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An	increase	in	anthropogenic	activities	since	the	industrial	revolution,	primarily	due	

to	burning	of	fossil	fuels	and	changes	in	land	cover,	has	resulted	in	a	steady	increase	in	the	

global	mean	atmospheric	CO2	concentrations.	While	there	is	unequivocal	scientific	evidence	

on	global	warming	and	its	multidimensional	impacts	on	natural	and	human	systems,	

uncertainties	on	the	magnitude	of	future	warming	persist,	propagating	from	uncertainties	in	

the	response	of	terrestrial	plants	to	changing	climates.		This	is	partially	due	to	our	inability	to	

directly	measure	photosynthesis	beyond	the	leaf	level.	

Measurements	of	carbonyl	sulfide	OCS	have	recently	been	shown	to	provide	an	

independent	and	direct	estimate	of	plant	productivity.	OCS	is	the	most	abundant	reduced	

sulfur	gas	present	in	the	atmosphere,	with	a	mean	atmospheric	concentration	of	~	500	ppt	

(parts	per	trillion)	and	is	emitted	into	the	atmosphere	from	oceans	via	direct	emissions	or	

oxidation	of	CS2,	and	taken	up	by	leaves	of	actively	photosynthesizing	leaves.		

	 The	focus	of	this	dissertation	was	to	further	assess	OCS	as	a	proxy	for	

ecosystem-scale	stomatal	conductance	and	photosynthesis	in	a	temperate	old	growth	

coniferous	forest.	This	dissertation	is	composed	of	three	studies	conducted	at	the	Wind	



 

River	Experimental	forest	located	within	the	Gifford	Pinchot	National	Forest	in	southwest	

Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	121°57ʹ06.88ʹʹ	W;	371	m	above	sea	level).		

In	the	first	study,	co-authors	and	I	find	significant	ecosystem	uptake	of	OCS	using	

measurements	of	mixing	ratios	of	this	gas	within	and	above	the	canopy.	We	find	that	diurnal	

patterns	of	OCS	are	influenced	by	a	combination	of	ecosystem	uptake	and	mixing	of	air	from	

the	overlying	atmosphere.	We	quantify	the	magnitude	of	mixing	and	demonstrate	how	OCS	

measurements	can	be	used	to	estimate	entrainment	and	mixing	between	forests	and	the	

atmosphere.	We	also	find	that	the	forest	surface	and	epiphytes	consume	OCS,	and	that	

uptake	strength	is	linked	to	moisture	status.		

In	the	second	study,	we	develop	a	simple	empirical	model	to	predict	ecosystem-scale	

OCS	fluxes	from	mixing	ratio	measurements	at	the	canopy	top.	OCS	uptake	was	found	to	

scale	with	independent	measurements	of	CO2	fluxes	at	hourly	and	monthly	timescales	across	

the	growing	season	in	2015.	OCS	fluxes	tracked	changes	in	soil	moisture,	and	were	strongly	

influenced	by	the	fraction	of	downwelling	diffuse	light.	Fluxes	were	also	strongly	affected	by	

sequential	heat	waves	during	the	growing	season.	

In	the	third	and	final	study	of	this	dissertation,	OCS	flux	estimates	obtained	in	the	

previous	study	were	used	to	determine	GPP	for	the	old	growth	forest.	GPP	estimated	from	

OCS	flux	showed	similar	seasonal	and	diurnal	patterns	as	that	obtained	from	flux	partitioning	

of	NEE	at	the	site.	However,	we	find	that	the	magnitude	of	GPP	obtained	using	this	method	

was	significantly	higher,	and	similar	to	independent	estimates	obtained	from	measurements	

of	sap	flow	in	trees	and	the	isotopic	composition	of	leaf	CO2,	and	a	process-based	model.	We	

conclude	that	flux	partitioning	of	net	ecosystem	exchange	of	CO2	results	in	a	systematic	

underestimation	of	both	source	and	sink	terms,	likely	due	to	an	underestimation	of	

respiratory	fluxes.	

Our	results	support	the	growing	body	of	work	that	suggests	ecosystem-scale	OCS	

uptake	is	controlled	by	stomatal	dynamics.	These	studies	have	implications	for	carbon	

cycling	in	forested	ecosystems,	particularly	in	dense	and	wet	forests	with	extensive	epiphyte	

cover,	which	are	widespread	in	the	humid	tropics.	
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1 GENERAL	INTRODUCTION	
	

An	increase	in	anthropogenic	activities	since	the	industrial	revolution,	primarily	due	to	

burning	of	fossil	fuels	and	changes	in	land	cover,	have	resulted	in	a	steady	increase	in	the	mean	

atmospheric	CO2	concentration	from	~	280	ppm	in	the	mid-eighteenth	century	to	390	ppm	in	

2011	(Ciais	et	al.,	2013).	The	global	mean	[CO2]	exceeded	400	pm	5	years	later	in	2016,	was	407	

ppm	on	the	day	of	writing	this	document	(April	23,	2018;	ESRL-NOAA),	and	is	now	the	highest	it	

has	been	in	the	last	800,00	years.	CO2	is	a	greenhouse	gas,	i.e.,	it	absorbs	and	re-emits	

longwave	radiation	emitted	from	the	earth’s	surface,	and	therefore	an	increase	in	[CO2]	causes	

a	perturbation	in	the	atmospheric	radiation	budget	resulting	in	higher	global	air	temperatures	

(which	have	increased	at	~	1.4	°C	since	1880;	Earth	Observatory-	NASA).		

While	there	is	unequivocal	scientific	evidence	(IPCC,	2014)	and	near-global	political	

consensus	(UNFCC,	2015)	on	global	warming	and	its	multidimensional	impacts	on	natural	and	

human	systems,	uncertainties	on	the	magnitude	of	future	warming	persist,	propagating	from	

uncertainties	in	phenomena	like	the	response	of	terrestrial	plants	to	changing	climates.	Plants	

are	responsible	for	removing	~	25%	of	anthropogenic	CO2	emissions	since	1750	(Le	Quéré	et	al.,	

2018),	and	annual	variability	in	CO2	removal	from	the	atmosphere	is	highly	dependent	on	the	

strength	of	the	terrestrial	carbon	sink	(Heimann	&	Reichstein,	2008).	While	studies	have	shown	

an	increase	in	plant	uptake	of	CO2	(Ballantyne	et	al.,	2012;	Le	Quéré	et	al.,	2009),	there	is	lesser	

certainty	on	the	environmental	drivers	causing	this	trend.	Positive	forcings	to	the	growing	

terrestrial	sink	can	arise	from	rising	CO2	levels	(CO2	fertilization;	Schimel	et	al.,	2015),	nitrogen	

deposition	(Bala	et	al.,	2013),	and	longer	growing	seasons	in	temperate	and	boreal	ecosystems	

(Forkel	et	al.,	2016).	Conversely,	increasing	temperatures	may	lead	to	a	decrease	in	terrestrial	

carbon	sink	via	a	faster	increase	in	respiration	than	GPP	(Li	et	al.,	2018),	and	greater	drought	

stress	(Williams	et	al.,	2013),	reducing	stomatal	conductance	(Kimberly	A.	Novick	et	al.,	2016),	

the	effect	of	which	may	be	mitigated	by	increases	in	water	use	efficiency	in	a	more	CO2-rich	

atmosphere	(Keeling	et	al.,	2017;	Keenan	et	al.,	2014).	Consequently,	despite	large	advances	in	

measurement	and	modeling	techniques	and	increased	spatio-temporal	measurements	of	CO2	
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concentrations,	carbon-climate	coupled	model	intercomparison	efforts	still	fail	to	converge	on	

even	the	sign	of	the	shift	in	the	cumulative	land	sink	in	response	to	recent	global	warming	

(Huntzinger	et	al.,	2017).	This	is	in	part	due	to	our	inability	to	directly	measure	photosynthesis	

beyond	the	leaf	level.		

The	eddy	covariance	(EC)	technique	is	widely	used	to	measure	the	net	uptake	of	CO2	

(i.e.,	net	ecosystem	exchange,	or	NEE),	at	the	ecosystem-scale,	and	has	now	effectively	been	

adopted	as	a	standard	approach	to	measure	this	quantity	across	different	ecosystems,	even	as	

limitations	to	application	of	this	method	like	low	turbulence,	flow	decoupling	and	advection	in	

tall	and/or	dense	forest	canopies,	and	diverse	topographical	areas	remain	(Baldocchi,	2014;	

Baldocchi	et	al.,	2018;	K.	A.	Novick	et	al.,	2018).	An	outstanding	issue	is	the	lack	of	a	

mechanistic	approach	that	partitions	NEE	into	source	(respiration)	and	sink	(photosynthesis	or	

GPP)	terms	(R	Wehr	et	al.,	2016).		

Measurements	of	carbonyl	sulfide	(OCS)	have	recently	been	shown	to	provide	an	

independent	and	direct	estimate	of	plant	productivity	(Blonquist	et	al.,	2011;	Campbell	et	al.,	

2008;	Whelan	et	al.,	2017	and	references	therein).	OCS	is	the	most	abundant	reduced	sulfur	gas	

present	in	the	atmosphere,	with	a	mean	atmospheric	concentration	of	~	500	ppt	(parts	per	

trillion;	Montzka	et	al.,	2007)	and	is	emitted	into	the	atmosphere	from	oceans	via	direct	

emissions	or	oxidation	of	CS2	(Kettle	et	al.,	2002).		

Recent	advances	in	spectroscopic	technology	have	enabled	continuous	in-situ	

measurements	of	OCS	on	timescales	that	are	relevant	to	understanding	stomatal	function	at	

the	leaf-scale	(Stimler,	Montzka,	et	al.,	2010;	Stimler,	Nelson,	et	al.,	2010),	branch	scale	

(Berkelhammer	et	al.,	2014)	and	the	ecosystem-scale	(Kooijmans	et	al.,	2017;	Richard	Wehr	et	

al.,	2017).	An	important	distinction	between	OCS	and	CO2	cycling	is	that	there	are	no	reported	

emissions	from	actively	photosynthesizing	leaves.	The	uptake	ratio	of	OCS:CO2	is	relatively	

constant	at	medium	to	high	light	levels	(Maseyk	et	al.,	2014;	Stimler	et	al.,	2010),	making	it	an	

excellent	proxy	for	quantifying	plant	productivity	(GPP;	Asaf	et	al.,	2013;	Billesbach	et	al.,	2014;	

Blonquist	et	al.,	2011).	On	the	other	hand,	both	uptake	and	emission	of	OCS	from	soils	have	
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been	identified	(Whelan	et	al.,	2016;	Sun	et	al.,	2015;	Maseyk	et	al.,	2014;	Kesselmier	et	al.,	

1999).	While	ecosystem-scale	measurements	of	OCS	continue	to	establish	links	between	OCS	

uptake	and	GPP	in	different	ecosystems	(for	a	comprehensive	list	of	ecosystem-scale	studies	

readers	are	referred	to	Figure	2	in	Whelan	et	al.,	2017),	inconsistencies	persist.	For	example,	in	

an	oak-savanna	woodland	in	southern	France	Belviso	et	al.	(2016)	found	that	OCS	exchange	was	

strongly	influenced	by	photosynthesis	during	early	morning	hours,	while	meaningful	

connections	between	OCS	and	CO2	fluxes	could	be	obtained	only	under	very	particular	

conditions.	Similarly,	Commane	et	al.	(2015)	were	unable	to	explain	mid-summer	emissions	of	

OCS	at	a	mid-latitude	deciduous	forest.	Such	uncertainties	argue	for	field-scale	measurements	

of	OCS	in	a	variety	of	ecosystems,	particularly	as	OCS	flux	predictions	have	recently	been	used	

to	inform	estimates	of	plant	productivity	in	global	carbon	cycle	models	(Campbell	et	al.,	2017;	

Hilton	et	al.,	2017;	Launois	et	al.,	2015).	

The	overall	focus	of	this	dissertation	was	to	further	assess	OCS	as	a	proxy	for	ecosystem-

scale	stomatal	conductance	and	gross	primary	production	(GPP),	in	a	temperate	old-growth	

coniferous	forest.	Old-growth	forests	exhibit	dynamics	that	are	very	different	from	those	of	

other	forests.	These	forests	often	have	very	tall	stature,	extremely	high	aboveground	biomass,	

slow	rates	of	growth	(Harmon	et	al.,	2004),	and	often	contain	large	stores	of	soil	carbon	

(Luyssaert	et	al.,	2008).	In	old-growth	forests	located	in	the	Pacific	Northwest	(PNW)	region	of	

North	America,	mild	temperatures	and	very	wet	conditions	promote	abundant	epiphytic	

vegetation	cover	on	branches	and	boles	of	trees,	as	well	as	the	forest	floor,	often	covering	

these	surfaces	in	thick	mossy	carpets.	While	patterns	of	CO2	and	H2O	exchange	between	

epiphytic	species	and	the	surrounding	environment	can	be	very	different	from	those	of	higher	

plants,	all	of	these	epiphytic	species	contain	the	enzyme,	carbonic	anhydrase	(CA),	which	

catalyze	OCS	exchanges	with	the	atmosphere	(Gries	et	al.,	1994;	Kuhn	et	al.,	2000;	Kuhn	&	

Kesselmeier,	2000).	



 

 

4 

 

This	dissertation	is	composed	of	three	studies	conducted	at	the	Wind	River	

Experimental	Forest	located	within	the	Gifford	Pinchot	National	Forest	in	southwest	

Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	121°57ʹ06.88ʹʹ	W;	371	m	above	sea	level).		

The	objective	of	the	first	study	(presented	in	Chapter	2)	was	to	understand	the	biotic	

and	abiotic	controls	on	OCS	canopy-atmosphere	exchange.	In	this	study,	co-authors	and	I	

sampled	canopy	air	from	four	different	heights	in	the	canopy	using	a	continuous,	integrated	

cavity	output	spectroscopy	analyzer	during	August-September	2014.	Measurements	revealed	

large	vertical	gradients	in	OCS,	implying	significant	ecosystem	uptake.	The	diurnal	cycle	of	OCS	

mixing	ratios	at	all	heights	exhibited	a	typical	pattern	characterized	by	nighttime	drawdown,	an	

early	morning	minimum,	and	a	midday	maximum	of	OCS	concentrations.	Daytime	increase	in	

OCS	in	the	upper	canopy	is	attributed	to	entrainment	of	planetary	boundary	layer	(PBL)	air	into	

the	canopy.	OCS	entrainment	was	quantified	using	a	mass	balance	approach,	assuming	that	

stomatal	uptake	dominated	daytime	OCS	flux.	Moreover,	using	in-situ	and	laboratory	chamber-

based	measurements,	we	found	that	epiphytes	absorb	large	amounts	of	OCS,	and	that	such	

uptake	was	tightly	constrained	by	available	moisture.		

In	the	second	study	(presented	in	Chapter	3),	I	employed	a	simple	empirical	model	to	

infer	ecosystem-scale	OCS	uptake	from	measurements	of	its	mixing	ratios	made	in	April	–	

November	2015.	OCS	uptake	was	found	to	scale	with	independent	measurements	of	CO2	fluxes	

at	hourly	and	monthly	timescales	across	the	growing	season	in	2015.	OCS	fluxes	tracked	

changes	in	soil	moisture,	and	were	strongly	influenced	by	the	fraction	of	downwelling	diffuse	

light.	Fluxes	were	also	strongly	affected	by	sequential	heat	waves	during	the	growing	season.	

Our	results	bolster	previous	evidence	that	ecosystem	OCS	uptake	is	strongly	related	to	stomatal	

dynamics,	and	measuring	this	gas	relieves	constraints	on	estimating	photosynthetic	rates	at	the	

ecosystem-scale.	

In	the	third	and	final	study	of	this	dissertation	(presented	in	Chapter	4),	OCS	flux	

estimates	obtained	in	the	previous	study	were	used	to	determine	GPP	for	the	old	growth	

forest.	GPP	estimated	from	OCS	flux	showed	similar	seasonal	and	diurnal	patterns	as	those	
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obtained	from	standard	flux	partitioning	of	NEE	at	the	site.	However,	we	found	that	the	

magnitude	of	GPP	obtained	using	the	OCS-based	method	was	significantly	higher.	A	third	

independent	estimate	of	GPP	was	calculated	using	measurements	of	sap	flow	in	trees	of	

dominant	species	in	the	forest,	along	with	the	stable	carbon	isotopic	composition	of	needle	

tissue	from	actively	photosynthesizing	trees	(i.e.	leaf	δ13C).	These	latter	GPP	estimates	were	

also	higher	than	those	from	standard	flux	partitioning,	and	the	magnitude	was	comparable	to	

estimates	from	OCS	fluxes.	Finally,	GPP	predictions	from	a	well-known	process-based	model	

corroborate	these	higher	GPP	findings.	We	conclude	that	flux	partitioning	of	NEE	results	in	a	

systematic	underestimation	of	both	source	and	sink	terms,	likely	due	to	an	underestimation	of	

respiratory	fluxes.	

These	studies	have	implications	for	measuring	and	modeling	of	carbon	cycling	in	

forested	ecosystems,	particularly	dense	and	very	wet	forests	with	extensive	epiphyte	cover,	

which	are	widespread	in	the	humid	tropics.	
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2 BIOTIC	AND	ABIOTIC	CONTROLS	ON	CARBONYL	SULFIDE	UPTAKE	IN	A	TEMPERATE	OLD-
GROWTH	RAINFOREST	

	

2.1 Abstract	

Diurnal	and	vertical	patterns	of	carbonyl	sulfide	OCS	and	CO2	mixing	ratios	above	and	

within	a	60m	tall	old-growth	temperate	forest	are	presented.	Canopy	air	from	four	different	

heights	was	sampled	in-situ	using	a	continuous	integrated	cavity	output	spectroscopy	analyzer	

during	August-September	2014.	Measurements	revealed	large	vertical	gradients	in	OCS,	

implying	significant	ecosystem	uptake	that	peaked	in	the	early	morning.	The	diurnal	cycle	of	

OCS	mixing	ratios	at	all	heights	exhibited	a	typical	pattern	characterized	by	nighttime	

drawdown,	an	early	morning	minimum,	and	a	maximum	of	OCS	around	midday.	Daytime	

increase	in	the	upper	canopy	is	attributed	to	entrainment	of	planetary	boundary	layer	(PBL)	air	

into	the	canopy.	OCS	entrainment	was	quantified	using	a	mass	balance	approach,	assuming	

that	stomatal	uptake	dominated	daytime	OCS	flux.	The	validity	of	this	assumption	is	discussed,	

in	light	of	large	uptake	by	epiphytes.	The	site	is	characterized	by	a	large	amount	of	epiphytic	

biomass	due	to	moist	conditions	and	mild	temperatures	in	the	understory.	While	epiphytic	

uptake	of	OCS	has	been	studied	before,	we	show	for	the	first	time	that	this	may	be	a	dominant	

component	of	ecosystem	flux	under	humid	or	moist	conditions,	which	are	most	commonly	

observed	during	the	night.	We	test	this	theory	using	a	chamber	experiment	measuring	

epiphytic	fluxes	for	two	species	of	lichen	and	one	moss	species	(in-situ	and	in	a	laboratory).	We	

suggest	that	the	role	of	epiphytes	be	explicitly	considered	when	using	OCS	as	a	tracer	of	

ecosystem-scale	photosynthesis	in	similar	forest	ecosystems.	

	

2.2 Introduction	

Measurements	of	carbonyl	sulfide	OCS	have	recently	been	shown	to	provide	an	

independent	and	direct	estimate	of	plant	productivity	(Blonquist	et	al.,	2011;	Campbell	et	al.,	

2008;	Whelan	et	al.,	2017	and	references	therein).	OCS	is	the	most	abundant	reduced	sulfur	gas	

present	in	the	atmosphere,	with	a	mean	atmospheric	concentration	of	~	500	ppt	(parts	per	
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trillion;	(Montzka	et	al.,	2007)	and	is	emitted	into	the	atmosphere	from	oceans	via	direct	

emissions	or	oxidation	of	CS2	(Kettle	et	al.,	2002).	Plant	uptake	of	OCS	via	stomata	follows	a	

pathway	that	is	nearly	identical	to	that	of	CO2	assimilation	(Berry	et	al.,	2013;	Stimler	et	al.,	

2010).	OCS	is	irreversibly	hydrolyzed	inside	the	leaf	in	a	reaction	that	is	catalyzed	by	the	

ubiquitous	enzyme,	carbonic	anhydrase	(CA).	Observations	of	leaf-level	(Stimler	et	al.,	2010),	

branch-level	(Berkelhammer	et	al.,	2014)	and	ecosystem-level	(Asaf	et	al.,	2013)	fluxes	indicate	

that	the	uptake	ratio	of	OCS:CO2	is	relatively	constant	at	medium	to	high	light	levels	(leaf	and	

ecosystem	relative	uptake;	LRU	and	ERU	respectively;	(Maseyk	et	al.,	2014).	Berkelhammer	et	

al.	(2014)	showed	that	OCS	fluxes	were	highly	correlated	with	water	vapor	fluxes	at	the	branch	

level,	implying	a	strong	control	of	OCS	uptake	by	stomatal	dynamics.	In	a	study	at	Harvard	

forest	(maximum	LAI	=	5;	canopy	height	=	25	m;	Urbanski	et	al.,	2007),	values	of	ecosystem-

scale	stomatal	conductance	(i.e.,	canopy	conductance)	derived	from	OCS	fluxes	were	similar	to	

those	following	traditional	approaches	using	heat	fluxes	(Wehr	et	al.,	2017),	while	nighttime	

OCS	uptake	was	related	to	incomplete	stomatal	closure	in	a	northern	latitude	European	forest	

(Kooijmans	et	al.,	2017).	These	studies	highlight	the	value	of	OCS	for	better	understanding	leaf	

gas	exchange	processes.		

The	key	difference	between	OCS	and	CO2	cycling	is	the	absence	of	a	retroflux	from	

actively	photosynthesizing	plants,	i.e.,	OCS	has	a	one-way	flux	from	the	atmosphere	into	the	

leaf.	Emissions	of	OCS	from	soils	have	been	identified	(Kesselmeier	et	al.,	1999;	Kuhn	et	al.,	

1999;	Maseyk	et	al.,	2014;	Whelan	et	al.,	2016),	although	these	fluxes	are	usually	an	order	of	

magnitude	smaller	than	rates	of	plant	uptake.	In	a	soil	incubation	study,	Whelan	et	al.	(2016)	

found	that	soil	fluxes	of	OCS	were	highly	dependent	on	temperature	and	soil	moisture	and	that	

dry	and	warm	soils	(soil	temperatures	exceeding	30°C)	were	likely	to	be	a	net	source	of	OCS.	

Few	OCS	measurement	studies	at	the	ecosystem	level	exist	(for	a	comprehensive	list	of	sites	

readers	are	referred	to	Fig.	2	in	Whelan	et	al.,	2017).	Asaf	et	al.	(2013)	showed	that	gross	

primary	productivity	(GPP)	derived	from	OCS	flux	measurements	collected	across	a	few	days	

were	overestimated,	but	in	qualitative	agreement	with	those	calculated	from	standard	
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partitioning	of	the	net	ecosystem	exchange	of	CO2	(NEE)	across	a	range	of	semi-arid	

ecosystems.	Commane	et	al.	(2015)	measured	one	year	of	OCS	fluxes	at	a	temperate	deciduous	

forest.	While	seasonal	patterns	of	OCS	fluxes	were	similar	to	calculated	GPP	from	EC	flux	tower	

data,	high	mid-summer	emissions	of	OCS	remain	unexplained.	Another	recent	study	over	an	

oak-savanna	woodland	in	southern	France	(Belviso	et	al.,	2016)	found	that	OCS	exchange	was	

highly	influenced	by	photosynthesis,	but	only	during	early	morning	hours.	While	such	studies	

continue	to	establish	links	between	OCS	and	ecosystem	photosynthesis	and	stomatal	

conductance	dynamics,	there	is	a	corresponding	need	to	better	understand	the	dynamics	of	

OCS	canopy	exchange	driven	by	photosynthesis	and	other	processes	in	a	range	of	ecosystem	

types.		

