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SUMMARY	

An	ecosystem’s	carbonyl	sulfide	(OCS	or	COS)	flux	is	a	powerful	proxy	for	plant-

controlled	carbon	and	water	exchange.	This	study	is	the	first	to	apply	the	OCS	flux-gradient	

method	to	constrain	gross	primary	productivity	(GPP)	and	nighttime	transpiration.	It	is	also	one	

of	only	a	few	OCS	studies	in	grassland	ecosystems,	which	are	characterized	by	complex	species	

distributions	that	vary	temporally.	A	laser	absorption	spectrometer	measured	OCS	fluxes	during	

the	growing	season	at	the	Fermi	tallgrass	prairie	eddy	covariance	site	in	Batavia,	Illinois,	USA.	

Ambient	atmospheric	concentrations	of	OCS,	carbon	monoxide	(CO),	carbon	dioxide	(CO2),	and	

water	vapor	(H2O)	were	sampled	at	1	Hz	frequency	at	four	different	heights	within	and	above	

the	vegetation	canopy	from	May	to	October,	2016.	We	observed	a	well-defined	seasonal	cycle	

of	OCS	concentrations	that	tracked	the	Northern	Hemisphere	growing	season.	The	data	also	

show	a	strong	diel	cycle	in	concentrations,	above-canopy	gradients,	and	OCS	fluxes	associated	

with	changes	in	radiation	and	atmospheric	stability.	Nighttime	OCS	in	the	canopy	dropped	to	a	

minimum	of	17.6	±	9.5	ppt,	which,	to	our	knowledge,	is	the	lowest	tropospheric	OCS	

concentration	ever	observed	in	the	free	atmosphere.	Close	coupling	of	OCS	and	CO2	

concentrations	was	demonstrated	(R2	=	0.654,	p	<	0.001)	even	as	the	season	and	species	

makeup	evolved.	We	converted	OCS	concentration	gradients	to	ecosystem	OCS	fluxes	using	the	

net	ecosystem	exchange	of	carbon	dioxide	from	existing	eddy	covariance	data	on	site.	OCS	

fluxes	reached	a	maximum	uptake	of	-102	±	9.5	pmol	m-2	s-1	on	June	18.	After	correcting	for	soil	

OCS	fluxes	using	a	published	empirical	model,	we	compared	GPP	derived	from	OCS	flux-

gradients	(mean	=	-23.3	µmol	m-2	s-1)	against	GPP	derived	from	ecosystem	respiration	(mean	=	-

19.2	µmol	m-2	s-1),	and	the	two	methods	were	well-correlated	(R2	=	0.566,	p	<	0.001,	RMSE	=		
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SUMMARY,	continued	

8.81,	n	=	150).	Ratios	of	OCS	flux	night:day	indicate	nighttime	canopy	conductance	was	~8%	of	

daytime	conductance.	In	this	first	field	study	of	its	kind,	we	demonstrated	that	the	OCS	flux-

gradient	method	to	constrain	GPP	has	great	potential	to	improve	ecosystem	carbon	budget	

closure.	
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1 INTRODUCTION	

1.1 Ecosystem	Research	at	Fermi	

Ecosystem	research	in	the	tallgrass	prairie	at	the	Fermi	National	Accelerator	Laboratory	

(Fermilab)	in	Batavia,	Illinois,	dates	back	to	1975	when	a	series	of	prairie	restorations	were	

undertaken	on	land	that	had	been	cultivated	for	at	least	a	century	(Jastrow,	1987;	Cook	et	al.,	

1988;	Allison	et	al.,	2005;	Matamala	et	al.,	2008).	By	2002,	a	total	of	452	ha	on	the	grounds	of	

Fermilab	had	been	converted	from	tilled	agricultural	land	to	restored	tallgrass	prairie	

(Matamala	et	al.,	2008).	This	conversion	substantially	increased	the	landscape’s	carbon	sink,	

returning	carbon	to	the	soil	that	conventional	tilled	agriculture	liberated	to	the	atmosphere.	For	

example,	microbial	biomass	carbon	was	over	two	times	greater	in	a	25-year-old	prairie	

restoration	(1230	µg	g-1)	than	in	a	corn	or	soy	agriculture	plot	(both,	478	µg	g-1;	Allison	et	al.,	

2005).	After	100	years	following	restoration,	these	soils	will	likely	have	recovered	3.5	kg	C	m-2,	

or	half	of	their	initial	soil	organic	carbon	(SOC)	stocks	(Matamala	et	al.,	2008).		

The	resulting	soil	chronosequence	of	restored	prairie	has	provided	many	opportunities	

to	investigate	various	carbon	cycle	dynamics	pertaining	especially	to	land	use	change	and	soil	

sequestration	of	carbon.	Tallgrass	prairie	soils	are	among	the	most	productive	soils	in	the	world	

(Jastrow,	1987;	Cook	et	al.,	1988),	and	the	chronosequence	offered	an	opportunity	to	

understand	the	specific	properties	of	soil	prairies	that	lead	to	such	high	levels	of	productivity.	

Common	agricultural	practices	(e.g.,	tilling)	disrupt	soil	structure,	reducing	soil	

macroaggregates,	which	leads	to	increased	erosion,	decreased	porosity,	and	other	conditions	

that	inhibit	air,	water,	and	nutrient	cycling	within	soils	(Tisdall	and	Oades,	1982;	Jastrow,	1987).	

An	early	sampling	campaign	of	the	chronosequence	produced	a	model	suggesting	that	within	
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5–10	years	following	cultivation,	a	restored	prairie	would	recover	a	macroaggregate	fraction	

(85-90%)	close	to	that	of	prairie	remnant	(~95%),	but	it	would	take	56	seasons	to	reach	99%	of	

an	undisturbed	(i.e.,	remnant)	prairie	(Jastrow,	1987,	1996).	The	rate	of	recovery	to	pre-

disturbance	conditions	is	driven	by	recolonization	of	root	and	mycorrhizal	hyphae	(Cook	et	al.,	

1988).	By	the	eighth	growing	season	following	restoration,	predominant	prairie	grass	species	

contributed	to	a	root	mass	and	fine	root	fiber	structure	(Cook	et	al.,	1988)	conducive	to	soil	

aggregate	stability	(Tisdall	and	Oades,	1982;	Oades,	1984;	Jastrow,	1987,	1996;	Cook	et	al.,	

1988;	Miller	and	Jastrow,	1990;	Jastrow	et	al.,	1998).		

Research	at	the	Fermi	prairie	soil	chronosequence	also	helped	characterize	the	role	of	

macroaggregates,	roots,	and	mycorrhizal	hyphae	in	increasing	soil	carbon	stores	(Elliott,	1986;	

Jastrow,	1996).	Andropogon	gerardii	colonized	with	mycorrhizal	fungi	demonstrated	higher	

rates	of	photosynthesis	than	non-colonized	specimens,	indicating	the	possibility	of	an	increased	

carbon	sink	(Miller	et	al.,	2002).	This	enhanced	carbon	sink	potential,	however,	was	due	less	to	

the	abundance	of	fungi	following	cultivation,	but	rather	their	impact	on	soil	structure	(Allison	et	

al.,	2005).	The	timescales	over	which	prairie	restorations	see	carbon	stores	return	to	pre-

cultivation	levels	vary.	Aboveground	biomass	rapidly	returns	to	the	carbon	storage	levels	of	

remnant	prairie	in	13	years,	and	belowground	plant	carbon	stores	return	on	a	decadal	scale,	it	

takes	microbial	biomass	and	soil	organic	carbon	(SOC)	hundreds	of	years	to	return	to	remnant	

prairie	levels	(Matamala	et	al.,	2008).	

In	order	for	soils	to	sequester	carbon	belowground,	plants	aboveground	need	to	draw	

down	carbon	dioxide	(CO2)	from	the	atmosphere	and	convert	the	CO2	to	biomass.	To	

understand	the	controls	on	aboveground	carbon	fixation,	fluxes	of	carbon	into	and	out	of	an	
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ecosystem	can	be	measured.	The	AmeriFlux	Network	(http://ameriflux.lbl.gov)	was	designed	to	

aggregate	information	on	the	carbon,	water,	and	energy	exchange	at	the	land-air	interface	

from	many	sites	in	order	to	generate	fundamental	information	on	the	processes	that	mediate	

the	terrestrial	drawdown	and	exchange	of	carbon.	The	tallgrass	prairie	at	Fermilab,	which	is	

part	of	the	AmeriFlux	network,	is	one	of	only	a	few	sites	dedicated	to	restored	grasslands.	

Recently,	AmeriFlux	data	from	the	Fermi	tallgrass	prairie	site	was	used	to	characterize	how	

carbon	exchange	in	eight	grasslands	responds	to	annual	variations	in	precipitation	from	1980	to	

2012	(Petrie	et	al.,	2016).	Three	eastern	and	three	western	Great	Plains	grassland	sites	were	

studied,	as	well	as	two	sites	located	outside	of	the	Great	Plains:	one	in	the	southwest,	and	the	

Fermi	site	in	the	northeast.	Relative	to	the	three	eastern	grasslands,	net	plant	carbon	

drawdown	(i.e.,	the	difference	between	ecosystem	respiration	and	GPP)	at	Fermi	was	1347%	

greater	(Petrie	et	al.,	2016).	The	increased	carbon	sink	is	commonly	observed	in	eastern	

grasslands,	which	receive	more	precipitation	than	western	grasslands	(Derner	et	al.,	2006;	

Zhang	et	al.,	2011;	Petrie	et	al.,	2016).	The	climatic	and	ecosystem	conditions	at	Fermi	allowed	

for	maximized	carbon	uptake:	Fermi	was	wetter	than	most	sites,	cooler	than	the	eastern	

grasslands,	and	had	the	lowest	vapor	pressure	deficit	(VPD),	which	is	inversely	related	to	

relative	humidity,	of	all	sites	(Petrie	et	al.,	2016).	Whereas	the	conditions	observed	made	Fermi	

exceptionally	productive,	environmental	conditions	and	management	practices	can	drastically	

change	the	carbon	budget	of	prairies.	Grasslands	can	switch	from	net	carbon	sinks	to	sources	

with	less	precipitation	than	average	years	(Flanagan	et	al.,	2002;	Zhang	et	al.,	2010b,	2011;	

Petrie	et	al.,	2016)	or	controlled	burning	(Zhang	et	al.,	2011;	Vargas	et	al.,	2012;	Logan	and	

Brunsell,	2015;	Petrie	et	al.,	2016).	These	carbon	exchange	responses	will	be	more	predictable	
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for	eastern	grasslands	than	western	grasslands	under	climate	change	(Petrie	et	al.,	2016).	

However,	analyses	using	eddy	covariance	data	to	estimate	plant	uptake	of	CO2	are	uncertain	

(Reichstein	et	al.,	2005;	Commane	et	al.,	2015),	which	will	be	detailed	in	the	next	section.	

The	Fermi	tallgrass	prairie	provides	an	ideal	location	to	study	the	processes	limiting	

above	and	belowground	productivity	because	it	is	comprised	of	some	of	the	most	productive	

soils	in	the	world	(Jastrow,	1987;	Cook	et	al.,	1988),	and	situated	in	the	region	of	highest	gross	

primary	productivity	in	North	America	(Hilton	et	al.,	2017).	Further,	as	land	use	decisions	such	

as	biofuel	production,	prairie	restoration,	and	food	production	become	increasingly	complex	in	

a	changing	climate,	quantifying	the	impact	of	these	decisions	on	regional	and	global	carbon	

cycles	is	critical.	It	is	precisely	the	question	of	how	carbon	exchange	and	land	use	change	

intersect	that	inspired	the	research	presented	here.	

1.2 Drivers	of	Ecosystem	Change	

Illinois	ecosystems	are	undergoing	rapid	change.	Factors	driving	these	changes	include,	

but	are	not	limited	to,	land	use	change	and	a	warming	climate.	Frequently,	land	use	change	in	

Illinois	represents	a	conversion	from	heterogeneous	native	prairie	ecosystems	into	

homogeneous	agricultural	plots,	representing	a	loss	of	SOC.	The	reverse	is	also	true	in	areas	

undergoing	prairie	restoration	initiatives,	where	stocks	of	SOC	can	be	replenished	(Allison	et	al.,	

2005;	Matamala	et	al.,	2008).		

Ecosystem	responses	to	land	use	change	and	climate	change	will	include	shifts	in	carbon	

and	water	budgets.	Converting	ecosystems	to	agriculture	may	temporarily	increase	

aboveground	carbon	storage	with	an	overall	increase	in	plant	biomass,	but	this	is	somewhat	

offset	by	decreases	in	SOC	(Beniston	et	al.,	2014;	Lawler	et	al.,	2014).	Hydrologically,	converting	
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land	to	agriculture	has	been	associated	with	a	decrease	in	soil	water	retention,	increasing	

runoff	(Wright	and	Wimberly,	2013).	The	combination	of	higher	atmospheric	CO2	and	increased	

heat	and	water	stress	predicted	for	Illinois	(Hayhoe	et	al.,	2010)	can	generate	multiple	

ecosystem	responses.	Increased	photosynthetic	production	has	been	observed	as	a	resulted	of	

higher	atmospheric	CO2	(Keenan	et	al.,	2013,	2014),	but	reduced	photosynthesis	also	has	been	

observed	(Piao	et	al.,	2008;	Barichivich	et	al.,	2013).	Prolonged	heat	and	water	stress	results	in	

drought	and	can	bring	about	a	reduction	of	photosynthetic	production	(Ciais	et	al.,	2005;	Zhang	

et	al.,	2016),	and	early	senescence	(Zhang	et	al.,	2016).	It	is	ultimately	difficult	to	predict	

whether	changing	climate	and	atmosphere	CO2	will	increase	or	decrease	the	strength	of	the	

carbon	sink	and	how	much	this	trajectory	will	vary	between	ecosystems.		

