikova	et	al.,	2014).	

An	alternative	approach	is	to	look	for	a	common	role	of	isoprene	across	large	

numbers	of	species	with	diverse	growth	strategies	and	evolutionary	histories.	About	

a	third	of	flowering	plant	species	produce	the	enzymes	required	for	isoprene	
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emission	(Sharkey	&	Yeh,	2001).	Plant	clades—genera,	and	sometimes	families—

tend	toward	a	predominance	of	either	isoprene-emitting	or	non-emitting	species,	

with	both	types	distributed	widely	throughout	the	phylogenetic	tree	(Harley	et	al.,	

1999;	Monson	et	al.,	2013).	Treating	phylogenetically	diverse	isoprene	emitters	and	

non-emitters	as	two	distinct	functional	groups	is	a	means	of	holding	isoprene	

constant	while	allowing	other	traits	to	vary—the	opposite	of	the	intraspecific	

approach.	This	framework	is	widely	applied	in	plant	functional-trait	ecology.	

Shifting	distributions	of	trait	values	are	interpreted	as	indicative	of	the	competitive	

advantage	or	disadvantage	of	particular	trait	strategies	across	environments	

(Enquist	&	Enquist,	2011;	Fauset	et	al.,	2012;	Hulshof	et	al.,	2013;	Šímová	et	al.,	

2015).	

Climate	change	is	raising	temperatures	and	increasing	precipitation	

variability	in	the	tropics	(Feng	et	al.,	2013;	Kirtman	et	al.,	2013;	Chadwick	et	al.,	

2015).	If	conclusions	from	intraspecific	research	apply,	isoprene	could	give	emitters	

an	advantage	in	a	rapidly	shifting	climate	(Sharkey	&	Monson,	2014).	Mitigating	

damage	to	leaves	during	episodic	environmental	extremes	would	improve	their	net	

lifetime	carbon	gain,	reducing	impact	to	the	tree’s	carbon	balance.	The	carbon	

balance	of	a	crown	of	leaves	is	critical	to	trees	whose	carbon	reserves	are	taxed	

toward	mortality	by	‘carbon	starvation’	under	high	temperatures	and	drought	

(Würth	et	al.,	2005;	McDowell	et	al.,	2008).	

	 In	the	present	study,	we	test	the	hypothesis	that	differential	performance	of	

isoprene-emitting	and	non-emitting	species	under	high	temperatures	and	drought	

results	in	shifts	in	the	proportional	abundance	of	isoprene-emitting	trees	(pIE)	in	a	
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community.	First,	we	assess	the	structuring	of	pIE	across	landscape	gradients	of	

temperature	and	precipitation	throughout	the	neotropics	using	a	large	

biogeographic	database	of	species	and	climate	data.	Then,	we	analyze	temporal	

shifts	in	pIE	attributed	to	differential	species	mortality	at	three	distinct	tropical	

forest	sites	responding	to	experimental	long-term	warming,	natural	drought,	or	

experimental	drought.	

	 	

Materials	and	methods	

Overview	

We	analyzed	community	compositions	across	landscape	environmental	gradients	

using	a	large	biogeographic	database	of	plant	inventories.	We	analyzed	changes	in	

tree	community	compositions	through	time	at	three	focal	sites:	Biosphere	2,	San	

Emilio,	and	Caxiuanã	(see	site	details	below).	These	three	sites	were	chosen	based	

on	the	availability	of	data	and	prior	demonstration	of	community	assembly	

responses	to	climate	anomalies.	All	analyses	were	isolated	to	dicotyledonous	woody	

tree	species.	Our	metric	of	tree	community	composition	was	the	estimated	

proportion	of	trees	that	produce	isoprene	(pIE).	Species	isoprene	emission	data	was	

obtained	by	a	combination	of	new	measurements	and	published	data.	Missing	data	

was	imputed	at	the	genus	level	by	a	probabilistic,	bootstrap	method	described	

below.	

	

Datasets:	SALVIAS	
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We	analyzed	community	composition	changes	across	climate	gradients	over	large	

spatial	scales	with	a	database	of	tree	species	inventories	distributed	across	the	

neotropics,	(SALVIAS,	2002).	The	SALVIAS	database	primarily	comprises	0.1	ha	tree	

plots	for	trees	≥	10	cm	diameter	at	breast	height.	Climate	data	(mean	annual	

temperature,	mean	annual	precipitation,	and	mean	monthly	precipitation)	was	

obtained	from	www.worldclim.org	for	SALVIAS	inventory	site	coordinates.	

	

Datasets:	Biosphere	2	

We	utilized	data	from	The	University	of	Arizona’s	Biosphere	2	tropical	forest	biome	

(B2-TF)	to	analyze	the	response	of	forest	composition	to	long-term	warming.	The	

B2-TF	consists	of	a	phylogenetically	diverse	assemblage	of	tropical	trees	and	

understory	plants	under	a	pyramidal	glass	enclosure	(27.4	m	high	by	0.2	ha	at	the	

base).	Due	to	high	outside	air	temperatures	and	prolonged	insolation	of	the	glass	

enclosure	during	the	Arizona	summer,	peak	daytime	air	temperatures	during	

summer	months	are	approximately	10˚	C	higher	than	those	typical	of	Amazonian	

sites	(Arain	et	al.,	2000;	M.	Smith	et	al.,	in	prep.).	Precipitation	and	humidity	are	

controlled	in	the	B2-TF,	providing	the	unique	opportunity	to	decouple	the	effects	of	

increased	temperatures	from	drought	and	high	atmospheric	water	demand	(M.	

Smith	et	al.,	in	prep.).	We	analyzed	community	change	from	1993—when	the	

installation	of	plants	was	completed—to	2010—when	the	latest	tree	inventory	was	

conducted.	

	

Datasets:	San	Emilio	
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We	utilized	data	from	a	long-term	forest	dynamics	plot	in	Costa	Rica	to	analyze	the	

response	of	forest	composition	to	natural	drought.	The	study	site,	locally	known	and	

referred	to	here	as	‘San	Emilio’,	is	located	within	seasonally	dry	tropical	forest	in	the	

Guanacaste	province,	from	240	to	300	m	in	elevation.	The	plot	is	16.32	ha,	located	at	

10.84N,	85.61W.	In	total,	150	tree	species	have	been	recorded	in	the	plot.	Enquist	

and	Enquist	(2011)	show	that	between	census	periods	(1976	and	1996)	San	Emilio	

has	been	witness	to	extended	drought	conditions	including	the	driest	year	yet	

recorded	as	well	as	a	longer-term	drying	trend	that	has	occurred	during	the	life	

span	of	many	of	the	trees	within	the	plot.	In	short,	the	trees	within	the	SEFDP	have	

experienced	heightened	drought	conditions—especially	in	the	time	period	between	

the	two	forest	census	years.	During	this	period,	there	were	significant	changes	in	

tree	community	assembly.	Functional	compositions	shifted	toward	increased	

relative	abundance	of	deciduous	canopy	trees	and	species	associated	with	more	

xeric	environments.	For	a	thorough	site	description,	analysis	of	precipitation	trends	

and	anomalies,	and	forest	composition	changes,	see	Enquist	&	Enquist	(2011).	

	

Datasets:	Caxiuanã	

Caxiuanã	is	the	site	of	an	experimental	drought	manipulation	to	natural	‘terra-firme’	

tropical	forest	in	the	Caxiuanã	National	Forest	Reserve	in	the	eastern	Brazilian	

Amazon	(1˚43’S,	51˚27’W),	administered	by	the	Estação	Científica	Ferreira	Penna,	

which	belongs	to	the	Museu	Paraense	Emílio	Goeldi.	Site	mean	annual	precipitation	

ranges	from	2000	to	2500	mm	with	significantly	reduced	precipitation	for	half	of	
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the	year.	For	a	complete	site	description	and	experimental	results,	see	da	Costa	et	al.	

(2010).	

	 From	January	2002	to	December	2008,	50%	of	incident	rainfall	was	excluded	

from	a	1	ha	treatment	plot	(referred	to	hereafter	as	the	‘drought’	plot)	via	

translucent	panels	and	guttering	at	a	height	of	1-2	m	(Fisher	et	al.,	2007).	Several	

publications	describe	differential	mortality	and	physiological	responses	between	

the	drought	plot	and	a	1	ha	control	plot	across	seven	years	of	rainfall	exclusion	

(Fisher	et	al.,	2007;	Meir	et	al.,	2009;	da	Costa	et	al.,	2010).	For	example,	among	

stems	>	10	cm	in	diameter	at	breast	height,	tree	mortality	rates	doubled	in	the	

treatment	plots	relative	to	the	control	(da	Costa	et	al.,	2010).	

The	data	utilized	in	the	present	study	is	an	inventory	comprising	saplings	

and	understory	treelets.	This	species	inventory	was	conducted	in	2009.	Having	no	

prior	survey	of	understory	woody	plants,	we	substitute	space	for	time	by	comparing	

the	plant	community	composition	between	the	‘drought’	plot	with	the	equivalently	

sized	‘control’	plot.	

	

Datasets:	Isoprene	emissions	inventory	

We	compiled	a	dataset	of	isoprene	emission	statuses	for	484	tropical	plant	species	

from	331	genera.	Each	species	was	labeled	as	an	isoprene	‘emitter’	or	‘non-emitter’,	

based	on	a	combination	of	new	measurements	and	literature	data.	New	

measurements	were	made	from	28	tree	species	in	the	Biosphere	2	tropical	forest	in	

2011.	Tree	branches	were	cut	and	immediately	re-clipped	underwater	to	maintain	

xylem	flow	for	leaf	transpiration.	Transparent,	five-liter	‘branch	enclosure	bags’	
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made	of	chemically	inert	material	were	used	to	enclose	approximately	0.5	m2	of	leaf	

area	by	loosely	sealing	the	bag	around	the	branch.	Air	was	purified	of	organic	

compounds	by	charcoal	filters	and	pumped	through	the	bag	at	one	liter	per	minute.	

Drawdown	of	CO2	in	the	enclosure	was	measured	by	LICOR	Li-7000	and	confirmed	

that	leaves	were	photosynthetically	active	during	all	measurements.	Isoprene	

accumulated	in	the	enclosure	was	determined	by	real-time	detection	with	a	proton	

transfer	reaction	mass	spectrometer	(PTR-MS).	Isoprene	emissions	were	identified	

by	significant	increases	in	mass-to-charge	ratio	m/z	69.	

Additional	species	emission	data	was	compiled	from	the	literature	based	on	

unbiased	‘survey-type’	studies	of	isoprene	emissions	from	tropical	trees.	We	

identified	nine	such	studies	(Lerdau	&	Keller,	1997;	Klinger	et	al.,	1998;	Keller	&	

Lerdau,	1999;	Geron	et	al.,	2002;	Greenberg	et	al.,	2003;	Varshney	&	Singh,	2003;	

Harley	et	al.,	2004;	Padhy	&	Varshney,	2005;	Bracho-Nunez	et	al.,	2013).	Methods	

for	emission	detection	varied	across	studies.	Data	for	162	species	came	from	

ambiguous	detection	methods,	i.e.	those	unable	to	distinguish	between	isoprene	and	

other	reactive	volatiles.	In	most	cases,	isoprene	is	the	only	compound	emitted	in	a	

light-dependent	manner	in	sufficient	quantities	for	detection	by	field	methods,	but	a	

small	number	of	measurements	may	have	detected	monoterpene	emissions	instead	

(Kuhn	et	al.,	2002;	Harley	et	al.,	2004).	Light-dependent	monoterpene	emissions	are	

likely	to	play	similar	roles	to	isoprene	in	the	leaf	(Vickers	et	al.,	2009a).	Their	

limited	presence	in	the	inventory	therefore	might	not	affect	interpretation	of	the	

results.	In	the	few	cases	where	two	studies	reported	conflicting	emission	statuses,	

the	species	was	labeled	as	an	emitter	because	a	false	negative	due	to	instrument	
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detection	limits	or	poor	leaf	health	is	more	likely	than	a	false	positive,	although	

species	misidentifications	could	produce	the	latter.	However,	where	results	from	

ambiguous	and	unambiguous	detection	methods	disagreed,	the	result	from	the	

unambiguous	method	was	assigned.	

	

Taxonomic	standardization	

Automated	integration	of	species	datasets	requires	standardization	of	taxonomic	

names	and	spellings.	All	taxon	lists	were	standardized	by	the	online	application,	the	

Taxonomic	Name	Resolution	Service	version	4.0	(TNRS,	

http://tnrs.iplantcollaborative.org/)	(Boyle	et	al.,	2013).	Default	settings	were	used,	

except	that	database	source	priority	was	assigned	to	Tropicos	first	and	then	USDA	

before	any	others.	If	the	priority	source	had	‘no	opinion’	on	accepted	taxonomy,	

priority	was	given	to	a	source	that	had	an	opinion.	Datasets	being	merged	were	

standardized	on	the	same	day	to	avoid	taxon	mismatches	due	to	TNRS	database	

updates.		

	

Assigning	emission	data	to	species	in	study	communities	

In	this	study,	we	treat	only	species	variability	in	the	genetically	determined	capacity	

to	enzymatically	produce	isoprene	(Monson	et	al.,	2013),	and	not	variability	in	the	

strength	of	emissions.	Emission	values	from	the	isoprene	inventory	were	converted	

to	a	binary	emission	status	(IE):	0	=	species	does	not	emit;	1	=	species	emits.	Where	

direct	species	matches	occurred	between	the	inventory	and	a	study	community,	IE	

was	assigned	accordingly.	Where	only	genus-level	identity	was	shared,	an	estimate	



 

31	
	

of	the	species’	IE	was	imputed.	While	genera	tend	to	predominantly	comprise	either	

isoprene-emitting	or	non-emitting	species	(Fig.	S1),	it	is	common	to	find	species	that	

deviate	from	their	genus	trend	(Monson	et	al.,	2013).	Species	lacking	genus-level	

representation	in	the	isoprene	inventory	did	not	receive	imputed	trait	values.	

We	used	a	method	of	bootstrap	trait	imputations	that	provides	a	

conservative	estimate	of	the	imputation	uncertainty.	Trait	values	(IE)	were	assigned	

probabilistically	in	a	manner	influenced	both	by	the	genus	average	for	the	target	

species,	and	the	range	of	trait	conservatism	observed	across	the	more	well-sampled	

genera.	

A	target	species	(St)	is	any	species	lacking	emission	data,	but	with	congeneric	

species	present	in	the	emissions	inventory.	The	genus-averaged	binary	emission	

status	(0 ≤ G ≤ 1)	provides	an	estimate	of	the	probability	that	a	random	species	

drawn	from	genus	G	emits	isoprene	(IEp).	However,	the	information	value	of	G	as	an	

estimate	of	IEp	is	limited	by	the	number	of	sampled	species.	The	set	of	well-sampled	

genera	(G*;	the	34	genera	containing	emission	data	for	at	least	three	species)	was	

assumed	to	represent	the	distribution	of	genus	means	that	can	be	expected	as	more	

species	are	sampled	from	any	given	genus	(Fig.	S1).	Three	non-mutually	exclusive	

tables	of	G∗	were	constructed	from	G*	genera:	conserved-low	(G∗ <	0.5);	

unconserved-mid	(0.3	<	G∗ <	0.7);	conserved-high	(G∗ >	0.5).	