		OCS	measurements	have	not	been	previously	reported	for	old-growth	forests,	although	

a	recent	study	using	flask	samples	inferred	large	OCS	uptake	in	coastal	redwood	forests	of	

northern	California	(Campbell	et	al.,	2017).	Old-growth	forests	exhibit	dynamics	that	are	very	

different	from	those	of	other	forest	ecosystems	due	to	a	high	leaf	area	index	(LAI)	and	complex	

forest	structure	(Hollinger	et	al.,	1994).	These	forests	often	have	very	tall	stature,	extremely	

high	aboveground	biomass,	slow	rates	of	growth	(Harmon	et	al.,	2004),	and	often	are	a	large	

storage	of	soil	carbon	(Luyssaert	et	al.,	2008).	In	old-growth	forests	such	as	those	located	in	the	

Pacific	Northwest	(PNW)	region	of	North	America,	mild	temperatures	and	very	wet	conditions	

promote	abundant	epiphytic	vegetation	cover	on	branches	and	boles	of	trees,	as	well	as	the	

forest	floor,	covering	these	surfaces	in	thick	green	carpets.	For	instance,	individual	Sitka	spruce	

trees	(in	the	rainforests	of	the	Olympic	peninsula	have	been	estimated	to	hold	up	to	1000	Kg	of	

dry	epiphytic	matter	(Haristoy	et	al.,	2014).	While	patterns	of	CO2	and	H2O	exchange	between	

epiphytic	species	and	the	surrounding	environment	can	be	very	different	from	those	of	higher	

plants,	these	epiphytic	species	contain	CA	that	catalyze	OCS	exchanges	with	the	atmosphere	

(Gries	et	al.,	1994;	Kuhn	et	al.,	2000;	Kuhn	&	Kesselmeier,	2000).	While	these	earlier	studies	

documented	OCS	gas	exchange	on	lichens	and	other	epiphytic	plants,	their	influence	on	

ecosystem	cycling	of	this	gas	remains	understudied.	For	example,	Flanagan	et	al.	(1997)	showed	
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that	CA-catalyzed	epiphytic	activity	had	significant	influence	on	CO18O	cycling	in	boreal	forest	

canopies,	and	was	highly	dependent	on	surface	wetness.	This	implies	a	similar	potential	impact	

of	epiphytes	on	canopy-atmosphere	OCS	cycling	independent	of	canopy	stomatal	pathways.	

The	unequal	distribution	and	abundance	of	biomass	throughout	an	old-growth	canopy	

creates	strong	microclimates	(Chen	et	al.,	2002;	Chen	&	Franklin,	1997).	For	instance,	radiation-

limited	understory	remains	wet	for	weeks	following	precipitation	events	(Heffernan,	2017).	

However,	the	effect	of	a	complex	vertical	LAI	distribution	on	carbon	and	water	fluxes	in	old-

growth	forests	remains	relatively	understudied.	Dominant	tall	trees	are	known	to	have	low	net	

rates	of	gas	exchange	in	the	overstory	owing	to	high	hydraulic	resistances,	which	reduce	the	

transport	of	water	from	roots	to	tree	tops	(Woodruff	et	al.,	2007),	while	low	light	levels	should	

strongly	constrain	photosynthetic	fluxes	in	the	understory.	Consequently,	eddy	flux	

measurements	of	NEE	from	temperate	old-growth	forests	(Desai	et	al.,	2005;	Hollinger	et	al.,	

1994;	Law	et	al.,	2001;	Wharton	et	al.,	2012;	Wharton	&	Falk,	2016)	report	low	rates	of	net	

carbon	sequestration	(some	site-years	have	also	been	reported	as	a	net	CO2	source;	Wharton	

and	Falk,	2016).	However,	flux	measurements	are	typically	made	only	above	the	canopy,	and	

during	times	of	poor	canopy	air	mixing	may	only	be	representative	of	the	fluxes	in	the	upper	

part	of	the	canopy.	The	measurement	problem	is	enhanced	given	that	air	flow	in	tall	canopies	is	

often	decoupled	(Pyles	et	al.,	2004),	i.e.,	air	parcels	measured	at	the	tower	top	may	have	no	

influence	of	lower	canopy	processes	and	vice	versa.	Since	OCS	exchange	is	largely	tied	to	leaf	

processes,	profile	measurements	within	and	above	the	canopy	may	provide	additional	

information	on	whole-canopy	gas	exchange	dynamics.	By	contrast,	CA	is	also	present	in	

understory	and	epiphytic	vegetation,	which	is	more	frequently	wetted,	and	therefore	likely	to	

influence	ecosystem	OCS	cycling.	Thus,	if	there	are	canopy	processes	that	involve	CA	catalysis	

other	than	those	occurring	in	leaves	of	dominant	trees,	OCS	exchange	may	not	be	tied	as	

closely	to	stomatal	dynamics	as	in	other	ecosystems.	The	overarching	objective	of	this	study	is	

to	understand	biotic	and	abiotic	controls	on	OCS	exchange	in	a	heterogeneous,	tall	old-growth	

seasonal	rainforest,	including	a	better	understanding	of	the	influence	of	epiphytic	vegetation	
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on	canopy	OCS	exchange.	The	results	should	provide	information	on	canopy	OCS	processes	

generally,	but	specifically	in	old-growth	forests,	which	often	show	different	dynamics	compared	

to	younger	forests.		

	

2.3 Methods	

2.3.1 Site	description	

Measurements	were	made	at	the	Wind	River	Experimental	Forest	(WR),	located	within	

the	Gifford	Pinchot	National	Forest	in	southwest	Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	

121°57ʹ06.88ʹʹ	W;	371	m	above	sea	level).	The	climate	is	classified	as	temperate	oceanic	with	a	

strong	summer	drought.	Long-term	meteorological	data	available	from	nearby	climate	stations	

indicate	that	the	mean	annual	temperature	over	the	last	century	was	8.8°C	and	precipitation	

was	~	2,200mm,	of	which	less	than	10%	falls	between	the	months	of	June	and	September	

(Shaw	et	al.,	2004).	The	forest	is	478	ha	of	preserved	old	growth	evergreen	needle-leaf	forest,	

with	dominant	tree	species	of	Douglas	fir	(Pseudotsuga	menzesii)	and	Western	hemlock	(Tsuga	

hetrophylla).	The	tallest	Douglas	fir	trees	are	between	50	and	60m,	while	the	shade	tolerant	

hemlocks	are	between	20-40	m	high.	The	forest	also	features	a	diverse	understory	that	consists	

of	Pacific	yew	(Taxus	brevifolia)	and	deciduous	vine	maples,	and	a	large	assemblage	of	shrubs	

that	include	salal	(Gaultheria	shallon),	Oregon	grape	(Mahonia	aquifolium)	and	red	

huckleberries	(Vaccinium	parvifolium).	This	results	in	a	bimodal	distribution	of	LAI	(Parker,	

1997;	reproduced	and	shown	in	Fig.	1.a),	with	peaks	centered	around	25m	and	15m	

respectively.	The	cumulative	LAI	is	estimated	to	be	~8-9	m2m-2,	with	little	seasonality.	

Additionally,	the	ecosystem	hosts	a	large	biodiversity	of	mosses,	lichens	and	other	epiphytic	

material.	McCune	et	al.	(1997)	quantified	the	total	epiphytic	biomass	of	the	forest	to	be	1.3	

metric	tonnes	ha−1.	The	soils	are	from	volcanic	parent	material,	and	most	of	the	top	layer	is	a	

well-developed	organic	matter	horizon	(Shaw	et	al.,	2004).		
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2.3.2 	CO2	and	H2O	flux	measurements		

Carbon,	water	and	energy	fluxes	have	been	collected	since	1998	using	the	eddy	

covariance	(EC)	technique	at	the	Wind	River	AmeriFlux	tower	(US-wrc;	Wharton	and	Falk	2016).	

The	most	recent	EC	system	consists	of	a	3-D	sonic	anemometer	(CSAT3,	Campbell	Scientific,	

Logan,	Utah)	and	a	closed-path	infrared	gas	analyzer	(LI-7000,	Li-Cor,	Lincoln,	Nebraska).	The	EC	

system	is	located	approximately	10	m	above	the	canopy	top	at	a	height	of	70	m.	Over	a	period	

of	sixteen	years	(1999-2015),	the	ecosystem	was	a	net	weak	sink	of	carbon	annually	(-32	g	C	m-2	

yr-1	±84	gC	m-2	yr-1),	with	monthly	NEE	peaking	early	in	the	growing	season	(March-April).	

Interannual	variability	in	NEE	is	largely	explained	by	climatic	variability	associated	with	major	

teleconnections	such	as	the	Pacific	Decadal	Oscillation	and	the	El-Niño	Southern	Oscillation	

(Wharton	and	Falk	2016).				

NEE	was	measured	using	the	EC	system	and	partitioned	into	ecosystem	respiration	(Re)	

and	GPP	by	identifying	a	turbulence	(friction	velocity)	threshold,	fitting	an	exponential	

temperature	response	curve	to	the	nighttime	NEE,	and	extrapolating	the	relationship	to	

calculate	daytime	Re.	GPP	is	calculated	as	the	residual	of	NEE	and	Re.	Partitioned	data	were	gap	

filled	using	the	online	tool	REddyProc	based	on	procedure	described	in	Reichstein	et	al.	(2005).	

For	full	data	processing	readers	are	referred	to	Falk	et	al.	(2008)	and	Wharton	et	al.	(2012).		

	

2.3.3 OCS	measurements	

		 A	commercially	available	off-axis	integrated	cavity	output	spectroscopy	analyzer	

(Los	Gatos	Research	Inc.,	model	914-0028)	was	deployed	at	the	base	of	the	tower	in	an	

insulated	and	temperature-controlled	shed	from	July	21-September	18,	2014.	Data	reported	in	

this	study	comprise	measurements	between	August	1-September	13.	The	instrument	measured	

mixing	ratios	of	OCS,	CO2,	H2O	and	CO	simultaneously	at	a	maximal	scan	rate	of	5Hz.	The	

system	used	a	4.87	µm	cascade	laser	coupled	to	a	high	finesse	800	cm3	optical	cavity	and	light	

transmitted	through	the	cavity	is	focused	into	a	cooled	and	amplified	HgCdTe	detector.	OCS	

was	detected	at	∼2050.40	cm−1,	CO2	at	2050.56	cm−1,	CO	at	∼2050.86	cm−1,	and	H2O	at	
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∼2050.66	cm−1.	Pressure	broadening	associated	with	changes	in	the	concentration	of	water	

vapor	in	the	samples	was	corrected	for	in	the	analysis	routine.	An	additional	test	was	

performed	in	the	lab	to	check	for	water	vapor	cross-interference	(Fig.	S.1).	This	test	revealed	

that	OCS	measurements	were	marginally	sensitive	to	water	vapor	and	that	the	magnitude	of	

this	sensitivity	(0.87	ppt	decrease	in	OCS	corresponding	to	a	1	ppth	increase	in	H2O)	was	

negligible	compared	to	the	magnitude	of	OCS	mixing	ratios	observed	in	this	study.	For	detailed	

information	regarding	instrumentation	and	the	measurement	readers	are	referred	to	

Berkelhammer	et	al.	(2014)	and	Belviso	et	al.	(2016).	To	avoid	OCS	contamination,	stainless	

steel	and	PFA	(polyfluoroacetate)	or	PTFE	(polytetrafluoroethylene)	material	was	used	for	all	

tubing	and	fittings.	Ambient	air	was	sampled	from	four	different	heights	on	the	tower	(70m;	

above	the	canopy,	60m;	at	the	canopy	height,	10m	and	1m	above	the	ground),	through	0.25’’	

diameter	PFA	tubing	using	a	diaphragm	pump	at	a	flow	rate	of	2L	min
-1
.	An	additional	line	was	

connected	to	an	automated	surface	chamber	described	in	Sect.	2.7.		A	0.2	µm	filter	with	PTFE	

membrane,	encased	in	stainless	steel	housing	was	installed	at	the	inlet	of	each	sampling	line.	

The	1m-	sampling	line	was	installed	about	15m	away	from	the	base	of	the	tower,	in	an	area	

representative	of	the	forest	ground	surface.	All	sample	gases	were	introduced	into	the	analyzer	

through	a	Multiport	Inlet	Unit	(MIU;	Los	Gatos	Research	Inc.,	model	908-0003-9002)	a	

computer-controlled	bank	of	solenoids.	The	MIU	was	modified	by	replacing	the	default	brass	

valves	with	stainless	steel	ones	to	avoid	OCS	contamination.	To	avoid	static	air	in	the	sampling	

lines,	continuous	flow	was	maintained	using	an	external	pump	(Gast	High-Capacity	Vacuum	

Pump).	This	pump	was	installed	downstream	of	the	analyzer,	to	avoid	OCS	contamination	from	

the	pump’s	gaskets.	Each	intake	line	was	sampled	for	5	minutes,	during	which	measurements	

were	made	at	a	frequency	of	0.1	Hz.	The	first	minute	of	each	sampling	interval	was	discarded	to	

avoid	any	inter-sampling	mixing.	The	remaining	data	were	checked	for	temperature	and	

pressure	fluctuations	inside	the	measurement	chamber,	and	a	moving	window	filter	was	used	

to	eliminate	any	sudden	outliers	in	the	data	(i.e.,	adjacent	data	points	that	were	more	than	7	

ppt	apart).	Data	for	all	gases	was	then	aggregated	to	hourly	means.		
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2.3.4 Calibration		

A	reference	gas	tank	filled	with	ambient	air	was	used	as	a	reference	standard.	Tanks	

were	filled	to	~2300	psi	and	stabilized	at	2000	psi,	once	compressed	air	cooled	to	ambient	

temperatures.	Tanks	were	stored	in	an	insulated	shed	and	switched	out	at	pressures	~700	psi.	

Air	was	analyzed	daily	from	the	calibration	tank,	through	the	MIU,	for	a	period	of	5	min	and	

processed	as	described	above	(see	section	2.3).	At	the	beginning	of	the	measurement	

campaign,	a	glass	flask	was	filled	with	air	from	the	reference	tank	and	measured	against	a	

NOAA	GMD	reference	standard	to	be	within	3	ppt	of	the	measurement	from	the	analyzer.	This	

difference	was	well	within	the	reported	accuracy	of	measurement	from	the	manufacturer,	as	

well	as	the	minimum	uncertainty	of	12.6	pmol	mol-1	reported	by	Berkelhammer	et	al.	(2014)	

who	used	a	similar	instrument.	We	assumed	that	OCS	concentrations	in	the	tanks	were	stable	

over	the	course	of	the	campaign.	Data	were	corrected	for	drift	by	detrending	against	the	

calibration	using	native	functions	in	Matlab	(v.8.6).		

	

2.3.5 Environmental	data	

Ancillary	environmental	data	was	measured	at	the	site.	A	full	list	of	variables	and	

measurement	methods	is	provided	in	supplementary	information	(Table	6-1).		

	

2.3.6 Estimating	Ecosystem	Fluxes		

Following	Lai	et	al.	(2006)	and	Lai	&	Ehleringer	(2011),	and	under	the	assumptions	of	

horizontal	homogeneity,	incompressible	flow	the	steady	state	mass	balance	of	OCS	within	a	

forest	can	be	expressed	as		

	

𝑀#.
%&'
%(
= 𝐹+,- + 𝐹/0(12,03/0(			 	 	 	 	 (1),	

where	Mc	represents	the	number	of	moles	of	air	in	a	column	of	air	per	unit	ground	area,	𝜈c	is	

the	average	mole	fraction	of	OCS	in	the	column,	and	Fbio	and	Fentrainment	represent	the	biotic	and	
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entrainment	source/sink	strength	of	OCS	within	the	forest	canopy.	The	left-hand	side	of	(1)	is	

calculated	as	the	integral	of	concentration	changes	over	height	up	to	the	height	of	the	profile	

system	(hEC)	following	Aubinet	et	al.	(2001).		

𝑀#.
%&'
%(
= 6

789:;

%<=
%(
. 𝑑𝑧	@AB

C 	 	 	 	 	 (2)	
where	P	is	the	atmospheric	pressure	(Pa),	R	is	the	ideal	gas	constant	(Jmol-1K-1),	T	is	the	air	

temperature	(K),	and	Cz	is	the	mixing	ratio	(of	OCS	and	CO2,	units	of	ppt	and	ppm	respectively)	

along	a	vertical	profile	from	the	forest	floor	to	hEC.	The	integral	was	determined	from	hourly	

means	of	measured	profile	concentrations	at	1,	10,	60,	and	70m	(Fig.	3)	by	using	trapezoidal	

areas.	It	is	important	to	note	that	the	quantity	on	the	right-hand	side	of	equation	2	is	routinely	

estimated	at	flux	tower	sites	as	a	storage	flux	for	CO2.	Throughout	the	rest	of	this	study,	we	

refer	to	fluxes	estimated	from	Eq	(2)	as	storage.		

For	the	purpose	of	this	study,	we	assume	that	vascular	plant	stomatal	uptake	dominates	

daytime	biotic	uptake	of	OCS	(i.e.,	is	much	larger	than	soil	and	epiphytic	uptake),	and	therefore	

Fbio	~	Fleaf.	Fleaf	is	the	ecosystem-scale	‘leaf’	flux	of	OCS,	and	is	estimated	using	Asaf	et	al.	(2013)	

as		

𝐹D/2E = 𝐺𝑃𝑃. H<I
<HJ

. C
D7K

					 	 	 	 	 (3)	
where	OCS	and	CO2	are	the	observed	tower	top	mixing	ratios,	and	GPP	was	estimated	from	

measured	EC	CO2	fluxes	at	the	tower	top.	LRU	was	inferred	following	(Seibt	et	al.,	2010),	who	

derived	this	quantity	from	the	ratio	of	CO2	in	leaf	intercellular	spaces	to	that	in	ambient	air	(i.e.,	

the	ci/ca	ratio).	We	estimated	canopy	scale	ci/ca	using	a	process-based	model	(E.D.	2.1)	that	

was	run	using	site-	level	data	(Jiang	et	al.,	submitted).	Thus,	by	inferring	Fleaf	(3)	from	

measurements	and	model	calculations,	and	estimating	the	total	mass	balance	(2)	directly	from	

measurements,	we	are	then	able	to	solve	for	Fentrainment.		

	

2.3.7 Estimating	Surface	Fluxes	

In	addition	to	ecosystem-level	sampling	of	canopy	air,	we	also	measured	OCS	exchange	

between	the	forest	floor	and	the	atmosphere.	An	automatically	opening	and	closing	Li-Cor	soil	
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chamber	was	modified	as	in	Maseyk	et	al.	(2014)	and	installed	at	a	series	of	three	0.3	m2	plots	

from	July	6-16,	Aug	13-Oct	7,	and	Nov	6-Dec	2,	2015.	Near-surface	ambient	fluxes	were	

observed	when	the	chamber	was	open	for	5	min.		When	the	chamber	was	closed	for	10	min,	

OCS	concentrations	decreased	then	experienced	a	relatively	stable	mixing	ratio	±	8	ppt	OCS	

over	at	least	2	min.	Fluxes	were	calculated	by		

	

𝐹E-1/L(	EM--1 = 𝑀#𝛥𝜒𝐴QC				 	 	 	 	 (4)	

	

where	Mc	is	the	monitored	flow	rate	into	the	chamber	(mol	s-1)	using	the	ideal	gas	law),	𝛥𝜒	is	

the	difference	between	mixing	ratios	of	OCS	or	CO2	in	ambient	air	and	the	chamber,	and	A	is	

the	measured	area	of	the	chamber.		Atmospheric	pressure	and	temperature	were	monitored	in	

order	to	convert	the	flow	rate	from	L	min-1	to	mol	s-1	using	the	ideal	gas	law.		

Additionally,	we	collected	measurements	on	a	variety	of	understory	epiphytes	in	August	

2015,	by	placing	them	in	custom-made	Teflon	branch	bags,	adapted	from	Ortega	&	Helmig	

(2008).	We	first	measured	various	epiphytes	in	the	field,	and	later	brought	back	samples	to	the	

laboratory	and	measured	their	gas	exchange	dynamics.	Laboratory	measurements	were	

performed	in	a	controlled	environment	(i.e.,	not	in	situ),	and	in	the	dark.	Mixing	ratios	were	

converted	to	fluxes	using	the	following	equation:	

	

	 	𝐹/R,R@S(/ = 𝑀#	.
TU
V2LL

								 	 	 	 			(5)		

	

𝐹/R,R@S(/	is	the	estimated	flux,	Mc	and	𝛥𝜒	are	defined	the	same	as	in	equation	(4),	Mass	is	the	

weight	of	the	epiphyte	(g).	For	the	epiphyte	experiments,	the	flow	rate	in	to	the	chamber	was	

held	constant	at	1.8Lmin-1.	Epiphyte	fluxes	were	estimated	on	a	per	mass	basis.	For	the	in-situ	

measurements,	the	mass	was	the	weight	of	the	epiphyte	in	the	chamber	under	field	conditions	

(i.e.,	it	was	not	dried).	For	the	laboratory	experiment,	the	mass	was	calculated	as	the	dry	weight	

of	the	epiphyte.	Blank	measurements	were	made	periodically	to	correct	for	OCS	exchanges	in	
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the	empty	chamber,	following	Berkelhammer	et	al.	(2014).	For	the	laboratory	experiment,	air	

temperature	inside	the	branch	bag	was	measured	using	a	thermocouple,	and	it	remained	

approximately	constant	at	23	±	0.5°C.	All	epiphytic	materials	were	measured	at	both	field	

moisture	capacity,	after	adding	additional	moisture	by	spraying,	and	after	desiccation	in	an	

oven.	Epiphyte	relative	uptake	(EpRU),	defined	as	a	ratio	of	deposition	velocities	of	OCS:CO2	

was	calculated	as	:		

𝐸𝑝𝑅𝑈 = [\B]
H<I

. [B\J
<HJ

QC
				 	 	 	 (6)	

	

2.4 Results	

2.4.1 Meteorological	data		

The	mean	daily	air	temperature	during	the	measurement	period	was	18°C	(mean	min=	

12°C	and	mean	max	23°C),	which	is	typical	for	this	time	of	year	for	this	site.	Most	days	were	

clear	and	sunny	(Fig	S.2.a),	and	of	the	43	days	of	measurement,	only	2	days	recorded	

measureable	precipitation.	Daily	mean	maximum	water	vapor	pressure	deficit	(VPD)	was	~3kPa,	

although	several	days	in	August	recorded	max	VPD	~	4	kPa	(Fig.	S.2.b).	The	mean	diurnal	cycles	

of	microclimate	variables	(air	temperature,	relative	humidity	and	wind	speed)	are	displayed	in	

Fig.	1	(panels	b-d).	Soil	moisture	steadily	declined	during	the	measurement	campaign	from	26%	

to	19%	(measured	at	40cm	below	the	soil	surface;	see	Supplemental	Figure	S.2.c	for	soil	

moisture	measurements	at	different	depths),	but	remained	well	within	the	range	of	available	

water	within	the	root	zone	and	the	wilting	point	(30%	and	12%	respectively;		Wharton	et	al.,	

2009).	During	the	measurement	period,	mean	maximum	GPP	was	~	10μmol	m-2s-1	(plotted	as	a	

negative	quantity	in	Fig	1.e	to	show	uptake).		
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Figure	2-1.	Inferred	LAI	profile	at	Wind	River	from	Parker	(1997)	(a),	along	with	mean	diurnal	
cycles	of	air	temperature	(b),	relative	humidity	(c),	wind	speed	(d),	and	carbon	fluxes	(e).	
Measurements	were	made	at	70m	(above	canopy)	and	2m	(near	surface).	Carbon	fluxes	were	
only	measured	at	70m.	GPP	is	plotted	as	a	negative	quantity	indicating	gross	ecosystem	uptake	
of	CO2.	Vertical	bars	represent	standard	errors.	All	times	are	Pacific	Standard	time	(GMT	–	7).	