One	way	to	assess	changing	water	and	carbon	budgets	is	through	the	concept	of	water-

use	efficiency	(WUE),	which	is	the	ratio	of	biomass	gained	from	the	assimilation	of	atmospheric	

CO2	(gross	primary	productivity,	GPP)	to	the	water	transpired	(E).	For	WUE	to	be	useful	in	

assessing	the	impacts	of	land	use	change,	GPP	and	E	both	need	to	be	constrained	and	the	ratio	

of	these	two	quantities	represents	WUE	(i.e.,	GPP/E).	Previous	work	on	this	topic	has	been	

limited	because	GPP	cannot	be	directly	measured	and,	whereas	transpiration	can	be	estimated	

during	the	day,	it	cannot	be	measured	effectively	during	the	night	(En).	Historically,	indirect	

estimates	of	GPP	have	been	used	to	close	the	carbon	budget	along	with	an	assumption	that	En	

is	close	to	zero.	This	assumption	has	been	challenged	recently,	with	research	demonstrating	

substantial	nighttime	transpiration	(Rawson	and	Clarke,	1988;	Green	et	al.,	1989;	Matyssek	et	

al.,	1995;	Donovan	et	al.,	1999;	Snyder	et	al.,	2003;	Caird	et	al.,	2007;	Fisher	et	al.,	2007;	

Coupel-Ledru	et	al.,	2016).	In	terms	of	WUE,	water	transpired	at	night	is	“wasted”	because	it	
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occurs	in	the	absence	of	photosynthesis.	The	increasing	temperatures	expected	with	climate	

change	could	reduce	WUE	due	to	higher	evaporative	demand.	Models	indicate	nighttime	

temperatures	in	Illinois	will	warm	faster	by	2100	than	daytime	temperatures	(Figure	1;	+6.7°C	

and	+5.3°C,	respectively,	with	respect	to	1900;	average	of	all	models	for	Illinois,	CMIP5	

ensemble,	business-as-usual	emissions	scenario;	Taylor	et	al.,	2012)	driving	conditions	that	

would	force	greater	nighttime	transpiration.		

	
Figure	1.	Temperature	anomaly	for	Illinois	by	2100	with	respect	to	1900.	Illinois	daytime	temperatures	are	expected	to	rise	by	
~5.3°C,	and	nighttime	temperatures	by	~6.7°C.	Average	of	all	models	for	Illinois,	CMIP5	ensemble,	business-as-usual	emissions	
scenario	(Taylor	et	al.,	2012).	

Constraining	the	terms	driving	WUE	is	exceptionally	important	in	the	Midwest,	which	has	the	

highest	GPP	of	any	region	in	North	America	(Hilton	et	al.,	2017).	Therefore,	WUE	should	be	

considered	in	any	land-use	decision	that	seeks	to	balance	food,	energy,	water,	and	ecosystem	

services	concerns.	However,	existing	methods	of	estimating	GPP	and	En	are	limited.	

The	widely-used	eddy	covariance	method	of	estimating	GPP	requires	turbulent	

conditions	in	the	boundary	layer,	the	lowest	portion	of	the	troposphere	under	the	influence	of	
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Earth’s	surface	(Stull,	2012).	Frequently	at	night,	the	boundary	layer	is	sufficiently	stable	that	

not	only	turbulence	but	also	diffusion	influences	the	exchange	of	gas	between	the	surface	and	

atmosphere.	This	results	in	large	gaps	in	the	data	that	must	be	interpolated	by	a	process	known	

as,	“gap-filling.”	This	technique	assumes	stability	between	meteorological	conditions	and	

carbon,	water,	and	energy	fluxes	on	a	seasonal	scale	that	does	not	reflect	shorter-term	

variability	(Reichstein	et	al.,	2005).	Total	daytime	carbon	fluxes	are	the	sum	of	photosynthesis	

(GPP)	and	the	simultaneous	respiration	of	CO2	from	plants	and	the	soil.	The	partitioning	of	eddy	

covariance	data	into	its	constituent	flux	components	(i.e.,	flux-partitioning)	to	estimate	GPP,	

relies	on	extrapolating	the	CO2	flux	at	night	when	GPP	is	0	(Re,night)	to	obtain	an	indirect	

estimate	of	daytime	respiration	(Re,day).	This	estimate	of	Re,day	allows	for	an	estimate	of	

respiration-based	gross	primary	productivity	(GPPRe;	Reichstein	et	al.,	2005;	Commane	et	al.,	

2015).	In	productive	ecosystems	such	as	Fermi,	ecosystem	respiration	is	systematically	

overestimated	by	temperature-dependent	night-to-day	extrapolations	of	respiration	

(Reichstein	et	al.,	2005).	Recent	work	has	demonstrated	that	this	overestimation	is	largely	due	

to	the	inhibition	of	daytime	respiration	because	respiration	is	inhibited	by	light	(Kok,	1949;	

Heskel	et	al.,	2013;	Sun	et	al.,	2014;	Wehr	et	al.,	2016).	

Water	fluxes	are	similarly	confounded.	For	example,	when	partitioning	ecosystem	latent	

heat	flux,	distinguishing	between	evaporation	and	transpiration	presents	methodological	

challenges	(Yakir	and	Wang,	1996;	Jasechko	et	al.,	2013;	Berkelhammer	et	al.,	2016a).	Similarly,	

constraining	En	has	not	been	considered	necessary,	because	it	was	assumed	that	transpiration	

was	negligible	at	night	when	photosynthesis	ceases.	The	need	to	constrain	nighttime	water	loss	

became	evident	when	it	was	demonstrated	that	En	can	reach	up	to	30%	of	daytime	water	loss	
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(Rawson	and	Clarke,	1988;	Green	et	al.,	1989;	Matyssek	et	al.,	1995;	Donovan	et	al.,	1999;	

Snyder	et	al.,	2003;	Caird	et	al.,	2007;	Fisher	et	al.,	2007;	Coupel-Ledru	et	al.,	2016).	

Furthermore,	nighttime	temperatures	are	expected	to	increase	faster	than	the	daytime,	forcing	

nighttime	VPD	to	rise	faster	than	daytime	VPD	(Taylor	et	al.,	2012;	Coupel-Ledru	et	al.,	2016),	

leading	to	an	increase	in	the	rate	at	which	plants	lose	water	at	night	(Herzog	et	al.,	1998;	

Benyon,	1999;	Oren	et	al.,	2001;	Daley	and	Phillips,	2006;	Caird	et	al.,	2007;	Fisher	et	al.,	2007;	

Kavanagh	et	al.,	2007;	Coupel-Ledru	et	al.,	2016).	In	this	context,	understanding	the	forcings	of	

En	among	different	plant	species	becomes	increasingly	important	and	should	be	included	in	

land	use	decisions.	One	common	method	of	En	estimation	uses	sap	flow,	where	the	velocity	of	a	

heat	pulse	introduced	in	the	xylem	stream	is	converted	to	sap	flow	rate,	and	converted	again	to	

transpiration	(Fisher	et	al.,	2007).	This	approach	is	typically	only	done	on	woody	plants,	and	it	is	

not	robust	enough	to	use	sap	flow	from	a	few	individual	grass	species	to	represent	the	entire	

ecosystem.		

New	ecosystem-scale	methods	of	constraining	GPP	and	En	(i.e.,	when	GPP	=	0)	are	

needed	to	provide	quantitative	estimates	of	WUE,	which	in	turn	can	be	used	to	assess	the	

carbon	and	water	cycle	impacts	of	land	use	change.	Once	validated,	such	methods	will	reduce	

the	variability	among	regional	GPP	estimation	methods	that,	at	present,	differ	widely	in	their	

estimation	of	GPP	in	North	America	(Huntzinger	et	al.,	2012;	Schaefer	et	al.,	2012;	Guanter	et	

al.,	2014;	Hilton	et	al.,	2017).		
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1.3 Literature	Review	

1.3.1 OCS	Introduction	

The	application	of	carbonyl	sulfide	(OCS	or	COS)	to	constrain	GPP	(Blonquist	et	al.,	2011;	

Asaf	et	al.,	2013)	and	En	(Seibt	et	al.,	2010)	is	a	novel	method	to	close	ecosystem	carbon	and	

water	budgets.	OCS	is	a	trace	atmospheric	gas	with	concentrations	~500	ppt	(Montzka	et	al.,	

2007).	OCS	is	produced	by	direct	emission	from	the	oceans,	oxidation	of	marine	carbon	

disulfide	(CS2)	and	dimethyl	sulfide	(C2H6S),	as	well	as	generated	from	anthropogenic	sources	

(Montzka	et	al.,	2007).	OCS	sinks	are	dominated	by	vegetative	uptake,	which	suggests	its	

usefulness	as	a	tracer	for	GPP	during	the	day	(Campbell	et	al.,	2008)	and	stomatal	conductance	

at	night	(Seibt	et	al.,	2010).	Known	and	unknown	atmospheric	leaf-level	fluxes	of	carbon,	water,	

and	OCS	are	detailed	below	(Figure	2).	
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Figure	2.	Leaf-level	day	and	night	fluxes	of	OCS,	CO2,	and	H2O.	Measured	nighttime	CO2	respiration	is	extrapolated	to	daytime	
respiration,	which	is	systematically	overestimated	using	the	eddy	covariance	method	of	flux	partitioning	and	contingent	upon	
turbulent	conditions	(Reichstein	et	al.,	2005).	The	total	CO2	flux	of	the	system	(NEE)	is	measured.	Methods	of	measuring	En	(e.g.,	
sap	flow)	are	logistically	infeasible	in	grassland	ecosystems.	OCS	provides	a	solution	to	constrain	both	GPP	and	En	based	on	its	
one-way	diffusion	into	plants	controlled	by	stomatal	conductance	(gs;	Seibt	et	al.,	2010;	Blonquist	et	al.,	2011;	Asaf	et	al.,	2013;	
Berkelhammer	et	al.,	2013).	

OCS	and	CO2	follow	the	same	diffusion	pathway	across	the	stomata	and	into	the	

mesophyll,	where	the	hydrolysis	reaction	(Equation	1),	catalyzed	by	carbonic	anhydrase,	

completely	consumes	OCS	rapidly	(Asaf	et	al.,	2013).		
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The	resulting	hydrogen	sulfide	(H2S)	may	perform	a	number	of	plant	biology	functions,	including	

providing	an	alternate	form	of	sulfur	for	protein	synthesis	(Lamers	et	al.,	2013;	Calderwood	and	

Kopriva,	2014),	increasing	resistance	to	pathogens	(Rausch	and	Wachter,	2005;	Bloem	et	al.,	

2007;	Papenbrock	et	al.,	2007;	Calderwood	and	Kopriva,	2014),	as	well	as	signaling	responses	to	

drought,	hypoxia,	and	toxicity	stresses	(Wang	et	al.,	2010;	Zhang	et	al.,	2010a;	Jin	et	al.,	2011;	

Cheng	et	al.,	2013;	Sun	et	al.,	2013;	Calderwood	and	Kopriva,	2014).	This	one-way	hydrolysis	

reaction	distinguishes	OCS	from	CO2,	with	the	latter	being	partially	respired	by	plants	as	well	as	

soil	microorganisms	(Asaf	et	al.,	2013).	

1.3.2 Stomatal	Conductance	

Stomata	are	small	openings	on	plant	leaves	and	stems	that	mediate	gas	exchange	

between	plant	leaves	and	the	atmosphere	through	increased	or	decreased	stomatal	aperture	

(Hetherington	and	Woodward,	2003).	The	rate	at	which	a	given	gas	can	transfer	through	these	

openings	is	quantified	using	stomatal	conductance	(gs).	Enhanced	levels	of	CO2	decrease	gs	

(Kimball	and	Idso,	1983;	Morison	and	Gifford,	1983;	Wand	et	al.,	1999;	Flexas	and	Medrano,	

2002;	Reichstein	et	al.,	2002;	Hetherington	and	Woodward,	2003;	Morgan	et	al.,	2004,	2011;	

Caird	et	al.,	2007;	Zhang	et	al.,	2016),	which	decreases	canopy	transpiration	and	increases	soil	

water	content	(SWC;	Field	et	al.,	1995;	Morgan	et	al.,	2004,	2011).		

A	key	difference	between	CO2	and	OCS	fluxes	at	the	ecosystem-level	is	that	their	uptake	

is	driven	by	different	mechanisms.	Photosynthesis	drives	CO2	flux,	which	means	that	the	CO2	

flux	into	an	ecosystem	drops	to	zero	when	there	is	no	sunlight.	On	the	other	hand,	OCS	flux	

(FOCS)	is	driven	by	gs	and	does	not	require	light	for	the	hydrolysis	reaction	to	occur	(Seibt	et	al.,	
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2010;	Berkelhammer	et	al.,	2014).	This	difference	is	indicated	in	Figure	3	below	where	OCS	

tracks	transpiration	even	in	the	absence	of	light	due	to	incomplete	stomatal	closure.		

	
Figure	3.	Comparison	of	OCS	flux	and	CO2	flux	vs.	transpiration	of	different	plant	species.	In	the	left	panel,	plants	consume	OCS	
and	lose	water	(transpiration)	at	rates	along	a	linear	slope	that	crosses	from	day	into	night,	indicating	that	plant	stomata	are	
only	partially	closed.	The	slope	between	transpiration	and	OCS	flux	remains	stable	for	these	10	plant	species.	In	the	right	panel,	
CO2	flux	becomes	a	source	to	the	atmosphere	(respiration)	in	the	absence	of	sunlight,	but	transpiration	continues.	Thus,	OCS	flux	
is	controlled	by	stomatal	conductance	rather	than	photosynthesis.	Adapted	from	Berkelhammer	et	al.	(2014).	

Therefore,	the	effects	of	increased	CO2	projected	under	climate	change	may	increase	

WUE	as	plants	increase	the	amount	of	biomass	assimilated	through	photosynthesis	at	a	smaller	

water	cost.	The	stomatal	response	to	rising	CO2	is	referred	to	as	the	“fertilization	effect”	and	it	

has	been	observed	over	the	last	few	decades	(Keenan	et	al.,	2013,	2014).	Whereas	these	effects	

will	make	plants	more	efficient	and	drought-resistant,	plants	will	not	be	immune	to	the	effects	

of	extreme	and	prolonged	droughts,	when	even	increased	SWC	stores	are	depleted	(Morgan	et	

al.,	2011).	Questions	remain,	however,	as	to	how	ecosystem	respiration	(Reco)	is	responding	to	

decreased	gs.	Studies	demonstrate	changes	in	both	directions:	net	increases	in	carbon	storage	



	

	 13	

(Keenan	et	al.,	2014)	and	increases	of	Reco	to	the	atmosphere	(Piao	et	al.,	2008;	Barichivich	et	

al.,	2013).	Disparities	in	the	literature	such	as	these	highlight	the	need	for	better	constraints	on	

GPP	and	plant	water	use.	

1.3.3 Conditions	for	a	Carbonyl	Sulfide	Gross	Primary	Productivity	Proxy	

The	utility	of	OCS	as	a	tracer	for	GPP	depends	on	three	conditions	at	the	ecosystem-

scale:	(1),	that	OCS	diffuses	with	CO2	along	the	same	pathway	(Stimler	et	al.,	2010);	(2),	that	

there	is	no	corresponding	respiration-like	mechanism	of	OCS	as	there	is	with	CO2	(Stimler	et	al.,	

2010);	and	(3),	that	OCS	does	not	interact	with	CO2	during	diffusion	(Stimler	et	al.,	2010).	These	

conditions	need	to	be	adjusted	to	include	a	fourth	condition	when	applied	at	the	ecosystem-

scale.	Because	FOCS	also	includes	flux	from	non-vegetative	sources,	such	as	soils	and	senescent	

vegetation	(Kesselmeier	et	al.,	1999;	Kuhn,	1999;	Simmons	et	al.,	1999;	Van	Diest	and	

Kesselmeier,	2008;	Liu	et	al.,	2010;	Maseyk	et	al.,	2012;	Berkelhammer	et	al.,	2014;	Whelan	et	

al.,	2016),	the	final	condition	thus	states	that	(4)	non-plant	OCS	fluxes	must	be	negligible	

relative	to	plant	fluxes	(Montzka	et	al.,	2007;	Campbell	et	al.,	2008;	Blonquist	et	al.,	2011).		