For	each	iteration	of	probabilistic	imputations,	each	St	was	assigned	a	G*	

table	based	on	its	G.	Therefore,	G	was	used	only	as	an	indication	of	whether	the	

genus	of	the	target	species	was	likely	to	be	a	conserved	non-emitting,	unconserved,	

or	conserved	emitting	genus.	St	with	G = 0.5	were	assigned	the	mid	table.	A	genus	
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was	then	randomly	drawn	from	the	G*	table	assigned	to	St.	G∗	from	that	genus	was	

used	as	the	probability	in	a	binomial	draw,	whose	outcome	determined	the	emission	

status	(0	or	1)	of	St.	Iterations	produced	a	collection	of	nboot	sets	of	species	trait	

values,	which	could	be	used	to	generate	a	distribution	of	imputation	uncertainty	

surrounding	community	means	(i.e.	pIE).	

We	believe	this	method	to	be	conservative	because	the	broad	and	

overlapping	ranges	of	G∗	tables	produce	significant	(but	empirically	grounded)	

variability	in	the	assigned	traits.	Community	differences	must	therefore	be	large	to	

exceed	the	95%	confidence	intervals	resulting	from	the	collection	of	nboot	pIE	

estimates.	

	

Community	analyses:	spatial	

SALVIAS	plots	and	associated	climate	data	were	used	to	analyze	the	dependence	of	

landscape	variability	in	community	pIE	on	mean	annual	temperature	(MAT)	and	

dry-season	length	(DSL).	Dry-season	length	was	calculated	as	the	number	of	months	

with	less	than	100	mm	mean	monthly	precipitation	(Holdridge,	1967;	Pennington	et	

al.,	2000).	SALVIAS	data	was	filtered	to	tropical	plots	where	at	least	25%	of	species	

had	congeneric	representatives	in	the	isoprene	inventory	(i.e.	could	be	assigned	

trait	values	by	the	method	above).	Data	was	further	filtered	to	low	elevation	sites	

(elevation	≤	300	m)	to	avoid	confounding	effects	of	elevation	and	temperature.	

Filtering	resulted	in	105	informative	plots.	Due	to	the	high	diversity	of	tropical	

forests,	the	vast	majority	of	species	required	imputation	of	isoprene	emission	status.	

There	were	an	estimated	4,591	species	in	the	subset	of	SALVIAS	plots,	though	many	
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were	unidentified	at	the	species	level	and	potentially	not	all	truly	unique.	In	this	plot	

subset,	158	species	(3.4%)	received	species-level	data,	1,785	spp	(39%)	received	

imputed	data,	and	2,648	spp	(58%)	received	no	trait	data.	

For	each	iteration	of	bootstrap	trait	imputations	applied	to	species,	the	

species	trait	data	was	joined	to	SALVIAS	plot	data	by	species	names.	Then	the	slope	

of	a	linear	regression	was	calculated	between	plot	pIE	and	environment	(MAT	or	

DSL).	These	slope	values	are	represented	by	the	density	distribution	insets	in	

Figures	1,	2,	S3,	and	S4,	which	represent	the	effect	of	imputation	uncertainty	on	pIE-

by-environment	relationships.	The	mean	and	standard	deviations	of	pIE	were	

calculated	across	imputation	iterations	for	each	plot	(error	bars	in	Figures	1,	2,	S3,	

and	S4).	A	single	linear	regression	between	plot	mean	pIE	values	and	MAT	or	DSL	

was	calculated	to	represent	the	average	expected	relationship	(solid	regression	

lines	in	Figures	1,	2,	S3,	and	S4).	A	multiple	regression	was	conducted	to	account	for	

a	slight	covariation	between	site	MAT	and	DSL	(dashed	regression	lines	for	high	and	

low	temperatures	in	Figures	2	and	S4).	

	

Community	analyses:	temporal	

We	assessed	changes	in	community	composition	through	time	at	three	focal	sites	

subjected	to	warming	(Biosphere	2),	natural	drought	(San	Emilio),	and	experimental	

drought	(Caxiuanã).	Composition	shifts	were	analyzed	in	two	ways	to	reflect	two	

independent	sources	of	uncertainty:	the	null	expectation	for	non-selective	

community	assembly;	and	the	uncertainty	associated	with	imputing	missing	trait	

values.	For	null	community	analyses,	species	traits	were	fixed	by	their	respective	IE	
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means	across	trait	imputations	(0	≤	IE	≤	1).	Non-binary,	species-mean	IE	values	

propagate	to	a	probabilistic	estimate	of	pIE.	The	contribution	of	trait	imputation	to	

uncertainty	in	pIE	shifts	was	assessed	by	comparing	the	distribution	of	outcomes	

across	imputation	iterations	to	0	(light	gray	density	distributions	in	Figure	3b).	

	 For	Biosphere	2	and	San	Emilio,	pIE	at	the	end	time	point	(T2)	was	compared	

to	a	null	distribution	of	pIE	for	that	time	point.	The	null	distribution	was	based	

bootstrap	simulations	of	random	species	composition	changes	between	the	first	

time	point	(T1)	and	T2.	In	Biosphere	2,	little	recruitment	occurred	over	the	census	

interval	used	in	this	study,	and	these	were	not	included	in	the	analyses.	Therefore,	

random	community	change	was	simulated	by	random	mortality	only.	Null	

communities	for	T2	were	generated	by	randomly	selecting	a	number	of	individual	

trees	from	the	T1	community	equal	to	the	number	of	trees	present	at	T2,	sampled	

without	replacement.	1000	iterations	were	sufficient	to	saturate	the	range	of	

possible	outcomes.	The	significance	of	non-random	shifts	in	pIE	(ΔpIE)	was	

determined	by	subtracting	each	pIEnull	from	pIEobs	at	T2,	and	comparing	the	resulting	

distribution	of	ΔpIE	to	0	(dark	gray	density	distributions	in	Figure	3b).	In	Biosphere	

2,	41	species	(54%)	received	species-level	data	including	all	2010	trees,	16	species	

(21%)	received	imputed	data,	and	19	species	(25%)	received	no	trait	data.	

The	San	Emilio	site	is	a	natural	forest	open	to	recruitment	of	individuals	into	

the	measured	size	classes	(DBH	≥	10	cm)	from	smaller	sizes,	and	from	the	regional	

species	pool	(for	trees	that	could	quickly	establish	and	grow	to	10	cm	DBH	within	

the	20	yr	census	interval).	Similar	to	Biosphere	2,	T2	null	communities	were	

generated	by	randomly	sampling	a	number	of	trees	from	the	T1	community	equal	to	
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the	number	observed	at	T2.	In	this	case,	trees	were	sampled	with	replacement,	

which	allowed	a	representation	of	recruitment	potential.	10,000	iterations	were	

applied.	This	model	assumes	that	the	T1	community	represented	the	range	of	trait	

values	available	among	potentially	recruiting	trees.	That	is	a	reasonable	assumption	

given	that	most	recruits	to	T2	will	have	come	from	smaller	size	classes,	which	are	

likely	to	mostly	comprise	progeny	of	T1	adults.	In	San	Emilio,	23	species	(15%)	

received	species-level	data,	65	species	(41%)	received	imputed	data,	and	69	species	

(44%)	received	no	trait	data.	

For	Caxiuanã,	community	change	was	assessed	by	comparing	pIE	between	

control	and	drought	treatment	groups.	Treatment	sub-plots	(n	=	20	each)	pIE	were	

compared	by	t-test.	For	visual	representation,	a	distribution	of	ΔpIE	was	generated	

by	resampling	50%	of	trees	from	each	community	with	replacement	10,000	times	

(Fig.	3b).	In	Caxiuanã,	8	species	(5%)	received	species-level	data,	82	species	(55%)	

received	imputed	data,	and	58	species	(39%)	received	no	trait	data.	

	

Results	

Climate	structured	the	distribution	of	isoprene	emitting	tree	species	across	low-

elevation	tropical	forests.	Site	mean	pIE	significantly	increased	with	MAT	at	a	rate	of	

0.034	per	˚C	(linear	regression,	p	<	0.001,	r2	=	0.15,	Fig.	1).	Linear	regressions	from	

each	iteration	of	trait	imputations	produced	a	distribution	of	slope	values	that	

significantly	exceeded	zero,	with	99.8%	positive	slopes	(inset	Fig.	1).	Site	mean	pIE	

significantly	decreased	with	DSL	at	a	rate	of	-0.012	per	dry-season	month	(linear	

regression,	p	<	0.001,	r2	=	0.18,	Fig.	2).	Slope	values	across	trait	imputations	
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significantly	excluded	zero,	with	98.9%	negative	slopes	(inset	Fig.	2).	A	multiple	

regression	accounting	for	a	slight	interaction	between	MAT	and	DSL	was	a	stronger	

predictor	of	site	mean	pIE	(multiple	linear	regression:	pIE	~	MAT	+	MAT	∗	DSL;	

intercept	=	-0.4272,	MAT	slope	=	0.0329,	interaction	slope	=	-0.000472	p	<	0.001,	r2	

=	0.32;	dashed	lines	Fig.	2).	To	provide	a	result	more	applicable	to	forest	emission	

models,	a	separate	multiple	regression	was	conducted	with	pIE	scaled	by	species	

relative	basal	area	instead	of	numerical	abundance	(multiple	linear	regression:	

pIEbasal	~	MAT	+	MAT	∗	DSL;	intercept	=	-0.6396,	MAT	slope	=	0.04172,	interaction	

slope	=	-0.0004843,	p	<	0.001,	r2	=	0.28;	Figs.	S3,	S4).	

	 In	the	three	focal	communities,	warming	and	drought	were	associated	with	

decreasing	stem	densities	and	increasing	pIE	(Fig.	3a).	The	increase	in	pIE	was	not	

always	significant	according	to	the	models	of	non-selective	community	change	and	

trait	imputation	uncertainty	(Fig.	3b).	

	 In	Biosphere	2,	the	number	of	trees	decreased	by	83%	from	300	in	1993	(76	

species)	to	51	in	2010	(25	species),	while	the	estimated	pIE	increased	by	52%	from	

0.25	to	0.38.	It	should	be	noted	that	the	majority	of	trees	in	1993	were	saplings,	and	

significant	mortality	was	expected	as	growing	trees	competed	for	space.	The	

remaining	trees	in	2010	and	thereafter	form	a	healthy	and	structurally	diverse	

canopy.	Under	the	null-community	model	of	non-selective	tree	mortality,	pIEobs	in	

2010	was	greater	than	98.5%	of	pIEnull.	Among	trait	imputations,	100%	of	ΔpIE	

estimates	(pIE2010	–	pIE1993)	were	positive.	

	 In	San	Emilio,	the	tree	stem	count	decreased	from	23,677	in	1976	(148	

species)	to	16,787	in	1996	(138	species).	Estimated	pIE	increased	by	14%	from	0.44	
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to	0.50.	Compared	to	null	communities	representing	non-selective	mortality	and	

recruitment,	pIEobs	in	1996	was	greater	than	100%	of	pIEnull.	Among	trait	

imputations,	94.8%	of	ΔpIE	(pIE1996	–	pIE1976)	were	positive.	

	 In	Caxiuanã,	the	tree	stem	count	in	the	control	plot	was	654	(125	species)	

compared	to	348	(83	species)	in	the	drought	plot.	Estimated	pIE	was	16%	higher	in	

the	drought	plot	(0.38)	compared	to	the	control	plot	(0.44).	A	t-test	comparing	pIE	

between	drought	and	control	sub-plots	showed	a	non-significant	difference	(p	=	

0.13),	comparable	to	the	resampling	analysis	shown	in	Fig.	3b	(92.2%	positive	

ΔpIE).	Among	trait	imputations,	90.6%	of	ΔpIE	(pIEdrought	–	pIEcontrol)	were	positive.	

	

Figures	
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Figure	1:	The	estimated	proportion	of	trees	that	emit	isoprene	(pIE)	at	tropical	

forest	sites	plotted	against	site	mean	annual	temperature.	Missing	isoprene	

emission	data	was	imputed	at	the	genus	level	by	a	dynamic	bootstrap	imputation	

method	based	on	the	empirical	genus-level	trait	conservatism	(see	Methods).	Points	

and	error	bars	are	site	means	and	standard	deviations	of	pIE	across	all	trait	

imputations	(Ti:n).	The	linear	regression	line	represents	mean	pIE	values	(p	<	0.001,	

r2	=	0.15).	The	inset	figure	shows	the	distribution	of	linear	regression	slopes	from	

each	Ti.	The	95%	confidence	intervals	(edges	of	shaded	region)	exclude	zero	(dotted	

line).	Among	Ti:n,	99.8%	of	slopes	were	positive.	

	

	

Figure	2:	The	estimated	proportion	of	trees	that	emit	isoprene	(pIE)	at	tropical	

forest	sites	plotted	against	site	dry	season	length	(DSL:	number	of	months	per	year	
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with	precipitation	<	100	mm).	Missing	isoprene	emission	data	was	imputed	at	the	

genus	level	by	a	dynamic	bootstrap	imputation	method	based	on	the	empirical	

genus-level	trait	conservatism	(see	Methods).	Points	and	error	bars	are	site	means	

and	standard	deviations	of	pIE	across	all	trait	imputations	(Ti:n).	The	solid	linear	

regression	line	shows	the	relationship	between	mean	pIE	values	and	DSL	(p	<	0.001,	

r2	=	0.18).	The	inset	figure	shows	the	distribution	of	linear	regression	slopes	from	

each	Ti.	The	95%	confidence	intervals	(edges	of	shaded	region)	exclude	zero	(dotted	

line).	Among	Ti:n,	99.8%	of	regression	slopes	were	negative.	The	dashed	regression	

lines	show	the	modeled	relationship	from	a	multiple	regression	accounting	for	a	

slight	interaction	between	mean	annual	temperature	(T)	and	DSL	(linear	regression,	

pIE	~	T	+	T:DSL,	p	<	0.001,	r2	=	0.32).	The	two	modeled	temperatures	are	the	2.5%	

(23.9˚C)	and	97.5%	(27.5˚C)	quantiles	of	the	mean	annual	temperature	distribution	

across	all	sites.	
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Figure	3:	Analyses	of	tree	community	change	at	three	tropical	forest	sites	

responding	to	warming	(Biosphere	2),	natural	drought	(San	Emilio),	and	

experimental	drought	(Caxiuanã).	Panel	(a)	shows	relative	changes	in	stem	density	
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and	the	proportion	of	trees	that	emit	isoprene	(pIE).	Panel	(b)	shows	density	

diagrams	representing	the	distribution	of	estimates	of	change	in	pIE	(ΔpIE)	

according	to	two	models.	Positive	values	represent	increases	in	pIE	from	time	1	(or	

control	treatment)	to	time	2	(or	drought	treatment).	White	regions	are	the	2.5%	

tails.	For	Biosphere	2	and	San	Emilio,	the	dark	gray	distributions	comprise	ΔpIE	

relative	to	null-communities	representing	non-selective	changes	in	species	

composition.	For	Caxiuanã,	where	treatment	groups	(drought	and	control)	are	

substituted	for	time,	the	dark	gray	distributions	comprise	ΔpIE	from	a	resampling	

analysis	of	drought	and	control	communities.	The	light	gray	distributions	comprise	

ΔpIE	calculated	from	each	iteration	of	probabilistic	imputations	of	isoprene	

emission	status	to	unmeasured	species.	