	

2.4.2 Concentration	profiles			

The	mean	diurnal	cycles	of	concentration	profiles	for	OCS,	CO2	and	H2O	are	shown	in	

Fig.	2	(for	the	complete	time	series	see	Fig	S.3).	Dotted	lines	indicate	local	sunrise	and	sunset	

times	during	the	measurement	period.	CO2	(Fig	2.b)	and	H2O	vapor	(Fig	2.c)	concentration	

profiles	show	the	influence	of	ecosystem	gas-exchange	processes	on	the	lower	canopy	(1,	10	m)	

and	the	above	canopy	(60,	70	m)	air	space.	OCS	mixing	ratios	follow	a	similar	diel	pattern	at	all	

heights,	characterized	by	a	steady	nighttime	decrease,	a	minimum	in	the	morning	after	sunrise,	

followed	by	a	strong,	rapid	increase	in	concentration	that	peaks	during	midday	(Fig.	2.a).	A	time	

lag	of	one	hour	is	observed	for	the	timing	of	the	minima	at	the	1m	height	(near	the	forest	floor)	

compared	to	the	other	heights,	likely	due	to	a	delay	in	the	warming	and	drying	(Figure	2c)	of	

the	air	just	above	the	forest	floor.	The	overall	mean	maximum	OCS	at	70m	was	340	ppt,	while	

the	mean	maximum	OCS	at	1m	was	260	ppt	and	the	mean	minimum	at	1m	was	152	ppt.	
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Figure	2-2.	Mean	diurnal	cycles	of	all	measured	gases.	Vertical	bars	represent	standard	errors.	
Dashed	vertical	lines	indicate	approximate	times	of	sunrise	and	sunset	during	the	study	period.	

These	OCS	patterns	are	distinct	from	CO2	and	H2O	in	at	least	two	ways:	

(i)	In	contrast	to	CO2	and	H2O,	OCS	was	always	highest	at	the	top	of	the	canopy	and	

lowest	just	above	the	forest	floor,	implying	strong	forest	uptake	of	OCS.	CO2	and	H2O	exhibit	

profiles	characteristic	of	actively	metabolizing	plants	and	microbes,	i.e.,	high	CO2	mixing	ratios	

at	the	forest	surface	from	heterotrophic	and	autotrophic	respiration.	Similarly,	evaporation	

from	dew	on	the	surface	of	the	understory	species	and	coarse	woody	debris	in	the	early	

morning	(Unsworth	et	al.,	2004),	transpiration	from	the	understory	species,	some	evaporation	

of	soil	water	in	the	late	afternoon	as	the	lower	canopy	heats	up	(Lai	et	al.,	2006),	and	abiotic	

factors	influencing	gradients	in	temperature	and	humidity	all	contribute	to	significantly	higher	

H2O	mixing	ratios	near	the	forest	floor.		

(ii)	OCS	maintained	a	stronger	gradient	at	all	heights	throughout	the	daylight	hours	

while	gradients	for	CO2	and	H2O	above	the	canopy	top	(70m	and	60m)	appear	to	be	unresolved.	

In	contrast,	profiles	of	OCS	remain	distinct	even	during	times	when	the	top	of	the	canopy	is	

likely	coupled	to	the	overlying	atmosphere.	For	all	species,	the	gradient	is	highest	near	the	

forest	floor	(10m-1m;	yellow	lines	in	Fig.	3a-c,	although	OCS	is	also	characterized	by	significant	

height-normalized	gradients	at	the	canopy	top	as	well.		
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Figure	2-3.	Height-normalized	gradients	of	all	species	(ppt	m-1).	Vertical	bars	represent	
standard	errors.	Dashed	vertical	lines	indicate	times	of	local	sunrise	and	sunset.	

	

2.4.3 Biotic	and	Abiotic	Fluxes	of	OCS,	CO2,	and	H2O		

Storage	fluxes	reveal	large	diurnal	cycles	for	OCS	and	CO2	(SOCS	and	SCO2	in	Fig.	4a-b).	

OCS	mixing	ratios	decrease	throughout	the	night	(Fig.	2a),	with	a	sharp	trough	shortly	after	

sunrise,	followed	by	a	peak	before	midday.	SOCS	shows	a	similar	pattern.	As	inferred	by	SOCS,	OCS	

is	taken	up	by	various	components	of	the	ecosystem	(i.e.,	epiphytes,	soil	organic	matter	and	

microbes,	and	from	incomplete	stomatal	closure)	throughout	the	night.	However,	a	few	hours	

after	sunrise,	as	the	canopy	air	becomes	more	well-mixed,	a	spike	in	SOCS	is	observed	which	

dissipates	through	the	rest	of	the	day.	We	infer	this	as	entrainment	of	background	atmospheric	

OCS.	SCO2	shows	a	very	similar	cycle	to	that	of	SOCS,	but	in	the	opposite	direction.	SCO2	peaks	in	

the	early	morning,	a	few	hours	after	sunrise,	as	background	CO2	(lower	mixing	ratios)	mixes	in	

with	that	accumulated	throughout	the	canopy	through	microbial	respiration	during	the	night,	

resulting	in	a	strong	negative	storage	flux	that	rapidly	approaches	zero	by	midday.	This	

phenomenon	is	known	as	flushing	and	is	commonly	observed	in	vegetated	ecosystems.	

SOCS	was	negatively	correlated	to	both	SCO2	and	SH2O	during	nighttime	and	daylight	hours	and	

the	relationship	was	stronger	between	SOCS	and	SCO2	(Fig.	S.4a-d).	No	significant	relationship	was	

observed	between	SCO2	and	SH2O	(Fig.	S.4e-f).	The	tight	coupling	between	SOCS	and	SCO2	indicates	

that	these	fluxes	are	likely	the	result	of	common	biotic	and	abiotic	processes.	During	the	

night,	respiration	was	accompanied	by	a	concomitant	uptake	of	OCS	by	various	components	of	

the	ecosystem	(i.e.	epiphytes,	soil,	incomplete	stomatal	closure;	discussed	in	Secs.	3.4-3.6	and	
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4.2).	The	early	morning	maxima	SOCS	in	was	the	result	of	entrainment	of	OCS	from	the	PBL	

and	coincided	with	a	minimum	in	SCO2	due	to	flushing,	since	both	processes	are	related	to	

canopy	coupling	and	ventilation.	Consequently,	the	mixing	ratio-normalized	flux	of	SOCS	and	SCO2	

(calculated	by	taking	the	ratio	of	these	fluxes	normalized	by	the	canopy	top	mixing	ratio	of	both	

species)	during	nighttime	and	daylight	hours	was	negative	(mean	values	were	-1.39	±	0.16	and	-

1.6	±	0.68	for	nighttime	and	daylight	hours,	respectively).		

NEE	and	SCO2	have	the	same	sign	convention	(both	negative,	implying	ecosystem	

uptake),	during	the	morning	flushing	event,	and	through	most	of	the	day.	While	we	are	unable	

to	measure	a	turbulent	(i.e.,	fast	response)	OCS	flux	in	this	study,	vertical	profile	data	(Fig.	2a)	

suggest	high	ecosystem	uptake	of	OCS	and	therefore	opposite	sign	convention	for	ecosystem	

uptake	(negative)	and	SOCS	during	daylight	hours.	In	studies	of	water	vapor	isofluxes	at	Wind	

River,	Lai	et	al.	(2006)	and	Lai	and	Ehleringer	(2011),	observed	a	very	similar	signal	for	

entrainment	of	𝛿18O	of	water	vapor	into	the	canopy	during	morning	hours.			

Entrainment	is	not	restricted	to	daylight	hours.	Storage	fluxes	of	OCS	were	positive	

during	~	17%	of	nighttime	hours	and	associated	with	anomalously	high	friction	velocity	(Fig.	

S.5),	indicating	that	entrainment	dominated	the	mass	balance	of	OCS	within	the	ecosystem	

during	these	hours,	and	was	characterized	by	higher	turbulence.	

	

	
Figure	2-4.	Diurnal	cycles	of	storage	fluxes	integrated	over	the	entire	canopy	for	OCS	(blue	
circles)	and	σw	measured	at	the	tower	top	(red	squares;	a),	CO2	(b)	and	H2O	(c).	Vertical	bars	
represent	standard	errors.	Red	circles	in	(b-c)	are	measured,	tower	top	turbulent	fluxes	of	CO2	
and	H2O.	While	storage	fluxes	for	CO2	can	account	for	significant	changes	in	NEE	during	early	
morning	hours,	the	effect	on	H2O	concentrations	is	comparatively	much	smaller.		
	

0 10 20
Time of day

-10

0

10

20

S O
C

S [p
m

ol
m

-2
s-1

]

0.2

0.4

0.6

0.8

1

w
 [m

s-1
]

0 5 10 15 20
-10

-5

0

5

10

15

20

S O
CS

 [p
m

ol
m

-2
s-1

]

0 5 10 15 20

-15

-10

-5

0

5

CO
2 [

m
ol

m
-2

s-1
]

Storage
NEE- EC

0 5 10 15 20

0

1

2

3

4

5

H 2O
 [m

m
ol

m
-2

s-1
]

Storage
ET- EC

0 5 10 15 20
-2

-1

0

1

2

S CO
 [n

m
ol

m
-2

s-1
]

10-3

0 5 10 15 20
-10

-5

0

5

10

15

20

S O
CS

 [p
m

ol
m

-2
s-1

]

0 5 10 15 20

-15

-10

-5

0

5

CO
2 [

m
ol

m
-2

s-1
]

Storage
NEE- EC

0 5 10 15 20

0

1

2

3

4

5

H 2O
 [m

m
ol

m
-2

s-1
]

Storage
ET- EC

0 5 10 15 20
-2

-1

0

1

2

S CO
 [n

m
ol

m
-2

s-1
]

10-3

a 

b 

c 



 

 

35 

 

We	inferred	daytime,	ecosystem-scale	OCS	‘leaf’	fluxes	(Fleaf)	using	a	combination	of	

ecosystem	GPP	fluxes	and	a	modeled	LRU	using	equation	(3).	While	GPP	increased	rapidly	in	the	

early	morning	hours,	peaked	at	midday,	and	declined	in	the	afternoon,	Fleaf	was	found	to	be	

high	in	the	early	morning	hours,	peaking	at	noon	and	declining	thereafter.	This	is	a	direct	

consequence	of	modeled	LRU	(Fig.	5a),	which	are	higher	under	lower	light	levels.	LRU	is	derived	

from	inferred	ci/ca	ratios	that	are	linked	to	leaf	water	use	efficiency,	which	has	an	asymmetric	

diurnal	cycle	that	peaks	in	the	early	morning	hours	as	stomatal	conductance	during	this	time	is	

usually	high	(due	to	the	hydration	status	of	the	plant)	while	photosynthesis	is	impeded	by	low	

light	levels.			

Entrainment	modeled	during	daylight	hours	using	Eq	(1)	showed	downward	fluxes	that	

increased	sharply	in	the	early	morning	hours,	and	declined	slowly	during	the	rest	of	the	day	

(Fig.	5b).	This	helps	explain	observed	mixing	ratios	of	OCS	(Fig.	2a).	Background	OCS	mixing	

ratios	measured	at	a	nearby	mountain-top	(Mt.	Bachelor,	2731	m	a.s.l;	~	200	Km	south	of	the	

study	site)	are	~	100	ppt	higher	than	those	measured	at	Wind	River	(Steve	Montzka,	pers.	

comm).	Canopy	flushing	of	atmospheric	OCS	results	in	a	daytime	increase	in	concentration	

throughout	the	canopy,	since	coupling	depths	in	the	canopy	are	high.	Indeed,	Pyles	et	al.	(2004)	

report	that	vertical	patterns	of	daytime	buoyancy	driven	turbulent	mixing	diverge	usually	in	the	

lower	15%	of	the	canopy.		

	

	
Figure	2-5.	Modeled	LRU	(a),	and	tower	top	GPP	(red	curve	in	b)	are	used	to	infer	the	ecosystem	
scale	‘leaf-	uptake’	of	OCS	(blue	curve	in	b),	which	is	used	to	calculate	the	OCS	entrainment	flux	
(c).	
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2.4.4 Near-surface	nighttime	and	early	morning	OCS	exchange	

During	these	hours,	the	environment	is	characterized	by	high	relative	humidity	(mean	

RH	>	80%)	and	low	wind	speed	(mean	u	=	0.17ms-1).	OCS	and	CO2	mixing	ratios	and	gradients	

were	highly	correlated	through	the	night	and	in	the	early	mornings	at	the	near	surface	(Fig.	6a).	

This	relationship	was	highly	dependent	on	water	vapor.	CO2	build	up	in	the	sub-canopy	is	driven	

by	autotrophic	and	heterotrophic	respiration,	and	was	accompanied	by	concomitant	OCS	

uptake.	Since	the	forest	floor	at	Wind	River	is	covered	by	a	thick	layer	of	epiphytes,	the	

relationship	is	likely	influenced	by	understory	plant	activity,	including	gas	exchange	by	lichens	

and	bryophytes	(liverworts,	hornworts,	and	mosses).	At	higher	temperatures,	this	relationship	

is	weakened,	likely	due	to	enhanced	soil	activity	as	well	as	lower	humidity	at	higher	

temperatures.		

	

	
Figure	2-6.	CO2	and	OCS	mixing	ratios	near	the	forest	floor	(1m)	are	highly	correlated	during	the	
Nighttime	to	mid-morning	(a),	as	are	OCS	and	CO2	vertical	concentration	gradients	in	the	sub-
canopy.	

	

2.4.5 Epiphytic	uptake	

We	measured	OCS	exchange	by	lichen	and	moss	species	that	are	commonly	found	in	the	

WR	forest	understory.	In-situ	fluxes	are	summarized	in	Table	1.	In-situ	measurements	indicated	

that	epiphytic	species	at	the	site	took	up	OCS	under	low-medium	light	conditions,	typically	

a 

b 
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prevalent	in	the	understory.	Across	species,	OCS	fluxes	were	highly	correlated	with	a	

proportional	CO2	release	(CO2	flux	=	-1.02.106	OCS	flux,	R2	=	0.99).	Very	small	emissions	were	

observed	from	dried	out	(dormant)	epiphytes.	Kindbergia	oregona	was	additionally	measured	

overnight	(Fig.7),	and	was	found	to	be	constant	sink	of	OCS	even	as	CO2	and	H2O	fluxes	declined	

through	the	course	of	the	night.	

			

Table	2-1.	In-situ	measurements	of	epiphytes	commonly	found	in	the	understory	at	the	study	
site.	

Species	 M
ass	(g)	

OCS	
(pmolKg-1s-1)	

CO2	
(µmolKg-1s-1)	

H2O	
(mmolKg-1s-1)	

T
air	(°C)	

R
H	(%)	

PAR	
(µmolm-2s-1)	

Alectoria	
Sormentosa	(live)	

1
5.63	

-
27.64	 25.49	 0.35	

1
9	

4
9	 381	1

7.70	
-

26.31	 25.71	 0.35	

1
8.70	

-
27.10	 26.01	 0.40	

Alectoria	
Sormentosa	
(dormant)	

1
0.60	 0.46	 4.98	 0.18	 2

1	
4

4	 21	2
6.40	 0.60	 1.20	 0.09	

Alectoria	
Sormentosa	
(wetted)	

4
3.80	

-
5.90	 3.5	 0.21	 2

2	
4

3	 21	4
7.40	

-
7.07	 4.46	 0.20	

Kindbergia	
Oregona	(live)	

9
7.40	

-
1.35	 0.40	 0.08	 2

2	
4

5	 12	1
04.60	

-
1.63	 0.34	 0.07	

Kindbergia	
Oregona	
(dormant)	

1
91.00	 0.48	 0.12	 0.02	 2

0	
5

2	 4	2
02.00	 0.48	 0.10	 0.02	
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Figure	2-7.	Kindbergia	oregona	OCS	and	CO2	flux	plotted	alongside	ambient	PAR	measured	at	
2m	(a),	H2O	flux	(b)	and	ambient	temperature	and	relative	humidity	measured	at	2m	(c).	

	

		 To	examine	the	effect	of	moisture	on	OCS	exchange,	samples	were	measured	at	

field	moisture	content,	with	added	moisture,	and	following	dehydration	in	the	lab	and	in	the	

dark.	One	of	these	species,	Lobaria	oregana,	was	also	measured	after	a	second	re-wetting,	after	

dehydration.	At	field	moisture,	all	epiphytic	material	consumed	OCS	and	emitted	CO2	and	H2O	

(Fig.	8a-c).	Generally,	OCS	and	CO2	fluxes	were	tightly	coupled	for	each	species,	but	relative	

magnitudes	of	uptake	were	higher	for	OCS	than	for	CO2	(relative,	since	OCS	uptake	is	six	orders	

of	magnitude	lower	than	that	of	CO2).	Consequently,	the	Epiphyte	relative	uptake,	(EpRU;	

defined	in	section	2.7)	was	generally	negative	(except	at	dehydration)	and	showed	a	

preferential	uptake	of	OCS	that	peaked	at	field	moisture	content	for	all	measured	epiphytic	

species.	Dehydration	at	temperatures	~40°C	drastically	reduced	subsequent	OCS	uptake,	and	

yielded	very	small	emissions	for	Alectoria	sarmentosa	and	Kindbergia	oregana.	After	rewetting,	

Lobaria	oregana	resumed	OCS	uptake,	although	the	flux	was	~	30%	of	the	original	value,	

presumably	due	to	a	decrease	in	microbial	and	enzymatic	activity	after	dehydration.	It	is	

important	to	note	that	actual	fluxes	may	be	smaller	than	those	observed	using	the	chamber,	

since	the	experimental	set-up	ensured	the	bag	was	constantly	flushed	with	ambient	air,	thereby	

Epiphyte chamber fluxes, 4-5Aug 2015
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minimizing	boundary	layer	resistances.	Epiphytes	are	more	commonly	found	in	the	understory	

where	wind	speeds	are	low,	and	therefore	the	diffusion	resistance	due	to	the	boundary	layer	is	

likely	high.	Additionally,	epiphyte	samples	were	not	isolated	from	their	substrates	(i.e.,	small	

pieces	of	bark	or	soil)	or	other	co-occurring	fungi,	and	therefore	calculated	fluxes	likely	also	

were	influenced	by	these	entities.		

	

	
Figure	2-8.	Wetness	curves	for	epiphytic	vegetation	commonly	observed	in	the	understory	at	the	
study	site	for	OCS	(a),	CO2	(b),	H2O	(c),	and	Epiphytic	relative	uptake	(EpRU),	defined	as	a	ratio	
of	deposition	velocities	for	OCS:CO2	(d).	

	

2.4.6 Forest	floor	OCS	exchange		

The	forest	floor	was	always	found	to	be	an	OCS	sink	(mean	fluxes	are	reported	in	Table	

2).	Since	we	were	interested	in	characterizing	the	response	of	the	forest	surface,	no	surface	

matter	was	removed	from	the	chamber	locations	during	air	sampling.	Three	plots	were	

observed	in	sequence:	the	latter	two	plots	had	a	characteristic	cryptogamic	cover	with	

underlying	organic	soil.		The	first	plot	had	a	surface	cover	that	looked	similar	to	the	other	two	

plots,	but	was	on	a	buried	fallen	tree	with	several	decimeters	of	recognizable	woody	debris	

below	the	surface.		This	accounts	for	the	difference	in	sink	strength	between	measurements	in	

July	and	August,	which	were	only	a	few	weeks	apart,	but	illustrates	the	scale	of	heterogeneity	
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in	the	forest	floor.	No	discernible	diurnal	pattern	was	observed	for	soil	uptake	between	August	

and	December,	but	the	magnitude	of	uptake	was	found	to	be	influenced	by	soil	temperature	

and	moisture	during	these	times,	consistent	with	previous	studies	of	ground	surface/soil-	

atmosphere	OCS	exchange	(Bunk	et	al.,	2017;	Kuhn	et	al.,	1999;	Maseyk	et	al.,	2014;	Sun	et	al.,	

2016;	Whelan	et	al.,	2016).	

	

Table	2-2.	Mean	monthly	soil	surface	OCS	fluxes,	measured	mixing	ratios	above	the	canopy,	and	
observed	shallow	soil	moisture	and	ground	surface	temperature	measured	using	temperature	
probes	in	the	upper	few	cm	of	the	forest	floor.	*In	July,	the	soil	chamber	was	installed	on	a	plot	
with	significant	intact	wood	litter.		Subsequent	plots	were	above	a	more	developed	soil	organic	
layer.	

Month	 Flux	
(pmolm2s-1)	

OCS	
(ppt)	

Mean	
shallow	soil	
moisture	(%)	

Mean	
surface	

temperature	(°C)	
Jul*	 -22.73	±	

0.74	
388.17	

±	11.23	
16	

20	
Aug	 -5.83	±	

0.28	
385.57	

±	4.66	
11	

18	
Sep	 -2.97	±	

0.09	
264.24	

±	2.3	
15	

14	
Oct	 -3.33	±	

0.13	
218.6	±	

1.10	
14	

13	
Nov	 -3.99	±	

0.38	
309.59	

±	6.03	
25	

6	
Dec	 -3.26	±	

0.31	
248.82	

±	4.99	
27.88	

1.25	
	

	

2.5 Discussion	

2.5.1 Daytime	ecosystem-scale	fluxes	of	OCS	and	difference	in	source-sink	estimates		

Canopy	top	gradients	for	OCS	are	significantly	different	from	those	of	CO2	and	H2O	(Fig.	3a-

c),	even	as	the	exchange	of	all	three	gases	is	controlled	by	similar	biotic	and	abiotic	processes.	

Calculation	of	storage	fluxes	reveal	a	large	positive	flux	of	OCS	that	peaks	before	midday	and	

declines	thereafter.	We	inferred	ecosystem-scale	leaf	fluxes	using	tower	top	estimates	of	GPP	
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and	modelled	leaf	relative	uptake.	The	difference	between	the	leaf	sink	and	storage	allowed	us	

to	quantify	entrainment	of	OCS	in	to	the	canopy.	Shortly	after	sunrise,	enhanced	mixing	

transports	OCS	rich	air	in	to	the	canopy,	some	of	which	is	assimilated	by	various	parts	of	the	

ecosystem	(leaves	of	dominant	trees	and	understory	vegetation,	epiphytes,	as	well	as	soils),	

and	the	remainder	is	gradually	ventilated.	At	hourly	timescales,	this	results	in	a	persistent	

increase	in	OCS	mixing	ratios	of	ambient	air.	At	longer	timescales,	however,	the	cumulative	

storage	flux	(SOCS	and	SCO2)	approaches	zero	(Fig.	S.6a-b),	consistent	with	the	assumption	of	

conservation	of	mass.	The	measured	turbulent	flux	of	CO2	(i.e.	NEE;	Fig.	S.6c)	shows	the	forest	

to	be	a	net	source	of	carbon	over	this	time	period.	Therefore,	while	storage	fluxes	are	

significant	over	sub-daily	timescales,	and	can	be	used	to	study	entrainment	of	boundary	layer	

air	that	results	in	an	increase	in	OCS	mixing	ratios	throughout	the	canopy	during	the	day,	these	

fluxes	integrate	to	zero	over	larger	timescales.	However,	this	approach	relies	heavily	on	certain	

assumptions.	These	assumptions	are	addressed	below:	

1. The	very	tall	and	dense	nature	of	the	canopy	makes	it	susceptible	to	advection	and	

decoupling.	This	results	a	time	lag	of	~	one	hour	in	mixing	ratios’	diurnal	cycles	of	OCS,	

CO2	and	H2O	between	the	canopy	top	and	those	near	the	forest	floor.	Tower	top	

turbulent	fluxes	of	CO2	(i.e.,	NEE)	are	strongly	influenced	by	wind	direction	and	

atmospheric	stability	which	determine	the	measurement	footprint	(Falk	et	al.,	2008).	