The	first	three	conditions	have	been	rigorously	tested	and	met	in	the	leaf-level	studies	

of	Stimler	et	al.	(2010),	but	results	from	recent	field	studies	have	generated	debate	regarding	

the	fourth	condition	of	non-plant	OCS	fluxes	(Maseyk	et	al.,	2012,	2014,	Whelan	et	al.,	2013,	

2016;	Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014).	Soil	microbial	communities	also	

produce	carbonic	anhydrase	such	that	soil	waters	are	capable	of	consuming	OCS	via	hydrolysis	

(Seibt	et	al.,	2006;	Wingate	et	al.,	2008;	Berry	et	al.,	2013).	The	resulting	soil	flux	(Fsoil)	is	

dominated	by	soil	biological	and	physical	properties.	Soil	flux	is	controlled	by	the	deposition	

velocity	of	OCS	through	water-filled	pore	spaces,	which	is	in	turn	a	function	of	bulk	density	(Van	
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Diest	and	Kesselmeier,	2008;	Berry	et	al.,	2013).	Research	has	characterized	Fsoil	as	a	negligible	

sink	relative	to	leaf	OCS	flux	(Fleaf;	Van	Diest	and	Kesselmeier,	2008;	Liu	et	al.,	2010;	

Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014;	Whelan	et	al.,	2016),	thus	minimally	altering	

contributions	to	overall	ecosystem	OCS	flux	(Feco).	However,	positive	soil	fluxes	were	also	

observed,	typically	under	drier	and	hotter	conditions	(Berkelhammer	et	al.,	2014;	Billesbach	et	

al.,	2014;	Whelan	et	al.,	2016).	The	results	of	the	soil	incubation	studies	of	Whelan	et	al.	(2016)	

suggest	that	these	OCS	soil	sources	are	unique	to	agricultural	ecosystems,	but	not	all	incubated	

agricultural	soils	demonstrate	an	OCS	source.	In	short,	any	study	seeking	to	apply	FOCS	as	a	

proxy	for	GPP	should	include	an	estimate	of	the	soil	contribution	to	total	ecosystem	OCS	flux.	

1.3.4 Laser	Absorption	Spectrometry	Advancements	

Advancements	in	laser	spectrometry	have	been	integral	to	the	application	of	FOCS	as	a	

GPP	proxy.	Early	field	observations	of	ambient	atmospheric	OCS	mixing	ratios	were	sampled	in	

flasks	and	transported	to	the	lab	for	analysis	by	gas	chromatography-mass	spectrometry	

(Montzka	et	al.,	2007;	Campbell	et	al.,	2008;	Blonquist	et	al.,	2011).	This	discrete	measurement	

approach	lacked	the	frequency	to	reveal	the	controls	on	FOCS	at	different	timescales	(Commane	

et	al.,	2015).	High-frequency	OCS	measurements	are	now	possible	with	mid-infrared	dual	

quantum	cascade	laser	spectrometer	used	by	Stimler	et	al.	(2009)	to	sample	leaf-scale	OCS,	

CO2,	and	H2O	dynamics	at	1	Hz;	results	were	consistent	with	flask-sampled	gas	

chromatography-mass	spectrometry	methods.	The	first	in	situ	ecosystem-scale	field	

measurements	were	made	by	Asaf	et	al.	(2013)	using	the	QCL	spectrometer.	The	novel	FOCS	

measurements	resulted	in	a	direct	measurement	of	GPP	(denoted	as	GPPOCS)	that	agreed	with	

the	traditional	respiration-based	method	of	estimating	GPP	(GPPRe)	within	±15%	(Asaf	et	al.,	
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2013).	Whereas	Asaf	et	al.	(2013)	drew	from	the	well-established	eddy	covariance	method	to	

measure	FOCS,	Meredith	et	al.	(2014)	showed	how	vertical	concentration	gradients	could	be	

used	to	determine	the	flux	using	the	trace	gas	similarity	theory	and	the	flux-gradient	method.	

With	the	high-frequency	laser	spectrometer	field	measurement	campaign	of	Asaf	et	al.	

(2013)	and	the	theoretical	possibility	of	applying	the	flux-gradient	method	developed	in	

Meredith	et	al.	(2014),	the	groundwork	was	established	for	future	studies	to	evaluate	OCS	flux	

across	different	ecosystems.	

1.4 Purpose	

This	study	is	the	first	season-long	continuous	application	of	the	OCS	flux-gradient	

method.	High-frequency	in	situ	OCS	measurements	were	used	to	determine	continuous	OCS	

fluxes	and	then	to	constrain	gross	primary	production	and	nighttime	transpiration	in	a	tallgrass	

prairie	ecosystem	in	Illinois.	To	our	knowledge,	there	have	been	no	OCS	flux-gradient	studies	

conducted	in	a	tallgrass	prairie,	where	multiple	species	coexist	and	the	plant	distribution	

changes	between	years	and	through	the	growing	season.	Upon	validation	of	the	applicability	of	

the	OCS	flux-gradient	method	in	a	tallgrass	prairie,	ecosystem	responses	to	projected	climate	

scenarios	are	inferred.	More	broadly,	this	project	aims	to	contribute	to	the	growing	body	of	

scientific	literature	establishing	OCS	as	a	tracer	for	GPP,	so	that	carbon	budget	estimates	at	the	

ecosystem,	regional,	and	global	level	may	be	assessed	and	improved.	
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1.5 Hypotheses	

1.	 Continuous	measurements	of	OCS	gradients	can	be	used	to	derive	the	OCS	flux	

in	a	tallgrass	prairie	ecosystem.	

2.	 OCS	fluxes	follow	a	seasonal	cycle	associated	with	changes	in	local	gross	primary	

productivity.	

3.	 Gross	primary	productivity	derived	from	OCS	flux	(GPPOCS)	is	comparable	to	GPP	

derived	from	respiration	(GPPRe).	

4.	 OCS	flux	can	be	used	as	a	proxy	for	nighttime	stomatal	conductance	and	

transpiration.	

5.	 Nighttime	stomatal	conductance	and	transpiration	vary	with	changes	in	

atmospheric	humidity	and	water	stress.	
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2 METHODS	

2.1 Field	Sites	

Two	proof-of-concept	laser	spectroscopy	campaigns	were	conducted	in	the	summer	and	

early	fall	of	2015.	The	first	was	conducted	from	July	20–27,	2015	at	the	Bondville	Fluxnet	eddy	

covariance	site	(40.006225°,	-88.290400°)	in	Bondville,	Illinois,	USA	(Figure	4;	site	map	with	all	

locations	referenced	shown)	where	an	agricultural	corn	ecosystem	at	growing	season	peak	was	

sampled.	The	soil	at	the	Bondville	site	is	primarily	silty	clay	loam	and	silt	loam	

(https://websoilsurvey.nrcs.usda.gov).	The	second	campaign	was	conducted	from	September	

9–25,	2015	at	the	Energy	Farm	AmeriFlux	eddy	covariance	site	(40.062789°,	-88.196157°)	in	

Urbana,	Illinois,	USA	where	a	senescent	agricultural	corn	ecosystem	was	sampled.	The	soil	at	

Energy	Farm	is	primarily	silt	loam	(https://websoilsurvey.nrcs.usda.gov).	

From	May	17–October	23,	2016	(n	days	=	159),	a	laser	spectroscopy	campaign	was	

conducted	at	the	Fermi	tallgrass	prairie	AmeriFlux	eddy	covariance	site	(41.840617°,		

-88.240920°)	in	Batavia,	Illinois,	USA.	Sampling	spanned	the	majority	of	the	2016	growing	

season,	from	initial	late-spring	GPP	increase	until	productivity	ceased	and	vegetation	senesced	

in	September–October.	Prior	to	being	restored	to	a	tallgrass	prairie	in	1989,	the	silt	loam	soil	

(https://websoilsurvey.nrcs.usda.gov)	had	been	farmed	for	over	100	years.	The	site	was	chosen	

for	a	number	of	scientific	and	logistical	reasons.	The	site	had	an	existing	eddy	covariance	tower	

established	in	2004,	as	well	as	hardwired	electrical	supply	that	would	minimize	data	loss	due	to	

power	shortages	and	enabled	temperature	control	of	the	instrument	enclosure.	The	proximity	

of	the	site	to	the	PIs	also	factored	into	its	selection.	
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Figure	4.	OCS	sampling	sites	referenced.	AmeriFlux	Bondville,	IL,	sampled	July	20–27,	2015.	Energy	Farm	at	UIUC,	Urbana,	IL,	
sampled	September	9–25,	2015.	Fermi	AmeriFlux	tallgrass	prairie	AmeriFlux	site,	Batavia,	IL,	sampled	May	17–October	23,	2016.	
The	NOAA	Earth	System	Laboratory,	Global	Monitoring	Division	has	measured	OCS	at	WLEF	tower	in	Park	Fals,	WI	since	October	
7,	2006	(https://www.esrl.noaa.gov/gmd/dv/site/LEF.html).	

The	Fermi	tallgrass	prairie	receives	an	annual	average	of	975	mm	of	precipitation	and	an	

additional	808	mm	of	snow	per	year.	The	annual	average	high	temperature	is	14.9°C,	with	an	

average	low	of	2.64°C.	The	historic	average	temperatures	for	the	time	of	year	of	the	campaign	

(May–October)	are	24.5°C	high,	10.7°C	low,	with	590	mm	of	precipitation,	and	5	mm	of	snow	

(Figure	5;	historic	averages	for	Aurora,	IL;	intellicast.com).	
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Figure	5.	Historic	mean	temperature	and	precipitation	at	the	Fermi	tallgrass	prairie.	Data	for	nearby	Aurora,	IL.	
(http://www.intellicast.com/Local/History.aspx?unit=C&location=USIL0062)	

Plant	species	identification	was	conducted	with	the	aid	of	field	biologist,	Christopher	

Whelan	(Department	of	Biological	Sciences,	UIC).	A	photo	log	cataloging	identified	species	was	

maintained	to	track	species	shifts,	and	the	four	most	populous	species	are	pictured	below	

(Figure	6).	The	most	predominant	species	throughout	the	season	was	Goldenrod	(Solidago).	

Milkweed	(Asclepias	syriaca),	Reed	Canary	Grass	(Phalaris	arundinacea),	and	

Rosinweed	(Silphium	integrifolium)	were	also	prominent	at	different	times.	

	
Figure	6.	Most	predominant	plant	species	on	site	through	the	campaign.	From	left	to	right,	Goldenrod	(Solidago),	Reed	Canary	
Grass	(Phalaris	arundinacea),	Milkweed	(Asclepias	syriaca),	Rosinweed	(Silphium	integrifolium).	
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2.2 Experimental	Setup		

The	Los	Gatos	Research	laser	absorption	spectrometer	(hereafter	denoted	as	the	LGR)	

that	measures	OCS,	CO2,	CO,	and	H2O	was	installed	within	an	existing	enclosure	that	protected	

it	from	inclement	weather.	An	air	conditioner	was	installed	outside	of	the	enclosure	to	maintain	

stable	laser	temperatures	(mean	=	41.9°C;	s2	=	0.0170°C),	minimizing	instrument	drift	(See	

section	2.4).	Operational	pressure	of	the	LGR	was	~59.0	Torr,	with	a	cavity	flow-through	rate	of	

0.7	L	min-1.	

To	measure	the	gradients	of	the	different	gas	species,	four	filtered	inlets	(1-2	µm	filters,	

Savillex	Corporation,	polytetrafluoroethylene,	chemically	and	biologically	inert)	were	installed	

on	the	eddy	covariance	tower	(Figure	7).	From	top	to	bottom,	the	inlets	and	their	respective	

heights	were	

1.	Top	of	tower:	 4.4	m	

2.	Middle	high:	 2.2	m	

3.	Middle	low:	 1.2	m	

4.	Soil:	 	 0.32	m	
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Figure	7.	Sampling	inlets	at	the	Fermi	tallgrass	prairie.	Eddy	covariance	tower	(left)	with	four	filtered	inlets	(three	pictured,	the	
fourth	is	obscured	by	the	grasses)	photographed	on	June	19,	2016.	Detail	of	a	hanging	inlet	(right).	

Teflon	tubing	was	run	from	the	inlets	down	the	tower	and	horizontally	to	the	enclosure.	The	8.7	

m	distance	from	the	bottom	of	the	tower	to	the	enclosure	was	spanned	by	a	PVC	pipe	that	

protected	the	Teflon	tubing	from	degradation	by	exposure	to	inclement	weather	and	damage	

during	site	visits.	Each	of	the	four	Teflon	lines	was	connected	to	a	port	on	the	back	of	the	

multiport	inlet	unit,	which	switched	the	port	being	sampled	by	the	LGR	in	a	programmed	

sequence.	The	non-sequential	port-switching	order	and	duration	was	programmed	in	software	

onboard	the	LGR.	Ports	were	sampled	for	seven	minutes	(420	one-second	measurements)	at	a	

time,	resulting	in	a	complete	vertical	gradient	approximately	every	30	minutes.		

2.3 Site	Visit	Standard	Operating	Procedures	

Site	visits	were	conducted	weekly.	On	every	visit,	data	were	retrieved	and	canopy	height	

was	measured	using	the	same	goldenrod	plant	as	a	representative	of	the	majority	of	the	

canopy.	Photos	were	taken	for	the	species	photo	log	to	track	species	and	phenology	shifts.	
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Filters	on	the	inlets	were	replaced	on	two-	to	three-week	intervals	to	minimize	airborne	

particulate	matter	from	entering	the	LGR	or	restricting	air	flow	through	the	Teflon	lines.	Soil	

samples	from	the	top	10–15	cm	were	taken	on	the	same	two-	to	three-week	interval,	and	were	

frozen	in	the	lab	at	~-10°C.	