	

Discussion	

Our	results	support	the	conclusion	that	isoprene	emission	coincides	with	species’	

relative	competitive	abilities	and	mortality	risk	in	a	manner	dependent	on	

environment.	We	found	evidence	for	significant	biogeographical	structuring	of	pIE	

across	environmental	gradients	(Fig.	1,	2).	Differential	performance	of	isoprene-

emitting	and	non-emitting	functional	groups	is	supported	by	the	community	shifts	

observed	in	the	three	focal	communities	(Fig.	3).	Given	the	time	scales	(7	–	20	yr),	

the	increase	in	pIE	following	warming	or	drought	is	attributable	primarily	to	lower	

relative	mortality	rates	of	isoprene	emitters,	as	opposed	to	higher	recruitment.	The	

temporal	analyses	and	the	increase	in	pIE	with	site	temperature	are	consistent	with	

the	adaptive	values	of	isoprene	concluded	from	experimental	work.	It	is	somewhat	
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counterintuitive	that	pIE	decreased	with	site	dry-season	length,	which	can	be	

interpreted	as	an	annually	cyclic	form	of	drought	(Murphy	&	Lugo,	1986).	

	 It	has	been	hypothesized	that	isoprene	emission,	as	an	inducible	trait,	is	

adaptive	for	buffering	leaf	biochemistry	against	transient	deviations	from	

environmental	optima	(Hanson	&	Sharkey,	2001).	This	is	a	sensible	hypothesis,	

given	that	isoprene	emissions	could	become	maladaptive	in	environments	where	

they	constitute	a	continuous	ejection	of	carbon	reserves	at	high	rates	from	the	leaf.	

For	example,	isoprene	emissions	from	canopy	leaves	peak	during	the	midday	

depression	in	photosynthesis	(Barta	&	Loreto,	2006;	Dani	et	al.,	2015),	which	occurs	

as	stomata	close	in	response	to	increased	water	demand	during	peak	daytime	

temperatures	(Pathre	et	al.,	1998).	A	relationship	between	higher	mean	air	

temperatures	and	the	strength	of	the	midday	depression	effect	could	explain	the	

increasing	role	of	isoprene	at	warmer	sites.	During	drought,	isoprene	emissions	

continue	even	as	photosynthesis	declines,	with	leaves	increasingly	allocating	stored	

carbon	reserves	to	emissions	(Funk	et	al.,	2004;	Brilli	et	al.,	2007).	Isoprene	may	

limit	impacts	to	the	tree’s	carbon	balance	by	reducing	damage	to	leaves	retained	

during	transient	drought	(Velikova	et	al.,	2016).	

The	reduced	relative	abundance	of	isoprene	emitters	suggests	a	competitive	

disadvantage	relative	to	non-emitting	species	at	sites	with	either	lower	

temperatures	or	longer	dry	seasons	(Fig.s	1,	2).	A	previous	study	similarly	found	a	

lower	proportion	of	emitters	in	a	tropical	savanna	compared	to	adjacent	forest	

(Klinger	et	al.,	1998).	It	is	uncertain	whether	isoprene	emission	itself	could	reduce	

plant	performance	in	certain	environments,	for	example	by	a	carbon	allocation	
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tradeoff	between	growth	and	emissions	(Angilletta	et	al.,	2003).	Emissions	typically	

utilize	less	than	2%	of	carbon	fixed	from	photosynthesis	(Sharkey	&	Yeh,	2001),	but	

the	cost	to	a	leaf	increases	substantially	under	the	conditions	of	physiological	stress	

for	which	isoprene	is	putatively	adaptive	(Sharkey	et	al.,	1996).	One	study	found	

reduced	relative	growth	rates	of	transgenic	isoprene-emitting	tobacco	plants	

relative	to	non-emitting	lines	under	drought	(Ryan	et	al.,	2014).	

Alternatively,	performance	differences	could	be	attributed	to	other	plant	

strategies	that	covary	with	emissions.	For	example,	isoprene	may	be	limited	by	leaf	

carbon	or	nutrient	economics	to	a	particular	range	of	leaf	phenotypes.	Leaf	

phenotypes	vary	along	a	slow-fast	leaf	economics	spectrum	(LES),	whereby	‘fast’	

leaves	invest	in	photosynthetic	infrastructure	for	rapid	carbon	assimilation,	while	

‘slow’	leaves	invest	in	infrastructure	that	confers	leaf	longevity	at	the	expense	of	

lower	photosynthetic	rates	(Wright	et	al.,	2004;	Reich,	2014).	Isoprene	emission	

rates	tend	to	positively	covary	with	leaf	maximum	photosynthetic	rates	(Harrison	et	

al.,	2013).	However,	we	matched	our	isoprene	emissions	inventory	to	a	plant	trait	

database	and	found	that	among	tropical	trees,	the	isoprene	emitting	functional	

group	has	significantly	lower	species-averaged	specific	leaf	area	(SLA,	fresh	leaf	area	

divided	by	dry	leaf	mass),	a	covariate	with	the	leaf	economics	spectrum	(Fig.	S2).	As	

dry-season	length	increases	across	tropical	forest	sites,	leaf	phenotypes	increasingly	

diverge	toward	the	extreme	‘slow’	(evergreen,	drought	tolerant)	and	extreme	‘fast’	

(seasonally	deciduous,	drought	avoidant)	strategies	(Reich,	1995;	Swenson	et	al.,	

2012;	Hulshof	et	al.,	2014).	Decreased	viability	of	isoprene	emissions	toward	either	
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or	both	ends	of	the	LES	could	explain	the	reduced	presence	of	emitters	with	

increasing	dry-season	length.	

The	response	of	tree	community	assembly	to	transient	climate	anomalies	can	

differ	from	long-term	climate	shifts.	Our	results	show	that	isoprene	emitting	species	

die	less	during	drought.	But	mortality	happens	faster	than	recruitment,	and	local	

recruitment	is	faster	than	long	distance	dispersal.	Short-term	climate	anomalies	

may	cause	a	surge	in	pIE	due	to	differential	mortality	rates.	Longer	term	climate	

shifts	will	illicit	gradual	recruitment	of	species	with	other	trait	strategies	that	are	

competitive	in	the	new	climate	regime	(Bender	et	al.,	1984).	Figure	2	shows	the	

expectation	for	pIE	given	the	average	climate	conditions	at	a	site.	Figure	3	

demonstrates	that	the	history	of	climate	anomalies	at	a	site	will	contribute	to	

deviation	in	pIE	from	the	average	expectation.	

Due	to	the	high	diversity	of	tropical	forests	(with	>	15,000	tree	species	in	the	

Amazon	basin	alone),	scaling	species	traits	up	to	regional	patterns	and	processes	

will	always	require	imputation	of	trait	values	to	unmeasured	species	(e.g.,	ter	Steege	

et	al.,	2006;	Baker	et	al.,	2009).	Techniques	that	provide	an	estimate	of	uncertainty	

attributed	to	imputation,	such	as	the	bootstrap	method	we	applied	here,	are	useful	

additions	to	evaluate	confidence	in	observed	forest	composition	changes.	Not	all	of	

the	temporal	analyses	were	statistically	significant	according	to	our	models	of	

uncertainty	(Fig.	3b).	The	narrower	distribution	of	trait	uncertainty	in	Biosphere	2	

is	attributable	to	the	greater	proportion	of	directly	measured	species	compared	to	

the	other	sites.	Non-random	community	shifts	may	be	more	readily	detected	in	

larger	communities,	as	with	San	Emilio.	These	results	should	be	further	tested	with	
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future	work	incorporating	more	directly-measured	species.	Additionally,	

determining	how	isoprene	emissions	are	distributed	across	plant	trait	strategies	

and	the	phylogenetic	tree	will	inform	imputation	(Swenson,	2014;	Taugourdeau	et	

al.,	2014;	Schrodt	et	al.,	2015)	as	well	as	the	mechanisms	behind	isoprene’s	

influence	on	plant	physiological	responses	to	climate.	

The	results	from	this	study	can	be	directly	incorporated	into	forest	isoprene-

emission	models	to	refine	estimates	of	the	impact	on	present	and	future	climate	

(e.g.,	Guenther	et	al.,	2006).	In	the	atmosphere,	isoprene	emissions	from	forests	

affect	chemistry	and	aerosol	formation,	influencing	cloud	dynamics	and	albedo	

(Carslaw	et	al.,	2010).	Tropical	forests	are	the	strongest	source	biome	of	isoprene	to	

the	atmosphere	(Guenther	et	al.,	2006).	The	‘emitter	fraction’	applied	to	scale	forest	

emission	potentials	in	models	is	equivalent	to	pIE	scaled	by	an	estimate	of	relative	

leaf	area—or	relative	basal	area	as	a	proxy	(Geron	et	al.,	1994;	Guenther,	1997).	The	

regression	coefficients	reported	here	relating	pIEbasal	to	climate	provide	an	a	priori	

expectation	for	emitter	fraction	that	is	dependent	on	environment	(Fig.	S4),	and	can	

be	applied	to	present	and	future	regional	climate	predictions.	On	average,	climate	

anomalies	increased	pIE	through	time	at	our	three	focal	sites	by	27%.	If	relative	

basal	areas	are	assumed	constant,	this	implies	a	27%	increase	in	forest	emission	

potential.	However,	the	emission	potential	must	also	be	scaled	by	the	reduction	in	

tree	number	(or	total	basal	area)	due	to	increased	mortality	(Fig.	3a).	

Understanding	which	traits	confer	tolerance	to	future	climate	conditions	can	

help	us	anticipate	changes	in	biodiversity	and	ecosystem	functions.	Our	results	

suggest	that	some	tropical	tree	species	will	tolerate	future	climate	conditions	better	
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than	others,	depending	on	their	traits.	Isoprene	may	help	trees	that	emit	it	to	

tolerate	both	increasing	temperatures	and	variability	of	precipitation.	We	have	

provided	evidence	that	leaf	secondary	metabolism	is	an	important	determinant	of	

primary	leaf	functions	across	environments.	The	role	of	isoprene	in	plant	

physiological	responses	and	feedbacks	to	climate	is	a	mechanism	by	which	shifting	

species	compositions	can	shape	ecosystem	functions	in	a	changing	climate.	

	

Supporting	information	

	

Figure	S1:	Species	in	the	isoprene	emissions	inventory	were	coded	with	a	binary	

emission	status:	0	=	species	does	not	emit	isoprene;	1	=	species	emits	isoprene.	This	

figure	shows	genus	averages	of	the	binary	emission	status	for	the	34	genera	with	at	

least	three	species	represented	in	the	inventory.	Genera	tend	to	be	composed	either	

predominantly	of	isoprene-emitting	or	non-emitting	species.	
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Figure	S2:	In	a	set	of	138	tropical	tree	species,	specific	leaf	area	(SLA:	fresh	leaf	area	

divided	by	dry	leaf	mass)	is	significantly	lower	in	isoprene-emitting	species	

compared	to	non-emitters	(ANOVA,	p	=	0.005).	Isoprene	emission	data	comes	from	

a	combination	of	new	measurements	and	literature	data	(see	Methods:	Isoprene	

emissions	dataset).	SLA	data	is	species	data	from	a	large	database	of	plant	traits	

(Enquist	et	al.,	2009).	Only	species-level	matches	were	incorporated	in	this	analysis,	

i.e.	no	missing	isoprene-emission	or	SLA	data	was	imputed.	
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Figure	S3:	The	estimated	proportional	basal	area	of	trees	that	emit	isoprene	

(pIEbasal)	at	tropical	forest	sites	plotted	against	site	mean	annual	temperature.	

Missing	isoprene	emission	data	was	imputed	at	the	genus	level	by	a	dynamic	

bootstrap	imputation	method	based	on	the	empirical	genus-level	trait	conservatism	

(see	Methods).	Points	and	error	bars	are	site	means	and	standard	deviations	of	

pIEbasal	across	all	trait	imputations	(Ti:n).	The	linear	regression	line	represents	mean	

pIEbasal	values	(p	<	0.001,	r2	=	0.16).	The	inset	figure	shows	the	distribution	of	linear	

regression	slopes	from	each	Ti.	The	95%	confidence	intervals	(edges	of	shaded	

region)	exclude	zero	(dotted	line).	Among	Ti:n,	100%	of	slopes	were	positive.	
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Figure	S4:	The	estimated	proportional	basal	area	of	trees	that	emit	isoprene	

(pIEbasal)	at	tropical	forest	sites	plotted	against	site	dry	season	length	(DSL:	number	

of	months	per	year	with	precipitation	<	100	mm).	Missing	isoprene	emission	data	

was	imputed	at	the	genus	level	by	a	dynamic	bootstrap	imputation	method	based	on	

the	empirical	genus-level	trait	conservatism	(see	Methods).	Points	and	error	bars	

are	site	means	and	standard	deviations	of	pIE	across	all	trait	imputations	(Ti:n).	The	

solid	linear	regression	line	shows	the	relationship	between	mean	pIEbasal	values	and	

DSL	(p	<	0.001,	r2	=	0.13).	The	inset	figure	shows	the	distribution	of	linear	

regression	slopes	from	each	Ti.	The	95%	confidence	intervals	(edges	of	shaded	

region)	exclude	zero	(dotted	line).	Among	Ti:n,	99.8%	of	regression	slopes	were	

negative.	The	dashed	regression	lines	show	the	modeled	relationship	from	a	
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multiple	regression	accounting	for	a	slight	interaction	between	mean	annual	

temperature	(T)	and	DSL	(linear	regression,	pIEbasal	~	T	+	T:DSL,	p	<	0.001,	r2	=	

0.28).	The	two	modeled	temperatures	are	the	2.5%	(23.9˚C)	and	97.5%	(27.5˚C)	

quantiles	of	the	mean	annual	temperature	distribution	across	all	sites.	
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Summary	

The	advent	of	portable	instrumentation	for	measuring	leaf	photosynthesis	freed	

plant	physiology	research	from	laboratory	confines,	launching	the	field	of	plant	

‘ecophysiology’	to	inform	landscape-scale	ecology	and	climate	modeling.	Research	

on	plant	volatiles	requires	a	similar	transition.	Emissions	of	volatile	secondary	
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metabolites	from	plant	leaves	regulate	plant-insect	interactions	and	the	

physiological	tolerances	of	plants	to	environmental	conditions.	In	the	atmosphere,	

plant	volatiles	significantly	influence	chemistry	and	cloud	dynamics.	Research	at	

ecologically	relevant	scales	in	natural	field	settings	has	been	impeded	by	a	lack	of	

portable	instrumentation	for	measuring	volatile	secondary	metabolites	from	leaves.	

Here,	we	present	a	prototype	system	that	fills	this	niche.	Our	self-contained,	

portable	system	provides	real-time	detection	and	live	measurement	feedback	with	

precision	and	detection	limits	better	than	0.5	nmol/m2leaf/sec.	We	call	the	system	

‘PORCO’	based	on	the	gas	detection	method:	photoionization	of	organic	compounds.	

	

Introduction	

Portable	instrumentation	allowed	the	transition	from	lab	to	field	for	primary	leaf	

gas	exchange,	i.e.	CO2,	O2,	and	H2O.	Secondary	leaf	gas	exchange—the	enzymatic	

production	of	volatile	secondary	metabolites	and	their	emission	to	the	

atmosphere—is	similarly	important	to	leaf	physiology	and	atmospheric	processes	

(Vickers	et	al.,	2009a;	Carslaw	et	al.,	2010;	Sharkey	&	Monson,	2014).	However,	

research	on	plant	volatiles	has	yet	to	make	a	sophisticated	transition	to	the	field.	

The	dominant	organic	compounds	emitted	from	plants	are	volatile	

isoprenoids	(VIs),	especially	isoprene	and	monoterpenes	(Guenther	et	al.,	2006;	

Vickers	et	al.,	2009a).	Controlled	experiments	and	physiological	models	show	that	

VIs	significantly	mediate	plant	physiological	responses	to	variation	in	

environmental	factors	such	as	light,	temperature,	and	soil	water	(Niinemets	et	al.,	

1999;	Behnke	et	al.,	2007;	Vickers	et	al.,	2009a;	Morfopoulos	et	al.,	2014;	Ryan	et	al.,	
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2014).	Atmospheric	measurements	and	modeling	demonstrate	the	importance	of	

leaf	VI	emissions	to	climate.	Once	in	the	atmosphere,	VIs	mediate	chemistry	and	

aerosol	formation,	which	affect	greenhouse	gas	lifetimes,	cloud	properties,	and	

albedo	(Heald	et	al.,	2008;	Carslaw	et	al.,	2010).		