Since	the	old	growth	stand	is	highly	heterogeneous	and	surrounded	by	other	younger	

forests	mostly	to	the	north,	NEE	fluxes	may	not	always	represent	the	same	footprint	

that	was	defined	by	the	concentration	profile	data.	Moreover,	there	can	be	issues	with	

partitioning	of	NEE	into	source	and	sink	terms.	Temperature-based	models	of	

respiration	may	be	biased	by	the	selection	of	driving	temperature,	i.e.,	air	or	soil	

temperature	(Lasslop	et	al.,	2012;	Wohlfahrt	&	Galvagno,	2017)	and	fail	to	account	for	a	

light	inhibition	of	mitochondrial	respiration,	known	as	the	Kok	effect	(Kok,	1949;	Wehr	&	

Saleska,	2015).	These	errors	in	respiration	estimates	propagate	to	errors	in	GPP	inferred	

from	NEE.	
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2. Leaf	relative	uptake	(LRU)	was	estimated	from	ci/ca	ratios	using	relationships	that	were	

derived	at	the	leaf-level;	however,	uncertainties	regarding	scaling	of	leaf	level	ci/ca	

estimates	to	canopy	scales	remain.	While	modeled	canopy-scale	ci/ca	ratios	are	in	

excellent	agreement	with	observed	ci/ca	ratios	of	needles	collected	at	the	top	of	a	

dominant	tree	at	the	site	(Winner	et	al.,	2004),	ci/ca	changes	strongly	through	the	

canopy,	owing	to	lower	light,	higher	ca	(e.g.	Fig.	2b),	leaf	acclimation	to	shading,	and	

species-specific	physiology.	While	individual	leaves	of	dominant	trees	at	the	canopy	top	

are	known	to	have	higher	photosynthetic	rates,	including	at	this	site	(Winner	et	al.,	

2004),	the	LAI	profile	indicates	that	most	of	the	leaf	area	is	in	fact	concentrated	at	lower	

heights	(Parker,	1997),	corresponding	to	the	substantially	higher	tree	density	of	the	

shorter	hemlocks	than	the	tall	Douglas	firs	(224	tress	ha-1	and	35	trees	ha-1	respectively;	

Shaw	et	al.,	2004).	Consequently,	it	is	unclear	how	much	the	needles	at	the	canopy	top	

contribute	to	overall	ecosystem	photosynthesis	and	transpiration.	Since	OCS	is	more	

directly	a	proxy	of	stomatal	conductance	than	GPP	(as	leaf	OCS	uptake	is	principally	

controlled	by	stomata),	vertical	and	temporal	offsets	in	GPP	and	stomatal	conductance	

are	likely	to	translate	into	differences	between	ecosystem-scale	uptake	of	OCS	and	CO2.		

3. We	assumed	that	daytime	biological	fluxes	of	OCS	were	dominated	by	actively	

photosynthesizing	needles	of	the	trees.	The	forest	ground	surface	was	found	to	be	an	

OCS	sink,	and	the	sink	strength	was	influenced	by	the	location	of	the	chamber	and	by	

environmental	conditions.	Recent	work	by	Gimeno	et	al.	(2017)	found	several	bryophyte	

species	from	temperate	forests	emit	OCS	during	the	day.	Epiphytes	measured	in	this	

study	took	up	OCS	in	the	dark	and	during	daylight	hours,	with	negligible	emissions	from	

dormant	or	dead	epiphytes.	The	abundance	of	bryophytes,	lichens	and	mosses	at	our	

site	can	affect	ecosystem-scale	uptake	of	this	gas.		
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2.5.2 Nighttime	uptake	due	to	partial	stomatal	closure	

OCS	mixing	ratios	over	natural	terrestrial	ecosystems	are	known	already	to	be	

influenced	by	a	combination	of	stomatal	uptake	and	soil	activity.	The	mean	nighttime	storage	

flux	of	OCS	was	-4.2	±	0.45	pmolm-2s-1,	while	the	forest	ground	surface	flux	for	August-

September	2015	was	-3.2	±	0.21	pmolm-2s-1,	demonstrating	ecosystem	uptake	through	the	

night.	While	a	vast	proportion	of	this	uptake	is	by	epiphytes,	assimilation	by	leaves	of	dominant	

trees	due	to	incomplete	stomatal	closure	likely	contributes	to	this	flux.		A	number	of	studies	

report	that	several	coniferous	species,	including	Douglas	fir	and	Western	hemlock,	exhibit	

partial	stomatal	closure	during	nighttime	(Blake	&	Ferrell,	1977;	Dawson	et	al.,	2007;	Kavanagh	

et	al.,	2007;	Running,	1976)	This	has	been	speculated	to	be	an	ecological	adaptation.	Daley	&	

Phillips	(2006)	note	that	having	partially	open	stomata	may	enable	plants	to	continue	

photosynthesis	during	late	evenings	and	early	mornings,	when	vapor	pressure	deficits	are	low.	

This	is	certainly	true	at	WR	in	the	summer,	when	trees	can	continue	assimilating	carbon	despite	

high	midday	VPD,	since	soil	moisture	remains	reasonably	high.	Additionally,	dominant	trees	at	

WR	avoid	water	stress	by	extracting	a	greater	proportion	of	their	water	requirements	from	

deeper	soils	as	the	summer	drought	progresses	(Warren	et	al.,	2005).	Estimates	of	individual	

tree	scale	conductance	(i.e.,	crown	conductance)	calculated	from	sap	flow	data	show	that	

conductance	is	highest	in	the	early	morning	hours,	and	declines	steadily	as	the	day	progresses	-	

presumably	in	response	to	increasing	leaf-air	vapor	pressure	deficit	(Woodruff	et	al.,	2007).	

Another	study	at	WR	found	that	sap	flow	at	the	base	of	tall	trees	continues	hours	after	sunset	

(Čermák	et	al.,	2007).	Much	of	this	is	a	recharge	of	water	stored	in	the	trunk	(of	dominant	

trees)	that	has	been	drawn	down	by	daytime	transpiration.	This	recharge	has	the	effect	of	

making	water	available	to	needles	at	the	canopy	top	to	start	photosynthesis	as	soon	as	light	is	

available.	Nighttime	changes	in	SOCS	driven	by	a	decrease	in	mixing	ratio	throughout	the	canopy	

profile	support	the	hypothesis	that	OCS	uptake	at	night	is	at	least	partially	due	to	incomplete	

stomatal	closure	by	trees,	as	has	been	shown	at	a	high-latitude	European	forest	(Kooijmans	et	

al.,	2017).	
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2.5.3 Epiphytes		

The	site	is	a	host	to	a	large	diversity	and	abundance	of	epiphytes.	Using	a	chamber-

based	experiment,	we	found	lichen	and	other	epiphytic	material	to	be	a	strong	sink	of	OCS	in	

low-light	conditions	and	in	the	dark.	This	process	was	found	to	be	highly	related	to	the	water	

content	of	the	epiphyte.	This	is	consistent	with	previous	studies	of	lichen	OCS	exchange	using	

chamber	measurements	(Gimeno	et	al.,	2017;	Kuhn	et	al.,	2000;	Gries	et	al.,	1994).	These	plants	

contain	large	amounts	of	CA,	and	are	therefore	able	to	remove	OCS	from	the	atmosphere	in	the	

dark	as	long	as	they	have	access	to	moisture.	These	results	indicate	the	need	to	continue	

measurements	of	OCS	exchange	for	different	species	of	epiphytes,	and	in	differing	

environmental	conditions	(moisture	content,	light,	temperature	etc.),	as	well	as	understand	the	

mechanisms	that	influence	uptake	or	emission	of	this	gas	by	epiphytes.	This	is	particularly	

important	given	that	our	results	show	that	endemic	epiphytes	are	able	to	remove	OCS	from	the	

atmosphere	during	the	day,	contrary	to	Gimeno	et	al.	(2017),	who	found	several	temperate-

species	of	bryophytes	in	Europe	to	emit	OCS	in	the	light.			

We	hypothesize	that	OCS	drawdown	in	the	canopy	is	strongly	influenced	by	epiphytic	

uptake,	which	is	driven	by	the	water	content	of	the	epiphyte.	OCS	was	found	to	be	strongly	

influenced	by	relative	humidity,	both	at	the	canopy	top	and	just	above	the	forest	floor	(Fig.	S.7).	

Mean	diurnal	cycles	of	relative	humidity	(Fig.	1b)	and	OCS	(Fig.	2a)	were	negatively	correlated.	

The	early	morning	minimum	in	OCS	occurred	when	relative	humidity	near	the	forest	floor	was	

highest	(Fig.	2a).	Additionally,	the	decrease	in	OCS	mixing	ratios	was	higher	in	the	sub-canopy	

than	at	the	canopy	top	(Fig.	3a).	Enhanced	atmospheric	stability,	and	high	relative	humidity,	

enable	OCS	uptake	by	epiphytes	like	mosses	and	lichen	at	night	and	during	early	mornings.	

Epiphytes	are	present	from	the	surface	to	heights	of	40-50m	in	the	canopy,	but	their	

abundance	is	highest	in	the	understory	due	to	low	wind	and	humid	conditions	(McCune,	1993).	

During	the	day,	as	relative	humidity	rapidly	declines,	epiphytic	uptake	is	reduced.	Some	

epiphytes	are	able	to	absorb	large	volumes	of	moisture	(McCune	et	al.	1997),	including	from	
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dew	(Gasulla	et	al.,	2012)	as	well	as	directly	from	humid	air	(Lange	et	al.,	2001),	and	thus	

maintain	low	rates	of	gas	exchange.		

Since	both	mycobiont	and	photobiont	components	of	epiphytes	are	known	to	exhibit	

high	amounts	of	CA	activity	(Palmqvist	&	Badger,	1996),	OCS	consumption	by	epiphytes	should	

continue	as	long	as	sufficient	moisture	is	available.	Indeed,	a	concomitant	decline	in	mixing	

ratios	of	water	vapor	is	clearly	observed	during	these	hours	(Fig.	2c),	as	well	as	a	sharp	decline	

in	near-surface	OCS	concentrations,	as	air	and	dew	point	temperatures	converge	(Fig.	S.8).	

While	dew	point	temperatures	rarely	equalled	air	temperatures,	the	surface	temperature	of	

bark	and	epiphytic	material	in	the	understory	are	likely	to	be	cooler	than	air	temperatures,	

thereby	increasing	the	likelihood	of	dew	formation	at	the	site	(Unsworth	et	al.,	2004).	Indeed	

McDowell	et	al.	(2002)	report	mid-summer	nighttime	dew	formation	being	a	common	

occurrence	at	WR.	Therefore,	epiphytic	vegetation	may	be	a	large	nocturnal	sink	for	OCS	in	cool	

and	wet	forests,	accounting	for	which	is	likely	to	improve	estimates	of	stomatal	conductance	

and	CO2	assimilation	inferred	from	OCS.	

	

2.6 Conclusions		

OCS	has	shown	promise	as	a	tracer	for	ecosystem	productivity	at	multiple	scales,	since	

its	uptake	pathway	from	the	atmosphere	in	to	the	leaf	nearly	mirrors	that	of	CO2.	However,	at	

the	ecosystem-scale,	there	may	be	differences	in	the	movement	of	the	two	gases	between	the	

atmosphere	and	vegetation,	an	understanding	of	which	is	critical	if	measurement	of	this	gas	is	

to	be	used	to	estimate	GPP	in	different	ecosystems.	Our	study	site	is	somewhat	atypical	(very	

tall	canopy,	high	biomass,	complicated	canopy	structure	and	large	volume	of	epiphytes),	but	is	

a	well-studied	temperate	coniferous	old-growth	forest	in	Pacific	Northwest	(U.S.A.).	We	

collected	continuous	in-situ	measurements	of	OCS	mixing	ratios	in	ambient	air	at	various	

heights	in	the	canopy.	OCS	decreased	with	height	throughout	the	canopy,	but	mixing	ratios	at	

all	heights	showed	an	increase	between	mid-morning	and	afternoon.	We	were	unable	to	

identify	any	within-canopy	or	surface	sources	of	OCS,	except	for	very	small	emissions	from	
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dormant	epiphytes.	Using	a	mass	balance	approach,	we	inferred	a	strong	entrainment	signal	

driving	daytime	increase	in	concentrations.	Entrainment	replenished	the	canopy	air	with	OCS	

that	was	taken	up	by	various	parts	of	the	ecosystem	at	nighttime	(incomplete	stomatal	closure	

and	uptake	by	epiphytes).	Moreover,	this	approach	can	provide	a	method	of	disentangling	

biotic	and	abiotic	fluxes	of	OCS	that	influence	concentration	profiles	within	vegetated	canopies	

(e.g.	Belviso	et	al.,	2016).	We	found	that	epiphytic	material	was	a	moisture	dependent	sink	of	

OCS	in	the	dark.	While	previous	studies	have	characterized	the	role	of	lichen	in	OCS	exchange,	

this	is	the	first	study	that	shows	that	epiphytes	may	be	an	important	control	on	OCS	exchange	

in	a	moist	forested	canopy.	However,	questions	remain	regarding	constraints	on	CA-catalyzed	

OCS	consumption	by	epiphytes.	

While	old	growth	temperate	rainforests	do	not	represent	a	major	portion	of	terrestrial	

ecosystems,	various	characteristics	of	this	ecosystem	are	shared	by	tropical	forests,	such	as	

high	aboveground	biomass,	frequent	surface	wetting,	complicated	canopy	structure	with	high	

leaf	area,	and	abundant	epiphytic	cover.	Therefore,	this	study	likely	has	implications	for	

canopy-atmosphere	OCS	exchange	in	tropical	forests	as	well	as	boreal	forests.		
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3 ECOSYSTEM	FLUXES	OF	CARBONYL	SULFIDE	IN	AN	OLD-GROWTH	FOREST:	TEMPORAL	
DYNAMICS	AND	RESPONSES	TO	DIFFUSE	RADIATION	AND	HEAT	WAVES	

	

3.1 Abstract	

Carbonyl	sulfide	(OCS)	has	recently	emerged	as	a	tracer	for	terrestrial	carbon	uptake.	

While	physiological	studies	relating	OCS	fluxes	to	leaf	stomatal	dynamics	have	been	established	

at	leaf	and	branch	scales	and	incorporated	in	global	carbon	cycle	models,	the	quantity	of	data	

from	ecosystem-scale	field	studies	remains	limited.	In	this	study	we	employ	established	

theoretical	relationships	to	infer	ecosystem-scale	OCS	uptake	from	concentration	

measurements.	OCS	uptake	was	found	to	scale	with	independent	measurements	of	CO2	fluxes	

over	a	60-m-tall	old-growth	forest	in	the	Pacific	Northwestern	U.S.	(45°49ʹ13.76ʹʹ	N;	

121°57ʹ06.88ʹʹ)	at	hourly	and	monthly	timescales	across	the	growing	season	in	2015.	OCS	fluxes	

tracked	changes	in	soil	moisture,	and	were	strongly	influenced	by	the	fraction	of	downwelling	

diffuse	light.	Fluxes	were	also	strongly	affected	by	sequential	heat	waves	during	the	growing	

season.	Our	results	bolster	previous	evidence	that	ecosystem	OCS	uptake	is	strongly	related	to	

stomatal	dynamics,	and	measuring	this	gas	improves	constraints	on	estimating	photosynthetic	

rates	at	the	ecosystem	scale.	

	

3.2 Introduction		

Carbonyl	Sulfide	(OCS)	is	the	most	abundant	sulfur	gas	in	the	atmosphere,	with	a	mean	

atmospheric	concentration	of	~500	ppt	(parts	per	trillion),	and	therefore	a	significant	part	of	

the	tropospheric	and	stratospheric	sulfur	cycles,	with	implications	for	the	global	radiation	

budget	and	ozone	depletion	(Johnson	et	al.,1993;	Notholt	et	al.,	2003).	The	dominant	sink	of	

atmospheric	OCS	is	vegetation	(Kesselmeier	and	Merk,	1993;	Kettle	et	al.,	2002;	Montzka	et	al.,	

2007	and	references	therein),	through	rapid	and	irreversible	hydrolysis	by	the	ubiquitous	

enzyme	carbonic	anhydrase	(Protoschill-Krebs,	Wilhelm,	&	Kesselmeier,	1996;	Protoschill-Krebs	

and	Kesselmeier,	1992).	Recent	advances	in	spectroscopic	technology	have	enabled	continuous	

in-situ	measurements	of	OCS	on	timescales	that	are	relevant	to	understanding	stomatal	
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function	at	the	leaf-scale	(Stimler	et	al.,	2010a,	2010b),	branch	scale	(Berkelhammer	et	al.,	

2014)	and	the	ecosystem	scale	(Kooijmans	et	al.,	2017;	Wehr	et	al.,	2017).	An	important	

distinction	between	OCS	and	CO2	cycling	is	that	there	are	no	reported	emissions	from	actively	

photosynthesizing	leaves.	However,	the	normalized	leaf	uptake	ratio	of	OCS:CO2	(LRU;	

Sandoval-Soto	et	al.,	2005)	is	relatively	constant	at	medium	to	high	light	levels	(Maseyk	et	al.,	

2014;	Stimler	et	al.,	2010),	making	it	an	excellent	proxy	for	quantifying	plant	productivity	(GPP;	

Asaf	et	al.,	2013;	Billesbach	et	al.,	2014;	Blonquist	et	al.,	2011).	On	the	other	hand,	both	uptake	

and	emissions	of	OCS	from	soils	have	been	identified	(Whelan	et	al.,	2016;	Sun	et	al.,	2015;	

Maseyk	et	al.,	2014;	Kesselmier	et	al.,	1999).	While	ecosystem-scale	measurements	of	OCS	

continue	to	establish	links	between	OCS	uptake	and	GPP	in	different	ecosystems	(for	a	

comprehensive	list	of	ecosystem	scale	studies	readers	are	referred	to	Figure	2	in	Whelan	et	al.,	

2017),	inconsistencies	persist.	For	example,	in	an	oak-savanna	woodland	in	southern	France	

Belviso	et	al.	(2016)	found	that	OCS	exchange	was	strongly	influenced	by	photosynthesis	during	

early	morning	hours,	while	meaningful	values	of	LRU	could	only	by	calculated	for	a	few	days	in	

the	early	afternoons.	Commane	et	al.	(2015)	were	unable	to	explain	mid-summer	emissions	of	

OCS	at	a	mid-latitude	deciduous	forest.	Uncertainties	highlighted	above	argue	for	field-scale	

measurements	of	OCS	in	a	variety	of	ecosystems,	particularly	as	OCS	flux	predictions	have	

recently	been	incorporated	to	inform	estimates	of	plant	productivity	in	global	carbon	cycle	

models	(Campbell	et	al.,	2017a;	Hilton	et	al.,	2017;	Launois	et	al.,	2015).	

OCS	fluxes	have	not	been	previously	reported	for	old-growth	forests,	although	a	recent	

study	using	flask	samples	inferred	large	uptake	of	OCS	in	coastal	redwood	forests	in	northern	

California	(Campbell	et	al.,	2017b).	Rastogi	et	al.	(in	revision)	found	large	drawdowns	in	mixing	

ratios	of	OCS	at	an	old	growth	forest	in	the	pacific	northwestern	U.S.,	and	significant	uptake	of	

this	gas	by	various	components	of	the	ecosystem	(leaves,	soils,	and	epiphytes).	In	this	study	we	

report	estimates	of	OCS	fluxes	from	an	old-growth	forest	and	place	them	in	the	context	of	

ecosystem	carbon	and	water	cycling.	Additionally	we	investigate	the	response	of	CO2,	H2O	and	

OCS	fluxes	to	changes	in	the	fraction	of	downwelling	diffuse	radiation,	as	well	as	heat	wave	
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events	through	the	growing	season.	Technological	constraints	posed	limitations	in	measuring	

fast-response	OCS	fluxes	so	instead	we	combine	continuous	in-situ	measurements	of	OCS	

mixing	ratios	above	and	within	the	canopy	with	established	theoretical	equations	for	OCS	

uptake	(see	Berry	et	al.,	2013;	Commane	et	al.,	2015;	Seibt	et	al.,	2010)	to	characterize	OCS	

fluxes	using	a	simple	empirical	model	and	compare	them	with	ecosystem	uptake	of	CO2	from	

co-located	eddy	covariance	measurements.	

	

3.3 Methods	

3.3.1 Site	Description	

Measurements	were	made	at	the	Wind	River	Experimental	Forest	(WR),	located	within	

the	Gifford	Pinchot	National	Forest	in	southwest	Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	

121°57ʹ06.88ʹʹ;	371	m	above	sea	level).	The	site	is	well	studied	and	described	in	great	detail	

(Paw	U	et	al.,	2004;	Shaw	et	al.,	2004;	Wharton	and	Falk,	2016;	Winner	et	al.,	2004).	The	

climate	is	classified	as	temperate	oceanic	with	a	strong	summer	drought.	The	forest	is	478	ha	of	

preserved	old-growth	evergreen	needle-leaf	forest,	with	dominant	tree	species	of	Douglas	fir	

(Pseudotsuga	menziesii)	and	Western	hemlock	(Tsuga	heterophylla).	The	tallest	Douglas	fir	

trees	are	between	50	and	60m,	while	the	shade-tolerant	hemlocks	are	typically	between	20-30	

m	high.	Maximum	rooting	depth	is	1–2	m	for	the	tallest,	dominant	Douglas-fir	trees	although	

most	of	the	root	biomass	is	concentrated	in	the	first	0.5	m	(Shaw	et	al.,	2014).	The	cumulative	

LAI	is	estimated	to	be	8-9	m2	m-2	(Parker	et	al.,	2004).	Additionally,	the	ecosystem	hosts	a	large	

diversity	of	mosses,	lichens	and	other	epiphytic	plants,	which	play	an	important	role	in	canopy	

OCS	dynamics	(Rastogi	et	al.,	in	revision).	The	soils	are	volcanic	in	origin,	although	most	of	the	

forest	surface	is	comprised	of	decaying	organic	matter	(Shaw	et	al.,	2004).		

	

3.3.2 Study	period	

Measurements	reported	here	are	between	April	18-	Dec	31,	2015.	However,	in	early	

November	an	intake	line	at	the	top	of	the	canopy	was	damaged	after	a	rainstorm.	
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Measurements	continued	at	the	other	intake	heights	(see	sections	2.4	and	2.9).	Therefore	

ecosystem	fluxes	and	related	analyses	in	this	study	cover	136	days	between	April	18	and	

October	31,	while	chamber	based	soil	fluxes	are	reported	for	the	months	of	August-December.	

Gaps	in	the	time	series	due	to	analyzer	maintenance	correspond	to	Jun	26-28,	July	6-17,	August	

4-7,	August	24	and	October	4-7.	April-October	roughly	corresponds	to	most	of	the	growing	

season,	although	at	this	site	GPP	usually	peaks	early	in	March-April,	when	soil	moisture	is	high	

and	ecosystem	respiration	flux	is	low,	while	plant	productivity	is	typically	severely	light	and	

temperature	limited	in	the	months	of	November-December	(Wharton	and	Falk,	2016).	

Environmental	conditions	during	the	measurement	campaign	are	shown	in	Figure	1	are	

represent	a	typical	Mediterranean-type	climate,	with	temperature	peaking	in	July	and	minimal	

to	no	measured	rainfall	between	June	and	September.	This	results	in	high	summertime	

atmospheric	vapor	pressure	deficit	(VPDa),	and	soil	moisture	declines	steadily	through	the	

summer	period,	with	some	recharge	following	rare	precipitation	events	in	September	and	then	

more	commonly	in	October.	The	measurement	period	also	encompasses	three	distinct	heat	

waves,	characterized	by	anomalously	high	air	temperatures	and	mid-day	VPDa	values	(often	

exceeding	4	kPa).	We	examine	the	response	of	OCS	and	CO2	fluxes	during	these	heat	waves.	
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Figure	3-1.	Environmental	conditions	at	Wind	River	during	the	measurement	campaign.	Daily	
mean	air	temperature	(a),	precipitation	(b)	Mid-day	VPDa	(c)	and	Soil	moisture	measured	at	
three	depths	(d).	