2.4 Calibration	

Before	deployment,	the	LGR	was	calibrated	to	a	National	Oceanic	&	Atmospheric	

Administration	–	Global	Monitoring	Division	(NOAA	GMD)	reference	gas	standard	(OCS	=	314.1	

ppt).	Per	the	procedure	noted	in	Berkelhammer	et	al.	(2016b),	secondary	atmospheric	

standards	stored	in	3785	cm3	stainless	steel	tanks	lined	with	SilcoNert	(Whelan	et	al.,	2013)	

were	filled	to	1800	psi	at	a	local	SCUBA	shop.	These	tanks	were	sampled	in	the	field	

approximately	every	ten	days	to	calculate	instrument	drift.	Upon	conclusion	of	the	campaign,	

instrumental	drift	was	calculated	by	sampling	the	NOAA	GMD	standard	once	more,	and	fitting	a	

robust	linear	regression	(slope	=	-0.188)	through	all	OCS	calibration	values	(Figure	8).	This	slope	

was	used	to	correct	raw	observations	of	OCS	concentration	over	the	time	series.	Analytical	

error	was	calculated	as	the	standard	deviation	of	the	difference	of	consecutive	midday	OCS	

measurements	made	above	the	canopy,	and	found	to	be	±	9.5	ppt.	
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Figure	8.	Calibrations	against	secondary	standard	in	the	field.	Secondary	standard	was	sampled	against	the	primary	NOAA	GMD	
standard	upon	the	completion	of	the	campaign.	The	resulting	slope	(-0.188)	fit	through	these	points	was	used	to	correct	for	the	
long	term	drift	of	the	LGR.	

2.5 Data	Procedure	

Data	processing	was	done	in	two	stages:	during-campaign	and	after-campaign.	To	

calculate	FOCS,	net	ecosystem	exchange	(NEE,	or	CO2	flux)	from	the	eddy	covariance	data	is	

required	at	a	minimum.	Other	variables	from	the	eddy	covariance	data	were	used	to	

characterize	energy	exchange	and	meteorological	conditions	at	the	site:	wind	friction	velocity	

(u*),	fraction	of	absorbed	photosynthetically	active	radiation	(FPAR),	net	radiation	(Rn),	wind	
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speed	(WS),	air	temperature	(Ta),	soil	temperature	(Ts),	and	soil	water	content	(SWC).	Data	

processing	proceeded	in	this	order:	

Concentration	measurement	—>	gradient	calculation—>		

quantitative	flux	—>	estimate	GPPOCS	from	flux	 (2)	

Concentrations	and	gradients	were	processed	and	calculated	during	the	campaign;	fluxes	and	

GPP	were	calculated	after	sampling	concluded.	

Gradients	and	fluxes	are	reported	throughout	this	manuscript	with	negative	values	

representing	sinks	and	positive	values	representing	sources	to	the	atmosphere.	

2.5.1 During	Campaign	

After	each	site	visit,	data	were	imported	and	processed	in	Mathworks	Matlab	software	

(R2015a	release).	Processing	began	by	removing	data	during	periods	when	conditions	would	

invalidate	results.	Such	conditions	included	prolonged	site	visits,	and	periods	when	the	LGR	was	

not	at	optimal	temperature	(i.e.,	<	40°C).	Gas	concentration	measurements	(e.g.,	CO,	OCS,	H2O	

and	CO2)	were	separated	by	height.	Data	per	species	and	per	port	were	then	averaged	over	five	

minutes	(300	counts)	after	excluding	the	first	two	minutes	of	measurements	at	each	height.	

Vertical	gradients	between	different	inlets	(i.e.,	∆OCS	/	∆Z)	were	then	calculated	and	analyzed	

throughout	the	campaign.	The	gradient	is	related	to	the	flux,	but	the	flux	cannot	be	

quantitatively	inferred	from	the	gradient	without	knowledge	of	the	eddy	diffusivity.	Performing	

this	processing	throughout	the	campaign	not	only	allowed	us	to	monitor	ecosystem	response	to	

shifting	phenology,	it	also	ensured	that	the	LGR	was	operating	under	safe	conditions	that	would	

yield	reliable	data.	
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2.5.2 After	Campaign	

Eddy	covariance	and	meteorological	data,	with	periods	gap-filled	when	boundary	layer	

conditions	lacked	the	turbulence	required	for	measurement,	were	synchronized	with	the	high-

frequency	laser	data.	The	NEE	from	the	eddy	covariance	system	and	CO2	gradients	from	the	

LGR	were	used	to	calculate	the	ecosystem	OCS	flux	(Feco)	according	to	Equation	3	(Meredith	et	

al.,	2014):	

Feco	=	NEE	*	∆OCS/∆CO2	 	 (3)	

To	account	for	soil	contribution	to	Feco,	Fsoil	was	estimated	(Equations	4–10)	using	the	

method	detailed	in	Whelan	et	al.	(2016):	

Fsoil,abiotic	=	expa	*	expbTs	 	 (4)	

Fopt	=	-0.00986Ts2	+	0.197Ts	+	-9.32	 	 (5)	

qopt	=	0.287Ts	+	14.5		 	 (6)	

Fq	g	=	(-0.0119Ts2)	+	0.110Ts	+	-1.18	 	 (7)	

a	=	ln(Fopt	/	Fq	g)	(ln(qopt	/qg)	+	(qg/qopt)	-	1)-1	 (8)	

Fsoil,biotic	=	Fopt	(qi/qopt)a	exp(-a((qi/qopt)-1))	 (9)	

Fsoil	=	Fsoil,biotic	+	Fsoil,abiotic		 	 (10)	

where	Fsoil,biotic	and	Fsoil,abiotic	are	the	portion	of	biotic	and	abiotic	processes	contributing	to	soil	

OCS	flux,	respectively,	a	and	b	are	fitting	parameters	(-6.12,	and	0.096,	respectively),	Ts	is	

observed	soil	temperature	(°C),	Fopt	is	the	maximum	biotic	uptake,	qopt	is	optimum	SWC,	Fq	g	is	

the	flux	at	constant	SWC,	a	is	the	curve	shape	constant,	qg	(0.35)	was	held	constant	to	

generalize	for	all	temperature	and	moisture	combinations,	and	qi	is	observed	SWC.	Abiotic	and	

biotic	soil	flux	components	were	estimated	with	calculations	4–9,	and	summed	to	Fsoil	(Equation	
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10).	It	should	be	noted	that	observations	of	SWC	were	not	available	for	the	Bondville	and	

Energy	Farm	campaigns.	To	estimate	SWC	observations	at	these	sites,	data	was	used	from	the	

Cosmic-ray	Soil	Moisture	Observing	System	(COSMOS)	project	(http://cosmos.hwr.arizona.edu),	

which	has	probes	in	place	at	the	Bondville	AmeriFlux	site.	Finally,	Fleaf	(Equation	11)	is	the	

difference	of	ecosystem	and	soil	OCS	fluxes:	

Fleaf	=	Feco	–	Fsoil	 	 	 (11)	

A	final	set	of	filters	were	applied	to	the	data	to	nullify	erroneous	scenarios	when	

positive	fluxes	resulted	from	negative	gradients,	or	vice	versa.	To	reduce	the	effect	of	outlying	

fluxes,	all	data	were	removed	outside	of	the	2nd	and	98th	percentile.	As	previously	noted,	eddy	

covariance	requires	turbulence	in	the	boundary	layer.	Data	from	the	Fermi	tallgrass	prairie	was	

only	used	when	the	friction	velocity	(u*)	exceeded	a	threshold	of	0.29	m	s-1,	which	was	

determined	following	Papale	et	al.	(2006)	and	Reichstein	et	al.	(2005).	A	weaker	threshold	was	

used	for	the	Bondville	and	EF	sites,	because	such	a	rigorous	threshold	forced	all	the	data	to	be	

rejected.	For	these	sites,	a	u*	threshold	was	chosen	by	plotting	nighttime	OCS	fluxes	against	u*,	

and	visually	determining	that	the	fluxes	did	not	become	unstable	at	low	u*	(Figure	9).	

Accordingly,	a	u*	threshold	of	0.15	m	s-1	was	chosen	to	filter	as	few	nighttime	values	as	

possible,	whereas	still	being	within	an	acceptable	u*	threshold	range	of	0.15–0.25	m	s-1	(Papale	

et	al.,	2006).	
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Figure	9.	Nighttime	Fleaf	vs.	u*	at	all	sites.	The	Fermi	u*	threshold	of	0.29	m	s-1	was	an	output	of	the	Reichstein	method.	Bondville	
(BND)	and	Energy	Farm	(EF)	u*	thresholds	were	selected	visually	as	0.15	m	s-1	due	to	stable	Fleaf	across	u*	values.	

Lastly,	GPPOCS	was	calculated	using	the	relationship	(Equation	5)	from	Asaf	et	al.	(2013):	

GPPOCS	=	(Fleaf	/LRU)	*	([CO2]/[OCS])		 (12)	

Leaf	relative	uptake	(LRU)	is	the	normalized	unitless	ratio	of	OCS	and	CO2	assimilation	rates	(i.e.,	

OCS	ppt	/	CO2	ppm,	with	units	removed),	here	estimated	at	1.6.	It	must	be	acknowledged	that	

whereas	LRU	is	variable,	separate	investigations	have	justified	the	use	of	a	constant	LRU	of	1.6	

under	conditions	when	sufficient	sunlight	is	present	(Stimler	et	al.,	2010,	2012;	Asaf	et	al.,	2013;	

Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014;	Hilton	et	al.,	2017).	The	resulting	direct	

GPPOCS	will	be	compared	to	the	estimated	GPPRe,	which	relies	on	temperature-based	

extrapolations	to	estimate	daytime	respiration	as	detailed	in	Reichstein	et	al.	(2005)	and	

Commane	et	al.	(2015).	
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Applying	principles	of	Fick’s	Law	allows	for	the	calculation	of	an	En	proxy.	The	H2O	

gradient	between	the	saturated	leaf	stomata	and	the	atmosphere	is	represented	by	VPD	and	

Fleaf	functions	as	gs,	which	can	be	thought	of	as	a	specialized	diffusion	coefficient.	Multiplying	

the	two	terms	results	in	units	of	pmol	hPa	m-2	s-1	(Equation	13),	which	have	been	normalized	

using	the	lowest	and	highest	values	across	observations	at	the	three	sites	(Equation	14).	The	

resulting	values	are	on	a	unitless	index	(0–1)	representing	water	lost	by	plants	in	the	absence	of	

photosynthesis.	Note	that	when	relative	humidity	is	100%	(i.e.,	VPD	=	0),	En	is	0.	

En,i	=	-(Fleaf	*	VPD)	 	 	 (13)	

En	=	(En,i	–	En,min)	/	(En,max	–	En,min)	 	 (14)	

	



	

	 29	

3 RESULTS	

The	2016	campaign	at	the	Fermi	tallgrass	prairie	spanned	159	days,	from	day	of	year	

(DOY)	138–297	(May	17–October	23).	During	this	time,	only	two	minor	interruptions	of	the	

power	supply	to	the	LGR—each	less	than	an	hour—impeded	sampling.	Observations	in	time	

made	by	the	laser	spectrometer	totaled	14,527,069.	At	each	of	those	observations,	36	

parameters	were	recorded,	for	a	grand	total	of	522,974,484	individual	data	points.	Nearly	60	

million	of	these	points	were	concentrations	of	the	H2O,	CO,	CO2,	and	OCS.	

The	experimental	setup	was	reinstalled	in	the	early	spring	of	2017,	and	a	new	campaign	

began	on	DOY	99	(April	9)	and	is	expected	to	run	until	mid-October	of	this	year.	This	data	will	

not	be	presented	in	the	thesis	because	the	experiment	is	ongoing.		

3.1 Concentrations	

To	validate	data	quality,	which	is	necessary	for	testing	any	of	the	hypotheses	(e.g.,	

continuous	measurements	of	OCS	gradients	will	be	used	to	derive	OCS	flux	in	a	tallgrass	prairie	

ecosystem),	atmospheric	mixing	ratios	of	OCS	at	the	Fermi	tallgrass	prairie	were	compared	

against	the	nearest	NOAA	Global	Monitoring	Division	site	making	weekly	OCS	measurements	

during	this	same	time	period	(Figure	10).	The	WLEF	tower	(447	m,	sampling	above	the	

boundary	layer	at	396	m)	in	Park	Falls,	Wisconsin	(~500	km	to	the	north	of	the	Fermi	site),	is	

located	in	a	northern	hardwood	and	aspen	forest.	The	Fermi	data	and	WLEF	data	showed	great	

parity,	even	to	the	point	where	a	mid-season	pause	(DOY	≈	200–235,	mid-July–mid-August)	in	

the	Northern	Hemisphere	drawdown	of	OCS	was	shown	in	both	data	sets.	This	alignment,	not	

only	of	concentrations,	but	of	sensitivity	to	seasonal	OCS	dynamics	as	well,	suggests	the	
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accuracy	of	the	Fermi	tallgrass	prairie	measurements,	surprising	regional	homogeneity,	and	the	

possibility	of	OCS	in	constraining	regional-scale	carbon	budget	processes.		

	
Figure	10.	OCS	measurements	made	at	Fermi	and	WLEF.	Comparison	of	midday	averaged	4.4	m	OCS	concentrations	alongside	
the	tall-tower	(447	m,	sampling	at	396	m)	NOAA	flask	data	from	the	Park	Falls,	Wisconsin	WLEF	site	(~500	km	north	of	Fermi).	
Both	data	sets	show	parity	in	the	seasonal	cycle	of	OCS,	including	a	mid-summer	pause	(DOY	≈	200–235	≈	mid-July–mid-August)	
in	the	northern	hemisphere	drawdown	of	OCS.	The	data	also	show	higher	frequency	variability	associated	with	diurnal	
processes.	

Our	data	comparison	with	the	WLEF	site	shows	the	accuracy	of	these	long-term	

measurements	on	a	seasonal	scale.	Higher	frequency	variation	occurs	as	well,	with	OCS,	CO2,	
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CO,	and	H20	following	distinct	diel	cycles.	In	the	absence	of	photosynthesis,	plants	and	soils	

continue	to	consume	OCS	and	vegetation	becomes	a	CO2	source	as	respiration	dominates.	This	

cycle	results	in	simultaneous	OCS	minima	and	CO2	maxima	at	night	(Figure	11A	and	11B).	

Concentrations	of	CO	spike	usually	in	sync	with	localized	effects	of	morning	commutes	(i.e.,	7–

10am)	before	soil	drawdown	reduces	CO	(Figure	11C).	The	lack	of	OCS	and	CO2	during	the	

morning	when	CO	spikes,	shows	that	the	former	two	gases	are	only	minimally	affected	by	local	

pollution.	Midday	CO	spikes	are	likely	caused	by	the	operation	of	agricultural	or	landscaping	

activity	nearby	on	Fermilab	grounds.	Concentrations	of	H2O	shift	with	the	summer	air	

temperature,	increasing	as	warmer	air	holds	more	water	until	mid-summer,	and	decreasing	in	

the	second	half	of	the	season	(Figure	11D).		