Between	leaf	and	climate	is	the	complex	ecology	that	mediates	ecosystem	

processes,	and	the	true	environment	of	individual	plants.	Field	measurements	of	leaf	

volatiles	to	date	have	helped	understand	their	relationship	to	leaf	phenology	

(Niinemets	et	al.,	2010a),	fill	gaps	in	the	phylogenetic	tree	(Monson	et	al.,	2013),	and	

scale	emissions	models	by	determining	the	fraction	of	trees	that	are	strong	emitters	

in	remote	regions	(Harley	et	al.,	2004).	However,	the	instrument	adaptations	that	

cut	the	laboratory	tether	for	quantitative	photosynthesis	measurements	are	still	

lacking	among	field	techniques	for	VI	detection.	

There	are	currently	two	general	approaches	to	field	sampling	of	leaf	VI	

emissions.	The	first	is	a	‘blind’	(or	‘offline’)	method,	in	which	leaf	emissions	are	

collected	from	the	exhaust	of	commercial	photosynthesis	cuvettes	or	less	

quantitative	enclosures	(Niinemets	et	al.,	2010b;	Alves	et	al.,	2014).	Gas	samples	are	

stored	in	sample	bags	or,	more	commonly,	adsorption	cartridges,	and	then	

transported	to	a	lab	for	analysis	by	mass	spectrometry.	This	method	benefits	from	

the	environmental	control	of	a	sophisticated	leaf	cuvette,	highly	quantitative	organic	

gas	analyses,	and	the	ability	for	mass	spectrometry	to	distinguish	gas	species.	

However,	sample	sizes	are	limited	due	to	the	high	cost	of	adsorption	cartridges	

(several	hundred	dollars	each)	and	requirement	for	offsite	analysis.	There	is	no	live	
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measurement	feedback,	and	there	is	always	concern	of	chemical	degradation	of	

stored	samples	during	transport.	

The	second	method	is	to	use	portable,	‘online’	detection	instruments	such	as	

handheld	photoionization	detectors	(PIDs),	which	quantify	organic	gas	

concentrations	in	real	time.	These	have	much	lower	precision	than	lab-based	mass	

spectrometers,	and	therefore	require	high	sample	concentrations	provided	by	

environmentally	uncontrolled	cuvettes,	often	enclosing	whole	branches	(Klinger	et	

al.,	1998;	Harley	et	al.,	2004).	The	method	provides	live	feedback	on	leaf	emissions	

and	allows	for	greater	sample	sizes,	especially	in	remote	areas.	But	the	results	are	

qualitative,	distinguishing	only	strong	emitters	from	non-emitters.	

Here,	we	present	a	prototype	system	for	precision	online	detection	of	leaf	VI	

emissions	in	the	field.	Custom,	light-controlled	leaf	cuvettes	are	combined	with	

optimized	photoionization	detection	for	high	measurement	precision	and	

repeatability.	The	adaptations	unique	to	our	system	enable	greater	sample	sizes,	

lower	detection	limits,	real-time	data,	and	better	distinction	between	leaves	and	

species	for	more	nuanced	ecological	hypothesis	testing	than	was	previously	

possible.	

	

Overview	of	the	‘PORCO’	system	

PORCO	measures	emissions	from	intact	leaves	attached	to	branches	(Fig.	1),	in	a	

manner	similar	to	field	measurements	of	leaf	photosynthesis.	Leaves	are	enclosed	in	

custom	acrylic	cuvettes	with	custom	light-emitting-diode	(LED)	panels	providing	

photosynthetically	active	radiation	(PAR:	90%	red,	670	nm;	10%	blue,	465	nm)	to	
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the	leaf	to	drive	photosynthesis	and	organic	gas	emissions.	Incident	PAR	at	the	leaf	

is	precisely	regulated	based	on	a	calibrated	relationship	to	electrical	current	to	the	

LEDs.	The	cuvette	is	a	flow-through	system	whereby	ambient	air	is	purified	and	

dried,	and	pumped	into	the	cuvette	at	a	known	rate	regulated	by	a	mass	flow	

controller.	Air	is	subsampled	from	an	outlet	while	excess	flow	is	exhausted	from	the	

cuvette	at	a	loose	seal	around	the	leaf	petiole.	Sample	air	is	drawn	into	a	commercial	

photoionization	detector	(PID),	which	quantifies	hydrocarbon	gas	concentrations	

and	both	displays	and	logs	real-time	data	at	1	Hz.	Emission	rates	are	quantified	by	

non-steady-state	flux	calculations.	The	entire	system	is	battery	powered	and	

mounted	on	an	external-frame	backpack	for	field	portability.	
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Figure	1:	Overview	of	PORCO	components.	(1)	Several	acrylic	leaf	cuvettes	

accommodate	different	leaf	shapes	and	sizes.	(2)	Light	emitting	diode	(LED)	panels	

produce	photosynthetically	active	light.	(3)	Photon	flux	density	at	the	leaf	is	

regulated	by	electrical	current	control	to	the	light	panels.	(4)	A	Flow	Box	regulates	

air	flow	rates	and	pathways	for	calibration	and	sampling	via	a	pump,	mass-flow	

controllers,	valve	manifold,	hydrocarbon	trap,	and	calibration	gas.	(5)	A	

photoionization	detector	(PID)	enclosed	in	a	temperature-controlled	case	draws	

sample	air	from	the	cuvette.	(6)	Air	humidity	to	and	from	the	leaf	cuvette	is	kept	

constant	by	conditioning	through	chilled	tubing	in	an	ice-water	bath.	All	
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components	are	battery	powered.	Data	post-processing	is	performed	by	custom	

software	in	R.	

	

Materials	and	methods	

1.	Detecting	leaf	volatiles	by	photoionization	

A	PID	measures	hydrocarbon	gas	concentrations	by	using	ultraviolet	(UV)	light	to	

ionize	hydrocarbons	in	the	gas	stream	and	measuring	the	change	in	electrical	

current	induced	across	the	gas	between	two	electrodes.	PIDs	have	previously	been	

used	for	qualitative	measurements	of	leaf	hydrocarbon	emissions	in	the	field	

(Klinger	et	al.,	1998;	Harley	et	al.,	2004).	The	use	of	PIDs	for	quantitative	emission	

measurements	has	been	impeded	by	several	factors.	Only	recently	has	a	portable	

PID	been	developed	that	can	measure	in	parts-per-billion	(ppb),	the	Rae	Systems	

ppbRAE-3000,	which	is	the	detector	utilized	in	PORCO.	Measurements	with	PIDs	

suffer	from	a	phenomenon	commonly	known	as	‘PID	drift’,	whereby	the	PID	signal	

inexplicably	drifts	even	when	measuring	a	constant	calibration	gas.	Environmentally	

controlled	cuvettes	in	photosynthesis	machines	insufficiently	amplify	emission	

signals	for	detection	by	PIDs,	especially	if	signal	drift	is	not	controlled.	Several	

adaptations	unique	to	PORCO	overcome	previous	limitations	and	allow	for	high	

precision	and	a	low	detection	limit,	providing	quantitative	leaf	emission	

measurements	in	real-time	under	field	conditions.	These	adaptations	are	discussed	

below.	

	

1.1	Overcoming	‘PID	drift’	
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Two	types	of	signal	drift	affect	PID	measurement	accuracy:	environmentally	

induced,	and	internal.	Environmentally	induced	drift	comprises	positive	

temperature	sensitivity	and	negative	humidity	sensitivity.	Internal	drift	is	a	gradual,	

environmentally	independent	reduction	in	detector	sensitivity	throughout	a	

continuous	measurement	period.	In	PORCO,	PID	signal	stability	is	enhanced	by	

temperature	and	humidity	control,	and	custom	calibration	techniques	combined	

with	data	post-processing	to	eliminate	the	effect	of	PID	drift.	

PID	temperature	sensitivity	is	controlled	in	PORCO	by	enclosing	the	PID	

inside	of	an	insulated	case	and	heating	the	air	to	an	above-ambient	constant	

temperature	with	a	with	a	thermostat-controlled	Peltier	device	(Fig.	2).	Sample	gas	

is	pre-heated	prior	to	entering	the	PID	by	running	through	coils	of	stainless	steel	

tubing	inside	the	heated	enclosure.	Humidity	is	regulated	by	routing	sample	air	

through	coils	of	tubing	embedded	in	ice	prior	to	entering	the	instrument	enclosure.	

This	drops	sample-gas	humidity	by	condensing	vapor	to	liquid	in	the	tubing,	

resulting	in	low	and	constant	humidity,	even	in	high-humidity	environments.	As	

long	as	there	is	some	water	in	the	lines,	drier	air	will	be	humidified	to	the	same	

constant,	which	is	an	advantage	for	matching	humidity	of	dry,	compressed-gas	

calibration	air	to	sample	air.	Sample-gas	temperature	and	humidity	are	logged	by	an	

iButton	inside	of	a	PTFE-insulated	(i.e.	Teflon)	chamber	immediately	upstream	of	

the	PID	(Fig.	2).		
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Figure	2:	Thermal	regulation	of	the	PID	and	sample	gas.	The	PID	is	fixed	inside	an	

insulated	enclosure	with	a	battery-powered	Peltier	heater.	A	thermocouple-

equipped	thermostat	regulates	the	heater	to	maintain	a	fixed	above-ambient	

temperature	inside	the	enclosure.	Sample	gas	enters	the	enclosure	by	tubing	

connection	to	a	bulkhead	union.	Sample	gas	is	pre-heated	to	match	the	enclosure	

temperature	via	coils	of	stainless	steel	(ss)	tubing.	Gas	temperature	and	humidity	

are	measured	with	an	iButton	in	a	PTFE-insulated	chamber	upstream	of	the	PID.	An	

acrylic	window	enables	viewing	of	the	PID	display.	Wooden	pins	at	the	box	interface	

provide	access	to	the	buttons	on	the	PID	without	opening	the	enclosure.	PID	sample	

exhaust	is	piped	to	an	outlet	port,	which	can	be	connected	to	alternative	sampling	

media	(e.g.,	bags,	adsorption	cartridges).	

	



 

70	
	

	 Internal	signal	drift	is	a	common	form	of	variability	in	instrumentation	signal	

outputs.	A	standard	practice	for	continuously	operated	field	instrumentation	is	to	

automate	frequent	background-signal	checks	to	monitor	internal	drift	and	subtract	

it	from	sample	measurements.	Monitoring	internal	drift	requires	a	continuous	non-

zero	data	stream,	ideally	a	raw	voltage	signal	from	the	instrument.	Commercial	PIDs	

will	only	log	internally	processed	data	based	on	on-board	calibrations.	That	is	

problem	because	internal	drift	is	downward,	and	the	PID	will	not	return	negative	

numbers.	Therefore,	internal	drift	cannot	be	monitored	and	corrected.	

	 The	solution	employed	in	PORCO	is	to	conduct	a	false	calibration	of	the	PID	

that	results	in	its	generation	of	pseudo-raw	data.	Pseudo-raw	data	is	the	standard	

PID	datalog	in	putative	units	of	ppb,	but	calibrated	to	be	a	better	representation	of	

the	raw	electrical	signal.	This	returns	control	of	data	interpretation	to	the	user,	so	

that	calibrations	and	drift	corrections	can	be	applied	in	data	post-processing.	The	

false	calibration	is	conducted	by	performing	the	on-board	‘zero’	calibration	after	

intentionally	reducing	the	PID’s	baseline	sensitivity.	Baseline	sensitivity	reduction	

can	be	achieved	with	high	sample-gas	humidity,	or	by	using	a	UV	bulb	with	a	lower	

photon	output	(bulbs	of	any	given	model	vary	in	output,	and	trial	and	error	will	

quickly	demonstrate	which	of	two	bulbs	is	stronger).	Both	methods	reduce	

background	ionization	and	therefore	the	PID	response	to	purified	air.	Upon	return	

to	the	configuration	used	during	sampling,	purified	air	will	read	far	above	zero,	

enabling	perception	of	downward	drift.	Similarly,	a	false	‘span’	(non-zero	

concentration)	calibration	can	be	employed	to	reduce	the	minimum	signal	interval	

from	1	ppb	to	less	than	1	ppb.	For	example,	conducting	a	‘span’	concentration	set	to	
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1000	ppb	while	providing	500	ppb	of	calibration	gas	will	induce	the	instrument	to	

return	signal	at	0.5	ppb	intervals.	At	some	point,	however,	signal	noise	at	the	sensor	

exceeds	the	apparent	resolution	of	the	signal.	

Humidity	in	the	sample	gas	strongly	reduces	the	PID’s	baseline	signal,	but	not	

its	sample	sensitivity.	That	is,	humidity	affects	the	calibration	intercept,	but	not	the	

slope.	Figure	3	shows	how	pseudo-raw	data	is	converted	to	linear	calibration	

curves,	and	demonstrates	humidity	sensitivity	by	calibrations	conducted	at	different	

humidity	levels.	The	linear	response	of	baseline	sensitivity	to	humidity	allows	for	

signal	correction	in	data	post-processing.	However,	the	absence	of	an	effect	on	the	

calibration	slope	demonstrates	that	sample	concentrations	can	be	correctly	

quantified	as	long	as	a	pre-sample	baseline	signal	(in	PORCO,	a	cuvette	‘blank’)	is	

measured	at	the	same	humidity.	
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Figure	3:	Three	calibrations	conducted	at	different	relative	humidity	(RH)	

demonstrate	the	effect	of	RH	on	PID	sensitivity.	(a)	The	time-series	of	PID	response	

to	calibration	gas	dilutions	shown	as	‘stair-steps’	in	the	pseudo-raw	data.	Points	

indicate	locations	where	20	s	averages	are	taken	to	generate	the	calibration	curves.	

The	humidity	effect	is	visible	in	Cal	2	where	RH	had	not	stabilized—the	downward	

drift	in	RH	is	mirrored	by	an	upward	drift	in	PID-raw.	(b)	Linear	calibration	curves	

are	generated	from	20	s	averaged	pseudo-raw	data.	(c)	RH	exerts	a	strong	negative	

influence	on	the	calibration	intercept	(top)	but	not	the	slope	(bottom).	Cal	2	is	

shown	but	excluded	from	the	lines	as	humidity	had	not	stabilized,	resulting	in	an	

unreliable	span	calibration.	
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2.	Leaf	cuvettes	

While	the	modified	PID	system	can	be	used	in	tandem	with	a	commercial	

photosynthesis	instrument,	the	use	of	custom	leaf	cuvettes	provides	two	

advantages.	First,	the	custom	cuvettes	are	configured	such	that	small	changes	in	

emission	rates	result	in	changes	in	concentration	that	are	measurable	by	the	PID.	

Second,	a	fully	customized	system	allows	control	over	the	materials	that	contact	the	

sample	air	stream.	The	second	consideration	is	important	for	trace	gases	because	

many	materials	adsorb	and	off-gas	hydrocarbon	compounds	that	are	detectable	by	a	

PID.	