	

3.3.3 CO2	and	H2O	eddy	flux	measurements	

Carbon,	water	and	energy	fluxes	have	been	collected	since	1998	at	the	Wind	River	

AmeriFlux	tower	(US-wrc;	Paw	U	et	al.	2004).	For	further	details	readers	are	referred	to	Falk	et	

al.,	(2008;	instrumentation	and	data	processing),	and	Wharton	et	al.,	(2012)	and	Wharton	and	

Falk,	(2016)	for	multi-year	carbon	and	water	flux	measurements	and	synthesis.		

	

3.3.4 OCS	measurements	

A	commercially	available	off-axis	integrated	cavity	output	spectroscopy	analyzer	

manufactured	by	Los	Gatos	Research	Inc.,	(LGR;	model	914-0028)	was	deployed	at	the	base	of	

the	tower	in	an	insulated	and	temperature-controlled	shed.	The	instrument	measures	mixing	

ratios	of	OCS,	CO2,	H2O	and	CO	simultaneously	at	a	maximal	scan	rate	of	5Hz.	The	system	uses	a	

4.87	µm	cascade	laser	coupled	to	a	high	finesse	800	cm3	optical	cavity	and	light	transmitted	

through	the	cavity	is	focused	into	a	cooled	and	amplified	HgCdTe	detector.	OCS	is	detected	at	
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∼2050.40	cm−1,	CO2	at	2050.56	cm−1,	CO	at	∼2050.86	cm−1,	and	H2O	at	∼2050.66	cm−1.	

Pressure	broadening	associated	with	changes	in	the	concentration	of	water	vapor	in	the	

samples	is	corrected	for	in	the	analysis	routine.	Air	was	sampled	through	0.25’’	diameter	PFA	

tubing	using	a	diaphragm	pump	at	a	flow	rate	of	2L	min-1,	from	inlets	located	at	70m	(at	the	

height	of	the	eddy	flux	instrumentation),	60m	(canopy	top),	20m,	10m,	and	1m.	The	sampling	

frequency	was	0.1Hz	and	the	sampling	interval	was	5	minutes.	The	first	minute	of	each	

sampling	interval	was	removed	to	avoid	any	inter-sampling	mixing.	The	remaining	data	were	

checked	for	temperature	and	pressure	fluctuations	inside	the	measurement	chamber,	and	a	

moving	window	filter	was	used	to	eliminate	any	sudden	outliers	in	the	data.	Mixing	ratios	were	

aggregated	to	provide	hourly	means.	For	detailed	information	regarding	instrumentation	and	

the	measurement	readers	are	referred	to	Rastogi	et	al	(in	revision),	Berkelhammer	et	al.	(2014)	

and	Belviso	et	al.	(2016).		

	

3.3.5 Calibration	

Calibration	was	performed	using	ambient	air	stored	in	insulated	tanks	as	a	secondary	

reference.	Air	was	sampled	into	the	analyzer	daily,	and	tank	pressure	was	routinely	monitored	

to	check	for	leaks.	Glass	flasks	were	randomly	sampled	form	calibration	tanks	and	measured	

against	a	NOAA	GMD	reference	standard.	Cross-referencing	revealed	that	the	accuracy	of	the	

measurement	was	within	the	reported	minimum	uncertainty	of	the	instrument	(of	12.6	pmol	

mol-1;	Berkelhammer	et	al.,	2016).		

	

3.3.6 Thermal	Camera	measurements	

Leaf	temperatures	were	measured	from	October	28,	2014	to	January	28,	2016	using	a	

FLIR	A325sc	thermal	camera	(FLIR	System	Inc.,	Wilsonville,	OR),	in	which	a	FLIR	IR	30-mm	lens	

(focal	length:	30.38	mm;	field	of	view:	15°×11.25°)	was	installed.	The	thermal	camera	has	a	

pixel	resolution	of	320	×	240.	Within	the	field	of	view	(FOV),	spot	sizes	of	a	single	pixel	are	0.83	

cm	from	10-m	distance	and	8.3	cm	from	100-m	distance.	Manufacturer-reported	errors	in	
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original	measured	thermal	temperatures	are	±2	°C	or	±2%	of	the	measurements.	The	camera	

model	is	identical	to	one	used	in	another	study	at	an	AmeriFlux	site	in	central	Oregon	(US	Me-

2),	and	the	detailed	specifications	can	be	found	in	Kim	et	al.	(2016).	To	monitor	a	larger	canopy	

region,	a	pan-tilt	unit	(PTU)	was	used	for	motion	control,	allowing	multiple	canopy	thermal	

image	acquisition	within	one	motion	cycle.	We	used	a	FLIR	PTU-D100E	(FLIR	System	Inc.,	

Wilsonville,	OR;	(http://www.flir.com/mcs)	to	move	the	thermal	camera	vertically	and	

horizontally	at	specific	pan	and	tilt	angles.	We	selected	five	pan-tilt	angle	(PT)	positions	

representing	the	upper	canopy	(i.e.,	~40	to	60	m	above	the	forest	floor)	to	estimate	leaf	

temperatures	in	this	study.		

	
3.3.7 Diffuse	light	measurement	and	analyses	

An	SPN1	Sunshine	Pyranometer	(Delta-T	Devices	ltd.,	Cambridge,	U.K.)	was	installed	at	

the	top	of	the	canopy	and	collected	direct	and	diffuse	shortwave	downwelling	radiation	from	

April-	December	2015.	Measurements	were	made	every	1	min,	and	then	aggregated	to	hourly	

means.	We	limited	our	analyses	of	diffuse	radiation	data	to	include	only	mid-day	hours	

(between	11am-1pm)	to	minimize	the	influence	of	solar	angles	on	diffuse	radiation	fractions.	

We	defined	three	distinct	periods	based	on	the	ratio	of	diffuse	radiation	to	total	incoming	solar	

radiation	(fidff).	Data	were	characterized	as	clear	if	fdiff	<	0.2;	partly	cloudy	if	fdiff	>	0.2	and	

fdiff	<	0.8,	and	overcast	if	fdiff	>	0.8.		

	

3.3.8 OCS	flux	estimation	

Canopy	OCS	flux	was	estimated	using	flux-gradient	similarity,	following	Commane	et	al.,	

2015.		

𝐹H<I = 𝐹_`H	.
a\B]
abJ\

			 	 	 	 	 	 (1)	

where	FOCS,	FH2O,	gOCS	and	gH2O	are	the	fluxes	and	gradients	of	OCS	and	H2O,	respectively.	

Following	Seibt	et	al.,	(2010)	and	Berry	et	al.,	(2013),	we	assume	that	OCS	is	irreversibly	and	
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rapidly	consumed	inside	leaves,	such	that	the	gradient	between	ambient	air	and	the	leaf	

interior	effectively	reduces	to	the	ambient	measured	OCS	mixing	ratio:		

	

𝑔H<I = 𝜒H<I2 − 𝜒H<IM = 𝜒H<I2 			 	 	 	 (3)		

where	gOCS	is	defined	as	he	gradient	of	OCS	between	ambient	air	and	the	leaf	intercellular	

spaces	(χ	is	the	mixing	ratio	of	OCS	and	superscripts	a	and	l	refer	to	ambient	and	leaf	

respectively).	In	our	study,	𝜒H<I2 	is	the	measured	mixing	ratio	at	the	canopy	top	(60m)	instead	

of	above	canopy	(70m)	to	account	for	the	boundary	layer	resistance,	the	effect	of	which	is	likely	

low	in	tall	and	heterogeneous	coniferous	forests.	We	use	vapor	pressure	deficit	(VPD)	as	the	

corresponding	gradient	for	H2O,	under	the	key	assumption	that	the	intercellular	leaf	surfaces	

are	saturated	with	water	vapor.	While	VPD	is	usually	calculated	using	air	temperature,	a	more	

accurate	calculation	can	be	performed	with	leaf	temperatures,	which	can	deviate	significantly	

from	air	temperatures	(Kim	et	al.	2016),	leading	to	significant	differences	between	the	VPD	of	

ambient	air	and	that	at	the	leaf	surface	(Fig.	2a	and	3d	in	this	study).	Previously	leaf	

temperatures	have	been	inferred	from	sensible	heat	fluxes,	wind	speed	and	air	temperatures	

(e.g.	Wehr	et	al.,	2017),	here	we	use	explicit	measurements	of	leaf	skin	temperatures	to	

estimate	leaf-air	VPD	(VPDl.).	Analogous	to	Eq	(3),	

	

	𝑔_`H = 𝜒_`HM −	𝜒_`H2 = 	 /eQ/9
6

	= 	 f6gh
6

	 	 	 	 (4)		

where	es	is	saturation	vapor	pressure	at	the	leaf	surface	(kPa),	using	leaf	skin	temperature,	ea	is	

the	actual	vapor	pressure	(kPa),	P	is	the	measured	atmospheric	pressure	(Pa)	at	the	tower	top,	

and	𝜒_JH	
M 	and	𝜒_JH	

2 (ppth)	are	the	leaf	and	ambient	H2O	mixing	ratios	at	the	canopy	top.	Finally,	

since	gradients	of	OCS	and	H2O	are	estimated	between	ambient	air	and	the	leaf	intercellular	

spaces,	these	are	normalized	by	the	ratio	of	diffusivities	of	these	two	species	in	air	(Seibt	et	al.,	

2010;	Wohlfahrt	et	al.,	2012).	

FH2O	was	measured	using	eddy	covariance	at	the	tower	top	(70m).	In	high	LAI	forests	

with	minimal	exposed	soil,	such	as	those	of	the	Pacific	Northwest,	fluxes	of	FH2O	can	be	treated	
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as	a	good	proxy	for	transpiration,	since	soil	evaporation	should	be	minimal.	We	excluded	rainy	

days,	as	well	as	two	days	following	rainfall,	to	only	capture	periods	when	FH2O	can	be	assumed	

to	be	dominated	by	transpiration.	We	included	nighttime	data	since	several	temperate	tree	

species	are	known	to	transpire	during	the	night	(Dawson	et	al.,	2007).	Moreover,	in	this	

particular	forest	OCS	is	taken	up	by	epiphytes	under	conditions	of	high	humidity,	which	are	

common	at	nighttime	(Rastogi	et	al.,	in	revision).	The	first	term	in	right	hand	side	of	equation	

(1)	was	evaluated	only	under	the	condition	FH2O	>	0.2	mmolm-2s-1.	When	this	condition	was	not	

met	(e.g.	at	nighttime),	fluxes	were	calculated	using	by	integrating	the	rate	of	change	in	hourly	

OCS	mixing	ratios	through	the	entire	profile.		

Leaf	Relative	uptake	was	calculated	following	Seibt	et	al	(2010).		

	

𝐿𝑅𝑈 = [\B]
j66

. U<HJ
UH<I

			 	 	 	 	 	 (5)		

	

where	GPP	was	estimated	from	CO2	fluxes	measured	at	the	tower	top.	Finally,	canopy	

conductance	(Gc)	was	calculated	by	inverting	the	Penman	Monteith	equation	(Monteith,	1965),	

which	uses	a	combination	of	micrometeorological	and	eddy	flux	data	collected	above	the	

canopy	at	the	tower	top.	Gc	is	the	canopy-scale	equivalent	of	stomatal	conductance,	with	the	

assumption	that	the	canopy	(or	ecosystem)	acts	as	a	single	big	leaf.		

	 	 𝐺𝑐 = l<Rm/
nD/

+
o
p qQC

j2

QC

		 	 	 	 	 (6)		

where	ρ	is	air	density	(kg	m−3),	Cp	is	specific	heat	(J	kg−1K−1),	δe	is	vapor	pressure	deficit	(kPa),	Υ	

is	the	psychrometric	constant	(kPa	K−1),	Δ	is	the	slope	of	the	saturation	vapor	pressure	curve	

(kPa	K−1),	β	is	the	Bowen	ratio	(H:LE),	and	Ga	is	the	aerodynamic	conductance	for	momentum	

transfer,	calculated	as	u*2.u-1	(where	u*	is	the	friction	velocity	calculated	from	the	momentum	

fluxes	and	u	is	the	horizontal	wind	speed).	Ga	provides	a	measure	of	how	well	the	canopy	top	is	

coupled	to	the	background	atmosphere	(Wharton	et	al.,	2012).		
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3.3.9 Surface	Fluxes	

A	long-term	automatic	soil	survey	chamber	(Li-Cor	8100-104,	20	cm	diameter)	was	

installed	at	three	0.03	m2	surface	sites	in	series,	within	1	meter	of	each	other.	All	plastic	and	

rubber	parts	had	been	removed	from	the	chamber	and	replaced	with	materials	compatible	with	

OCS	measurements:	stainless	steel,	PFA	plastic,	and	Volara	foam.	Blank	measurements	were	

performed	in	the	laboratory	before	deployment	and	OCS	concentrations	in	the	chamber	were	

found	to	be	indistinguishable	from	incoming	ambient	concentrations.	The	stainless	steel	

chamber	top	opened	and	closed	automatically	on	a	timer.	Gas	was	drawn	through	the	chamber	

via	a	pump	downstream	of	the	analyzer,	and	the	3	Lmin-1	flow	rate	was	confirmed	with	a	mass	

flow	meter.	When	the	chamber	was	open,	ambient	near-surface	air	was	observed.	When	the	

chamber	was	closed,	trace	gas	concentrations	reached	a	stable	state	for	at	least	2	minutes	

during	the	10-minute	incubation	time.	The	difference	between	the	ambient	concentration	and	

the	stable	closed-chamber	concentration	were	used	to	calculate	the	surface	fluxes	of	OCS	and	

CO2.	

𝐹E-1/L(	EM--1 = 𝑀#𝛥𝜒. 𝐴QC		 	 	 	 	 	(7)	

where	Mc	is	the	measured	flow	rate	into	the	chamber	(converted	from	Lmin-1	to	mols-1	using	

the	ideal	gas	law)	and	𝛥𝜒	is	the	difference	between	mixing	ratios	of	OCS	or	CO2	in	ambient	air	

and	the	chamber	and	A	is	the	surface	area	of	the	chamber.	The	minimum	flux	detectable	with	

this	method	was	1.2	pmolm-2s-1	uptake	or	production.		

Care	was	taken	to	select	sites	characteristic	of	the	surface,	which	was	generally	springy	

and	covered	in	a	mat	of	mosses	and	lichen.	Surface	flux	observations	were	made	at	site	1	from	

July	6	to	16,	site	2	from	August	13	to	October	7,	and	site	3	from	November	6	to	December	2,	

2015.	The	first	site	was	visually	similar	to	the	subsequent	two	sites	at	the	surface,	though	the	

chamber	base	of	the	first	site	was	installed	into	the	moss	layer	and	a	barely	decomposed	fallen	

tree.	When	a	soil	sample	was	attempted	to	be	extracted	from	the	footprint	of	the	chamber	

base,	several	liters	of	in	tact	wood	litter	were	removed.	The	influence	of	the	developed	soil	on	

site	1	is	therefore	considered	minimal.	Site	2	was	selected	nearby	and	observations	were	made	
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until	a	dominant	tree	fell	on	the	soil	chamber.	The	chamber	was	repaired	and	re-installed	a	

month	later	at	site	3	and	observations	continued	without	incident	until	the	chamber	was	

removed	in	advance	of	the	soil	freezing.	

	

3.4 Results	and	Discussion		

3.4.1 Ecosystem	fluxes	

The	composite	diurnal	cycles	for	CO2,	water	vapor	and	OCS	and	fluxes	are	shown	(Fig.	

2a-c).	The	total	ecosystem	flux	of	OCS	(FOCS;	Fig	2.b.)	follows	a	pronounced	diurnal	cycle	that	

peaks	during	daylight	hours.	The	vertical	profile	of	mixing	ratios	measured	throughout	the	

canopy	is	also	shown	(right	y-axis	and	orange	lines	in	Fig.2.b).	OCS	mixing	ratios	are	highest	at	

the	canopy	top	and	lowest	near	the	forest	floor,	but	mixing	ratios	increase	from	the	early	

morning	to	mid-afternoon.	Together	these	processes	are	indicative	of	ecosystem	uptake	and	

downward	entrainment	of	boundary	layer	air.	While	entrainment	helps	explain	the	diurnal	

cycle	of	observed	mixing	ratios,	this	flux	integrates	to	zero	at	daily	and	longer	time	scales	

(Rastogi	et	al.,	in	revision).	The	shape	of	the	FOCS	curve	is	very	similar	to	those	of	net	and	gross	

carbon	fluxes	(Fig	2.b),	although	FOCS	was	consistently	negative	throughout	the	24-hour	period,	

implying	ecosystem	uptake	during	nighttime	and	daylight	hours.	While	nighttime	uptake	of	OCS	

(mean	nighttime	flux	~	-10	±	1	pmolm2s-1)	is	likely	due	to	a	combination	of	soil,	epiphyte,	and	

vascular	plant	uptake	due	from	partially	closed	stomata,	daytime	uptake	is	likely	dominated	by	

vascular	plant	stomatal	activity.	Leaf	relative	uptake,	a	ratio	of	FOCS:GPP	normalized	by	the	

mean	mixing	ratios	of	OCS:CO2,	showed	a	strong	light	dependence.	High-light,	mid-day	values	

ranged	between	3-4,	which	is	higher	than	those	observed	at	other	forest	systems	(Kooijmans	et	

al.,	2017;	Wehr	et	al.,	2017)	but	well	within	the	spread	of	values	obtained	in	a	recent	meta-

analyses	of	OCS	studies	for	vegetated	ecosystems	(Whelan	et	al.,	2018).	The	diurnal	cycle	was	

found	to	be	asymmetric,	with	peak	values	observed	in	the	early	morning,	when	stomatal	

conductance	is	likely	to	be	high	(Winner	et	al.,	2004),	but	GPP	is	limited	by	low	light	levels.	It	is	

important	to	note	that	LRU	is	likely	influenced	by	large	amounts	of	epiphyte	and	understory	
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vegetation,	which	assimilate	OCS	even	at	times	when	ecosystem	CO2	uptake	is	low	or	zero.	

Epiphytic	assimilation	of	OCS	is	highly	influenced	by	moisture	content	(Gimeno	et	al.,	2017)	and	

is	typically	higher	through	the	night	and	in	the	early	mornings	at	this	site	(Rastogi	et	al.,	in	

revision).	Moreover,	in	tall	old-growth	forests,	leaf	area	is	vertically	distributed	over	a	much	

larger	part	of	the	canopy	compared	to	other	forests	(Parker	et	al.,	2004).	While	leaves	at	the	

canopy	top	exercise	tight	stomatal	control	to	limit	water	loss	and	minimize	hydraulic	failure	

(Woodruff	et	al.,	2007)	leaves	lower	down	in	the	canopy,	including	those	of	understory	

vegetation,	likely	impose	less	stomatal	control	of	transpiration	(Winner	et	al.,	2004).	Lower-

canopy	leaves	may	therefore	continue	to	disproportionately	assimilate	OCS,	even	under	low	

rates	of	carbon	assimilation	(as	CO2	uptake	is	additionally	light	limited).		

	

	
Figure	3-2.	Diurnal	cycle	of	H2O	flux	(blue	circles)	and	VPD	estimated	from	air	and	leaf	
temperatures	(purple	squares	and	green	diamonds	respectively;	a),	estimated	OCS	flux	(circles,	
left	axis)	and	mixing	ratio	profile	(right	axis;	b),	NEE	and	GPP	(blue	squares	and	red	diamonds;	
c),	and	leaf	relative	uptake	(calculated	only	during	daylight	hours,	colors	represent	
Photosynthetically	active	radiation;	d).	
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3.4.2 Seasonal	dynamics	

Daytime	fluxes	of	OCS	and	CO2	followed	similar	patterns	(Fig.	3a-b).	Ecosystem	uptake	

of	OCS	and	CO2	(as	well	as	GPP)	was	highest	in	April,	and	declined	as	the	soil	drought	

progressed.	Mean	monthly	maximum	OCS	flux	was	estimated	as	-61	±	6	pmolm-2s-1,	while	daily	

mean	maximum	GPP	over	this	period	was	estimated	as	10	±	1μmolm-2s-1	(plotted	as	a	negative	

quantity	in	Fig.	3b	to	show	ecosystem	uptake).	While	the	steepest	declines	in	FOCS,	NEE	and	GPP	

happened	between	the	months	of	May	and	June,	FOCS	continued	to	decline	through	the	rest	of	

the	summer,	with	a	minimum	in	August,	incrementally	increasing	in	September	and	decreasing	

again	in	October.	CO2	fluxes	flattened	between	June-September,	before	declining	again	in	

October.	During	mid-late	summer,	water	vapor	flux	declined	(Fig.3c),	as	plants	exercised	

greater	control	over	stomata	responding	to	high	VPD	(peaking	in	July;	Fig	3d).	This	can	be	

clearly	seen	in	the	seasonal	cycle	of	canopy	conductance	(Gc;	Fig.	3e)	calculated	using	the	

Penman-Monteith	method.	Mean	monthly	Gc	was	highest	in	the	months	of	April	and	May,	and	

then	declined	precipitously	with	soil	moisture,	before	increasing	again	slightly	in	September	

and	October	following	soil	recharge	and	decreased	VPD	due	to	precipitation	events.	At	the	

monthly	scale,	patterns	of	daytime	FOCS	were	most	similar	to	those	of	Gc	and	followed	trends	in	

soil	moisture.	In	October,	soil	water	recharge,	several	rain-free	days,	and	lower	VPD	(Fig.	1)	do	

not	result	in	increased	gas	exchange,	likely	due	to	downregulation	of	photosynthesis	(Eastman	

and	Camm,	1995),	induced	by	photoprotective	changes	in	the	xanthophyll	cycle	(Adams	and	

Demmig-Adams,	1994).	
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Figure	3-3.	Monthly	means	for	daytime	FOCS	colored	according	to	soil	moisture	at	40cm	depth,	
NEE	and	-GPP	(red	circles	and	blue	squares;	b),	water	vapor	flux	(c),	VPDa	and	VPDl	(blue	
squares	and	red	circles;	d),	and	canopy	conductance	(Gc;	e).		

	

3.4.3 Nighttime	ecosystem	and	Surface	Fluxes	

While	daytime	fluxes	of	OCS	and	CO2	were	indicative	of	seasonal	changes	in	ecosystem	

productivity	and	conductance,	FOCS	and	FCO2	were	driven	by	different	environmental	conditions	

during	the	night.	Ecosystem	respiration	is	modeled	based	on	temperature	and	therefore	

peaked	in	July	(when	air	temperature	was	highest).	Nighttime	FOCS	however,	was	more	related	

to	soil	moisture	status	(blue	circles	in	Fig.	4a-b).	Nighttime	FOCS	was	highest	in	April	(mean	=	-

12.7±	2.6	pmolm-2s-1),	lowest	between	June	and	August	(mean	=	-5.9±	1.5	pmolm-2s-1)	and	

increased	again	in	October	(mean	=	-9.7±	2.2	pmolm-2s-1).	Nighttime	uptake	of	OCS	at	the	site	is	

likely	due	to	soil	(see	below),	epiphytes	(Rastogi	et	al.,	in	revision;	Gimeno	et	al.,	2017),	and	

incomplete	stomatal	closure	(Kooijmans	et	al.,	2017).	