The	Northern	Hemisphere	OCS	cycle	follows	the	annual	cycle	of	plant	productivity,	

which	leads	to	decreasing	concentration	until	DOY	≈	265–275	(Figure	12A;	mid-	to	late-

September)	when	senescence	diminishes	productivity,	and	atmospheric	OCS	concentrations	

increase	again.	The	seasonal	CO2	cycle	reaches	its	minimum	earlier	on	DOY	(201)	at	390	ppm	

(Figure	12B).	Close	negative	coupling	of	OCS	and	CO2	concentrations	at	the	prairie	site	were	

observed	(Figure	13;	R2	=	0.654,	p	<	0.001).	
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Figure	11.	Concentrations	of	OCS,	CO2,	CO,	and	H2O	at	0.32	m	throughout	the	campaign.	Nighttime	valleys	(OCS)	and	peaks	
(CO2)	frequently	coincide.	The	seasonal	decrease	of	OCS	in	the	northern	hemisphere	is	also	shown	from	May	until	mid-	to	late-
September	when	it	will	continue	to	increase	until	the	following	spring.	CO	spikes	are	typically	the	localized	effects	of	morning	
commute	emissions,	with	other	midday	spikes	resulting	from	agricultural	or	landscaping	machinery.	Concentrations	of	H2O	
increase	with	air	temperature	as	the	warmer	air	holds	more	moisture	until	midsummer	when	air	temperatures	decrease	and	the	
trend	reverses.	
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Figure	12.	Fermi	midday	mean	above-canopy	OCS	and	CO2	concentrations.	The	Northern	hemisphere	seasonal	cycles	of	OCS	and	
CO2	are	both	dominated	by	plant	uptake,	with	the	observed	CO2	minimum	of	390	ppm	occurring	on	DOY	201	(July	19).	The	OCS	
minimum	is	reached	later	in	the	season	(307.4	ppt;	DOY	249	=	September	5),	with	concentrations	that	increase	until	the	
following	spring.	
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Figure	13.	Fermi	in-canopy	OCS	and	CO2	concentrations.	Robust	linear	regression	demonstrates	significant	correlation	between	
OCS	and	CO2	(R

2	=	0.654,	p	<	0.001).	The	sharp	delineation	primarily	comprised	of	midday	(10:00–15:00)	points	from	upper-left	
to	mid-left	demonstrates	the	seasonal	drawdown	of	both	OCS	and	CO2.	

Measurements	from	the	productive	agricultural	corn	site	(Bondville,	hereafter	denoted	

as	BND)	and	the	senescent	agricultural	corn	site	(Energy	Farm,	hereafter	denoted	as	EF)	show	

similar	diel	cycle	concentration	patterns	to	Fermi	over	their	short-term	sampling	campaigns	

(Figure	14;	7	and	16	days,	respectively).	Spikes	of	OCS	concentration	well	above	atmospheric	

mixing	ratios	were	observed	in	the	in-canopy	EF	data,	where	late-day	OCS	increased	to	a	

maximum	780	±	15	ppt.	Levels	of	daytime	OCS	above	the	canopy	during	the	peak	growing	

season	at	BND	(mean	=	392	±	13	ppt)	and	later	in	the	season	when	corn	was	in	senescence	at	EF	

(mean	=	420	±	15	ppt)	were	in	keeping	with	the	Northern	Hemisphere	OCS	cycle.	Above-canopy	
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OCS	concentrations	at	Fermi	during	the	same	times	as	BND	and	EF	were	386	and	378	±	9.5	ppt	

respectively.		

	
Figure	14.	In-canopy	OCS	concentrations	at	BND	and	EF.	Late-day	spikes	are	seen	in	the	senescent	crops	at	EF,	possibly	
indicating	an	OCS	source.	
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Figure	15.	Mean	in-canopy	OCS	vs.	CO2	concentrations	at	BND	and	EF.	Robust	linear	regression	shows	higher	correlation	
between	the	two	gases	in	peak-season	(BND:	R2	=	0.524,	p	<	0.001)	as	opposed	to	senescent	corn	(EF:	R2	=	0.210,	p	<	0.001).	

Concentrations	of	OCS	and	CO2	at	the	two	agricultural	sites	were	less	correlated	than	at	

Fermi.	The	peak	season	corn	demonstrated	higher	correlation	between	OCS	and	CO2	than	the	

senescent	corn	(Figure	15A,	BND:	R2	=	0.524,	p	<	0.001;	Figure	15B,	EF:	R2	=	0.210,	p	<	0.001).	

3.2 Carbonyl	Sulfide	Concentration	Diel	Cycle	

OCS	diel	cycle	concentrations	over	a	24-hour	period	during	the	campaign	(Figure	16)	

were	in	line	with	expectations.	Lowered	nighttime	concentrations	resulted	from	ecosystems	

uptake	of	OCS	within	a	stable	boundary	layer.	The	canopy	progressively	depleted	OCS	until	

thermal	convection	and	turbulence	resumed	at	dawn,	and	OCS	was	mixed	to	the	surface	from	

the	free	troposphere.	After	dawn,	OCS	concentrations	increased	until	sunlight	waned	in	the	

late-afternoon.	The	same	process	affected	the	CO2	diel	cycle,	but	in	reverse.	At	night,	the	
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canopy	respired	CO2	into	a	stable	boundary	layer,	where	concentrations	rose	until	turbulent	

mixing	resumed	at	dawn.	

	
Figure	16.	Mean	Fermi	OCS	diel	cycle	at	all	four	inlets.	OCS	is	demonstrated	mixing	in	from	the	upper-atmosphere	during	the	
day,	and	then	the	canopy	depletes	those	OCS	concentrations	at	night.		

A	distinct	feature	of	the	OCS	diel	cycle	is	the	sharp	dip	in	OCS	concentrations	in	the	third	

inlet	(1.2	m)	at	or	around	dawn.	This	dip	was	present	in	the	other	inlets	as	well,	only	less	

pronounced.	This	diel	pattern	likely	indicates	that	there	was	progressive	uptake	of	OCS	during	

the	night	resulting	in	canopy	air	with	very	low	concentrations.	These	OCS-depleted	pockets	of	
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air	near	the	soil	may	have	been	mobilized	and	registered	successively	upward	through	each	

inlet	above	as	these	pockets	of	air	were	mixed	upwards.	

	
Figure	17.	Select	20-day	Fermi	OCS	concentration	diel	cycles.	The	(A)	beginning,	(B)	middle,	and	(C)	end	of	growing	season	are	
shown,	with	progressively	less	difference	in	amplitude	between	the	day	and	night	demonstrated.	

The	sharp,	pre-dawn	dip	in	OCS	concentrations	was	also	present	in	20-day	means	of	OCS	

diel	cycles	(Figure	17A	and	17B),	when	OCS	dropped	to	nearly	steady	concentrations	through	

the	night	at	each	inlet	until	daytime	turbulence	resumed.	Variation	from	daytime	to	nighttime	

OCS	concentrations	varied	the	least	at	the	end	of	the	growing	season	when	plant	uptake	had	

largely	ceased	(Figure	17C).	

At	the	two	corn	sites,	diel	cycles	reflected	the	seasonal	productivity	of	the	crop.	Peak	

season	corn	registered	strong	midday	vertical	gradients	even	with	turbulent	replenishment	of	
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OCS	(Figure	18A).	Senescent	corn	did	not	reproduce	these	gradients,	and	concentrations	at	all	

heights	tracked	one	another	throughout	the	24-hour	period	(Figure	18B).	

	
Figure	18.	BND	and	EF	OCS	diel	cycles.	Strong	midday	vertical	OCS	gradients	in	the	presence	of	turbulent	mixing	were	observed	
in	peak	corn	(BND)	when	concentrations	at	the	highest	inlet	were	~30	ppt	higher	than	those	sampled	near	the	ground.	Vertical	
gradients	were	largely	absent	in	senescent	corn,	where	OCS	concentrations	at	all	heights	tracked	one	another.	

3.3 Carbonyl	Sulfide	Minima	and	Carbon	Dioxide	Maxima	

Also	of	note	are	the	minimum	OCS	and	maximum	CO2	in-canopy	concentrations	(Figure	

19),	which	both	occurred	at	night	in	the	absence	of	turbulent	mixing.	The	lowest	OCS	measured	

was	17.6	±	9.5	ppt	on	DOY	223	(August	10),	which,	to	our	knowledge,	is	the	lowest	OCS	

measurement	made	in	the	free	atmosphere.	The	maximum	CO2	was	2040	ppm	on	DOY	205	

(July	23),	which	is	five	times	larger	than	average	concentrations	in	the	atmosphere.	Examples	of	

very	high	CO2	and	low	OCS	periods	are	illustrated	in	Figure	19.	These	observations	are	likely	a	

demonstration	of	boundary	layer	stability	combined	with	the	dense,	irregular	canopy	of	a	
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tallgrass	prairie,	in	which	exceptionally	windless	nights	allowed	for	pockets	of	stable	air	to	

become	OCS-depleted	and	CO2-enriched	without	turbulent	mixing	from	the	boundary	layer	to	

replenish	OCS	concentrations	or	disperse	respired	CO2.	

	
Figure	19.	In-canopy	OCS	minimum	and	CO2	maximum.	OCS	and	CO2	concentrations	on	the	days	of	year	when	an	OCS	minimum	
concentration	of	17.6	±	9.5	ppt	(upper	left,	DOY	223	=	August	10,	2016)	and	a	CO2	maximum	concentration	of	2040	ppm	(lower	
right,	DOY	205	=	July	23,	2016)	were	observed.	The	corresponding	CO2	(lower-left)	and	OCS	(upper-right)	concentrations	are	
included	to	demonstrate	the	high	correlation	between	the	two	gases.	

3.4 Carbonyl	Sulfide	Gradients	

Vertical	gradients	of	OCS	were	our	real-time	proxy	for	assessing	flux	throughout	the	
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daytime	OCS	gradients	(-11.8	±	9.5	pmol	mol	-1	m-1)	were	observed	early	in	the	growing	season	
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layer	turbulence	was	minimal.	Nighttime	gradients	reached	a	minimum	of	-35.6	±	9.5	pmol	m-1	

in	late	July	(Figure	20B).	Daytime	and	nighttime	gradients	increase	thereafter,	with	daytime	

gradients	of	>	-5	±	9.5	pmol	m-1	in	October	(Figure	20C).	

	
Figure	20.	Select	20-day	Fermi	OCS	gradient	diel	cycles.	The	(A)	beginning,	(B)	middle,	and	(C)	end	of	growing	season	are	shown.	
The	largest	daytime	gradient	is	at	beginning	of	season	(-11.8	±	9.5	pmol	m-1);	largest	nighttime	gradient	in	middle	of	season	(-
35.6	±	9.5	pmol	m-1).	Daytime	gradient	approaches	zero	near	end	of	season.	
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3.5 Daytime	Carbonyl	Sulfide	Flux	and	Gross	Primary	Productivity	

In	the	presence	of	a	turbulent	boundary	layer,	observations	of	mean	daytime	(10:00–

15:00)	Feco	at	the	Fermi	tallgrass	prairie	were	-39.1	±	9.5	pmol	m-2	s-1	(Figure	21).	Mean	daytime	

Fleaf	was	-36.3	±	9.5	pmol	m-2	s-1.	According	to	the	model	of	Whelan	et	al.	(2016)	Fsoil	(mean	=	-

2.78	±	9.5	pmol	m-2	s-1)	was	never	an	OCS	source,	with	maximum	Fsoil	at	-0.171	±	9.5	pmol	m-2	s-

1
,	validating	assertions	that	Fsoil	has	a	negligible	effect	on	the	total	ecosystem	flux	from	this	site.	

Leaf	OCS	flux	was	typically	an	order	of	magnitude	larger	than	Fsoil,	which	clearly	demonstrated	

that	fluxes	were	dominated	by	plant	uptake	in	agreement	with	previous	investigations	that	

directly	measured	Fsoil	(Berkelhammer	et	al.,	2014;	Maseyk	et	al.,	2014;	Whelan	et	al.,	2016)	

	
Figure	21.	Fermi	mean	daytime	(10:00–15:00)	OCS	fluxes.	Strength	of	OCS	sink	declines	through	the	year.	Fsoil	remains	negative,	
adding	to	Fleaf	(mean	=	-36.3	±	9.5	pmol	m-2	s-1),	which	is	the	larger	OCS	sink	by	an	order	of	magnitude.	
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Figure	22.	Fermi	daily	Fleaf	and	FPAR	throughout	the	campaign.	Strongest	signals	of	each	coincide	on	DOY	170	(June	18).	

Daytime	leaf	OCS	flux	tracked	canopy	absorption	of	photosynthetically	active	radiation	

(PAR)	throughout	the	season,	represented	here	as	FPAR	(Figure	22),	where	the	strongest	OCS	

flux	(-102	±	9.5	pmol	m-2	s-1)	coincides	with	the	largest	absorption	of	PAR	(94.6%)	early	in	the	

growing	season	(DOY	170	=	June	18).	There	was	significant	correlation	(R2	=	0.437,	p	<	0.001)	

between	Fleaf	and	FPAR,	with	higher	FPAR	resulting	in	stronger	Fleaf	(Figure	23).		
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Figure	23.	Fermi	FPAR	vs.	Fleaf	throughout	the	campaign.	Stronger	OCS	fluxes	correspond	to	higher	fractions	of	absorbed	PAR	
indicating	a	significant	correlation	between	photosynthesis	and	OCS	flux	regulated	by	stomatal	conductance.	

With	vegetation	dominating	OCS	uptake,	daytime	fluxes	observed	in	the	agricultural	

corn	fields	during	the	middle	of	the	season	(BND)	and	after	the	onset	of	senescence	(EF)	reflect	

these	middle	and	end	points	of	the	annual	cycle.	Daytime	mean	leaf	fluxes	for	the	mid-season	

corn	at	BND	were	strongly	and	consistently	negative,	with	a	mean	Fleaf	of	-79.3	±	13	pmol		

m-2	s-1.	Senescent	corn	Fleaf	was	far	weaker	(mean	=	-0.437	±	15	pmol	m-2	s-1),	and	indicated	

three	days	when	Fleaf	was	positive,	but	only	one	of	those	days	resulted	in	an	OCS	emission	once	

Fsoil	sinks	were	incorporated.		
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These	same	mid-season	and	senescent	periods	at	the	prairie	site	demonstrated	a	

markedly	different	OCS	flux	pattern.	The	uptake	of	OCS	at	Fermi	during	the	same	time	as	BND	

was	less	than	half	as	strong,	with	a	mean	Fleaf	of	-36.6	±	9.5	pmol	m-2	s-1.	The	prairie	site,	

however,	demonstrated	a	stronger	OCS	sink	later	into	the	transition	from	summer	to	fall	and	

remained	negative,	with	a	mean	daily	Fleaf	two	orders	of	magnitude	larger	than	the	EF	corn,	at	-

20.3	±	9.5	pmol	m-2	s-1	(Table	1).	Whereas	peak	corn	OCS	uptake	is	more	than	twice	as	strong	as	

the	prairie	during	the	same	DOYs,	more	GPP	is	retained	on	average	over	the	course	of	the	

longer	growing	season.	