	 Cuvette	design	was	guided	by	the	goal	of	a	lower	detection	limit	(LDL)	of	leaf	

emission	rate	(ER)	equal	to	1	nmol	m-2	s-1	or	better	within	60	s	of	measurement	

from	any	leaf	of	a	tropical	rainforest	tree.	If	we	call	‘signal	amplification	factor’	(SAF)	

the	ratio	of	the	emission	rate	in	nmol	m-2	s-1	to	the	concentration	of	gas	in	ppb	in	the	

cuvette	at	60	s,	we	can	compare	the	outcome	of	different	cuvette	configurations.	For	

example,	the	Licor	Biosciences	LI-6400	is	an	industry	standard	for	field	

photosynthesis	measurements.	For	an	LI-6400	leaf	cuvette	operated	with	a	

moderately	low	flow	rate	of	400	umol	s-1,	SAF	=	1.5.	With	the	regulation	of	PID	drift	

described	above,	the	typical	range	of	background	signal	noise	is	equivalent	to	4	ppb	

of	isoprene.	Therefore,	the	LDL	from	a	LI-6400	cuvette	is	at	best	ER	=	3	(i.e.	4.5	ppb	

in	60	s),	and	confidently	distinguishing	emission	rates	between	leaves	requires	

differences	at	least	that	large.	

	 Simulations	were	run	to	determine	the	SAF	of	hypothetical	cuvette	

dimensions	for	the	range	of	leaf	shapes	and	sizes	present	in	tree	leaf	scans	from	
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previous	tropical	field	campaigns	(Fig.	4).	Cuvette	SAF	is	determined	by	four	factors:	

air	flow	rate	through	the	cuvette,	leaf-area-based	VOC	emission	rate,	leaf	area,	and	

cuvette	volume.	The	first	requirement	for	raising	SAF	relative	to	a	photosynthesis	

cuvette	is	including	more	leaf	area.	The	most	practical	way	to	increase	leaf	area	is	to	

enclose	entire	leaves.	However,	ensuring	rapid	increases	in	concentration	for	a	

given	emission	rate	requires	that	the	volume	of	the	cuvette	relative	to	the	leaf	area	

must	be	minimized.	An	array	of	six	cuvettes	were	designed	such	that	a	leaf	with	sub-

optimal	area	for	any	one	cuvette	(SAF	<	5)	would	be	optimally	sized	for	a	smaller	

cuvette.	A	cubic	cuvette	was	designed	to	enclose	multiple	leaves	for	species	with	

very	small	leaves	that	cluster	around	twig	tips.	

	

	



 

75	
	

Figure	4:	Simulated	trajectories	of	sample	gas	concentrations	in	leaf	cuvettes	for	

three	scenarios	demonstrate	the	effect	of	cuvette	volume	and	enclosed	leaf	area	on	

the	detectability	of	emissions.	In	all	scenarios,	the	leaf	emission	rate	is	1	nmol	m2	s-1.	

Configurations	can	be	compared	by	the	‘signal	amplification	factor’	(SAF),	defined	as	

the	ratio	of	gas	concentration	at	60	s	to	the	emission	rate.	A	commercial	

photosynthesis	cuvette	(LI-6400)	is	compared	to	a	PORCO	custom	cuvette.	The	

photosynthesis	cuvette	clamps	onto	a	leaf	enclosing	6	cm2	of	leaf	area,	while	the	

custom	cuvette	encloses	entire	leaves	(figure	right).	For	a	fixed	flow	rate,	cuvette	

volume	affects	the	rate	of	concentration	change,	with	a	smaller	volume	reaching	

steady	state	more	quickly.	A	larger	cuvette	accommodates	more	leaf	area,	which	

maximizes	SAF	and	thereby	the	detectability	of	a	given	emission	rate.	In	this	

simulation,	the	flow	rate	in	the	LI-6400	cuvette	is	550	standardized	cubic	

centimeters	per	minute	(sccm,	standardized	to	25˚C;	equivalent	to	a	flow	setting	of	

400	umol	s-1).	Flow	rate	for	the	custom	cuvettes	is	600	sccm,	the	standard	PORCO	

flow	rate.		

	

2.1	Cuvette	construction	

Custom	leaf	cuvettes	for	PORCO	(Fig.	5)	were	constructed	from	acrylic,	following	the	

optimal	dimensions	determined	from	simulations	(Fig.	4),	and	accommodating	the	

LED	panels	discussed	below.	The	cuvettes	are	a	flow-through	system	where	pure	air	

is	pumped	through	an	inlet	port,	and	sample	air	is	pulled	by	the	pump	in	the	PID	

through	an	outlet	port.	Excess	flow	is	exhausted	through	a	partial-seal	around	the	

leaf	petiole	(via	the	‘petiole	gasket’,	Fig.	5).	An	internal	fan	ensures	even	air	mixing	
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necessary	for	non-steady-state	flux	calculations.	All	internal	parts	are	acrylic,	

stainless	steel,	or	Teflon	to	minimize	adsorption	and	release	of	VOCs,	except	for	the	

plastic	mixing	fan,	which	does	not	to	produce	significant	interference.	The	acrylic	

initially	produced	significant	background	VOC	concentrations,	but	this	was	

successfully	eliminated	by	baking	cuvettes	in	a	drying	oven	at	60	˚C	for	five	days.		

	

	

Figure	5:	One	of	six	uniquely	shaped	leaf	cuvettes,	designed	to	accommodate	a	

range	of	leaf	shapes	and	sizes.	The	leaf	is	inserted	into	the	opening	at	right,	and	the	

petiole	settled	into	the	U-shaped	slot.	Tensioned	cords	seal	the	face	with	the	PTFE	

gasket	to	the	front	of	the	box,	with	its	inverted	U-shaped	slot	and	petiole	gasket	

opposing	those	on	the	face.	The	petiole	gasket	is	loosely	sealed	around	the	petiole	

with	cord	such	that	excess	flow	(150	mLpm	or	greater)	can	escape,	but	diffusive	gas	

exchange	with	outside	air	is	not	permitted.	Light	panels	mount	to	the	top	of	the	

cuvette	to	drive	photosynthesis.	Reflective	siding	ensures	minimal	interference	from	

ambient	light.	
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3.	Leaf	light	environment	

Leaf	hydrocarbon	emissions	are	linked	to	photosynthesis,	which	is	responsive	to	the	

rate	of	photosynthetically	active	radiation	(PAR)	illuminating	the	leaf.	Leaf	emission	

measurements	are	typically	standardized	by	controlling	PAR	at	1000	umol	photons	

m-2	leaf.	In	the	PORCO	cuvettes,	PAR	is	provided	by	custom	panels	of	light	emitting	

diodes	(LEDs,	Fig.	7).	Light	panels	were	designed	to	mimic	the	peak	light	

wavelengths	and	ratios	employed	in	the	LICOR	LI-6400	leaf	chamber:	90%	red	light	

at	670	nm	and	10%	blue	light	at	465	nm.	Light	ratios	and	total	quantity	are	

regulated	based	on	the	relationship	between	measured	light	output	(using	a	LICOR	

PAR	sensor)	and	electrical	current.	The	light	quantity	at	the	leaf	is	set	by	dimmer	

dials	connected	to	electrical	current-control	devices,	which	regulate	the	current	

supplied	to	each	light	panel.	Light	levels	are	set	in	the	field	based	on	voltage	read	

across	precision	resistors	inline	between	the	current	controllers	and	light	panels.	

	

4.	Data	post-processing	

The	continuous	pseudo-raw	data	logged	at	1	Hz	from	the	PID	is	processed	with	

custom	code	in	R.	Figure	6	illustrates	the	processing	flow	from	a	day	of	field	

measurements.	During	measurements,	the	user	records	start	and	end	times	for	each	

type	of	sample,	such	as	zero-air,	calibration	air,	cuvette	blanks,	and	leaf	samples.	

Data	processing	is	applied	to	specific	time	brackets	in	the	continuous	time-series	

output	based	on	the	type	of	measurement	recorded.	
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Linear	calibration	curves	are	generated	from	purified	(‘zero’)	air	and	gas	

standard	measurements	made	at	the	beginning	of	each	day	of	measurements	(Fig.s	

3,	6).	A	zero-air	reading	following	measurements	allows	interpolation	of	the	

baseline	drift.	However,	the	most	important	background	signal	to	subtract	for	

accurate	leaf	measurements	is	the	‘cuvette	blank’—the	stabilized	signal	inside	the	

cuvette	with	the	leaf	installed	and	lights	off	(Fig.	6).	

	 Leaf	emissions	are	calculated	from	the	blank-subtracted,	calibration-

corrected	signal	beginning	when	the	cuvette	lights	are	turned	on	to	drive	

photosynthesis.	Emission	rate	is	calculated	as	a	non-steady-state	flux	based	on	the	

cuvette	volume,	flow	rate,	and	the	rate	of	gas	concentration	change	as	measured	at	

the	PID.	
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Figure	6:	Demonstration	of	the	data	processing	flow	from	selected	time	segments	

during	a	day	of	measurements.	Data	shown	is	actual	field	data	in	a	tropical	

rainforest.	The	timing	of	all	calibration	and	sampling	activities	are	manually	noted	

with	1	s	resolution	and	entered	into	standardized	tables	for	data	processing.	Custom	

processing	code	in	R	applies	calculations	and	data	transformations	according	to	the	

activity	specified	for	each	time	bracket.	A	calibration	determines	the	sensitivity	

coefficients	for	conversion	of	PID	pseudo-raw	data	to	gas	concentrations.	With	a	leaf	

in	the	cuvette,	the	background	is	allowed	to	stabilize	for	several	minutes.	Leaf	

measurement	data	is	converted	to	calibration-corrected	ppb	(ppb.cc)	by	the	

calibration	slope	only.	The	asymptotic	tail	of	the	cuvette	blank	(stabilization	period	

with	the	leaf	in	darkness)	is	then	subtracted	from	the	subsequent	leaf-sample	

period	(ppb.bs).	The	relative	sensitivity	to	isoprene	(0.63	compared	to	isobutylene	

calibration	gas)	is	also	applied.	Emission	rate	(em.rate)	is	then	calculated	as	a	non-

steady-state	flux	from	the	time-series	of	ppb.bs	data.	

	

5.	Field	use	

5.1	Standardized	leaf	measurement	with	PORCO	

PORCO	measures	emissions	from	leaves	that	are	attached	to	branches	and	under	

conditions	suitable	for	photosynthesis.	Measurement	preparation	begins	with	

choosing	a	cuvette	for	the	leaf	that	maximizes	the	ratio	of	leaf	area	to	horizontal	

cuvette	area	without	bending	the	leaf	edges.	Inlet	tubing	is	connected	to	the	cuvette,	

conveying	dried	zero-air	at	600	sccm.	Outlet	tubing	is	connected,	from	which	the	

PID	draws	at	approx.	450	mLpm.	The	LED	panels	are	attached	to	the	cuvette,	and	
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the	desired	light	level	is	set	at	the	dimmer	dials	by	reading	the	electrical	current	

output	(typically	set	to	1000	PAR	for	standardized	measurements).	The	lights	are	

then	switched	off.	

The	leaf	is	installed	by	carefully	positioning	the	cuvette	to	enclose	the	leaf.	

The	cuvette	face	is	installed	to	loosely	seal	around	the	leaf	by	the	petiole	gasket.	The	

leaf	is	left	in	darkness	inside	the	closed	cuvette	for	sufficient	time	to	clear	ambient	

air	and	achieve	a	stable	background	signal	(6-12	min	depending	on	cuvette	volume).	

The	LED	lights	are	then	switched	on,	driving	photosynthesis	and	hydrocarbon	

emissions	if	the	leaf	is	an	emitter.	For	rapid	inventories,	illuminated	leaves	are	

measured	for	3.5	min.	

Live	emission	information	can	be	qualitatively	determined	during	a	

measurement	by	monitoring	the	readings	on	the	PID	display	through	the	enclosure	

window.	When	measurements	are	completed,	leaves	are	scanned	to	determine	their	

area,	then	dried	and	weighed	so	that	emission	rates	can	be	scaled	by	either	leaf	area	

or	mass.	
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Figure	7:	To	measure	emissions	from	a	leaf,	the	appropriate	cuvette	is	chosen	(a),	

maximizing	the	amount	of	leaf	area	relative	to	cuvette	volume.	The	leaf	is	installed	

while	still	attached	to	its	branch,	and	the	cuvette	face	fixed	with	the	petiole	gasket	

loosely	sealed	around	the	leaf	petiole	(b).	The	leaf	sits	in	darkness	until	ambient	air	

is	cleared	(c).	Then	the	lights	are	switched	on,	set	to	deliver	1000	umol	m-2	s-1	PAR.	

	

5.2	Precision,	detection	limit	

When	emission	rates	are	calculated,	leaves	that	do	not	produce	significant	

quantities	of	light-dependent	hydrocarbons,	i.e.	non-emitters,	are	apparent	by	

fluctuations	around	zero	of	+/-	0.2	nmol	m-2	s-1.	Emission	rates	greater	than	0.5	are	
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distinctly	different	from	background	fluctuations	by	the	end	of	the	measurement	

(Fig.	8).	

	

	

Figure	8:	Leaf	emission	rates	are	calculated	as	non-steady-state	fluxes	based	on	

concentration	changes	determined	by	a	40	s	sliding-window	regression.	

Background	signal	noise	produces	noise	in	emission	estimates	around	+/-	0.2	nmol	

m-2	s-1.	Emission	rates	of	0.5	nmol	m-2	s-1	are	clearly	differentiable	from	0.	

	

5.3	Mobility	
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The	primary	components	of	PORCO,	excluding	leaf	cuvettes,	are	mounted	on	an	

external-frame	backpack	for	portability.	The	system	can	be	carried	by	one	person	

through	a	forest,	up	a	canopy	tower,	or	hauled	by	ropes	into	trees	or	canopy	

walkways	(Fig.	9).	All	of	the	plastic	cases	can	be	closed	during	transport	with	all	air-

flow	components	still	running	to	maintain	PID	stability.	For	tall	trees,	branches	can	

be	cut,	carefully	lowered,	re-cut	under	water	to	maintain	the	transpiration	stream,	

and	then	measured	on	the	ground.	Where	accessible,	the	portability	of	PORCO	

allows	in-situ	measurements	of	tree	leaves,	which	eliminates	undesirable	leaf	

responses	to	branch	cutting.	

	

	

Figure	9:	Field	measurements	with	PORCO	in	a	tropical	forest:	(a)	on	the	ground	

with	cut	branches;	(b)	on	a	canopy	walk-up	tower	for	in	situ	measurements	on	

intact	branches;	(c)	hauled	into	the	canopy	for	in	situ	measurements	from	a	

suspended	walkway.	
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6.	Limitations	

The	greatest	limitation	of	a	PID	is	that	it	cannot	distinguish	between	gas	species.	The	

majority	of	light	dependent	emissions	from	angiosperm	tree	leaves	are	isoprene	

(Guenther	et	al.,	2006),	but	some	species	emit	monoterpenes	in	a	light-dependent	

manner	(Kuhn	et	al.,	2002;	Loreto,	2002).	However,	this	weakness	can	be	

considered	an	advantage	given	that	the	PID	will	detect	the	full	suite	of	hydrocarbons	

emitted	from	a	leaf.	It	may	be	that	all	isoprenoid-class	volatiles	(isoprene,	

monoterpenes,	and	sesquiterpenes)	play	similar	roles	in	leaf	physiology.	A	PID	will	

ensure	that	strong	emissions	of	most	of	these	compounds	will	be	detected.	Gas	

species	can	be	identified	by	running	exhaust	air	through	an	adsorption	cartridge	for	

later	analysis	by	gas	chromatography.	