Forest	floor	OCS	fluxes	were	observed	from	3	sites	in	series	and	within	1	m	of	each	

other.	Site	1	had	approximately	twice	the	OCS	uptake	compared	to	the	subsequent	two	sites	
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and	had	a	substantial	layer	of	intact	woody	debris	under	the	chamber	footprint.	Site	2	and	3	

had	OCS	fluxes	similar	to	previous	surface	fluxes	reported	for	forests	(Whelan	et	al.,	2018).	For	

all	sites,	there	was	no	clear	diurnal	pattern.	For	site	2,	uptake	immediately	following	chamber	

installation	was	higher	(~6	pmol	m-2s-1)	than	fluxes	later	on	(all	<6	pmol	m-2s-1)	when	

temperatures	were	lower.	Site	3	did	not	have	high	uptake	after	chamber	installation,	and	had	

consistent	fluxes	between	the	detection	limit	and	-6.2	pmol	m-2s-1	for	the	first	few	weeks.	When	

ambient	air	temperatures	dropped	below	freezing,	uptake	remained	unchanged,	except	for	the	

largest	uptake	observed	(6	to	12	pmol	m-2s-1)	during	two	events	when	average	air	temperature	

fluctuated	from	a	cooling	to	warming	trend.	Soil	temperature	never	dropped	below	freezing	

during	the	experiment	and	was	generally	colder	over	time.	We	did	not	observe	any	OCS	

emissions	from	the	chamber	based	measurements,	consistent	with	recent	studies	that	find	that	

cooler,	moist	(Maseyk	et	al.,	2014;	Sun	et	al.,	2016;	Whelan	et	al.,	2016)	and	radiation	limited	

(Kitz	et	al.,	2017)	soils	do	not	emit	OCS.		

Surface	CO2	emissions	exhibited	a	relationship	with	temperature,	where	highest	

production	(~25	μmol	m-2s-1)	corresponded	with	temperatures	~15°C,	and	maximum	flux	values	

decreased	for	warmer	and	colder	temperatures.	CO2	emissions	had	a	diurnal	pattern,	with	

lowest	emissions	at	night	and	maximum	emissions	in	late	morning	to	mid	afternoon.	No	

obvious	relationship	emerges	from	CO2	emission	and	OCS	uptake,	though	the	high	OCS	uptake	

events	in	late	November	and	early	December	have	a	linear	relationship	with	CO2	emissions.	For	

sites	2	and	3,	the	ratio	of	OCS	emission	to	CO2	production,	normalized	by	the	concentration	of	

OCS	and	CO2	in	the	closed	chamber,	was	between	-0.25	and	-3.5	with	a	mean	of	-1.	In	contrast,	

the	same	ratio	for	site	1	varied	from	-5	to	-19	with	a	mean	of	-10.		

At	the	peak	of	the	soil	drought	(August;	Fig.	1d),	nighttime	ecosystem	OCS	flux	was	

similar	to	the	chamber-based	surface	fluxes,	after	which	magnitudes	differed	by	a	factor	of	2-3.	

This	difference	can	be	explained	by	epiphytic	consumption	of	OCS.	Epiphytes	are	a	moisture	

dependent	sink	OCS	at	the	site	(Rastogi	et	al.,	in	revision)	and	therefore	are	likely	inactive	

during	the	warmest	and	driest	part	of	the	year.	Surface	fluxes	of	CO2	on	the	other	hand	were	
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much	higher	than	ER	estimated	from	the	flux	tower	(blue	circles	in	Fig.	4b).	While	there	are	

issues	in	scaling	up	chamber-based	estimates,	these	results	corroborate	earlier	work	that	

suggest	that	flux	tower	based	estimates	of	ER	at	this	site	might	be	underestimated	(Harmon	et	

al.,	2004).		

	

	
Figure	3-4.	Nighttime	ecosystem	FOCS	and	FCO2	(blue	circles	in	a-b)	and	Surface	FOCS	and	FCO2	
from	chamber	measurements	(brown	squares	in	a-b)	from	sites	2	and	3.	Site	1	was	atypical	(see	
section	2.7)	and	therefore	fluxes	are	not	shown.	Values	for	site	1	FOCS	and	FCO2	were	-22	±	0.3	
pmolm-2s-1	and	-83	±	2	µmolm-2s-1	respectively.		

	

3.4.4 Sensitivity	to	diffuse	light	

Mid-day	fluxes	of	OCS	and	CO2	were	found	to	be	sensitive	to	changes	in	the	fraction	of	

diffused:total	incoming	shortwave	radiation	(fdiff;	Figure	5a-b).	For	these	analyses,	data	were	

separated	into	three	periods	corresponding	to	early	summer	(DOY	109-180),	mid-late	summer	

(DOY	180-240)	and	early	fall	(DOY	240-297),	and	binned	into	three	categories:	clear	sky	

conditions,	partly	cloudy,	and	overcast,	defined	in	sec.	2.7.	Mid-day	VPD	was	highest	under	

clear	sky	conditions	and	lowest	under	overcast	skies,	but	was	most	different	across	the	three	

periods,	during	clear	skies	(Fig.	5a).	Consequently,	OCS	and	CO2	uptake	was	highest	(most	

negative	fluxes)	under	overcast	conditions	during	the	early	summer,	and	generally	declined	as	

fdiff	decreased	across	all	time	periods	(Fig.	5b-d).	Across	the	three	periods,	the	rate	of	decrease	

was	much	higher	as	fdiff	changed	from	partially	cloudy	to	clear.	During	the	mid-late	summer,	

however,	(red	diamonds	in	Fig.	5a-f),	the	diffuse	light	effect	resulted	in	GPP	and	NEE	being	
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almost	as	high	as	during	the	early	summer.	FOCS	was	also	highest	under	partially	cloudy	skies	

during	this	time,	and	only	showed	a	very	weak	decline	under	completely	overcast	conditions.	

Overall,	the	behavior	of	OCS	and	CO2	fluxes	was	similar	during	the	later	time	periods.	Leaf	

relative	uptake	(LRU;	calculated	according	to	eq.	5)	was	lowest	under	partly	clear	skies	and	

highest	under	overcast	conditions.	This	is	because	under	highly	diffuse	conditions,	carbon	

uptake	is	additionally	limited	by	light,	whereas	FOCS	is	not	(Wehr	et	al.,	2017;	Maseyk	et	al.,	

2014).	The	shape	of	the	LRU	curves	can	additionally	be	explained	by	examining	canopy	

conductance	(Gc;	Fig.	5f),	which	was	also	higher	under	overcast	skies.	LRU	increased	with	Gc	

across	all	three	periods	(Fig.	5g),	and	appeared	to	be	constant	for	Gc	greater	than	~400	mmolm-

2s-1.		

The	diffuse	light	enhancement	of	stomatal	and	canopy	conductance	is	well	documented	

across	a	range	of	forest	ecosystems	(Alton	et	al.,	2007;	Cheng	et	al.,	2015;	Hollinger	et	al.,	2017;	

Urban	et	al.,	2007;	Wharton	et	al.,	2012).	Lower	VPD	(Fig.	5a)	and	light	levels	allow	plants	to	

keep	stomata	open	at	mid-day	and	continue	fixing	CO2.	Lower	VPD	reduces	transpirational	

losses,	and	the	lack	of	VPD-induced	partial	stomatal	closure	reduces	the	resistance	to	CO2	

diffusion	into	the	leaf.	Correspondingly,	the	less	directional	nature	of	diffuse	solar	radiation	

allows	greater	penetration	into	the	canopy,	thus	increasing	photosynthesis	across	the	entire	

canopy,	even	as	a	reduction	in	canopy	top	leaf	photosynthesis	is	observed	due	to	a	reduction	in	

total	radiation.	In	a	multi-year	analysis	at	Wind	River,	Wharton	et	al.,	(2012)	found	that	cloudy	

and	partly	cloudy	sky	conditions	during	the	peak-growing	season	lead	to	an	enhancement	of	

NEE.	During	our	study,	Gc	was	generally	higher	in	the	early	growing	season,	but	increased	as	sky	

conditions	changed	from	clear	skies	to	overcast.	This	increase	was	similar	across	the	three	time	

periods,	even	as	the	response	of	OCS	and	CO2	fluxes	was	different	across	these	periods.	This	

indicates	that	declining	soil	moisture	(Fig.	1d)	likely	limits	gas	exchange	as	the	summer	

progresses,	even	as	canopy	conductance	can	be	reasonably	high	under	overcast	skies.		
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Figure	3-5.	Mid-day	VPDa,	FOCS,	NEE	and	GPP	plotted	against	the	fraction	of	diffuse	
downwelling	shortwave	radiation	(a-d)	for	early	summer,	mid-late	summer	and	early	fall	of	
2015	(these	periods	are	defined	in	Section	3.4).	High	values	on	the	x-axis	indicate	completely	
overcast	or	cloudy	conditions,	whereas	as	low	values	indicated	clear	skies.	LRU	increases	with	
increasing	fdiff	during	each	period	but	the	increase	is	most	pronounced	in	the	early	summer	(e).	
Gc	increases	from	clear	to	partly	cloudy	conditions	across	the	three	periods	and	plateaus	during	
overcast	sky	conditions	(f).	Across	the	three	periods,	LRU	increased	with	Gc,	and	levelled	off	at	
Gc	values	greater	than	~	400	mmolm-2s-1	(g).		

	

3.4.5 Response	to	heat	waves	

2015	was	the	warmest	year	in	large	parts	of	the	Pacific	Northwest	since	records	began	

in	the	1930s	(Dalton	et	al.,	2017).	We	observed	three	distinct	heat	waves	during	the	2015	

summer.	These	were	in	early	June	(DOY	157-160),	end	of	June-	early	July	(DOY	175-188)	and	
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late	July-early	August	(DOY	210-213).	The	three	heat	waves	are	shown	as	red,	yellow	and	dark	

purple	lines	in	Fig.	5;	the	overall	time	series	is	shown	in	blue	(mid-day	means	are	plotted	for	all	

variables).	Mid-day	temperatures	exceeded	30°C	during	these	heat	wave	events,	while	VPD-leaf	

exceeded	3Kpa	during	the	first	heat	wave	and	increased	to	a	maximum	of	5.3	kPa	during	the	

last	event	(Fig.	5b).	During	the	first	two	events,	FOCS	was	similar	to	days	immediately	prior	(Fig.	

5c),	but	the	canopy	became	a	net	source	of	CO2	during	all	three	events	(Fig.	5d).	The	third	

events	lead	to	a	severe	reduction	in	FOCS,	even	though	the	canopy	had	received	some	rainfall	in	

the	preceding	weeks	(Fig.	1c).	Water	vapor	fluxes	(Fig	5e)	increased	during	the	first	two	heat	

waves,	compared	to	days	immediately	prior.	The	increased	water	vapor	is	likely	not	from	

increased	transpiration,	as	canopy	scale	stomatal	conductance	during	these	events	(Gc;	Fig.	5f)	

is	dramatically	reduced.	The	increase	is	rather	due	to	a	flux	of	water	from	the	soil	surface	and	

epiphytes	that	can	store	water	in	the	canopy.	High	temperatures	during	such	events	are	likely	

to	result	in	increased	evaporation.	
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Figure	3-6.	Mid-day	means	(11am-1pm	local	time)	for	three	heat	wave	periods	(plotted	as	red,	
yellow	and	purple,	while	the	overall	time	series	is	shown	in	blue).	Variables	displayed	are	canopy	
temperature	(°C;	a),	VPD-leaf	(b),	FOCS	(c),	NEE	(d),	water	vapor	flux	(e),	and	canopy	
conductance	(Gc,	f).	Units	for	each	panel	are	the	same	as	specified	in	previous	figures.	

	

3.5 Conclusions	

Over	hourly	and	seasonal	timescales,	estimates	of	FOCS	generally	tracked	fluctuations	in	

GPP,	implying	stomatal	control	of	carbon,	water,	and	OCS	fluxes	at	the	site.	We	used	

continuous	in-situ	measurements	of	OCS	mixing	ratios,	collocated	measurements	of	water	

vapor	fluxes,	and	air	and	canopy	temperatures	to	calculate	OCS	uptake.	We	found	the	forest	to	

be	a	large	sink	for	OCS,	with	sink	strength	peaking	during	daylight	hours.	The	mean	LRU	was	~	4,	

and	varied	in	response	to	changing	light	conditions	and	canopy	conductance.	These	LRUs	are	

larger	than	observed	from	other	ecosystem	scale	studies,	but	well	within	the	range	of	reported	
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values	(Whelan	et	al.,	2018;	Sandoval-Soto	et	al.,	2005).	The	forest	surface	was	found	to	be	a	

soil	moisture	dependent	sink	of	OCS,	with	magnitudes	that	were	roughly	half	of	nighttime	

ecosystem	fluxes,	indicating	other	components	of	the	ecosystem	(epiphytes	present	

throughout	the	canopy	and	impartial	stomatal	closure)	to	also	take	up	OCS	during	these	hours.		

Ecosystem	fluxes	of	OCS	and	CO2	were	found	to	be	strongly	sensitive	to	the	ratio	of	

diffuse:direct	radiation	reaching	the	top	of	the	canopy.	Uptake	of	both	OCS	and	CO2	increased	

as	sky	conditions	changed	from	clear	to	partly	cloudy.	A	much	smaller	increase	in	uptake	was	

observed	as	sky	conditions	changed	from	partly	cloudy	to	overcast,	except	during	the	early	

summer,	when	soil	moisture	was	not	limiting.	This	change	was	mediated	by	the	sensitivity	of	

stomata	to	changing	cloudiness	and	soil	moisture,	as	estimated	from	canopy	conductance	

calculated	according	to	the	inverted	Penman-Monteith	equation.	Finally	we	examined	the	

response	of	OCS,	CO2	and	H2O	fluxes	on	heatwaves,	and	found	that	sequential	heatwaves	lead	

to	suppression	in	stomatal	gas	exchange	of	all	three	fluxes.		

Our	results	support	the	growing	body	of	work	that	suggests	ecosystem-scale	OCS	uptake	

is	controlled	by	stomatal	dynamics.	While	moist	old-growth	forests	in	Pacific	Northwestern	U.S.	

do	not	represent	a	very	large	fraction	of	the	global	terrestrial	surface	area,	results	from	this	

study	are	likely	relevant	for	other	old-growth	forests,	particularly	high	LAI	and	very	wet	forests	

with	extensive	epiphyte	cover,	which	are	widespread	in	the	humid	tropics.		
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4 FLUX	PARTITIONING	UNDERESTIMATES	GPP	IN	AN	OLD-GROWTH	CONIFEROUS	FOREST:	

INSIGHTS	FROM	TWO	INDEPENDENT	ESTIMATES	AND	A	PROCESS	MODEL	
	
4.1 Abstract	

Uncertainties	in	modeling	terrestrial	climate-carbon	feedbacks	are	driven	by	our	

inability	to	directly	measure	photosynthesis	beyond	the	leaf-level.	The	eddy	covariance	method	

is	widely	used	to	measure	net	uptake	of	CO2	(NEE)	across	a	range	of	ecosystems	but	lacks	a	

process-based	approach	to	partition	this	into	source	(Respiration)	and	sink	(Gross	Primary	

Productivity	or	GPP)	terms.	In	this	study,	we	independently	estimate	ecosystem-scale	GPP	at	a	

well-studied	temperate	old-growth	coniferous	forest	using	measurements	of	carbonyl	sulfide	

(OCS),	from	sap	flow	and	stable	isotopes	of	C	in	leaves,	and	a	process-based	model.	GPP	

inferred	from	these	approaches	was	found	to	be	higher	than	that	inferred	from	established	flux	

partitioning	of	NEE,	at	sub-daily	to	seasonal	timescales.	We	discuss	limitations	of	each	approach	

and	conclude	that	eddy	flux-based	approaches	underestimate	GPP,	likely	driven	by	an	

underestimation	of	respiration	at	the	site.	We	suggest	that	measurements	of	trace	gases	such	

as	OCS,	coordinated	with	physiological	and	structural	measurements,	may	jointly	provide	

constraints	on	GPP	estimates.	

	

4.2 Introduction	

The	vegetated	terrestrial	surface	plays	an	outsized	role	in	global	carbon	cycling,	and	

annual	variability	in	CO2	removal	from	the	atmosphere	is	highly	dependent	on	the	strength	of	

the	terrestrial	carbon	sink	(Heimann	&	Reichstein,	2008).	However,	despite	large	advances	in	

measurement	and	modeling	techniques	and	increased	spatio-temporal	measurements	of	[CO2],	

carbon-climate	coupled	model	intercomparison	efforts	still	fail	to	converge	on	even	the	sign	of	

the	shift	in	the	cumulative	land	sink	in	response	to	recent	global	warming	(Huntzinger	et	al.,	

2017).	This	is	in	part	due	to	our	inability	to	directly	measure	photosynthesis	beyond	the	leaf	

level.	The	eddy	covariance	(EC)	technique	is	widely	used	to	measure	the	net	uptake	of	CO2	(i.e.,	
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NEE),	and	has	now	effectively	been	adopted	as	a	standard	approach	to	measure	this	quantity	

across	different	ecosystems,	even	as	limitations	to	application	of	this	method	remain,	including	

low	turbulence,	flow	decoupling	and	advection	in	tall	and/or	dense	forest	canopies,	and	diverse	

topographical	areas	(Baldocchi,	2014;	Baldocchi	et	al.,	2018;	K.	A.	Novick	et	al.,	2018).	An	

outstanding	issue	is	the	lack	of	a	process-based	approach	that	partitions	NEE	into	source	

(respiration)	and	sink	(photosynthesis	or	GPP)	terms	(R	Wehr	et	al.,	2016).	The	same	is	true	of	

remote	sensing	approaches,	which	typically	use	an	index	of	“greenness”	to	relate	incoming	and	

Absorbed	Photosynthetically	Active	Radiation	(IPAR	and	APAR	respectively)	to	predict	GPP	

using	a	parameter	called	light-use	efficiency	(ε).	Consequently,	approaches	that	rely	on	EC	

and/or	satellite	data	often	disagree	on	the	response	of	terrestrial	carbon	cycling	to	

perturbations	in	climate	and	[CO2].	Cross-site	syntheses	often	show	contradictory	results,	e.g.,	

an	increase	in	carbon	uptake	due	to	an	increase	in	the	growth	period	in	warmer	climates	

(Keenan	et	al.,	2014),	as	well	as	an	increase	in	water-use	efficiency	(the	ratio	of	carbon	fixed	to	

water	transpired)	due	to	higher	CO2	concentrations	(Keenan	et	al.,	2013).	Similarly,	variations	in	

terrestrial	CO2	uptake	may	be	driven	by	a	reduction	in	the	land	sink	strength	explained	by	a	

faster	increase	of	respiration	than	GPP	(Li	et	al.,	2018)	and/or	an	increase	in	photosynthesis	in	

northern	forests	due	to	recent	climate	warming	(Forkel	et	al.,	2016).	Decreases	in	CO2	uptake	

from	an	increase	in	the	water	limitation	of	photosynthesis	due	to	rising	vapor	pressure	deficits	

(VPD,	the	atmospheric	demand	for	moisture)	may	also	be	driving	these	variations	(Novick	et	al.,	

2016).	To	an	extent	this	confusion	is	understandable.	since	variability	in	photosynthesis	and	

respiration	is	regulated	by	covarying	environmental	drivers.	For	instance,	an	increase	in	

temperature	leads	to	an	increase	in	respiration	and	photosynthesis	(to	an	extent)	based	on	

enzyme	kinetics,	but	rising	temperatures	are	also	associated	with	higher	VPD,	inducing	partial	

stomatal	closure	and	therefore	reduced	leaf	uptake	of	CO2,	a	feedback	that	is	thought	to	be	

mediated	to	a	certain	degree	by	increasing	atmospheric	CO2	concentrations.	In	summary,	

uncertainty	about	the	principal	responses	of	the	biosphere	to	warming	is	largely	driven	by	an	

inability	to	measure	GPP	routinely	and	accurately	across	a	range	of	ecosystems.			



 

 

84 

 

	

Novel	approaches	to	improve	our	understanding	of	GPP	include	measurements	of	

carbonyl	sulfide	(OCS;	Asaf	et	al.,	2013;	Commane	et	al.,	2015;	Kooijmans	et	al.,	2017;	Maseyk	

et	al.,	2014),	stable	isotopes	of	CO2	(13CO2;	Oikawa	et	al.,	2017;	Wehr	&	Saleska,	2015),	

combining	sap	flow	and	carbon	isotope	data	(Klein	et	al.,	2016),	digital	repeat	photography	

(Knox	et	al.,	2017;	Toomey	et	al.,	2015),	and	measurements	of	solar	induced	fluorescence	(SIF;	

Guanter	et	al.,	2014;	Miao	et	al.,	2018;	Rossini	et	al.,	2010).	In	this	study,	we	focus	on	

constraining	GPP	using	multiple	measurement	approaches	at	a	well-studied	old-growth	

temperate	forest.	Finally	we	compare	these	GPP	estimates	to	modeled	GPP	from	the	

mechanistic	Soil	Canopy	Observation	Photochemistry	and	Energy	model	(SCOPE;	van	der	Tol	et	

al.,	2009).		

	

4.3 Methods	

4.3.1 Site	description	

Measurements	were	made	at	the	Wind	River	Experimental	Forest	(WR),	located	within	

the	Gifford	Pinchot	National	Forest	in	southwest	Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	

121°57ʹ06.88ʹʹ;	371	m	above	sea	level).	The	site	is	well	studied	and	described	in	great	detail	

(Paw	U	et	al.,	2004;	D.	Shaw	et	al.,	2004;	Wharton	&	Falk,	2016;	Winner	et	al.,	2004).	The	

climate	is	classified	as	temperate	oceanic	with	a	strong	summer	drought.	The	forest	is	478	ha	of	

preserved	old-growth	evergreen	needle-leaf	forest,	with	dominant	tree	species	of	Douglas-fir	

(Pseudotsuga	menziesii	(Mirbel)	Franco)	and	Western	hemlock	(Tsuga	heterophylla).	The	tallest	

Douglas-fir	trees	are	between	50	and	60m,	while	the	shade-tolerant	hemlocks	are	typically	

between	20-30	m	high.	Maximum	rooting	depth	is	1–2	m	for	the	tallest,	dominant	Douglas-fir	

trees,	although	most	of	the	root	biomass	is	concentrated	in	the	first	0.5	m	(Shaw	et	al.,	2014).	

The	cumulative	LAI	is	estimated	to	be	8-9	m2	m-2	(Parker	et	al.,	2004).	The	soils	are	volcanic	in	

origin,	although	most	of	the	soil	surface	is	covered	by	decaying	organic	matter	(Shaw	et	al.,	

2004).	
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4.3.2 Measurements	

4.3.2.1 Eddy	covariance	

Carbon,	water	and	energy	fluxes	have	been	collected	since	1998	using	the	eddy	

covariance	(EC)	technique	at	the	Wind	River	AmeriFlux	tower	(US-wrc;	Wharton	and	Falk	2016).	

The	most	recent	EC	system	consists	of	a	3D	sonic	anemometer	(CSAT3,	Campbell	Scientific,	

Logan,	Utah)	and	a	closed-path	infrared	gas	analyzer	(LI-7000,	Li-Cor,	Lincoln,	Nebraska).	The	EC	

system	is	located	approximately	10	m	above	the	canopy	top	at	a	height	of	70	m.		

 

4.3.2.2 Transpiration	from	sap	flow	measurements	

Sap	flow	was	measured	using	variable	length	heat	dissipation	sap	flow	probes	with	a	

heated	and	a	reference	sensor,	each	10	mm	in	length	at	the	probe	tip,	at	the	base	of	tall	

dominant	P.	menziesii	and	T.	heterophylla	trees	of	varying	sizes	between	June	1-September	30,	

2002.	The	individual	trees	and	measurements	are	described	in	detail	in	(Meinzer	et	al.,	2006).	

Briefly,	four	probes	were	installed	in	each	tree,	at	radial	depths	of	1cm,	3cm,	4.5cm	and	6cm	for	

P.	menziesii,	and	1.5cm,	5.5cm,	9.5cm	and	15cm	for	T.	heterophylla.	Concurrent	differential	

voltage	measurements	at	each	depth	were	recorded	at	1min	interval,	averaged	to	10min,	

converted	to	a	temperature	difference	between	the	heated	and	the	reference	sensor,	which	

were	converted	to	sap	flux	using	an	empirical	equation	(Granier,	1985),	and	finally	converted	to	

mass	flow	by	multiplying	by	the	cross-sectional	sap	wood	area.	Total	water	use	for	each	tree	

was	calculated	by	summing	up	the	mass	flow	at	each	sapwood	depth.	Finally	we	calculated	

species-specific	transpiration	rates	for	each	species.	For	P.	menziesii,	stand-scale	transpiration	

was	estimated	by	calculating	a	mean	water	use	for	trees	measured	combined	with	the	number	

of	individuals	per	hectare	(Shaw	et	al.,	2004).	Since	T.	heterophylla	trees	occupied	a	more	

diverse	size	and	age	distribution	(Fig.	S1b),	we	scaled	the	transpiration	additionally	based	on	

the	proportion	of	trees	in	different	size	classes.		This	approach	allowed	us	to	directly	estimate	

stand-scale	transpiration	without	relying	on	assumptions	regarding	the	ratio	of	sapwood:	

ground	area,	which	can	be	challenging	to	acquire	in	a	forest	with	multiple	species	and	age	
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classes.	Numerous	T.	heterophylla	trees	were	also	experiencing	chronic,	long-term	dwarf	

mistletoe	infection	(Shaw	et	al.,	2005),	which	considerably	impedes	plant	function	by	lowering	

branch	hydraulic	conductivity	and	whole-tree	water	use	(Meinzer	et	al.,	2004).	Sap	flow	

measurements	of	both	infected	and	uninfected	trees	(Meinzer	et	al.,	2004),	along	with	

information	about	the	size	distribution	of	both	infected	and	uninfected	individuals	(Shaw	et	al.,	

2005),	allowed	us	to	incorporate	the	effect	of	Mistletoe		in	our	estimates	of	transpiration	(Fig.	