Table	1.	Mean	daytime	OCS	fluxes	from	tallgrass	prairie	(Fermi),	peak-season	corn	(BND),	and	senescent	corn	(EF).	

Site Vegetation	 DOYs	 Fleaf	(pmol	m-2	s-1)	 Fsoil	(pmol	m-2	s-1)	

Fermi	 Tallgrass	Prairie	 138-297	 -36.3	±	9.5	 -2.78	±	9.5	

BND	 Corn	 201-208	 -79.3	±	13	 -0.327	±	13	

Fermi	 Tallgrass	Prairie	 201-208	 -36.6	±	9.5	 -3.05	±	9.5	

EF	 Corn	 252-268	 -0.437	±	15	 -0.291	±	15	

Fermi	 Tallgrass	Prairie	 252-268	 -20.3	±	9.5	 -3.05	±	9.5	

	
Linear	regressions	of	OCS	leaf	fluxes	and	GPPRe	were	made	to	test	the	second	hypothesis	

(OCS	fluxes	will	follow	a	seasonal	cycle	associated	with	changes	in	local	gross	primary	

productivity).	As	was	expected	with	daytime	correlations	of	Fleaf	and	GPP,	the	relationships	

between	plant	uptake	of	OCS	and	CO2	were	significant.	The	widely-used	flux	partitioning	
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method	of	Reichstein	(2005)	yielded	a	GPPRe	that	was	well-correlated	(R2	=	0.652,	p	<	0.001)	

with	daytime	Fleaf	(Figure	24).	

	
Figure	24.	Fermi	daily	Fleaf	vs.	GPPRe.	Observed	leaf	OCS	flux	is	well-correlated	with	respiration-derived	GPP	(R

2	=	0.652,	p	<	
0.001).	

To	assess	the	validity	of	using	a	constant	leaf	uptake	ratio	(LRU	=	OCS:CO2	=	1.6)	in	

calculating	GPPOCS	(Stimler	et	al.,	2010,	2012;	Asaf	et	al.,	2013;	Berkelhammer	et	al.,	2014;	

Billesbach	et	al.,	2014;	Hilton	et	al.,	2017),	equation	12	was	rearranged	to	solve	for	the	site-
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specific	LRU	using	observed	OCS	and	CO2	concentrations,	Fleaf,	and	the	GPPRe	estimate.	This	

yielded	a	median	LRU	of	1.67.		

Comparing	the	two	methods	of	obtaining	gross	primary	productivity	validated	the	third	

hypothesis	(GPPOCS	will	be	comparable	to	GPPRe).	GPPOCS	and	GPPRe	(mean	=	-23.3	and	-19.2	

µmol	m-2	s-1	respectively)	were	significantly	correlated	(Figure	25;	R2	=	0.566,	p	<	0.001,	RMSE	=	

8.81,	n	=	150).	This	estimate	of	GPP,	based	on	observed	OCS	flux-gradients,	constrains	the	

unknown	GPP	term	of	the	carbon	budget	above	(Figure	2),	leaving	only	one	unknown	that	can	

now	be	solved	for:	daytime	ecosystem	respiration.	

	
Figure	25.	GPPOCS	vs.	GPPRe.	GPPOCS	correlated	well	with	the	widely-used	GPPRe	extrapolated	from	nighttime	respiration	values	
(R2	=	0.566,	p	<	0.001,	RMSE	=	8.81,	n	=	150).	
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3.6 Carbonyl	Sulfide	Flux	Diel	Cycle	

	

Figure	26.	Fermi	mean	OCS	flux	diel	cycle.	Daytime	Fleaf	dominated	the	cycle	from	06:00–22:00,	with	nighttime	Fleaf	values	of	~3	
pmol	m-2	s-1	only	slightly	stronger	than	Fsoil.	

The	mean	diel	cycle	of	OCS	fluxes	in	the	prairie	was	dominated	by	daytime	leaf	OCS	

uptake	from	06:00–20:00	when	mean	Fleaf	remained	relatively	stable	(Figure	26;	mean	=	-36.3	±	

9.5	pmol	m-2	s-1).	Nighttime	Fleaf	was	generally	constant	at	~-3	pmol	m-2	s-1.	The	Fsoil	diel	cycle	

had	a	much	smaller	amplitude	than	the	Fleaf.	Around	dawn,	Fsoil	began	to	increase	from	a	

minimum	of	-1.69	±	9.5	pmol	m-2	s-1	to	a	maximum	flux	of	-3.43	±	9.5	pmol	m-2	s-1	at	16:00.		
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The	magnitude	of	the	Fleaf	diel	cycle	decreased	through	the	season	(Figure	27).	The	

strongest	daytime	Fleaf	coincided	with	the	maximum	GPP	values	in	the	middle	of	June	(~-60	±	

9.5	pmol	m-2	s-1).	From	the	mid-June	maximum	until	the	end	of	observation,	the	amplitude	of	

the	Fleaf	diel	cycle	diminished.	During	October,	mean	daytime	Fleaf	was	limited	to	-16.1	±	9.5	

pmol	m-2	s-1,	and	the	mean	difference	between	day	and	night	was	less	than	10	±	9.5	pmol	m-2		

s-1.	Across	the	growing	season,	Fsoil	strength	at	night	increased	from	~-3	pmol	m-2	s-1	to	values	

between	~-1	and	0	pmol	m-2	s-1.	

	

Figure	27.	Select	20-day	Fermi	OCS	flux	diel	cycles.	The	amplitude	between	Fleaf	night	and	day	is	strongest	in	the	middle	of	June,	
and	diminished	nearly	to	nighttime	values	by	the	middle	of	October.	The	amplitude	of	Fsoil	difference	between	day	and	night	was	
much	smaller	than	Fleaf	throughout	the	season,	and	decreases	to	a	nearly	horizontal	line	just	below	0	in	mid-October.	
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3.7 Nighttime	Carbonyl	Sulfide	Flux	and	Transpiration	

Throughout	the	period	of	observation	at	Fermi,	OCS	flux	continued	in	the	absence	of	

light,	indicating	incomplete	stomatal	closure.	Boundary	layer	conditions	at	night	(22:00–04:00)	

were	often	stratified	due	to	low	boundary	layer	turbulence,	and	filtering	the	data	using	a	u*	

threshold	as	noted	above,	reduced	the	total	number	of	nighttime	values	relative	to	the	day.	The	

tallgrass	prairie	ecosystem	remained	an	OCS	sink	(Feco	mean	=	-6.05	±	2.8	pmol	m-2	s-1),	but	Fleaf	

was	occasionally	a	smaller	sink	than	Fsoil	(mean	=	-3.60	±	2.8	and	-2.44	±	2.8	pmol	m-2	s-1	

respectively),	particularly	during	some	period	of	the	summer	(Figure	28).		

	
Figure	28.	Fermi	mean	nighttime	(22:00–04:00)	OCS	fluxes.	In	the	absence	of	turbulence,	nighttime	Feco	fluxes	are	markedly	
smaller	than	the	daytime,	with	soil	fluxes	(mean	=	-2.44	±	2.8	pmol	m-2	s-1)	often	being	larger	than	leaf	uptake	(mean	=	-3.60	±	
2.8	pmol	m-2	s-1).	

Mean	nighttime	fluxes	for	all	sites	were	smaller	than	daytime	fluxes	and	occasionally	

were	not	statistically	different	from	0.	Nighttime	Fleaf	at	BND	was	nearly	absent	at	the	peak	corn	

Day of Year
140 160 180 200 220 240 260 280 300

O
C

S 
Fl

ux
es

 (p
m

ol
 m

-2
 s

-1

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0
Fermi Nighttime OCS Fluxes

Feco
Fleaf
Fsoil



	

	 51	

site,	but	the	measurement	period	was	shorter	relative	to	Fermi	and	it	cannot	be	confirmed	

whether	this	short	campaign	was	indicative	of	general	behavior	of	the	ecosystem.	Only	three	

nights	of	seven	remained	after	filtering,	one	of	which	was	a	net	OCS	emission,	for	a	mean	

nighttime	Fleaf	of	-0.107	±	1.4	pmol	m-2	s-1.	Nighttime	uptake	of	OCS	in	senescent	corn	at	EF	

demonstrated	one	night	of	emission	as	well,	but	Fleaf	was	larger	overall	at	-1.82	±	2.5	pmol	m-2	s-

1.	The	Fermi	tallgrass	prairie	remained	a	sink	during	the	same	two	periods	at	night	(-2.06	±	2.8	

and	-2.69	±	2.8	pmol	m-2	s-1,	respectively),	but	Fsoil	was	often	a	stronger	sink	than	leaf	uptake.		

	

Table	2.	Mean	nighttime	OCS	fluxes	from	tallgrass	prairie	(Fermi),	peak-season	corn	(BND),	and	senescent	corn	(EF).	

Site Vegetation	 DOYs	 Fleaf	(pmol	m-2	s-1)	 Fsoil	(pmol	m-2	s-1)	

Fermi	 Tallgrass	Prairie	 138-297	 -3.60	±	2.8	 -2.44	±	2.8	

BND	 Corn	 201-208	 -0.107	±	1.4	 -0.0286	±	1.4	

Fermi	 Tallgrass	Prairie	 201-208	 -2.06	±	2.8	 -2.66	±	2.8	

EF	 Corn	 252-268	 -1.82	±	2.5	 -0.382	±	2.5	

Fermi	 Tallgrass	Prairie	 252-268	 -2.69	±	2.8	 -2.71	±	2.8	

	
Leaf	OCS	flux	was	converted	to	nighttime	transpiration	in	order	to	test	the	fourth	

hypothesis	(OCS	flux	can	be	used	as	a	proxy	for	nighttime	stomatal	conductance	and	

transpiration).	As	a	function	of	leaf-level	OCS	fluxes,	nighttime	water	loss	(En)	from	the	canopy	

is	a	unitless	index	(0–1)	of	observed	nighttime	transpiration.	Photosynthesis	is	zero	at	night,	but	

En	will	occur	if	stomata	are	partially	open	and	humidity	is	less	than	100%.	With	nighttime	
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transpiration	measured	here	as	a	unitless	index,	qualitative	assessments	can	now	be	made	of	

the	unknown	nighttime	variable,	En	can	be	made	(see	Figure	2).	Elevated	early	season	En	values	

coincide	with	GPP	maxima,	but	more	sporadic	En	peaks	(maximum	=	0.323)	were	also	observed	

at	the	end	of	the	season	when	GPP	was	near	its	minimum	during	the	day	(Figure	29).	Rates	of	

En	decreased	to	near	0	(En	minimum	=	7.09e-5)	in	the	middle	of	the	season	(DOY	217	=	August	

4).	The	relationship	between	Fleaf	and	En	proxy	was	significantly	correlated	(Figure	30A;	R2	=	

0.537,	p	<	0.001)	with	higher	rates	of	En	during	periods	of	higher	Fleaf.	However,	En	is	better	

correlated	with	VPD	(Figure	30B;	R2	=	0.749,	p	<	0.001),	making	it	the	more	influential	driver	of	

En	rather	than	gs.	
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Figure	29.	Fermi	nighttime	transpiration	(mean	=	0.0364).	Sustained	increased	rates	of	nighttime	transpiration	were	observed	
early	in	the	season,	followed	by	a	mid-season	decrease	when	En	was	reduced	to	minimum	of	7.09e-5.	The	last	portion	of	the	
season	demonstrated	an	increase	in	transpiration,	including	the	highest	observation	(0.323).		

Day of Year
160 180 200 220 240 260 280

E n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
Fermi Nighttime Transpiration



	

	 54	

	
Figure	30.	Fermi	nighttime	En	vs.	Fleaf	(A)	and	En	vs.	VPD	(B).	Greater	OCS	uptake	was	observed	as	more	water	was	transpired	
from	leaves	in	the	absence	of	photosynthesis	(R2	=	0.537,	p	<	0.001).	However,	VPD	was	much	more	correlated	(R2	=	0.749,	p	<	
0.001),	indicating	that	VPD	drives	En	more	than	stomatal	conductance.	

Mean	nighttime	water	loss	at	the	two	corn	sites	suggest	that	the	agricultural	

ecosystems	lost	far	less	water	at	night	than	the	prairie.	Nighttime	transpiration	at	BND	

approached	zero	(0.00300)	and	even	the	senescent	corn	at	EF	lost	little	water	(0.0139).	During	

these	times	at	the	Fermi	prairie	site,	the	medians	were	0.0162	and	0.0235	during	the	BND	and	

EF	DOYs,	respectively.	
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Table	3.	Mean	nighttime	transpiration	from	the	tallgrass	prairie	(Fermi),	peak-season	corn	(BND),	and	senescent	corn	(EF).	
Values	are	normalized	to	the	observed	minimum	and	maximum	En	values	from	the	three	sites.	

Site Vegetation	 DOYs	 En	

Fermi	 Tallgrass	Prairie	 138-297	 0.0364	±	0.068	

BND	 Corn	 201-208	 0.00300	±	0.0014	

Fermi	 Tallgrass	Prairie	 201-208	 0.0162	±	0.068	

EF	 Corn	 252-268	 0.0139	±	0.023	

Fermi	 Tallgrass	Prairie	 252-268	 0.0235	±	0.068	
	

3.8 Statistical	Analysis	of	Nighttime	Carbonyl	Sulfide	Flux	

Numerous	statistical	approaches	were	used	to	determine	the	drivers	of	nighttime	OCS	

flux	as	a	proxy	for	stomatal	conductance	in	order	to	test	hypothesis	five	(nighttime	stomatal	

conductance	and	transpiration	will	vary	with	changes	in	atmospheric	humidity	and	water	

stress).	Notable	and	statistically	significant	relationships	will	be	presented	here,	with	complete	

results	from	the	statistical	analyses	being	included	in	the	appendix.	