	 Isoprenoid	emissions	are	also	temperature	dependent.	Tight	temperature	

control	in	larger	cuvettes	is	a	challenge.	The	LED	panels	produce	significant	heat	

that	warm	the	cuvette	air	by	about	4	˚C	above	ambient	by	3.5	min.	While	all	leaves	

receive	similar	treatment,	further	adaptations	are	required	to	better	standardize	

measurement	temperatures.	

	

Discussion	

The	adaptations	presented	in	PORCO	afford	access	to	new	questions	in	ecology,	

evolution,	and	climate	science.	Real-time	emission	response	curves	can	inform	the	

adaptive	value	of	isoprenoids	under	variable	forest	light	environments	(Sharkey	et	

al.,	2008).	With	in	situ	detection,	more	species	can	be	sampled	in	more	remote	

environments	to	ask	whether	the	adaptive	value	of	isoprenoids	affects	community	
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assembly	across	climates	(Klinger	et	al.,	1998;	Sharkey	&	Monson,	2014).	Improving	

species	coverage	in	understudied	regions,	such	as	tropical	forests,	will	help	fill	gaps	

of	emission	information	in	the	phylogenetic	tree	(Monson	et	al.,	2013).	Modeling	

forest	isoprenoid	emissions	for	their	impacts	on	climate	requires	an	estimate	of	the	

proportion	of	vegetation	that	emits	(Geron	et	al.,	1994;	Guenther,	1997).	Enhancing	

regional	sampling	coverage	will	better	constrain	this	community	assembly	

component	of	emission	models	(Harley	et	al.,	2004),	and	potentially	uncover	

mechanisms	that	can	be	used	to	interpolate	and	project	assembly	shifts	across	the	

landscape	and	into	the	future.	

	 PORCO	could	benefit	applied	research.	Isoprene-emitting	crops	may	be	more	

resistant	to	drought	and	ozone,	but	at	a	cost	to	growth	rate	(Vickers	et	al.,	2009b;	

Ryan	et	al.,	2014).	With	the	rapid	and	efficient	sampling	enabled	by	PORCO,	

different	crop	strains	could	be	monitored	for	selection	of	optimum	emission	rates.	

The	emission	rates	of	city	trees	can	be	monitored	to	understand	their	impacts	on	air	

quality	for	human	health	(Wang	et	al.,	2013).	

	 Our	new	system	demonstrates	the	potential	for	precision	leaf-volatiles	

research	to	escape	the	lab	and	enter	the	true	environment	of	plants.	The	need	for	

custom,	high	leaf-area	cuvettes	to	amplify	emission	signals	for	portable	detectors	

sacrifices	some	of	the	control	over	the	leaf	environment	that	has	been	perfected	in	

commercial	photosynthesis	cuvettes.	Future	adaptations	may	either	improve	

detector	efficiency,	or	the	environmental	control	in	high	leaf-area	cuvettes.		

	

Literature	cited	



 

86	
	

Alves	EG,	Harley	P,	Gonçalves	JFDC,	Eduardo	C,	Jardine	K	(2014)	Effects	of	light	and	

temperature	on	isoprene	emission	at	different	leaf	developmental	stages	of	

Eschweilera	coriacea	in	central	Amazon.	Acta,	44,	9–18.	

Behnke	K,	Ehlting	B,	Teuber	M	et	al.	(2007)	Transgenic,	non-isoprene	emitting	

poplars	don’t	like	it	hot.	The	Plant	journal,	51,	485–499.	

Carslaw	KS,	Boucher	O,	Spracklen	D	V.,	Mann	GW,	Rae	JGL,	Woodward	S,	Kulmala	M	

(2010)	A	review	of	natural	aerosol	interactions	and	feedbacks	within	the	Earth	

system.	Atmospheric	Chemistry	and	Physics,	10,	1701–1737.	

Geron	CD,	Guenther	AB,	Pierce	TE	(1994)	An	improved	model	for	estimating	

emissions	of	volatile	organic	compounds	from	forests	in	the	eastern	United	

States.	Journal	of	Geophysical	Research,	99,	12773–12791.	

Guenther	A	(1997)	Seasonal	and	spatial	variations	in	natural	volatile	organic	

compound	emissions.	Ecological	Applications,	7,	34–45.	

Guenther	A,	Karl	T,	Harley	P,	Wiedinmyer	C,	Palmer	PI,	Geron	C	(2006)	Estimates	of	

global	terrestrial	isoprene	emissions	using	MEGAN	(Model	of	Emissions	of	Gases	

and	Aerosols	from	Nature).	Atmospheric	Chemistry	and	Physics	Discussions,	6,	

3181–3210.	

Harley	P,	Vasconcellos	P,	Vierling	L	et	al.	(2004)	Variation	in	potential	for	isoprene	

emissions	among	Neotropical	forest	sites.	Global	Change	Biology,	10,	630–650.	

Heald	CL,	Henze	DK,	Horowitz	LW	et	al.	(2008)	Predicted	change	in	global	

secondary	organic	aerosol	concentrations	in	response	to	future	climate,	

emissions,	and	land	use	change.	Journal	of	Geophysical	Research,	113,	D05211.	



 

87	
	

Klinger	LF,	Greenberg	J,	Guenther	A,	Zimmerman	P,	M’Bangui	M,	Kenfack	D	(1998)	

Patterns	in	volatile	organic	compound	emissions	along	a	savanna-rainforest	

gradient	in	central	Africa.	Journal	of	Geophysical	Research,	103,	1443–1454.	

Kuhn	U,	Rottenberger	S,	Biesenthal	T	et	al.	(2002)	Isoprene	and	monoterpene	

emissions	of	Amazônian	tree	species	during	the	wet	season:	Direct	and	indirect	

investigations	on	controlling	environmental	functions.	Journal	of	Geophysical	

Research:	Atmospheres,	107,	1–13.	

Loreto	F	(2002)	Distribution	of	isoprenoid	emitters	in	the	Quercus	genus	around	the	

world :	chemo-taxonomical	implications	and	evolutionary	considerations	based	

on	the	ecological	function	of	the	trait.	Perspectives	in	Plant	Ecology,	Evolution	and	

Systematics,	5,	185–192.	

Monson	RK,	Jones	RT,	Rosenstiel	TN,	Schnitzler	JP	(2013)	Why	only	some	plants	

emit	isoprene.	Plant,	Cell	and	Environment,	36,	503–516.	

Morfopoulos	C,	Sperlich	D,	Peñuelas	J	et	al.	(2014)	A	model	of	plant	isoprene	

emission	based	on	available	reducing	power	captures	responses	to	atmospheric	

CO2.	The	New	phytologist,	203,	125–39.	

Niinemets	U,	Tenhunen	JD,	Harley	PC,	Steinbrecher	R	(1999)	A	model	of	isoprene	

emission	based	on	energetic	requirements	for	isoprene	synthesis	and	leaf	

photosynthetic	properties	for	Liquidambar	and	Quercus.	Plant,	Cell	and	

Environment,	22,	1319–1335.	

Niinemets	Ü,	Arneth		a.,	Kuhn	U,	Monson	RK,	Peñuelas	J,	Staudt	M	(2010a)	The	

emission	factor	of	volatile	isoprenoids:	Stress,	acclimation,	and	developmental	

responses.	Biogeosciences,	7,	2203–2223.	



 

88	
	

Niinemets	Ü,	Copolovici	L,	Hüve	K	(2010b)	High	within-canopy	variation	in	isoprene	

emission	potentials	in	temperate	trees:	Implications	for	predicting	canopy-scale	

isoprene	fluxes.	Journal	of	Geophysical	Research:	Biogeosciences,	115,	1–19.	

Ryan	AC,	Hewitt	CN,	Possell	M	et	al.	(2014)	Isoprene	emission	protects	

photosynthesis	but	reduces	plant	productivity	during	drought	in	transgenic	

tobacco	(Nicotiana	tabacum)	plants.	New	phytologist,	201,	205–16.	

Sharkey	TD,	Monson	RK	(2014)	The	future	of	isoprene	emission	from	leaves,	

canopies	and	landscapes.	Plant,	Cell	and	Environment,	37,	1727–1740.	

Sharkey	TD,	Wiberley	AE,	Donohue	AR	(2008)	Isoprene	emission	from	plants:	why	

and	how.	Annals	of	botany,	101,	5–18.	

Vickers	CE,	Gershenzon	J,	Lerdau	MT,	Loreto	F	(2009a)	A	unified	mechanism	of	

action	for	volatile	isoprenoids	in	plant	abiotic	stress.	Nature	chemical	biology,	5,	

283–291.	

Vickers	CE,	Possell	M,	Cojocariu	CI	et	al.	(2009b)	Isoprene	synthesis	protects	

transgenic	tobacco	plants	from	oxidative	stress.	Plant,	cell	&	environment,	32,	

520–531.	

Wang	JL,	Chew	C,	Chang	CY	et	al.	(2013)	Biogenic	isoprene	in	subtropical	urban	

settings	and	implications	forair	quality.	Atmospheric	Environment,	79,	369–379.	

 
	

	

	 	



 

89	
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Abstract	

Volatile	isoprenoid	emissions	from	the	leaves	of	tropical	forest	trees	significantly	

affects	atmospheric	chemistry,	and	aerosol	and	cloud	dynamics,	as	well	as	the	

physiology	of	the	emitting	leaves.	Emission	is	associated	with	plant	tolerance	to	heat	
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and	drought	stress.	Despite	a	potentially	central	role	of	isoprenoid	emissions	to	

tropical	forest-climate	interactions,	we	have	a	poor	understanding	of	the	

relationships	between	emissions	and	other	axes	of	forest	function.	We	used	a	

custom	measurement	system	to	quantify	leaf	isoprenoid	emission	rates	from	161	

leaves	from	71	trees	comprising	52	species	at	a	site	in	the	eastern	Brazilian	Amazon.	

We	related	leaf	emission	capacity	(EC)	under	standardized	conditions	to	tree	

taxonomy,	height,	light	environment,	wood	traits,	and	leaf	traits.	Taxonomy	was	the	

strongest	predictor	of	EC,	and	non-emitters	could	be	found	throughout	the	canopy.	

But	we	found	constraints	on	the	upper	bounds	of	EC	by	functional	axes	related	to	

environment	and	leaf	carbon	economics.	For	example,	the	relationship	between	EC	

and	specific	leaf	area	(SLA;	fresh	leaf	area	/	dry	mass)	describes	an	envelope	with	a	

decreasing	upper	bound	on	EC	as	SLA	increases	(quantile	regression:	85th	quantile,	

p<0.01).	That	result	suggests	a	limitation	on	emissions	related	to	leaf	carbon	

investment.	EC	was	highest	in	the	mid-canopy,	and	in	leaves	growing	under	less	

direct	light	(quantile	regression:	85th	quantile,	p<0.01).	Trees	that	emit	and	do	not	

emit	significant	quantities	of	isoprenoids	are	found	to	be	distinct	functional	groups	

with	respect	to	relationships	between	leaf	and	wood	traits.	While	inferences	of	

ecosystem	emissions	focus	on	environmental	conditions	at	the	canopy	surface,	our	

results	suggest	that	sub-canopy	leaf	emissions	are	the	most	responsive	to	

fluctuations	in	leaf	environment.	This	work	is	allowing	us	to	develop	an	ecological	

understanding	of	isoprenoid	emissions	from	forests,	the	basis	for	a	predictive	model	

of	emissions	that	depends	on	both	environmental	factors	and	biological	emission	

capacity	that	is	grounded	in	plant	traits	and	phylogeny.		
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Introduction	

Leaf	volatile	isoprenoid	(VI)	emissions	could	be	an	important	mediator	of	plant	

responses	and	feedbacks	to	climate	change.	Production	of	VIs	mitigates	heat	and	

drought	stress	in	leaves	(Ryan	et	al.,	2014;	Sharkey	&	Monson,	2014).	In	the	

atmosphere,	isoprenoids	significantly	influence	aerosol	and	cloud	dynamics	

(Carslaw	et	al.,	2010).	Tropical	forests	are	the	strongest	and	most	botanically	

diverse	source	biome	of	isoprenoids	to	the	atmosphere	(Guenther	et	al.,	2006),	but	

we	lack	a	detailed	framework	for	predicting	how	much	is	emitted	by	which	tropical	

plant	species	under	which	environments.	

	 About	a	third	of	tree	species	produce	specific	enzymes	for	light-responsive	

synthesis	of	the	five-carbon	(C)	molecule	isoprene	(Sharkey	&	Yeh,	2001),	the	most	

abundantly	emitted	isoprenoid	(Guenther	et	al.,	2006).	Diverse	experimental	and	

theoretical	studies	indicate	that	isoprene	supports	the	maintenance	and	recovery	of	

photosynthesis	following	high-temperature	stress	(Singsaas	et	al.,	1997;	Hanson	&	

Sharkey,	2001;	Sharkey	et	al.,	2001;	Sharkey,	2005;	Behnke	et	al.,	2007)	and	drought	

(Funk	et	al.,	2004;	Brilli	et	al.,	2007;	Vickers	et	al.,	2009;	Ryan	et	al.,	2014).	Its	

mechanism	of	action	appears	to	be	related	to	stabilization	of	the	oxidative	

equilibrium	in	the	chloroplast	(Vickers	et	al.,	2009;	Jardine	et	al.,	2013;	Morfopoulos	

et	al.,	2014;	Dani	et	al.,	2015),	which	is	perturbed	when	a	variety	of	conditions	

deviate	from	the	optima	for	biochemistry	(Apel	&	Hirt,	2004;	Suzuki	&	Mittler,	2006;	

Ahmad	et	al.,	2008).	The	larger	VIs,	monoterpenes	(10	C)	and	sesquiterpenes	(15	C),	

may	play	a	common	role—they	are	all	produced	from	the	same	precursor	molecule	
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and	all	have	antioxidant	properties	(Loreto	et	al.,	1998;	Vickers	et	al.,	2009).	In	some	

species,	light-responsive	emissions	of	monoterpenes	reach	rates	similar	to	isoprene	

(Kuhn	et	al.,	2002;	Loreto,	2002).	

	 Within	species,	the	isoprene	emission	capacity	(i.e.	the	emission	rate	under	

standardized	light	and	temperature)	increases	toward	the	hotter,	drier,	and	brighter	

canopy	surface	(Sharkey	&	Yeh,	2001;	Niinemets	et	al.,	2010	and	citations	therein).	

The	hypothesis	follows	that	canopy	tree	species	are	more	likely	to	be	strong	

emitters	than	sub-canopy	species.	Alternatively,	we	may	consider	physiologically	

‘stressful’	conditions	more	generally	as	those	that	strongly	deviate	from	the	

conditions	to	which	the	species	is	adapted,	or	the	leaf	acclimated.	Leaves	in	the	sub-

canopy	experience	an	environment	that	is	milder	on	average	but	temporally	more	

variable.	Prolonged	diffuse	light	exposure	is	periodically	punctuated	by	direct	

sunlight,	which	rapidly	raises	leaf	temperature,	leaf	water	demand,	and	electron	

transport	rate	(Sharkey	et	al.,	2008b;	Way	&	Pearcy,	2012).	An	alternative	

hypothesis	therefore	follows	that	isoprenoid	emissions	are	prominent	among	tree	

species	occupying,	or	growing	through,	the	middle	canopy.	

	 The	ability	to	produce	the	specific	enzymes	for	VI	emissions	is	

phylogenetically	structured	(Monson	et	al.,	2013).	Patterns	within	higher	taxonomic	

groups	(e.g.,	genus	or	family)	could	be	used	to	estimate	the	probability	that	an	

unmeasured	species	is	an	emitter.	However,	the	phylogenetic	patterns	are	

inconsistent,	with	frequent,	unexplained	state	changes	within	clades	(Monson	et	al.,	

2013).	We	lack	a	mechanistic	understanding	behind	the	evolutionary	patterns	to	
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guide	estimates	for	unmeasured	species.	Moreover,	many	more	tropical	tree	species	

need	to	be	measured.	