S.1c).		

 

4.3.2.3 	Carbonyl	Sulfide	

A	commercially	available	off-axis	integrated	cavity	output	spectroscopy	analyzer	

manufactured	by	Los	Gatos	Research	Inc.,	(LGR;	model	914-0028)	was	deployed	at	the	base	of	

the	tower	in	an	insulated	and	temperature-controlled	shed	between	April	19-Dec	1,	2015.	

Details	regarding	instrumentation	and	calibration	can	be	found	in	Rastogi	et	al.,	(in	revision),	

and	the	calculation	of	OCS	flux	from	mixing	ratios	measured	at	the	canopy	top	can	found	in	

Rastogi	et	al.,	(in	review).	Briefly,	mixing	ratios	of	OCS,	CO2,	H2O	were	measured	simultaneously	

at	a	maximal	scan	rate	of	5Hz.	The	system	uses	a	4.87	µm	cascade	laser	coupled	to	a	high	

finesse	800	cm3	optical	cavity	and	light	transmitted	through	the	cavity	is	focused	into	a	cooled	

and	amplified	HgCdTe	detector.	OCS	is	detected	at	∼2050.40	cm-1,	CO2	at	2050.56	cm-1,	CO	at	

∼2050.86	cm−1,	and	H2O	at	∼2050.66	cm−1.	Pressure	broadening	associated	with	changes	in	

the	concentration	of	water	vapor	in	the	samples	is	corrected	for	in	the	analysis	routine.	Air	was	

sampled	through	0.25’’	diameter	Teflon	PFA	tubing	using	a	diaphragm	pump	at	a	flow	rate	of	2L	

min-1,	from	inlets	located	at	70m	(at	the	height	of	the	eddy	flux	instrumentation),	60m	(canopy	

top),	20m,	10m,	and	1m	(near	the	ground	surface).	Gas	calibration	was	performed	using	

ambient	air	stored	in	insulated	tanks	as	a	secondary	reference.	Air	was	sampled	into	the	

analyzer	daily,	and	tank	pressure	was	routinely	monitored	to	check	for	leaks.	Glass	flasks	were	

randomly	sampled	from	calibration	tanks	and	measured	against	a	NOAA	GMD	reference	

standard.	Cross-referencing	revealed	that	the	accuracy	of	the	OCS	measurement	from	our	
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analyzer	was	within	the	reported	minimum	uncertainty	of	the	instrument	(of	12.6	pmol	mol-1;	

Berkelhammer	et	al.,	2016).	

4.3.3 Estimates	of	GPP:		

4.3.3.1 Flux	Partitioning	

NEE	was	measured	using	the	EC	system	and	partitioned	into	ecosystem	respiration	(ER)	

and	GPP	by	identifying	a	turbulence	(friction	velocity)	threshold,	fitting	an	exponential	

temperature	response	curve	to	the	nighttime	NEE,	and	extrapolating	the	relationship	to	

calculate	daytime	ER.	GPP	is	calculated	as	the	residual	of	NEE	and	ER.	(Reichstein	et	al.,	2005).	

For	full	data	processing	protocols,	including	gap	filling,	readers	are	referred	to	Falk	et	al.	(2008)	

and	Wharton	et	al.	(2012).		Additionally,	we	used	a	daytime	light	response	curve	approach	

(Lasslop	et	al.,	2010)	to	partition	data.	Data	were	gap	filled	and	partitioned	using	the	online	tool	

REddyProc.	For	the	rest	of	this	study,	the	Reichstein	et	al.,	(2005)	method	is	referred	to	as	the	

‘nighttime’	approach,	or	GPPEC-NT,	while	the	Lasslop	et	al.,	(2010)	method	is	referred	to	as	the	

‘daytime’	approach,	or	GPPEC-DT.	

 

4.3.3.2 GPP	from	sap	flow	and	Isotopes	

We	estimated	GPP	(distinguished	from	other	GPP	estimates	as	GPPSF)	using	an	

independent	estimate	of	transpiration	determined	from	measurements	of	sap	flow,	and	leaf	

δ13C	data	collected	at	Wind	River.	This	approach	was	recently	demonstrated	in	a	young	semi-

arid	pine	forest	in	Israel	(Klein	et	al.,	2016),	and	is	based	on	the	established	relationship	

between	intrinsic	water	use	efficiency	(WUEi)	and	the	stable	isotopic	composition	of	leaf	δ13C	

(Farquhar	&	Richards,	1984;	Ulli	Seibt	et	al.,	2008):	

 𝐺𝑃𝑃I[ 	= 𝑇. f6g
C.s6

. 𝐶2. 1 −
<:
<9

      (2) 
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𝛥R = 	 (𝛿Cx𝐶2 − 𝛿Cx𝐶R)/(1 +	𝛿Cx𝐶R	/1000)     (4) 

Where	GPP	is	estimated	in	μmolm-2	s-1,	T	is	transpiration	[mmol	m-2	s-1],	VPD	is	atmospheric	

vapor	pressure	deficit	and	P	is	atmospheric	pressure	[both	in	kPa],	Ci	is	the	CO2	concentration	in	

leaf	intercellular	spaces	and	Ca	is	the	ambient	CO2	concentration	[both	in	ppm],	Δp	is	
13CO2/12CO2	discrimination	during	photosynthesis	[‰],	a	and	b	are	fractionations	due	to	

molecular	diffusion	and	carboxylation	by	the	enzyme	Rubisco	(4.4	‰	and	-27.5	‰	respectively),	

and	δ13Cp	and	δ13Ca	are	measured	isotope	ratios	of	C	in	photosynthesizing	leaves	and	

atmospheric	CO2.	δ13Cp	and	δ13Ca	were	measured	for	T.	heterophylla	needles	at	different	

heights	for	three	growing	seasons	(1998-2000;	Fessenden	&	Ehleringer,	2003).	As	we	show	in	

section	2.4.2.1,	T.	heterophylla	contributes	to	most	of	the	transpired	water	at	this	site;	it	is	

therefore	reasonable	to	use	its	leaf	δ13C	to	estimate	a	canopy-scale	Ci	(required	in	eq.	1).	Based	

on	site	climatology	(Wharton	&	Falk,	2016),	2000	and	2002	were	determined	to	be	‘normal	

years’,	and	we	therefore	used	𝛥R	estimates	in	2000	from	Fessenden	&	Ehleringer,	(2003).	Since,	

most	of	the	leaf	area	at	the	site	is	concentrated	in	the	mid-canopy	(Parker,	1997),	leaf	𝛥R	values	

from	this	region	of	the	canopy	were	used	(assumed	to	be	constant	at	20.8	‰).		

 

4.3.3.3 GPP	from	carbonyl	sulfide	fluxes	

Fluxes	of	carbonyl	sulfide	were	obtained	using	a	simple	empirical	model	of	OCS	uptake	

requiring	water	vapor	fluxes	and	vapor	pressure	deficit	(Rastogi	et	al.	2018):		

𝐹H<I = −𝑃.
[bJ\
f6g

. 𝑂𝐶𝑆        (5) 

FOCS	is	the	canopy	OCS	flux,	[OCS]	is	the	mixing	ratio	of	OCS	measured	at	the	canopy	top	(60m),	

FH2O	is	the	water	vapor	flux	measured	using	eddy	covariance,	and	P	and	VPD	are	atmospheric	

pressure	and	leaf-specific	vapor	pressure	deficit	[kPa],	estimating	using	measured	leaf	

temperature	and	relative	humidity.		

Finally,	GPP	(distinguished	from	other	GPP	estimates	as	GPPOCS)	from	this	approach	is	

estimated	as:	



 

 

89 

 

𝐺𝑃𝑃H<I = −𝐹H<I.
<HJ
H<I

. C
D7K

      (6) 

Where	LRU	is	defined	as	the	leaf	relative	uptake	of	OCS:CO2.	Following	Maseyk	et	al.,	2014),	we	

modeled	LRU	as	a	non-linear	function	of	incoming	PAR,	such	that	light-saturated	LRU	(i.e.,	when	

IPAR	>	1200	umol/m2/s)	was	within	5%	of	the	theoretical	LRU	obtained	from	estimated	Ci/Ca	in	

section	2.3.2.	The	relationship	between	LRU	and	Ci/Ca	was	defined	by	Seibt	et	al.,	(2010),	

as	𝐿𝑅𝑈	 = 	0.75. 1 − <:
<9

QC
.	GPP	using	Eq	(6)	was	calculated	under	conditions	when	PAR	was	>	

100	Wm-2.	

4.3.4 GPP	predicted	from	a	process	model	

The	soil	canopy	observation,	photochemistry,	and	energy	fluxes	(SCOPE)	model	is	a	

vertical	1-D	mechanistic	model	consisting	of	a	radiative	transfer	model	and	an	energy	balance	

model	(van	der	Tol	et	al.,	2009).	Scope	uses	the	established	leaf-level	equations	of	

photosynthesis	and	stomatal	conductance	to	scale	these	quantities	across	a	canopy.	

Parameters	and	input	data	for	SCOPE	are	provided	in	Table	7-1.	

	

4.4 Results	

4.4.1 Flux	Partitioning	

Both	nighttime	(GPPEC-NT;	Reichstein	et	al.,	2005)	and	daytime	(GPPEC-DT	;	Lasslop	et	al.,	

2010)	flux	partitioning	approaches	showed	similar	mean	annual	(Fig.	1a)	and	mean	diurnal	

cycles	(Fig.	1b)	for	the	year	2015.	GPPEC	from	both	approaches	peaked	in	the	spring	(highest	

uptake	rates	observed	in	April),	when	the	ecosystem	was	not	water	limited,	and	productivity	

was	not	constrained	by	low	light	levels,	declining	steadily	thereafter,	in	response	to	depleting	

soil	moisture	(right	axis	in	Fig	1a).	This	response	was	better	captured	in	the	daytime	approach,	

including	a	transient	recovery	in	response	to	rainfall	events	in	September	that	replenished	soil	

moisture.	GPPEC-DT	was	consistently	lower	than	that	from	the	nighttime-based	approach,	and	

this	difference	was	least	pronounced	during	the	period	of	peak	CO2	assimilation	(diel	cycles	for	

each	month	are	shown	in	Fig.	S2).	This	is	readily	explained	by	the	structure	of	the	two	models.	
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The	nighttime	approach	uses	an	exponential	fit	to	determine	the	response	of	respiration	

(measured	nighttime	NEE)	to	nighttime	temperature	(Lloyd	&	Taylor,	1994),	and	uses	these	

coefficients	to	determine	respiration	during	the	daytime.	GPP	is	then	inferred	as	the	residual	of	

observed	NEE	and	modeled	respiration.	The	daytime	approach	additionally	models	GPP	as	a	

function	of	incoming	PAR	and	VPD.	While	the	nighttime	approach	makes	fewer	assumptions,	it	

is	prone	to	overestimation	of	both	respiration	and	GPP	at	high	temperatures.	This	can	be	seen	

in	the	ratio	of	GPP:(-NEE),	which	increases	non-linearly	and	artificially	at	high	temperatures	in	

the	nighttime	approach	(Fig.	1c),	but	shows	a	slow	decline	in	the	daytime	approach,	reflecting	

stomatal	closure	at	high	VPD.		

 

	
Figure	4-1.	Seasonal	(a),	and	Diurnal	cycles	of	GPP	from	flux	partitioning	of	NEE	using	the	
'nighttime	approach'	or	NT	and	the	'daytime	approach'	or	DT.	Plotted	on	the	right	axis	is	soil	
moisture	at	40cm	depth	in	(a),	and	mean	VPD	in	(b).	Error	bars	indicate	one	standard	error.	
Ratio	of-	GPP:NEE	is	plotted	against	air	temperatures	in	(c),	showing	a	non-linear	and	artificial	
increase	at	high	temperatures.	

4.4.2 Sapflow-based	GPP	

We	quantified	daily	GPP	for	the	summer	of	2002,	by	estimating	transpiration	using	

sapflow	measurements,	and	combining	it	with	measured	leaf	δ13C.	
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4.4.2.1 Transpiration	from	Sap	flow	

Transpiration	scaled	from	sap	flow	(TSF)	at	the	site	was	dominated	by	T.	heterophylla,	

even	as	maximum	sap	flux	from	individual	trees	was	slightly	higher	in	P.	menziesii,	due	to	the	

much	greater	number	of	T.	heterophylla	individual	trees,	compared	to	P.	menziesii	trees	(224	

ha-1	compared	to	35	ha-1;	Shaw	et	al.,	2004).	The	mean	daily	ratio	of	ecosystem-scale	water	

transpired	by	the	two	species	(i.e.,	TDF:TWH)		was	0.13,	with	highest	values	observed	at	lower	

VPD	and	high	soil	moisture	(Fig.	2a).	This	ratio	declined	sharply	as	VPD	increased	and	stayed	

constant	at	~	0.1	as	soil	moisture	continued	to	decreased,	indicating	that	the	more	shade	

tolerant	T.	heterophylla	trees	were	able	to	maintain	sap	flow	throughout	the	summer,	even	as	

the	sap	flow	in	P.	menziesii	declined	in	response	to	high	atmospheric	demand	(VPD)	and	soil	

drought.	Diel	cycles	of	sap	flow-scaled	transpiration	for	the	two	species,	and	the	overall	sum,	

are	shown	in	Fig.	S3.	T.	heterophylla	transpiration	showed	a	time	lag	of	~	1	hour	compared	to	P.	

menziesii,	as	stomatal	conductance	in	shorter	T.	heterophylla	trees	is	limited	by	light	in	the	

early	mornings.	Overall,	transpiration	from	sap	flow	lagged	eddy	covariance-based	estimates	of	

evapotranspiration	(ETEC).	This	is	understandable,	since	sap	flow	is	measured	in	the	lower	trunk	

of	trees	and	spatially	separated	(in	this	case,	by	up	to	50-60m)	from	the	site	of	water	loss,	i.e.	

the	leaf	(Meinzer	et	al.,	1997;	Phillips	et	al.,	2002;	Meinzer	et	al.,	2004;	Čermák	et	al.,	2007).	At	

daily	timescales,	however,	transpiration	and	sap	flow	reach	steady	state.	This	enabled	us	to	

estimate	mean	daily	water	use	(transpiration)	using	the	cumulative	sap	flow	each	day	

normalized	by	the	number	of	hours	when	sap	flow	was	above	zero.	Transpiration	estimates	

from	sap	flow	were	generally	lower	than	evapotranspiration	estimates	from	eddy	covariance	

flux	measurements	(from	latent	heat	fluxes).	The	median	ratio	of	TSF	to	ETEC	was	~	0.88,	

declining	with	increasing	VPD.	High	T:ET	ratios	are	expected	at	this	dense	forest	site,	since	

evaporation	from	the	soil	surface	is	minimal	(Lai	et	al.,	2006).	A	few	outliers	above	1.5	were	

associated	with	calm	and	cloudy	days,	indicated	by	lower	turbulence	(u*	<	0.3)	and	decreased	



 

 

92 

 

mean	daily	shortwave	radiation	(Fig.	2b),	indicating	that	eddy	flux	data	may	underestimate	

transpiration	during	these	conditions.		

 

 
Figure	4-0-2.	Ratios	of	cumulative	daily	transpiration	of	P.	Menziesii	(douglas	fir	or	DF)	
individuals	to	T.	heterophylla	(western	hemlock	or	WH)	individuals	are	high	at	low	VPD,	and	
remain	constant	beyond	~	1KPa.	The	ratio	is	additionally	dependent	on	available	soil	moisture	
(color	bar	in	a),	showing	that	as	soil	drought	progresses,	the	contribution	of	T.	Hetrophylla	to	
ecosystem-scale	transpiration	increases,	and	(b)	the	ratio	of	transpiration	scaled	using	sap	flow	
data	to	evapotranspiration	estimates	from	latent	heat	fluxes	estimated	from	eddy	flux	data	is	
constrained,	but	shows	values	greater	than	1	during	times	of	low	turbulence	(low	u*).	

4.4.2.2 GPP	from	sap	flow	scaled	transpiration	

Transpiration	was	combined	with	reported	leaf	13C	data	to	infer	a	canopy	scale	Ci/Ca	

ratio	to	estimate	mid-day	mean	CO2	assimilation	for	each	day	that	sap	flow	was	measured	

(equation	2).	The	daily	mean	VPD	over	this	period	was	1.2	kPa,	ranging	from	0.1	kPa	on	cloudy	

days	to	3.2	kPa	in	mid-summer	(Fig.	3a).	Daily	patterns	of	cumulative	water	use	measured	by	

eddy	covariance	and	the	sap	flow	technique	are	presented	in	Fig	3b	and	respond	to	fluctuations	

in	VPD.	This	is	reflected	in	the	daily	mean	canopy	conductance,	calculated	by	re-arranging	the	

Penman	Monteith	equation	(presented	in	Chapter	2).	Mean	daily	GPP	derived	from	this	

approach	(GPPSF,	Fig	3d)	was	11.2	μmolm-2s-1	over	the	entire	range	of	measurements,	compared	

to	8.9	μmolm-2s1	obtained	from	eddy	flux	measurements	(GPPEC;	partitioned	using	the	

‘nighttime’	approach	reported	in	section	3.1).		
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Figure	4-0-3.	Daily	mean	VPD	(a),	cumulative	water	use	from	sap	flow	and	eddy	flux	data	(b),	
canopy	conductance	estimated	from	an	inversion	of	the	Penman-Monteith	equation	(c),	and	
GPP	estimated	from	sap	flow	and	eddy	flux	(d).	

Overall,	GPPSF	was	higher	than	GPPEC	and	both	estimates	were	positively	correlated	(Fig.	

4a).	Generally,	daily	(sum	or	mean?)	GPP	from	both	approaches	was	highest	in	the	early	

summer,	declining	as	the	soil	dried.	Residuals	from	a	linear	regression	showed	a	non-linear	

decline	with	increasing	daily	mean	VPD	for	both	approaches	(Fig	4b).	GPPEC-NT	exceeded	GPPSF	

towards	the	late	summer	on	days	with	high	VPD.	As	we	showed	in	the	previous	section,	the	

nighttime	based	approach	leads	to	an	overestimation	of	GPP	at	the	half	hourly	timescale	in	

response	to	high	temperatures.	This	likely	caused	GPPEC	to	remain	high	even	as	GPPSF	declined	

due	to	lower	stomatal	conductance	under	high	VPD.		
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Figure	0-4-4.	A	linear	relationship	is	observed	between	GPP	estimated	from	the	sap	flow	and	
eddy	covariance	flux	data,	partitioned	using	both	‘nighttime’	and	‘daytime’	(orange	symbols	and	
line)	approaches’	(panel	a).	Residuals	in	panel	b	are	mostly	above	zero,	except	for	the	
‘nighttime’	approach,	when	GPPEC	exceeds	GPPSF	at	high	VPD	(the	nighttime	approach	does	not	
capture	a	VPD	feedback	on	GPP	as	does	the	daytime	approach).	

4.4.3 GPP	from	OCS	

OCS	fluxes	had	a	pronounced	diel	cycle,	indicating	large	uptake	peaking	at	mid-day	(Fig	

5a).	Modelled	LRU	is	shown	in	Fig	5b.	Since	the	relationship	between	2015	flux	partitioning	

approaches	has	already	been	explored	in	section	3.1,	here	we	compare	GPPOCS	with	GPPEC-DT.	

GPPOCS	was	found	to	have	a	diurnal	cycle	that	was	very	similar	to	GPPEC	(asymmetric	diel	cycle,	

peaking	shortly	before	mid-day),	but	the	magnitude	of	hourly	GPPOCS	was	about	twice	that	of	

GPPEC-DT	(Fig	5c).	Across	the	season,	both	fluxes	showed	similar	variations	in	response	to	

declining	soil	moisture	(Fig	5d).	High	light,	mid-day	values	(1100	–	1300	h)	of	GPPOCS	showed	a	

linear	relationship	with	GPPEC-DT	(slope	~1.31;	Fig.	5e).		
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Figure	4-0-5.	Diel	cycle	of	OCS	flux	estimated	across	the	measurement	campaign	(April	19,	2015-	
November	1,	2015)	(a),	modelled	LRU	(b),	diel	cycle	of	GPP	estimated	using	eq	(6)	from	FOCS	
(blue	squares)	and	partitioned	from	NEE	using	the	'daytime	approach'	(c),	Seasonal	trends	of	
these	fluxes	(daily	mean	for	periods	when	PAR	>	100	µmolm-2	s-1;	(d),	and	finally,	linear	
regression	between	GPP	from	flux	partitioning	and	GPP	from	OCS	flux	during	mid-	day	(high	
light,	and	stable	LRU	values;	(e).		

	

4.5 Discussion	

4.5.1 Sap	flow	scaling	uncertainties	

We	scaled	sap	flow	measured	in	a	few	individual	trees	to	scale	transpiration	at	the	stand	

scale,	assuming	that	the	individuals	measured	were	representative	of	the	average	tree.	We	

tried	to	account	for	some	of	the	variation	in	sap	flow	by	species,	size,	and	age	distribution	by	

sampling	trees	of	different	ages	and	also	accounting	for	reduced	sap	flow	in	T.	heterophylla	

individuals	affected	by	dwarf	mistletoe.		
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4.5.2 Uncertainties	in	Ci/Ca	

We	used	a	constant	Ci/Ca	ratio	based	leaf	13CO2	reported	by	Fessenden	and	Ehleringer	

(2003),	measured	in	the	mid	canopy	of	three	T.	heterophylla	trees.	A	constant	Ci/Ca	is	

consistent	with	the	stomatal	optimality	hypothesis,	according	to	which	stomata	strictly	

maintain	a	constant	Ci/Ca	by	regulating	stomatal	conductance.	Moreover,	at	this	extremely	

moist	site,	despite	a	strong	summer	drought	imposed	by	an	extended	period	of	rain-free	days	

and	high	mid-day	VPD,	trees	are	able	to	extract	moisture	from	deeper	soil	layers	(Warren	et	al.,	

2005),	thereby	maintaining	carbon	fixation.	Estimates	of	d13C	were	consistent	with	other	

reported	measurements	of	leaf	d13C	(Winner	et	al.,	2004).	While	Winner	et	al.	report	a	variation	

of	Ci/Ca	with	height	in	the	canopy,	we	did	not	account	for	this	using	our	simple	approach.		