3.8.1 Linear	Regressions	

Eight	ecosystem	variables	were	selected	as	possible	drivers	of	nighttime	OCS	flux	based	

upon	their	reported	effects	on	stomatal	conductance.	Ta	and	SWC	have	had	demonstrated	

effects	on	FOCS	in	multiple	studies	(Commane	et	al.,	2015),	with	high	Ta	and	low	SWC	often	

resulting	in	emission	from	both	soils	and	plants	(Commane	et	al.,	2015).	The	enzyme	controlling	

OCS	hydrolysis,	carbonic	anhydrase,	is	also	observed	in	soils.	Carbonic	anhydrase	activity	is	

driven	by	Ts	and	SWC	(Van	Diest	and	Kesselmeier,	2008;	Berry	et	al.,	2013).	Hot	and	dry	soils	
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have	been	associated	with	soil	OCS	sources	(Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014;	

Maseyk	et	al.,	2014;	Whelan	et	al.,	2016).	Whereas	OCS	does	not	require	light	to	be	taken	up	by	

plants,	Rn	from	the	previous	day	was	selected	because	of	the	effects	of	light	on	stomatal	

conductance,	with	more	light	resulting	in	the	stomata	being	more	open	(Hetherington	and	

Woodward,	2003;	Commane	et	al.,	2015),	thus	increasing	the	rate	of	OCS	consumption.	The	

ambient	OCS	and	CO2	concentrations	were	also	selected	as	possible	drivers.	Concentrations	of	

OCS	vary	with	time	in	a	diel	cycle	characterized	by	a	morning	increase	with	turbulence	and	a	

depletion	at	night	in	a	still	boundary	layer	as	demonstrated	earlier	in	this	manuscript	as	well	as	

in	the	literature	(Berkelhammer	et	al.,	2014).	Elevated	ambient	CO2	concentrations	have	been	

linked	with	decreased	gs	(Hetherington	and	Woodward,	2003;	Keenan	et	al.,	2013).	Fluctuations	

in	WS	would	serve	an	indicator	of	turbulence,	with	higher	WS	resulting	in	more	atmospheric	

OCS	being	mixed	into	the	canopy	from	above.	As	VPD	increases,	evaporation	rates	increase	but	

gs	also	responds	negatively	to	higher	VPD	(Herzog	et	al.,	1998;	Benyon,	1999;	Oren	et	al.,	2001;	

Daley	and	Phillips,	2006;	Caird	et	al.,	2007;	Fisher	et	al.,	2007;	Kavanagh	et	al.,	2007;	Coupel-

Ledru	et	al.,	2016)	This	indicates	associations	with	gs,	and	it	is	the	basis	for	our	En	proxy	

(Equation	13).	

These	eight	ecosystem	variables	were	compared	to	both	the	whole-night	mean	leaf	and	

ecosystem	OCS	fluxes	using	robust	linear	regression	in	Matlab.	This	fitting	method	is	less	

affected	by	outliers	in	the	data	than	the	default	ordinary	least	squares.	Each	data	point	is	

weighted	by	a	process	called	“iteratively	reweighted	least	squares”	where	subsequent	

iterations	recompute	the	weights	of	predicted	points	that	are	farther	than	the	prediction	of	the	

previous	iteration.	Linear	model	coefficients	are	then	computed	using	the	final	weighted	least	
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squares	(https://www.mathworks.com/help/stats/robust-regression-reduce-outlier-

effects.html).	Among	the	whole-night	comparisons,	WS	explained	the	largest	variation	of	both	

Feco	and	Fleaf	at	Fermi,	but	correlations	were	relatively	low	(Figure	31;	R2	=	0.299,	p	<	0.001;	R2	=	

0.293,	p	<	0.001,	respectively).		

	
Figure	31.	Fermi	Feco	and	Fleaf	vs.	WS.	Among	all	variables	compared	with	robust	linear	regression,	WS	explained	the	most	
observed	variation	of	Feco	and	Fleaf.	

To	test	whether	nighttime	OCS	fluxes	were	affected	by	different	processes	at	different	

times	of	the	night,	the	night	was	divided	in	half	from	22:00–01:00	(n1)	and	01:00–04:00	(n2).	

Robust	linear	regressions	of	these	half-night	fluxes	were	compared	against	the	same	eight	

ecosystem	variables	noted	above.	The	variable	most	correlated	to	OCS	fluxes	among	these	32	

regressions	was	WS	for	n1	Fleaf	and	n1,	Feco	(R2	=	0.269,	p	<	0.001;	R2	=	0.304,	p	<	0.001,	

respectively)	and	n2	Fleaf	(R2	=	0.309,	p	<	0.001).	However,	n2	Feco	was	best	described	by	VPD	(R2	
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=	0.306,	p	<	0.001).	The	remaining	results	from	these	regressions	were	less	correlated,	but	

relationships	with	the	amount	of	OCS	and	CO2	were	significant	for	Fleaf	and	Feco	in	both	n1	and	n2	

(p	<	0.001).	

3.8.2 High-Flux	vs.	Low-Flux	Percentiles	

The	regression	analyses	were	unable	to	reveal	a	clear	univariate	control	on	nighttime	gs.	

This	may	be	due	to	the	fact	that	mean	nighttime	fluxes	were	small	(mean	=	-3.60	±	2.8	pmol	m-2	

s-1)	and	often	close	to	the	analytical	uncertainty	of	the	measurement.	The	next	set	of	analyses	

was	designed	to	probe	the	processes	controlling	nighttime	gs	by	separating	nights	with	high	

fluxes	(20th	percentile)	and	low	fluxes	(80th	percentile)	over	whole-nights	(n)	and	the	two	half-

nights	(n1	and	n2).	The	conditions	associated	with	the	high	and	low	flux	periods	were	assessed	

for	each	of	the	eight	variables	previously	noted.	If	the	conditions	during	high	and	low	flux	

periods	(represented	by	histograms)	overlapped,	it	was	assumed	that	the	ecosystem	variable	

was	not	significantly	affecting	nighttime	OCS	flux.	Conversely,	if	there	was	separation	between	

the	histograms,	it	was	not	assumed	that	a	given	variable	caused	high	or	low	nighttime	flux,	but	

rather	that	the	high	and	low	fluxes	coincided	with	changes	in	these	conditions	(e.g.,	WS).	

Confirming	the	results	of	the	robust	linear	regressions,	high	WS	resulted	only	in	high	

fluxes	(Figure	32).	No	low	fluxes	(FOCS	=	80th	percentile)	were	observed	at	WS	greater	than	3.84	

m	s-1,	but	high	fluxes	(FOCS	=	20th	percentile)	occurred	throughout	the	range	of	observed	mean	

WS	(0.350–5.99	m	s-1).	
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Figure	32.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	WS.	High	fluxes	(20th	percentile)	occurred	with	higher	WS.	Low	
fluxes	(80th	percentile)	only	happened	when	WS	was	less	than	3.84	m	s-1.	

Vapor	pressure	deficits	in	n2	were	the	second	strongest	correlation	among	the	whole-

night	and	half	night	regressions.	In	the	percentile	analysis,	VPDs	<	5.98	hPa	were	more	likely	to	

result	in	low	OCS	fluxes.	High	fluxes	were	also	more	likely	at	low	VPD,	but	high	fluxes	were	

spread	throughout	the	mean	VPD	range	(0.00–8.79	hPa).	In	n2,	86.2%	of	low	fluxes	occur	at	

VPDs	<	2.00	hPa	(Figure	33).	
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Figure	33.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	VPD.	Low	fluxes	only	occurred	with	VPD	<	6.00	hPa,	whereas	high	
fluxes	occurred	throughout	the	range	of	observed	VPD.	Low	fluxes	in	n2	occurred	almost	exclusively	(86.2%)	with	VPD	<	2.00	hPa.	

The	most	consistent	histogram	distributions	across	the	six	permutations	of	nighttime	

flux	were	provided	by	OCS	and	CO2	(Figures	34	and	35,	respectively).	Concentrations	of	OCS	at	

their	lowest	(210–280	ppt)	resulted	only	in	low	fluxes.	Conversely,	the	highest	concentrations	

of	OCS	(490–560	ppt)	usually	resulted	in	only	high	fluxes,	but	low	Feco	in	n	and	n1	also	occurred	

in	this	range.	As	the	night	progressed	(n2),	low	FOCS	was	more	likely	at	the	lower	end	of	OCS	

concentrations	as	the	stratified	boundary	layer	becomes	depleted	in	OCS.	This	result	implies	

that	the	gradient	of	OCS,	driven	by	atmospheric	concentrations,	was	as	important	in	

determining	the	flux	as	the	stomatal	conductance.		

The	distributions	of	CO2,	on	the	other	hand,	were	even	more	delineated	and	consistent.	

High	FOCS	only	happened	when	CO2	was	<	504	ppm.	High	and	low	FOCS	both	occurred	the	

majority	of	the	time	when	CO2	was	432–504	ppm.	Above	these	concentrations,	the	probability	
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of	low	FOCS	diminished.	From	n1	to	n2,	low	OCS	fluxes	occur	at	higher	CO2	as	more	CO2	has	been	

respired	into	the	canopy	throughout	the	night.	

	
Figure	34.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	OCS.	The	lowest	concentrations	of	OCS	resulted	in	low	FOCS,	and	
high	OCS	concentrations	usually	resulted	in	high	FOCS.	As	OCS	in	the	stratified	boundary	layer	gets	depleted	through	the	night,	
more	low	FOCS	was	observed	at	low	OCS.	
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Figure	35.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	CO2.	High	FOCS	only	occurred	when	CO2	was	≤	500	ppm.	Low	FOCS	
probability	decreased	with	increasing	CO2	≤	500	ppm.	

3.8.3 Nighttime	Carbonyl	Sulfide	Flux	Compared	to	the	Previous	Day	

The	final	analysis	tested	if	gs	during	the	day	affected	gs	during	the	night	that	followed.	

Whole-night	Fleaf	to	previous	whole-day	Fleaf	mean	ratios	were	calculated,	and	in	general,	gs	

stomatal	conductance	at	night	was	~8%	of	that	from	the	previous	day.	The	mean	ratio	of	Fleaf	

night:day	over	the	period	of	observation	at	Fermi	was	9.94%	(Figure	36A).	Removing	two	

outliers	on	DOY	242	and	243	(August	29–August	30,	2016)	as	well	as	the	period	of	late-season	

senescence	(DOY	>	254)	illustrates	the	consistency	of	the	Fleaf	night:day	ratio	(Figure	36B;	mean	

=	8.15%,	s2	=	7.75%).	Removal	of	the	5th	and	95th	percentiles	of	the	Fleaf	night:day	ratios	

reduced	this	to	s2	=	4.69%.	
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Figure	36.	Fleaf	night:day	ratios	at	Fermi.	The	complete	campaign	ratio	is	shown	(A;	mean	=	9.94%),	with	two	outliers	at	DOY	=	
242	and	243	omitted	from	the	scatter	plot	to	highlight	late-season	instability	of	the	ratio.	With	the	two	outliers	and	the	
senescent	period	removed	(B;	mean	=	8.15%),	the	stability	of	nighttime	flux	relative	to	daytime	flux	becomes	more	apparent.	
With	5th	and	95th	percentiles	removed,	s2	=	4.69%.	

The	two	corn	sites	presented	significantly	different	night-to-day	flux	ratios.	Nighttime	

fluxes	at	BND	were	two	orders	of	magnitude	smaller	than	daytime	fluxes	at	Fermi,	and	the	

resulting	Fleaf	night:day	ratio	(mean	=	0.134%	±	0.70)	represents	near	complete	stomatal	

closure.	Senescent	corn	demonstrated	another	scenario,	with	a	mixture	of	sources	and	sinks.	

Daytime	and	nighttime	fluxes	were	both	relatively	small	(-0.437	±	15	and	-1.82	±	2.5	pmol	m-2		

s-1,	respectively),	but	Fleaf	night	was	often	larger	by	an	order	of	magnitude,	which	resulted	in	a	

highly	elevated	Fleaf	night:day	(mean	=	417%	±	430).	Ratios	of	Fleaf	night:day	observed	at	the	

prairie	site	during	BND	DOYs	were	higher	than	BND	values	(mean	=	5.93%	±	4.7),	but	EF	DOYs	at	

Fermi	(mean	=	12.6%	±	4.7)	were	far	lower	than	at	EF.	
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Table	4.	Fleaf	night:day	ratios	(%)	at	the	tallgrass	prairie	(Fermi),	peak-season	corn	(BND),	and	senescent	corn	(EF).	

Site Vegetation	 DOYs	 Fleaf	Night:Day	(%)	

Fermi	 Tallgrass	Prairie	 138-297	 8.15	±	4.7	

BND	 Corn	 201-208	 0.134	±	0.70	

Fermi	 Tallgrass	Prairie	 201-208	 5.93	±	4.7	

EF	 Corn	 252-268	 417	±	430	

Fermi	 Tallgrass	Prairie	 252-268	 12.6	±	4.7	
	

Late	in	the	season	when	vegetation	began	to	die,	the	night:day	ratio	became	very	

unstable.	Fluxes	in	senescent	corn	hovered	near	0.	Late-season	fluxes	at	Fermi	swung	from	

negligible	daytime	sinks	with	much	larger	nighttime	fluxes	one	day,	to	highly	elevated	daytime	

sinks	the	next.	Due	to	this	instability,	it	may	be	appropriate	to	limit	analysis	of	Fleaf	night:day	

ratios	to	periods	with	pronounced	daytime	fluxes,	thus	allowing	the	sort	of	stable	ratio	

observed	for	the	majority	of	the	season-scale	Fermi	campaign.	It	may	be	appropriate	to	limit	

this	ratio	analysis	to	the	middle	of	the	season	when	these	ecosystems	are	actively	

photosynthesizing	and	carbon	and	water	dynamics	are	most	relevant.	
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4 DISCUSSION	

4.1 Carbonyl	Sulfide	Flux	in	a	Tallgrass	Prairie	

Hypothesis	1.	Continuous	measurements	of	OCS	gradients	can	be	used	to	derive	OCS	flux	

in	a	tallgrass	prairie	ecosystem.	

The	prairie	demonstrated	a	strong	daytime	sink	dominated	by	Fleaf	(mean	=	-36.3	±	9.5	

pmol	m-2	s-1)	throughout	the	study	(Figure	21).	The	strength	of	the	Fleaf	OCS	sink	was	highly	

correlated	with	FPAR	(Figure	23;	R2	=	0.437,	p	<	0.001),	with	the	strongest	values	of	both	(-103	±	

9.5	pmol	m-2	s-1	and	94.6%,	respectively)	coinciding	on	DOY	170	(June	18;	Figure	22).	This	result	

was	hypothesized	due	to	daytime	OCS	diffusion	into	leaves	being	regulated	by	gs	(Protoschill-

Krebs	et	al.,	1996;	Sandoval-Soto	et	al.,	2005;	Seibt	et	al.,	2010;	Stimler	et	al.,	2012;	Asaf	et	al.,	

2013;	Berkelhammer	et	al.,	2014).	