	 A	more	mechanistic	approach	to	predicting	isoprenoid	emissions	from	

species	might	employ	relationships	between	VI	and	other	plant	traits.	Research	has	

only	recently	begun	to	explore	these	relationships,	with	data	heavily	biased	toward	

temperate-zone	species	(Harrison	et	al.,	2013a;	Dani	et	al.,	2014).	One	meta-analysis	

posits	that	isoprene	emitters	tend	to	be	fast-growing	species	with	low	wood	density	

(Dani	et	al.,	2014).	Though	if	VIs	aid	in	drought	tolerance,	they	might	be	expected	to	

correlate	with	other	drought	tolerance	traits	such	as	high	xylem-wood	density,	

which	is	associated	with	resistance	to	drought-induced	embolism	(Sperry	et	al.,	

2008;	Chave	et	al.,	2009).	

	 Leaf	phenotypes	vary	along	a	slow-fast	continuum	of	leaf	carbon	(C)	

economics,	whereby	‘fast’	leaves	invest	in	rapid	C	assimilation,	while	‘slow’	leaves	

invest	in	longevity	at	the	expense	of	lower	photosynthetic	rates	(Wright	et	al.,	2004;	

Reich,	2014).	Under	normal	conditions,	VIs	are	constitutively	emitted	at	a	base	rate	

that	tracks	photosynthesis	at	a	possibly	insignificant	cost	of	less	than	2%	of	fixed	C	

(Sharkey	&	Yeh,	2001).	Emissions	may	therefore	be	a	‘fast’	trait,	dependent	

photosynthetic	rate.	But	increased	isoprenoid	emission	rates	are	induced	at	high	

temperatures	even	as	photosynthesis	declines	(Guenther	et	al.,	1993;	Harley	et	al.,	

1996;	Sharkey	et	al.,	1996;	Loreto	et	al.,	1998;	Jardine	et	al.,	2014).	Under	drought	

isoprene	production	can	switch	from	recently-fixed	to	stored	C	(Funk	et	al.,	2004;	

Brilli	et	al.,	2007).	That	is,	the	cost	of	VIs	is	highest	under	the	conditions	for	which	

they	are	putatively	adaptive.	Investment	in	VI	production	may	constitute	a	resource	
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allocation	tradeoff	(Angilletta	et	al.,	2003)	at	the	expense	of	photosynthetic	

infrastructure,	placing	VIs	toward	the	‘slow’	end	of	the	leaf	economics	spectrum.	

	 We	carried	out	a	field	campaign	at	an	eastern	Amazon	primary	forest	site	to	

test	these	alternative	hypotheses.	We	aimed	to	determine	the	covariation	of	

isoprenoid	emissions	with	other	axes	of	forest	function:	tree	taxonomy,	height,	light	

environment,	wood	traits,	and	leaf	traits.	Remote	field	measurements	of	isoprenoid	

emissions	from	leaves	are	challenging,	as	no	commercial	instrumentation	has	been	

developed	for	that	purpose.	We	employed	a	new,	custom	measurement	system,	

specifically	designed	for	rapid,	high-precision	emission	inventories	in	the	field.	

	

Materials	and	methods	

Isoprenoid	emission	capacity	(EC)	

Leaf	isoprenoid	emission	rates	were	quantified	using	a	custom	instrument	system	

designed	for	emission	inventories	in	the	field,	which	is	briefly	described	here	(see	

full	description	in	Appendix	B	of	this	dissertation).	A	leaf	is	enclosed	inside	a	

custom,	flow-through	leaf	cuvette.	Ambient	air	is	pumped	into	the	cuvette	at	a	mass-

flow	controlled	rate	after	purification	through	a	hydrocarbon	trap.	Air	is	

subsampled	from	the	cuvette	at	a	lower	rate	than	the	flow-in	by	the	pump	in	a	

commercial	photoionization	detector	(PID),	the	Rae	Systems	ppbRAE-3000.	Excess	

flow	is	exhausted	from	the	cuvette	through	a	loose	seal	around	the	leaf	petiole.	The	

temperature	of	the	PID	is	held	constant	inside	a	thermal	enclosure	to	eliminate	

temperature	sensitivity.	Sample	air	is	dehumidified	by	passing	through	coils	of	

tubing	in	an	ice	enclosure	to	eliminate	PID	humidity	sensitivity.	A	custom	
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calibration	enabling	datalogging	of	pseudo-raw	data	from	the	PID	allows	for	post-

processing	correction	of	signal	drift.	

To	make	a	measurement,	the	leaf	is	first	left	in	the	dark	for	sufficient	time	for	

ambient	air	to	be	cleared	from	the	cuvette	and	a	stable	background	signal	to	be	

achieved.	The	leaf	is	then	illuminated	with	photosynthetically	active	radiation	(PAR)	

at	a	photon	flux	rate	of	1000	umol	m-2	s-1	at	the	leaf	surface	by	a	custom	light-

emitting-diode	(LED)	panel.	The	LED	bulbs	provide	90%	red	(670	nm)	and	10%	

blue	(465	nm)	light,	following	the	configuration	of	the	light	source	in	a	LI-COR	6400	

photosynthesis	cuvette.	The	leaf	emission	rate	is	determined	by	non-steady-state	

flux	calculation	based	on	the	trajectory	of	concentration	change	inside	the	cuvette,	

smoothed	over	a	40	s	sliding	window.	The	emission	rate	at	3.5	min	is	taken	as	the	

‘emission	capacity’	(EC)	for	standardized	comparison	across	measurements.	The	3.5	

min	cutoff	avoids	excess	leaf	heating	by	the	LED	bulbs.	Cuvette	air	temperature	is	

monitored	and	is	typically	three	to	four	degrees	C	above	ambient	by	the	end	of	the	

measurement.		

	 	The	PID	ionizes	diverse	organic	gases	and	cannot	distinguish	between	them.	

However,	leaf	emissions	exceeding	a	rate	of	1	nmol	m-2leaf	s-1	are	assumed	to	be	

predominantly	isoprene.	Lower	emission	rates	may	include	other	light-dependent	

isoprenoids,	predominantly	monoterpenes,	or	stored	organic	compounds	(e.g.,	

resins)	released	by	the	warming	effect	of	the	LED	bulbs.	Isoprene	is	the	smallest	

volatile	isoprenoid	(5C),	and	the	progressively	larger	classes,	monoterpenes	(10C)	

and	sesquiterpenes	(15C),	are	produced	in	progressively	lesser	amounts	

(Kesselmeier	&	Staudt,	1999).	Lower	emission	rates	of	the	larger	compounds	may	
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be	explained	by	biochemical	constraints.	Isoprene	uses	less	carbon,	and	per-

molecule	uses	less	of	the	substrate	pool	shared	by	all	isoprenoids	(dimethylallyl	

diphosphate;	DMAPP),	which	include	carotenoids	and	other	essential	cellular	

components.	The	isoprene	synthase	has	a	relatively	low	reaction	affinity	for	DMAPP,	

and	therefore	the	induction	of	its	emissions	incurs	less	competition	with	other	

secondary	metabolic	processes	(Rosenstiel	et	al.,	2002;	Kuhn	et	al.,	2004).	A	

diversity	of	non-isoprenoid	trace	gases	are	emitted	by	leaves	and	are	potentially	

detectable	by	the	PID,	though	none	at	the	rates	typical	of	isoprenoids	(Kesselmeier	

&	Staudt,	1999).	Periodic	‘cuvette	blank’	measurements	demonstrated	no	

contribution	of	the	cuvette	to	background	signal	fluctuations	in	the	dark	or	light.	

Background	signal	noise	produced	a	lower	detection	limit	of	emission	rates	no	

higher	than	0.5	nmol	m-2	s-1.	

	

Branch	sampling	and	leaf	and	wood	traits	

The	majority	of	emission	measurements	were	made	on	cut	branches.	Effort	was	

made	to	select	branches	that	were	among	the	healthiest	and	sunniest	in	the	tree.	

Trees	were	climbed	using	arborist	techniques.	Branches	were	cut,	carefully	lowered,	

and	the	branch	end	placed	in	a	bucket	cut	under	water	to	at	least	20	cm	from	the	

end	to	ensure	maintained	xylem	conductivity.	Branch	cut	heights	were	measured	by	

meter	tape.	Branches	were	left	in	their	buckets	in	partial	sun	to	acclimate	to	cutting	

for	at	least	a	half	hour	prior	to	measurement.	

	 Leaves	measured	for	emissions	were	subsequently	scanned	while	fresh.	Leaf	

area	was	determined	from	scans	by	custom	code	in	Image	J.	Leaves	were	then	dried	
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for	at	least	three	days	or	until	completely	brittle,	and	then	weighed.	Leaf	area	was	

applied	to	determine	area-based	emission	rates.	Specific	leaf	area	(SLA)	was	

determined	for	all	measured	leaves	by	dividing	the	fresh-leaf	area	(cm2)	by	the	dry-

leaf	mass	(g).	

	 Twig	xylem	wood	density	was	determined	for	all	measured	branches	as	a	

proxy	for	growth	rates	and	resistance	to	drought-induced	xylem	cavitation.	Twigs	1-

2	cm	in	diameter	and	2-10	cm	long	were	left	in	water	for	12-24	hours	to	fully	

hydrate	and	loosen	the	bark.	Bark	and	phloem	layers	were	removed.	If	the	central	

pith	occupied	20%	or	more	of	the	remaining	twig	diameter,	the	twig	was	split	

longitudinally	and	the	pith	removed.	The	volume	of	remaining	xylem	components	

was	determined	by	water	displacement	in	a	graduated	cylinder.	The	twigs	were	

dried	for	at	least	seven	days	and	then	weighed.	The	density	was	determined	as	the	

dry	mass	(g)	divided	by	the	fresh	volume	(mL).	

	

Branch	light	environment	

Measurements	of	branch	light	environment	were	made	to	estimate	the	average	

proportion	of	a	day	that	the	branch	received	direct	sunlight.	As	branches	were	

frequently	cut	with	pole-pruners,	even	when	climbing,	physical	access	to	the	

sampled	branch	locations	with	instrumentation	such	as	a	hemispherical	camera	was	

impractical.	We	therefore	developed	the	following	method	allowing	branch	light	

environment	to	be	estimated	from	a	distance.	The	NOAA	solar	position	calculator	

was	used	to	determine	the	elevation	and	azimuth	of	the	sun’s	position	at	half-hour	

intervals	from	6:00	AM	to	6:00	PM	based	on	the	coordinates	of	our	field	site.	We	
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constructed	a	table	of	24	solar	positions	for	each	of	the	dates	Sept	15,	Oct	15,	and	

Nov	15	of	2015.	These	dates	represented	the	peak	dry-season	period	and	the	timing	

of	field	measurements.	

A	compass	and	sighting	clinometer	were	used	to	sight	through	the	target	

branch	to	the	sun	positions	in	the	table.	Wherever	the	line	between	the	branch	and	a	

sun	position	passed	through	a	distinct	gap	in	the	canopy,	a	‘D’	(direct	light)	score	

was	recorded	for	the	corresponding	position.	If	the	sight	line	intercepted	either	the	

edge	of	a	distinct	gap,	or	a	structure	that	would	produce	intermittent	direct	light,	

such	as	coarse	and	leafless	branches,	an	‘I’	score	was	recorded	for	the	

corresponding	position.	The	proportional	direct	light	score	for	each	branch	was	

determined	as:	count	(D)	+	0.5	*	count	(I)	/	72.	

	

Taxonomic	identification	

A	herbarium	specimen	was	collected	from	every	tree	by	pressing	and	drying	

representative	branch	fragments,	including	flowers	and	fruits	where	possible.	

Specimens	were	identified	by	the	herbarium	at	the	Brazilian	Agricultural	Research	

Corporation	(EMBRAPA)	in	Belém,	Pará,	Brazil.	Taxonomic	names	were	

subsequently	standardized	using	the	online	Taxonomic	Name	Resolution	Service	

(Boyle	et	al.,	2013).	

	

Results	

Overall,	out	of	71	trees	(52	species)	measured,	significant	emissions	(EC	≥	1)	were	

observed	from	32	trees	(27	species),	or	45%	of	all	trees	(52%	of	species).	Seven	of	
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our	species	had	been	screened	for	isoprene	emissions	using	different	methods	in	a	

previous	study	(Harley	et	al.,	2004).	Using	a	cutoff	of	EC	≥	1	to	indicate	a	high	

likelihood	of	isoprene	emissions	over	other	compounds,	our	results	agree	with	

Harley	et	al.'s	(2004)	for	six	of	seven	matching	species	(see	Table	S1).	Where	we	

found	strong	emissions	(max	EC	=	14.9)	for	the	dominant	canopy	tree	species	at	our	

site,	Erisma	uncinatum	(Vochysiaceae),	they	found	none.	

Weak	(EC	<	1)	and	non-emitting	species	were	observed	across	the	full	range	

of	all	other	metrics	(i.e.	height,	light,	SLA,	WD),	demonstrating	that	species	identity	

is	the	first-order	predictor	of	emission	capacity.	Taxonomic	structuring	of	emission	

capacity	was	qualitatively	apparent	at	the	genus	and	family	levels.	For	example,	EC	

was	less	than	1	for	all	Sapotaceae	(five	species	from	two	genera)	and	all	Lauraceae	

measurements	(five	species	from	two	genera).	EC	was	greater	than	1	for	six	of	nine	

species	from	seven	genera	in	the	Fabaceae.	In	the	Lecythidaceae,	EC	was	greater	

than	1	for	all	three	Eschweilera	species	and	less	than	one	for	all	three	Couratari	

species.	In	the	Moraceae,	EC	was	greater	than	1	for	all	three	species	from	three	

genera.	

The	greatest	emission	capacities	were	observed	in	the	middle	canopy,	

between	10	m	and	25	m	branch	height	(Fig.	1).	Surprisingly	strong	emissions	were	

observed	in	the	shaded	understory	at	less	than	3	m	height	from	the	sapling	of	a	mid-

canopy	tree,	Protium	sp.	(Burseraceae,	max	EC	=	8.7),	and	from	the	locally	dominant	

understory	treelets	Rinorea	neglecta	and	Amphirrhox	longifolia	(Violaceae,	max	EC	=	

9	and	3.3	respectively).	Weak	(EC	<	1)	and	non-emitters	were	found	throughout	the	

canopy	profile.	
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	 The	relationship	between	emission	capacity	and	branch	light-environment	

described	an	envelope	with	a	decreasing	upper	bound	on	emission	capacity	as	the	

fraction	of	daily	direct	sunlight	increased	(85th	quantile	regression:	p	<	0.01;	Fig.	2).	

That	is,	leaves	more	acclimated	to	direct	sunlight	showed	a	lower	emission	response	

to	1000	PAR	in	the	leaf	cuvette.	In	contrast,	intraspecific	variability	in	EC	showed	a	

positive	relationship	with	light	environment	for	all	six	species	with	intraspecific	

replicates	and	distinguishable	light	environments	(Fig.	3).	

	 The	relationship	between	emission	capacity	and	SLA	described	an	envelope	

with	a	decreasing	upper	bound	on	emission	capacity	as	SLA	increased	(85th	quantile	

regression:	p	<	0.01;	Fig.	4).	Each	taxonomic	group	containing	emitters	followed	the	

overall	relationship	between	emission	capacity	and	SLA	(i.e.	Fig.	4),	but	occupies	a	

unique	space	within	it	(Fig.	S1).	Strong	emitters	and	non-emitters	were	distributed	

relatively	evenly	across	the	full	range	of	wood	densities	(Fig.	S2).	