 

4.5.3 Uncertainties	in	LRU	

Much	of	the	uncertainty	in	modeled	LRU	directly	results	in	uncertainties	in	Ci/Ca	ratios	

discussed	in	the	preceding	section.	In	addition	to	canopy	heterogeneity,	the	site	contains	

abundant	understory	vegetation,	including	high	amounts	and	coverage	of	epiphytes	(McCune	

et	al.,	1997).	Epiphytes	contain	carbonic	anhydrase,	the	enzyme	responsible	for	OCS	hydrolysis	

within	the	leaf	(Protoschill-Krebs,	G	Wilhelm,	C	Kesselmeier,	1996).	Using	a	chamber-based	

study	we	found	that	epiphytes	absorbed	OCS	both	during	the	day	and	night,	and	uptake	was	

highly	influenced	by	the	moisture	status	of	the	epiphyte	(results	are	reported	in	Chapter	1).	

Thus,	the	presence	of	epiphytes	and	a	heterogeneous	canopy	likely	caused	deviations	from	the	

LRU-	light	relationship	(Fig	5b).	To	test	this,	we	inferred	LRU	(LRUinf)	inverting	eq	(6)	using	GPPEC-

DT,	FOCS,	and	measured	CO2	and	OCS	mixing	ratios.	95%	of	the	resulting	values	were	between	6-8	

pmol.μmol-1	(mean	=	7.4	±	1.7),	and	insensitive	to	PAR.	When	PAR	was	held	constant,	a	

temperature	dependence	of	LRUinf	emerged.	These	values	are	at	the	high	extreme	for	observed	

(Whelan	et	al.,	2017)	and	theoretical	(Wohlfahrt	et	al.,	2012)	values	for	LRU.	Inferred	Ci/Ca	

(Ci/Ca	inf)	from	this	approach	showed	a	linear	but	slow	decline	with	increasing	PAR	(mean	=	
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0.89,	range	0.93	at	PAR	=	200	100	µmolm-2	s-1	and	0.84	at	PAR	>	1200	100	µmolm-2	s-1).	Such	

high	Ci/Ca	ratios	for	evergreen	trees	in	a	productive	forest	seem	unreasonable,	providing	more	

evidence	that	GPPEC-DT	is	indeed	underestimated.	

	

4.6 Overall	Synthesis	and	Conclusions	

We	tested	four	different	and	independent	estimates	of	GPP	at	a	single	site.	These	

included	testing	two	widely	used	flux-partitioning	estimates,	an	estimate	of	GPP	using	sap	flow	

data,	and	one	using	carbonyl	sulfide	fluxes.	The	differences	in	these	estimates	and	associated	

uncertainties	were	discussed	and	illustrate	in	part,	the	need	to	better	pin	down	biophysical	

constraints	on	GPP	estimates,	as	well	as	the	role	of	canopy	heterogeneity.	At	half	hourly	

timescales,	the	nighttime-based	flux	partitioning	approach	was	found	to	overestimate	GPP	at	

higher	temperatures.	The	daytime-based	approach	better	constrains	photosynthesis	at	higher	

temperatures,).	GPP	estimated	by	scaling	up	transpiration	from	sap	flow	data	was	correlated	to	

but	higher	than	either	eddy	covariance-based	estimate.	The	same	was	true	of	GPP	calculated	

from	carbonyl	sulfide,	as	fluxes	showed	very	similar	diurnal	and	seasonal	variability	to	EC-based	

estimates,	but	the	magnitude	of	GPP	was	significantly	higher	at	sub-daily	and	seasonal	

timescales	for	the	OCS-based	approach.	Mean	monthly	estimates	of	GPP	estimated	from	these	

different	approaches	showed	that	both	‘proxies’,	i.e.	OCS	and	sap	flow,	showed	higher	and	

comparable	magnitude	of	ecosystem-scale	photosynthesis,	as	opposed	to	GPP	estimated	from	

flux	partitioning	of	NEE.	Finally,	these	were	compared	with	SCOPE	model	outputs	of	GPP	

(purple	line	in	Fig.	6),	which	also	showed	higher	mean	monthly	GPP	estimates.	SCOPE	lacks	a	

plant	hydraulics	and	available	soil	water	components,	and	is	therefore	prone	to	overestimation	

of	GPP.	Nevertheless,	it	is	able	to	capture	well	the	seasonal	patterns	of	ecosystem	

photosynthesis.	Moreover,	light-saturated	values	of	inferred	Ci/Ca	from	SCOPE	(~	0.66)	were	

comparable	with	those	inferred	from	leaf-level	measurements	(~0.69).	Differences	in	seasonal	

patterns	of	GPPOCS	and	GPPSF	are	partly	due	to	these	data	being	collected	in	different	years	
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(estimates	of	GPPEC	for	these	two	years,	as	well	soil	moisture	for	2002	and	2015,	show	slightly	

different	seasonal	patterns	–	see	Fig.	S4).		

 
Figure	4-0-6.	Mean	monthly	estimates	of	GPP	from	different	approaches	used	in	this	study.	

	We	conclude	that	eddy	flux	underestimates	GPP	at	this	site,	in	accordance	with	earlier	

comparisons	with	aboveground	biomass	estimates	(Harmon	et	al.,	2004).	This	can	be	due	to	

either	an	underestimation	of	nighttime	respiration,	an	underestimation	of	daytime	NEE,	or	a	

combination	of	both.	In	tall	forests,	large	parts	of	the	canopy	can	often	be	decoupled	from	the	

canopy	top	and	the	overlying	atmosphere,	where	measurements	are	made,	and	therefore	the	

eddy	flux	may	only	represent	carbon	and	water	cycling	for	the	uppermost	canopy.	This	is	

particularly	problematic	at	night,	when	wind	speeds	are	low,	and	a	temperature	inversion	

typically	occurs	close	to	the	canopy	top.	During	the	daytime,	however,	high	rugosity	(or	the	

roughness	of	the	heterogeneous	canopy)	and	high	u*	likely	ensure	that	canopy	coupling	is	quite	

high.	Therefore,	if	daytime	NEE	is	assumed	to	be	representative	of	canopy	CO2	exchange,	an	

underestimation	of	GPP	can	only	occur	if	respiration	is	underestimated.	Respiration	estimates	

from	in	situ,	chamber-based	measurements	also	show	systematic	and	significantly	higher	fluxes	

than	those	measured	using	the	eddy	covariance	method	(Fig.	S5).	While,	chamber-based	

estimates	from	one	sampling	location	cannot	be	taken	to	represent	ecosystem-scale	dynamics,	

together	with	our	other	independent	estimates,	they	bolster	our	hypothesis	of	an	
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underestimation	of	respiration	that	propagates	to	underestimation	of	photosynthesis	by	the	

eddy	covariance	method.		

This	study	highlights	the	value	of	employing	multiple	approaches	at	the	same	site	to	

estimate	GPP.	We	combined	newly	available	datasets	(OCS)	and	more	traditional	

measurements	(sap	flow)	to	constrain	ecosystem-scale	photosynthesis.	Ecosystem-scale	

measurements	of	13CO2	isofluxes	(Wehr	et	al.,	2016;	Oikawa	et	al.,	2017)	and	solar-induced	

chlorophyll	fluorescence	(e.g.,	Miao	et	al.,	2018)	would	also	help	constrain	both	respiration	and	

photosynthesis	in	a	systematic	manner.	Such	measurements	are	critical,	since	they	serve	as	

validation	for	satellite-based	products	(e.g.,	Heinsch	et	al.,	2006;	Sjöström	et	al.,	2013;	Guanter	

et	al.,	2014),	regional-scale	inversion	modeling	of	CO2	source-sink	distributions	(e.g.,	Schuh	et	

al.,	2010;	Alden	et	al.,	2016),	and	parameterizing	land	surface	models	(e.g.,	Wang	et	al.,	2007).	
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5 CONCLUSIONS	

	

An	increase	in	anthropogenic	activities	since	the	industrial	revolution,	primarily	due	to	

burning	of	fossil	fuels	and	changes	in	land	cover,	has	resulted	in	a	steady	increase	in	the	global	

mean	atmospheric	CO2	concentrations	(Ciais	et	al.,	2013).		

While	there	is	unequivocal	scientific	evidence	on	global	warming	and	its	

multidimensional	impacts	on	natural	and	human	systems	(IPCC,	2014),	uncertainties	on	the	

magnitude	of	future	warming	persist,	propagating	from	uncertainties	in	the	response	of	

terrestrial	plants	to	changing	climates	.		

The	vegetated	terrestrial	surface	plays	a	critical	role	in	global	carbon	cycling,	and	annual	

variability	in	CO2	removal	from	the	atmosphere	is	highly	dependent	on	the	strength	of	the	

terrestrial	carbon	sink	(Heimann	&	Reichstein,	2008).	However,	despite	large	advances	in	

measurement	and	modeling	techniques	and	increased	spatio-temporal	measurements	of	CO2	

concentrations,	carbon-climate	coupled	model	intercomparison	efforts	still	fail	to	converge	on	

even	the	sign	of	the	shift	in	the	cumulative	land	sink	in	response	to	recent	global	warming	

(Huntzinger	et	al.,	2017).	This	is	in	part,	due	to	our	inability	to	directly	measure	photosynthesis	

beyond	the	leaf	level.	

Measurements	of	carbonyl	sulfide	OCS	have	recently	been	shown	to	provide	an	

independent	and	direct	estimate	of	plant	productivity	(Blonquist	et	al.,	2011;	Campbell	et	al.,	

2008;	Whelan	et	al.,	2017	and	references	therein).	OCS	is	the	most	abundant	reduced	sulfur	gas	

present	in	the	atmosphere,	with	a	mean	atmospheric	concentration	of	~	500	ppt	(parts	per	

trillion;	(Montzka	et	al.,	2007)	and	is	emitted	into	the	atmosphere	from	oceans	via	direct	

emissions	or	oxidation	of	CS2	(Kettle	et	al.,	2002),	and	taken	up	by	leaves	of	actively	

photosynthesizing	plants.		

The	overall	focus	of	this	dissertation	was	to	further	assess	OCS	as	a	proxy	for	ecosystem-

scale	stomatal	conductance	and	photosynthesis	in	a	temperate	old-growth	coniferous	forest.	
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This	dissertation	was	composed	of	three	studies	conducted	at	the	Wind	River	

Experimental	forest	located	within	the	Gifford	Pinchot	National	Forest	in	southwest	

Washington	state,	USA	(45°49ʹ13.76ʹʹ	N;	121°57ʹ06.88ʹʹ	W;	371	m	above	sea	level).		

	

5.1 Summary	of	Chapter	2:		

The	objective	of	this	study	was	to	ascertain	biotic	and	abiotic	constraints	on	canopy-

atmosphere	exchange	of	carbonyl	sulfide.	We	collected	continuous	in-situ	measurements	of	

OCS	mixing	ratios	in	ambient	air	at	various	heights	in	the	canopy.	OCS	decreased	with	height	

throughout	the	canopy,	but	mixing	ratios	at	all	heights	showed	an	increase	between	mid-

morning	and	afternoon.	We	were	unable	to	identify	any	within-canopy	or	surface	sources	of	

OCS,	except	for	very	small	emissions	from	dormant	epiphytes.	Using	a	mass	balance	approach,	

we	inferred	a	strong	entrainment	signal	driving	daytime	increase	in	concentrations.	

Entrainment	replenished	the	canopy	air	with	OCS	that	was	taken	up	by	various	parts	of	the	

ecosystem	at	nighttime	(incomplete	stomatal	closure	and	uptake	by	epiphytes).	Moreover,	this	

approach	can	provide	a	method	of	disentangling	biotic	and	abiotic	fluxes	of	OCS	that	influence	

concentration	profiles	within	vegetated	canopies.	We	found	that	epiphytic	material	was	a	

moisture	dependent	sink	of	OCS	in	the	dark.	While	previous	studies	have	characterized	the	role	

of	lichen	in	OCS	exchange,	this	is	the	first	study	that	shows	that	epiphytes	may	be	an	important	

control	on	OCS	exchange	in	a	moist	forested	canopy.	However,	questions	remain	regarding	

constraints	on	CA-catalyzed	OCS	consumption	by	epiphytes.		

	

5.2 Summary	of	chapter	3	

The	objective	of	this	study	was	to	predict	OCS	fluxes	(FOCS)	from	measurements	of	its	

mixing	ratios,	and	to	compare	OCS	fluxes	with	collocated	and	independent	measurements	of	

CO2	fluxes.	Over	hourly	and	seasonal	timescales,	estimates	of	FOCS	generally	tracked	fluctuations	

in	ecosystem-scale	photosynthesis	or	GPP	inferred	from	eddy	covariance	measurements,	

implying	stomatal	control	of	CO2	and	OCS	fluxes	at	the	site.	The	forest	surface	was	found	to	be	a	
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soil	moisture	dependent	sink	of	OCS,	with	magnitudes	that	were	roughly	half	of	nighttime	

ecosystem	fluxes,	indicating	other	components	of	the	ecosystem	(epiphytes	present	

throughout	the	canopy	and	partial	stomatal	closure)	were	also	absorbing	OCS	during	these	

hours.		Ecosystem	fluxes	of	OCS	and	CO2	were	found	to	be	strongly	sensitive	to	the	ratio	of	

diffuse	to	direct	radiation	reaching	the	top	of	the	canopy,	a	phenomenon	that	has	been	widely	

reported	for	CO2	fluxes	but	not	for	OC	fluxes.	Uptake	of	both	OCS	and	CO2	increased	as	sky	

conditions	changed	from	clear	to	partly	cloudy.	A	much	smaller	increase	in	uptake	was	

observed	as	sky	conditions	changed	from	partly	cloudy	to	overcast,	except	during	the	early	

summer,	when	soil	moisture	was	not	limiting,	and	was	mediated	by	the	sensitivity	of	stomata	

to	changing	cloudiness	and	soil	moisture,	as	estimated	from	canopy-scale	stomatal	

conductance.	Finally,	we	examined	the	response	of	OCS,	CO2	and	H2O	fluxes	on	heat	waves,	and	

found	that	sequential	heat	waves	lead	to	suppression	in	stomatal	gas	exchange	of	all	three	

fluxes.		

	

5.3 Summary	of	chapter	4	

In	this	study	we	used	OCS	fluxes	estimated	in	chapter	3	to	predict	GPP.	GPP	estimated	

from	OCS	flux	showed	similar	seasonal	and	diurnal	patterns	as	that	obtained	from	flux	

partitioning	of	NEE	at	the	site.	However,	we	find	that	the	magnitude	of	GPP	obtained	using	this	

method	was	significantly	higher.	To	test	these,	a	third	independent	estimate	was	GPP	was	

calculated	using	measurements	of	sap	flow	in	trees	of	dominant	species	in	the	forest	and	the	

stable	isotopic	composition	of	C	in	needle	tissue	of	actively	photosynthesizing	trees	(i.e.,	leaf	

δ13CO2).	These	latter	GPP	estimates	were	also	higher	than	from	flux	partitioning,	and	

comparable	to	estimates	from	OCS	fluxes.	GPP	predictions	from	a	well-known	process	based	

model	corroborate	these	findings.	We	conclude	that	flux	partitioning	of	NEE	results	in	a	

systematic	underestimation	of	both	source	and	sink	terms,	likely	due	to	an	underestimation	of	

respiratory	fluxes.	
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5.4 Overall	Synthesis	

Accurate	predictions	of	GPP	are	necessary	to	understand	carbon-climate	feedbacks.	At	

the	ecosystem-scale,	GPP	is	estimated	by	partitioning	net	fluxes	by	the	eddy	covariance	

method.	While	the	EC	method	has	been	adopted	globally	to	assess	ecosystem	productivity	and	

change,	it	still	needs	independent	verification,	particularly	in	different	and	diverse	ecosystems	.	

Novel	measurements	such	as	carbonyl	sulfide	can	help	constrain	and	validate	GPP	at	the	

ecosystem-scale,	by	providing	independent	estimates	of	canopy	scale	stomatal	conductance.	

This	dissertation	built	on	existing	work	on	carbonyl	sulfide	and	shed	new	light	on	biotic	and	

abiotic	factors	that	regulate	the	flux	of	this	gas	in	a	forested	ecosystem.		

Our	results	support	the	growing	body	of	work	that	suggests	ecosystem-scale	OCS	uptake	

is	controlled	by	stomatal	dynamics.	Moreover,	we	find	that	GPP	estimated	from	OCS	is	

significantly	higher	than	those	obtained	from	partitioning	of	net	fluxes	measured	by	the	eddy	

covariance	method.	These	findings	were	corroborated	using	independent	estimates	of	GPP	

using	measurements	of	sap	flow	and	ratios	of	stable	isotopes	of	carbon	(12C/13C)	incorporated	

into	leaf	dry	matter,	and	a	well-known	process-based	model.	

While	moist	old-growth	forests	in	Pacific	Northwestern	U.S.	do	not	represent	a	very	

large	fraction	of	the	global	terrestrial	surface	area,	results	from	this	study	are	likely	relevant	for	

other	old-growth	forests,	particularly	dense	and	very	wet	forests	with	extensive	epiphyte	cover,	

which	are	widespread	in	the	humid	tropics.		
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6 SUPPLEMENTAL	INFORMATION—CHAPTER	2		
	

	

Figure	6-1.	OCS	water	vapor	cross-interference	tested	in	the	lab.	The	magnitude	of	this	cross	
interference	is	negligible	compared	to	observed	canopy-	atmosphere	ecosystem	exchange	in	this	
study.	

	

	
Figure	6-2.	Complete	time	series	of	Photosynthetically	Active	Radiation	measured	at	70m	(a),	
Vapor	Pressure	Deficit	calculated	from	air	temperature	and	relative	humidity	measured	at	70m	
(b),	and	soil	moisture	at	20cm,	30cm,	40cm	and	50cm	below	the	soil	surface	alongside	water	
vapor	mixing	ratios	at	1m	above	the	canopy	surface	(c).	
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Figure	6-3.	Time	series	of	all	hourly	data,	measured	using	the	LGR	instrument:	OCS	(a),	CO2	(b),	
and	H2O	(c).	
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Figure	6-4.	Relationship	between	SOCS	and	SCO2	and	SOCS	and	SH2O,	SH2O	and	SCO2	during	
nighttime	(a,c,e)	and	daylight	hours	(b,d,f).	Units	for	SOCS	and	SCO2	and	SH2O	are	[pmolm-2s-
1],	[umolm-2s-1]	and	[mmolm-2s-1]	respectively.	

	

	
Figure	6-5.	Boxplots	of	nighttime	friction	velocity	(u*)	for	hours	when	SOCS	is	negative	and	
positive	(right)	
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Figure	6-6.	Boxplots	showing	the	mean	diurnal	cycle	of	cumulative	storage	fluxes	of	OCS	and	
CO2	(a-b),	as	well	NEE,	GPP	and	ecosystem	respiration	fluxes	(c-e).	Dotted	lines	indicate	sunrise	
and	sunset	times.	Units	for	OCS	and	CO2	fluxes	are	pmolm-2s-1	and	umolm-2s-1	respectively.	

	

	

Figure	6-7.	a-d		Relationship	between	mean	diurnal	cycle	of	OCS	with	and	relative	humidity	at	
the	canopy	top	(a-b)	and	above	the	forest	floor	(c-d).	Data	are	partitioned	according	to	
aerodynamic	conductance	(Ga)	thresholds	corresponding	to	well	mixed	i.e.	high	Ga	(a,c)	and	
stratified(b-d).	The	colors	represent	air	temperature.	
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Figure	6-8.	OCS	mixing	ratios	plotted	against	dew	point	depression	(DPD)	above	the	canopy	(a),	
and	near	the	forest	floor	(b).	While	OCS	mixing	ratios	decline	in	response	to	decreasing	DPD	at	
both	heights,	the	decline	is	precipitous	in	the	understory,	especially	when	DPD	falls	below	4°C.

2 4 6 8 10 12 14 16 18
Ta - Td 70m [ °C]

200

250

300

350

O
CS

 7
0m

 [p
pt

]

0

5

10

15

20

3 4 5 6 7 8 9 10 11 12
Ta - Td 2m [ °C]

180

200

220

240

260

280

O
CS

 1
0m

 [p
pt

]

0

5

10

15

20

2 4 6 8 10 12 14 16 18
Ta - Td 70m [ °C]

200

250

300

350
O

CS
 7

0m
 [p

pt
]

0

5

10

15

20

3 4 5 6 7 8 9 10 11 12
Ta - Td 2m [ °C]

180

200

220

240

260

280

O
CS

 1
0m

 [p
pt

]

0

5

10

15

20



 

 

154 

 

Table	6-1.	Table	with	ancillary	measurements		

Variable	 Measurement	height	[meters	
above	ground]	

Temperature	 70,	2	
Relative	Humidity	 70,	2	

Horizontal	Wind	speed	 70,	2	
Vertical	wind	speed	 70	

Pressure		 70	
Photosynthetically	Active	Radiation	 70,	2	

Net	Radiation	(Shortwave	and	Longwave	upwelling	and	
downwelling)	 70	

Net	Ecosystem	Exchange	 70	

Soil	temperature	and	Moisture	 10cm,	20cm,	30cm,	40cm,	
50cm,	60m	below	ground	

Latent	heat	Flux	 70	
Sensible	Heat	Flux	 70	
Precipitation	 1000	m	away	from	tower	
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7 	SUPPLEMENTAL	INFORMATION—CHAPTER	4	
	

	
Figure	7-1.Time	courses	showing	transpiration	calculated	from	sap	flow	in	hemlock	trees	(mean	
for	all	large	infected,	large	uninfected	and	young	trees	(a),	diameter	at	breast	height	(DBH)	
distributions	for	infected	and	uninfected	hemlocks	(b),	daily	water	use	plotted	as	function	of	
DBH	for	hemlock	trees,	and	diurnal	cycles	for	stand	scale	transpiration	using	only	large	
uninfected	trees	and	considering	large,	young,	infected,	and	uninfected	hemlocks.		
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Figure	7-2.	Diel	cycles	for	daytime	and	nighttime	flux	partitioning	of	NEE	estimated	from	the	
eddy	covariance	method.	
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Figure	7-3.Mean	diel	cycle	of	transpiration	rates	for	douglas	fir	(red;	right	y	axis),	western	
hemlock	and	total	transpiration	,	and	total	evapotranspiration	estimated	from	eddy	covariance	
based	latent	heat	flux	(black)	at	the	canopy	top	(left	y	axis).	

	

Table	7-1.	Parameters	and	input	data	for	SCOPE	

Parameters Description Value/units Source 

Leaf biochemistry 

Vcmo Maximum carboxylation capacity at 25 °C 90 µmol m−2 s−1 Woodruff et al., 
(2007) 

m Ball-berry stomatal conductance parameter 8  

Rdparam Parameter for dark respiration (Rd = Rdparam × 
Vcmo) 

0.5 0 

Leaf optical    

Cab Chlorophyll content density 30 µg cm-2  

Cw Leaf equivalent water thickness cm Measured 

Cdm Dry matter content g cm-2 Measured 

N Leaf thickness parameters 1.4  

Canopy 
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LAI Leaf area index 6 m2m-2 (max 
allowed) 

Actual LAI~ 8 
(Parker et al., 
2004) 

LIDFa LIDF parameter a, which controls the average leaf 
scope 

— Inversion 

LIDFb LIDF parameter b, which controls the 
distribution’s bimodality 

— −0.15 

Fluorescence    

fqe2 Fluorescence efficiency for PSII in dark-adapted 
condition 

— 0.01  

fqe1/fqe2 Ratio of fqe1 to fqe2 — 0.2  

Meteorology (input data) 

Rin Broadband incoming shortwave radiation (0.4–2.5 
µm) 

Wm-2 Measured 

Ta Air temperature T Measured 

p Air pressure hPa Measured 

ea Atmospheric vapor pressure hPa Measured 

u Wind speed at measurement height m s-1 Measured 

Ca Atmospheric CO2 concentration mg m-3 Measured 

Geometry 

LAT Latitude ° Measured 

LON Longitude ° Measured 

VZA Observation zenith angle ° 0 

	

	

	
Figure	7-4.Modeled	Ci/Ca	from	SCOPE	plotted	as	a	function	of	incoming	PAR.	
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Figure	7-5.Respiration	estimates	from	chamber	measurements	at	the	forest	floor	are	
significantly	higher	than	those	from	above	canopy	eddy	flux	measurements.	
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