	 A	principal	components	analysis	(PCA)	conducted	on	significant	emitters	

demonstrates	a	complex	multivariate	relationship	between	the	measured	variables	

(Fig.	5).	Contrasting	functional	strategies	emerge	from	the	first	four	principal	

components.	The	majority	of	variation	in	the	dataset	is	represented	by	species	with	

a	negative	relationship	between	EC	and	wood	density,	and	a	negative	relationship	

between	SLA	and	height	and	light	environment	(Fig.	5,	left).	The	third	and	fourth	

axes	indicate	a	functional	group	with	a	positive	relationship	between	EC	and	wood	

density,	and	a	positive	relationship	between	SLA	and	light	environment	(Fig.	5,	

right).	
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	 Contrasting	functional	strategies	between	significant	and	insignificant	

emitters	are	evident	in	the	relationship	between	SLA	and	twig	xylem	wood	density	

(Fig.	6).	Overall,	the	relationship	between	SLA	and	wood	density	is	weakly	negative	

(linear	regression,	p	=	0.07,	r2	=	0.03;	Fig.	6,	left).	Significant	emitters	show	no	

detectable	relationship	between	these	traits	(linear	regression,	p	=	0.4;	Fig.	6,	

center).	Insignificant	emitters	show	a	strong	negative	relationship	between	SLA	and	

twig	wood	density	(linear	regression,	p	<	0.01,	r2	=	0.36).	The	regression	slopes	

between	significant	and	insignificant	emitters	are	significantly	different	(ANOVA,	p	

<	0.01).	

	

Figures	
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Figure	1:	Distribution	of	leaf	emission	capacities	across	branch	heights.	The	x	axis	

data	represent	the	maximum	emission	capacity	observed	among	all	leaves	sampled	

from	each	branch.	Data	is	binned	by	height	and	the	bars	show	the	85th	quantile	of	

each	bin.	For	most	branches,	one	to	three	leaves	were	measured.	

	

	

Figure	2:	Relationship	between	leaf	emission	capacity	and	light	environment.	The	

y-axis	represents	the	maximum	emission	capacity	observed	among	all	leaves	

sampled	from	each	branch.	For	most	branches,	one-to-three	leaves	were	measured.	

The	x-axis	represents	the	fraction	of	daily	direct	light	received	by	a	branch	as	

determined	by	the	fraction	of	canopy	gaps	that	fall	between	the	branch	and	peak	

dry-season	sun	pathways	(see	Methods).	The	regression	line	is	a	quantile	regression	

through	the	85th	quantile	(tao	=	85)	demonstrating	that	the	upper	bound	on	
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emission	capacity	decreases	as	the	amount	of	direct	light	received	by	a	branch	

increases.	Red	points	were	excluded	from	the	quantile	regression	as	outliers.	

	

	

Figure	3:	Within	species,	emission	capacity	increases	from	shadier	to	sunnier	

branch	light	environments.	Six	species	in	the	dataset	had	at	least	two	branches	

measured	with	distinguishable	light	environments	(either	qualitatively—e.g.,	‘sun’	

vs.	‘shade’	designations,	or	quantitatively—canopy	gap	fraction	measured).	The	

point	shading	represents	only	the	relative	light	environment	for	measurements	

from	each	species,	and	are	not	comparable	across	species.	
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Figure	4:	The	relationship	between	leaf	emission	capacity	and	specific	leaf	area	

(SLA;	cm2fresh	leaf	g-1dry	leaf).	All	measured	leaves	are	represented.	The	regression	line	

is	a	quantile	regression	through	the	85th	quantile	(tao	=	85)	demonstrating	that	the	

upper	bound	on	emission	capacity	decreases	as	SLA	increases	(p	<	0.01).	
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Figure	5:	Isoprenoid	emissions	may	be	utilized	in	different	ways	for	different	plant	

functional	strategies.	This	principle	components	analysis	is	isolated	to	species	with	

significant	emissions	(EC	≥	1),	including	only	one	branch	per	species	(the	branch	

with	the	strongest	emissions).	The	two	projections	demonstrate	two	distinct	

functional	groups	based	on	specific	leaf	area	(SLA,	‘sla’),	twig	wood	density	

(‘twig.wd’),	height	(‘branch.height’),	light	(canopy	gap	fraction,	‘direct.light’),	and	

emission	capacity	(branch	average,	‘em.avg’).	In	the	first	functional	group	(left),	SLA	

decreases	with	height	and	light,	while	emission	capacity	decreases	with	wood	

density	(faster	growers	emit	more).	In	the	second	group	(right),	SLA	increases	with	

light,	while	emission	capacity	increases	with	wood	density	(slower	growers	emit	

more).	
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Figure	6:	Isoprenoid	emission	is	associated	with	a	change	in	the	relationship	

between	specific	leaf	area	(SLA)	and	twig	xylem	wood	density	(left).	Removing	

significant	emitters	(EC	≥	1)	from	the	dataset	results	in	a	stronger	negative	

relationship	(right).	Emitters	show	no	significant	relationship	between	SLA	and	

wood	density	(center).	The	regression	slopes	between	emitters	and	non-emitters	

are	significantly	different	(ANOVA,	p	<	0.01).	

	

Discussion	

Our	results	challenge	the	paradigm	that	the	upper	canopy	surface	is	the	site	most	

relevant	to	forest	emissions	and	their	role	in	plant	physiology.	Our	intraspecific	

replicates	across	light	environments	(Fig.	3)	agree	with	previous	studies	that	find	an	

intraspecific	increase	in	EC	toward	the	canopy	surface	(Niinemets	et	al.,	2010).	

Across	species	we	found	the	opposite	trend,	with	emission	capacity	increasing	

toward	less	sunlit	canopy	positions	(Fig.	1	and	Fig.	2).	
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	 The	role	of	VIs	in	leaf	physiology	at	the	canopy	surface	and	sub-canopy	may	

be	consistent,	but	acting	in	different	contexts.	Canopy	tree	leaves	tend	to	show	a	

‘midday	depression’	in	photosynthesis,	which	is	driven	by	the	closure	of	stomata	in	

response	to	increased	leaf	water	demand	during	diurnal	peak	temperatures	

(Tenhunen	et	al.,	1984;	Roy	&	Salager,	1992;	Johnson	et	al.,	2009).	During	this	

period,	increasing	VI	production	may	mitigate	oxidant	formation	driven	by	

increased	leaf	temperatures	and/or	electron	transport	rates	in	conjunction	with	a	

reduction	in	the	electron	sink	to	CO2	fixation	(Sharkey	et	al.,	2008a;	Morfopoulos	et	

al.,	2014;	Dani	et	al.,	2015).	Leaves	acclimated	to	an	environment	with	

predominantly	diffuse	light	have	lower	maximum	photosynthetic	rates.	Short	

periods	of	direct	sunlight	significantly	raise	leaf	temperature,	and	raise	electron	

transport	rates	beyond	carboxylation	capacity—a	situation	similar	to	a	canopy	leaf	

during	midday	depression,	but	on	a	shorter	time	scale	(Way	&	Pearcy,	2012).	

	 Our	particular	method	for	emission	measurements	captures	the	initial	

emission	response	(the	first	3.5	min)	to	a	change	in	leaf	environment	from	darkness	

to	bright	light	(photon	flux	of	1000	umol	m-2	s-1).	An	intriguing	hypothesis	is	that	the	

initial	emission	response	to	sudden	illumination	is	proportional	to	the	deviation	of	

leaf	conditions	from	the	average	to	which	the	leaf	is	acclimated.	A	slower	emission	

response	with	a	higher	rate	at	steady	state	would	be	consistent	with	the	high	

photosynthetic	capacity	of	canopy	leaves	(Delwiche	&	Sharkey,	1993;	Niinemets	et	

al.,	1999;	Sharkey	et	al.,	2008a)	and	more	gradual	diurnal	changes	in	leaf	

environment.	Future	measurements	incorporating	full	emission	response	curves	

could	help	to	explain	variation	in	emission	strategies	through	the	canopy	profile,	as	
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well	as	the	difference	between	intra-	and	inter-specific	relationships	with	light	

environment	observed	here.	

	 The	decreasing	upper	bound	of	EC	with	increasing	SLA	(Fig.	4)	supports	the	

hypothesis	that	emissions	are	constrained	by	an	allocation	tradeoff	(Angilletta	et	al.,	

2003).	That	is,	investment	in	VIs	detracts	from	investment	in	photosynthetic	

infrastructure.	However,	given	that	VIs	rarely	utilize	more	than	2%	of	C	relative	to	

photosynthesis	(Sharkey	&	Yeh,	2001),	the	allocation	tradeoff	may	be	partially	

indirect.	Other	associated	costs	could	include	the	large	pool	of	DMAPP	substrate	

required	for	significant	isoprene	emissions	(Rosenstiel	et	al.,	2002),	which	is	related	

to	other	secondary	metabolic	processes	with	their	own	carbon	costs	(Sharkey	et	al.,	

2005;	Vanzo	et	al.,	2016).	The	consistency	of	this	relationship	within	taxonomic	

groups	(Fig.	S1)	offers	a	potential	explanation	for	the	frequent	loss	of	isoprene	

emission	in	predominantly	emitting	clades	(Monson	et	al.,	2013).	Where	speciation	

is	associated	with	a	shift	in	strategy	toward	‘fast’	leaves,	an	allocation	tradeoff	may	

result	in	the	loss	of	capacity	to	emit	significant	quantities	of	volatiles.	These	results	

differ	from	a	meta	analysis	of	predominantly	temperate-zone	trees	that	shows	

emission	capacity	increasing	with	photosynthetic	capacity	and	related	leaf-

economics-spectrum	traits	(Harrison	et	al.,	2013b).	Again,	it	is	possible	that	the	

relationship	differs	for	initial	emission	response	slope	relative	to	the	steady-state	

emission	rate.	

	 A	multivariate	analysis	supports	the	hypothesis	that	isoprene	may	be	used	in	

different	ways	depending	on	plant	functional	strategy	and	microenvironment.	The	

principal	components	analysis	indicates	a	spectrum	of	contrasting	strategies	(Fig.	
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5).	One	functional	group	of	species	shows	an	association	of	emissions	with	faster	

growth	rates	(lower	twig	xylem	wood	density)	toward	higher	and	brighter	canopy	

positions	at	which	leaves	become	increasingly	robust	(decreasing	SLA)	(Fig.	5,	left).	

A	second	group	shows	an	association	of	emissions	with	slower	growth	rates	and	

increasingly	‘fast’	leaves	toward	brighter	light	environments	(Fig.	5,	right).	These	

functional	strategies	are	likely	differentiated	by	the	ultimate	canopy	positions	that	

each	species	seeks	to	occupy,	and	the	unique	environmental	characteristics	

encountered	there.	

	 A	previous	meta	analysis	posits	that	isoprene	emissions	are	associated	with	

fast-growing	trees	having	low	wood	densities	and	high	SLA	(Dani	et	al.,	2014).	

Taking	a	simple	bivariate	approach	across	all	branches	measured	from	our	site,	we	

found	an	even	distribution	of	emission	capacity	across	twig	xylem-wood	densities	

(Fig.	S2).	However,	we	find	that	emitter	and	non-emitter	trait	strategies	differ	in	a	

more	nuanced	manner.	Emissions	are	associated	with	a	disruption	of	the	expected	

slow-wood—slow-leaf	relationship	(Fig.	6).	Emitters	with	higher	wood	density	have	

higher	SLA	than	non-emitters,	while	the	reverse	is	true	at	lower	wood	density	(Fig.	

6,	Fig.	S3).	Isoprene	emitters	therefore	may	occupy	a	unique	functional	niche	that	is	

more	distinct	when	accounting	for	trait	interactions.	

	 There	are	clearly	alternative	strategies	for	mitigating	the	particular	forms	of	

physiological	stress	for	which	isoprenoid	emissions	are	putatively	adaptive.	While	

certain	phenotypes	(trees	more	than	herbs	(Harley	et	al.,	1999))	and	biomes	

(forests	more	than	savannas	(Klinger	et	al.,	1998))	have	higher	proportions	of	

species	that	emit	significant	quantities	of	VIs,	there	are	always	weak	and	non-
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emitters	coexisting	with	strong	emitters.	Therefore,	taxonomic	composition	is	the	

first-order	determinant	of	vegetation	emission	capacity.	The	presence	of	alternative	

strategies	also	explains	the	appropriateness	of	quantile	regressions	for	describing	

the	bivariate	relationships	between	isoprenoid	emission	capacity	and	other	traits	or	

environmental	variables.	While	the	upper	bound	on	emission	capacity	may	be	

constrained	by	physiological	limits,	other	viable	strategies	can	compensate	for	

reduced	or	absent	VIs.	

	 Modeling	forest	emissions	requires	regional	estimates	of	species	

distributions	and	their	emission	capacities	(Geron	et	al.,	1994;	Guenther,	1997).	

With	some	sixteen-thousand	plant	species	in	the	Amazon	basin	alone	(ter	Steege	et	

al.,	2013),	it	is	daunting	that	species	composition	is	the	first-order	determinant	of	

regional	emissions.	The	covariation	between	isoprenoid	emissions	and	other	axes	of	

ecological	functions—as	explored	in	this	study—can	provide	a	foundation	for	a	

predictive	model	to	inform	estimates	of	regional	emission	potentials.	Tropical	forest	

inventories	typically	include	taxonomy,	tree	diameters,	and	often	easily	measured	

traits	including	SLA	and	wood	density.	It	may	be	possible	to	obtain	a	reasonable	

estimate	of	a	forest’s	emission	capacity	based	on	taxon-specific	relationships	

between	emissions	and	leaf	and	wood	traits,	scaled	by	light	environment	estimated	

from	relative	tree	diameter.	Future	field	research	on	isoprenoid	emissions	in	

tropical	forests	should	be	motivated	and	guided	by	such	a	framework.	

Understanding	the	ecological	structuring	of	VIs	elucidates	their	role	in	plant	

physiology,	and	will	help	us	to	predict	the	responses	and	feedbacks	of	forests	to	a	

changing	climate.	
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Supplementary	material	

	

Figure	S1:	The	relationship	between	leaf	emission	capacity	and	SLA,	with	several	

taxonomic	groups	highlighted.	The	y-axis	represents	the	maximum	emission	

capacity	observed	among	all	leaves	sampled	from	each	branch.	The	x-axis	

represents	the	mean	specific	leaf	area	(SLA;	cm2fresh	leaf	g-1dry	leaf).	Red	points	highlight	

branches	from	each	taxonomic	group.	Red	shading	circumscribes	the	unique	

envelope	of	bivariate	space	occupied	by	each	taxonomic	group.	Each	taxonomic	

group	containing	emitters	follows	the	overall	relationship—a	decreasing	upper	

bound	on	emission	capacity	as	SLA	increases—but	occupies	a	unique	space	within	

the	relationship.	The	lower	right	panel	demonstrates	intraspecific	variability	in	

Erisma	uncinatum	(Vochysiaceae).	
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Figure	S2:	A	simple	bivariate	analysis	reveals	no	apparent	relationship	between	

emission	capacity	and	twig	xylem	wood	density.	

	

Figure	S3:	Specific	leaf	area	values	significantly	differ	when	accounting	for	an	

interaction	between	twig	xylem	wood	density	and	emission	status	(ANOVA,	p	<	
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0.01).	Wood	density	bins	are	divided	by	the	median	wood	density	value	from	the	

entire	dataset.	
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