Nighttime	fluxes	in	the	prairie	were	consistently	negative	throughout	the	159	days	of	

observation	Nighttime	prairie	fluxes	were	often	one	or	two	orders	of	magnitude	smaller	than	

daytime	fluxes	and	frequently	not	distinguishable	from	zero	(mean	Feco	=	-6.05	±	2.8	pmol	m-2	s-

1).	Leaf	and	soil	night	fluxes	had	similar	means	with	stronger	night	Fleaf,	especially	earlier	in	the	

season.	The	strongest	nighttime	Fsoil	occurred	near	the	midpoint	of	the	growing	season,	which	is	

due	to	the	effects	of	temperature	and	soil	moisture	on	the	magnitude	of	the	soil	flux.		

The	correlation	between	OCS	and	CO2	concentrations	(Figure	13;	R2	=	0.654,	p	<	0.001)	

is	a	function	of	the	mirrored	diel	cycles	of	the	two	gases.	Daytime	turbulent	conditions	keep	the	

OCS	and	CO2	concentrations	near	atmospheric	mixing	ratios.	Stratified	nighttime	conditions	are	

dominated	by	canopy	CO2	respiration	and	OCS	uptake.	At	dawn,	turbulence	mixes	respired	

nighttime	CO2	into	the	atmosphere	and	canopy	concentrations	return	to	near	atmospheric	
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concentrations.	At	the	same	time,	turbulence	mixes	OCS	into	the	canopy	from	the	free	

troposphere.	OCS	concentrations	at	Fermi	followed	a	distinct	diel	cycle	(Figure	16)	similar	in	

structure	to	previous	OCS	field	studies	(Berkelhammer	et	al.,	2014;	Kooijmans	et	al.,	2017,	in	

discussion).	Daytime	maxima	occurred	around	15:00	h	and	tracked	ambient	OCS	mixing	ratios	

above	the	canopy.	Within	the	canopy,	daytime	OCS	concentrations	were	slightly	lower	(~30	±	

9.5	ppt)	than	atmospheric	mixing	ratios	indicating	the	presence	of	a	sink.	At	night,	OCS	

concentrations	within	the	canopy	were	routinely	much	lower	(~100	±	9.5	ppt)	than	above,	

which	was	a	product	of	the	nighttime	stratification	of	the	boundary	layer.	

The	OCS	diel	cycle	at	BND	(Figure	18A)	showed	midday	concentrations	in	the	canopy	

~30	±	13	ppt	lower	than	above	the	canopy.	At	night,	this	difference	increased	to	~50	±	13	ppt	in	

the	productive	corn.	Concentrations	of	OCS	were	nearly	identical	at	EF	regardless	of	sampling	

height	or	time	of	day	(Figure	18B).	The	senescent	corn	and	the	nominal	OCS	flux	confirmed	that	

the	seasonal	OCS	cycle	is	driven	by	plant	uptake	in	this	ecosystem.	The	corn	at	EF	demonstrated	

a	possible	OCS	emission	when	maximum	in-canopy	OCS	concentrations	rose	to	780	±	15	ppt	

(Figure	14),	which	was	well	above	the	concurrent	atmospheric	mixing	ratios	(419	±	15	ppt).	This	

possible	emission	happened	despite	SWC	and	Ts	conditions	(~50%	and	~17°C,	respectively)	that	

would	be	unlikely	to	result	in	an	OCS	source	(Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014;	

Maseyk	et	al.,	2014;	Whelan	et	al.,	2016).	It	is	possible	that	senesced	plant	material	may	have	

produced	OCS	through	photo-degradation	pathway.		

OCS	gradients	were	negative	at	the	prairie	throughout	the	season	(Figure	20).	These	

gradients	followed	a	diel	cycle	similar	to	the	concentrations,	and	increased	in	strength	through	

the	night	as	still	air	in	the	canopy	was	progressively	depleted	of	OCS.	Mid-season	gradients	
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were	most	prominent	at	or	around	dawn	(-35.6	±	9.5	pmol	m-1),	when	turbulent	convection	

resumed,	and	gradients	weakened	rapidly.	Ambient	OCS	was	mixed	in	from	the	free	

troposphere	throughout	the	day,	and	this	constant	replenishment	created	a	stable	midday	OCS	

gradient.	Maximum	daytime	gradients	(-11.8	±	9.5	pmol	m-1)	were	observed	early	in	the	season,	

and	coincided	with	maximum	GPP	(-38.7	µmol	m-2	s-1).	

4.2 Carbonyl	Sulfide	Flux	and	Gross	Primary	Productivity	

Hypothesis	2.	OCS	fluxes	will	follow	a	seasonal	cycle	associated	with	changes	in	local	

gross	primary	productivity.	

Daytime	Fleaf	and	GPPOCS	not	only	tracked	GPPRe	throughout	the	growing	season,	but	

GPPOCS	may	have	demonstrated	sensitivity	to	short-term	variability	that	was	absent	from	the	

GPPRe	estimate	(Figure	37).	Two	late-season	spikes	in	Fleaf	on	DOY	265	and	269	(-83.8	±	9.5	and	-

99.1	±	9.5	pmol	m-2	s-1,	respectively)	and	the	corresponding	GPPOCS	may	have	indicated	that	

opportunistic	canopy	undergrowth	responded	to	increased	PAR	and	abnormal	seasonal	warmth	

after	taller	species	had	senesced.	A	prolonged	period	hotter	and	more	wet	than	the	average	for	

the	time	of	year	(Figure	38)	made	conditions	favorable	for	a	surge	in	productivity.	

One	reason	that	GPPRe	did	not	reproduce	these	spikes	might	be	that	seasonally	

uncharacteristic	ecosystem	conditions	(e.g.,	Ta	and	SWC)	contributed	to	a	misrepresentation	of	

daytime	respiration	by	eddy	covariance	flux	partitioning.	Although,	with	short-term	ecosystem	

variability,	eddy	covariance	flux	partitioning	tends	to	overestimate	respiration	(Reichstein	et	al.,	

2005),	which	would	have	resulted	in	a	GPPRe	estimate	larger	than	observed.	This	remains	

unresolved	and	highlights	either	a	deficiency	in	one	of	the	two	methods	to	derive	GPP.	
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Figure	37.	Fleaf	and	GPPRe	at	Fermi.	Maxima	for	Fleaf	(-103	±	9.5	pmol	m-2	s-1)	and	GPPRe	(-39	µmol	m-2	s-1)	occur	23	days	apart	
early	in	the	growing	season	then	diminish	until	fall	senescence.	
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Figure	38.	Air	temperature	and	SWC	at	Fermi,	DOY	250–275.	Period	brackets	the	late-season	spikes	in	Fleaf	observed	on	DOY	265	
and	269.	Observed	air	temperature	had	been	elevated	compared	to	historic	averages	for	September,	and	SWC	had	increased	
prior	to	the	observed	OCS	fluxes.	

As	an	indicator	of	productivity,	daytime	fluxes	of	OCS	at	the	prairie	and	two	corn	sites	

followed	seasonal	shifts.	Prairie	Fleaf	was	active	for	a	longer	portion	of	the	growing	season	than	

corn.	In	the	middle	of	the	season,	Fleaf	at	BND	was	more	than	double	the	prairie	(-79.3	±	13	and	

-36.3	±	9.5	pmol	m-2	s-1,	respectively).	Senescent	corn	fluxes	were	essentially	undetectable	

towards	the	end	of	the	season	(mean	=	-0.437	±	15	pmol	m-2	s-1),	whereas	the	prairie	was	still	

consuming	OCS	two	orders	of	magnitude	larger	(-20.3	±	9.5	pmol	m-2	s-1).	This	prolonged	OCS	

uptake	into	the	early	fall	indicated	that	the	prairie	likely	store	cumulatively	more	carbon	than	

the	corn	site.	
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How	and	when	photosynthesized	carbon	is	released	from	an	ecosystem	should	be	

considered	when	assessing	the	services	provided	by	various	ecosystems.	For	example,	the	

prairie	is	productive	for	a	longer	portion	of	the	growing	season	than	corn,	which	is	harvested	

before	productivity	stops	in	the	prairie.	Another	factor	affecting	the	carbon	cycle	of	the	prairie	

is	managed	burning.	The	Fermi	tallgrass	prairie	was	burned	before	the	2016	growing	season.	

These	carbon	losses	are	not	accounted	for	in	Reco	estimates	(Petrie	et	al.,	2016)	and	an	

overestimated	NEE	results	in	years	when	burning	occurs.	Other	grasslands	that	undergo	

managed	burning	observe	net	neutral	NEE	(Still	et	al.,	2003)	or	net	ecosystem	carbon	loss	

(Zhang	et	al.,	2011;	Vargas	et	al.,	2012;	Logan	and	Brunsell,	2015;	Petrie	et	al.,	2016).	Analysis	

of	land	use	decisions	should	therefore	track	the	carbon	cycle	beyond	one	growing	season.	

4.3 Comparison	of	Gross	Primary	Productivity	Estimates	

Hypothesis	3.	Gross	primary	productivity	derived	from	OCS	flux	(GPPOCS)	will	be	

comparable	to	GPP	derived	from	respiration	(GPPRe).	

GPPOCS	overestimated	GPPRe	by	~21%	on	average	(-23.3	and	-19.2	µmol	m-2	s-1,	

respectively)	when	using	a	constant	LRU	of	1.6.	GPPOCS	estimates	ranged	from	55%	to	121%	of	

GPPRe	demonstrating	the	sensitivity	of	GPPOCS	to	LRU	estimates.	Using	the	observed,	site-

specific	LRU	of	1.67,	GPPOCS	overestimated	GPPRe	by	12%.	

GPPOCS	and	GPPRe	were	significantly	correlated	(Figure	25;	R2	=	0.566,	p	<	0.001,	RMSE	=	

8.81,	n	=	150).	Despite	this	correlation,	GPPOCS	tended	to	overestimate	GPPRe.	This	overestimate	

decreased	to	~16%	when	comparing	only	the	productive	portion	of	the	season	before	

senescence.	This	difference	is	larger	than	the	4%	reported	by	Blonquist	et	al.	(2011),	and	the	6%	

average	overestimation	across	five	sites	reported	Asaf	et	al.	(2013),	though	the	previous	studies	
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were	based	on	short-term	campaigns.	Possible	hypotheses	for	this	disparity	include	(1),	soil	flux	

was	underestimated,	thus	overestimating	the	leaf	flux	and	resulting	GPPOCS;	(2),	LRU	was	

underestimated,	overestimating	GPPOCS;	(3),	daytime	respiration	was	underestimated,	

underestimating	GPPRe;	or	(4),	analytical	bias	in	one	or	both	methods,	with	an	established	GPPRe	

bias	of	20%	(Desai	et	al.,	2008).	

Adjusting	the	LRU	within	a	range	of	published	values	(1.4–3.4;	Sandoval-Soto	et	al.,	

2005)	demonstrated	the	sensitivity	of	GPPOCS	to	LRU.	Increasing	the	value	beyond	the	

calculated	site-specific	value	of	1.67,	an	LRU	of	2	resulted	in	GPPOCS	that	underestimated	GPPRe	

by	~7%.	Lastly,	using	the	maximum	observed	LRU	value	of	3.4,	GPPOCS	underestimated	GPPRe	by	

~45%.	

A	constant	LRU	of	1.6	is	nearly	the	consensus	in	the	literature	(Stimler	et	al.,	2010,	2012;	

Asaf	et	al.,	2013;	Berkelhammer	et	al.,	2014;	Billesbach	et	al.,	2014;	Hilton	et	al.,	2017).	Even	so,	

LRU	can	be	highly	variable,	especially	over	the	course	of	season-scale	studies.	One	study	using	

an	LRU	of	1.6	resulted	in	a	44%	underestimation	of	GPP	in	direct	sunlight,	and	a	19%	

overestimation	in	diffuse	light,	with	calculated	LRU	ranging	from	0.9	to	1.9	(Maseyk	et	al.,	

2014).	Regarding	LRU	values	smaller	than	1.6,	a	value	of	1	is	observed	in	C4	photosynthesizing	

plants	(Stimler	et	al.,	2012),	which	would	increase	GPPOCS	relative	to	an	LRU	of	1.6.	The	Fermi	

prairie	is	a	heterogeneous	mix	of	C3	and	C4	plants	that	shifts	throughout	the	season,	with	C4	

grasses	dominating	as	the	season	progresses	(Still	et	al.,	2003).	Considering	also	that	burning	

favors	C4	plants	(Still	et	al.,	2003),	it	should	be	noted	that	the	Fermi	site	was	burned	prior	to	

the	2016	growing	season.	A	stronger	C4	species	distribution	would	have	justified	the	use	of	an	

LRU	lower	than	1.6,	which	would	have	increased	GPPOCS.	The	observed	LRU	in	the	prairie	
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decreased	as	the	season	progressed,	suggesting	the	increased	influence	of	C4	plants.	LRU	

instability	occurred	as	plants	senesced,	which	resulted	in	sporadic	LRU	spikes	(Figure	39).	

	
Figure	39.	GPPOCS	and	variable	LRU	through	the	period	of	observation.	A	constant	LRU	of	1.6	was	used	initially	to	calculate	
GPPOCS.	Resulting	GPPOCS	during	the	main	period	of	production	(DOY	<	254)	was	16%	higher	than	GPPRe.	Using	the	observed	site-
specific	mean	LRU	of	1.67	resulted	in	GPPOCS	~12%	larger	than	GPPRe.	

4.4 Nighttime	Stomatal	Conductance	and	Transpiration	

Hypothesis	4.	OCS	flux	can	be	used	as	a	proxy	for	nighttime	stomatal	conductance	and	

transpiration.	
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Consistently	negative	nighttime	Fleaf	indicated	that	stomata	were	partially	open	and	

prairie	stomata	were	more	open	at	night	than	corn,	on	average	(8.15%	and	0.134%,	

respectively).	The	observed	prairie	En,	however,	was	more	correlated	with	VPD	than	nighttime	

Fleaf	(Figure	30;	R2	=	0.749,	p	<	0.001	and	R2	=	0.537,	p	<	0.001,	respectively).	Therefore,	VPD	

emerged	as	the	main	driver	of	En	rather	than	gs.	

Linear	regression	models	to	determine	the	nighttime	drivers	of	gs	were	insufficient	due	

to	small	nighttime	flux	signals	and	relatively	high	noise	levels	associated	with	nighttime	fluxes.	

An	alternative	statistical	approach	isolated	high	fluxes	and	low	fluxes	by	percentiles	then	

compared	them	to	eight	ecosystem	variables	to	determine	drivers	of	gs.	As	a	first-order	

property,	elevated	WS	resulted	only	in	high	fluxes.	At	low	WS,	low	fluxes	were	more	likely.	This	

relationship	suggests	that	WS	acts	as	a	mechanistic	precondition	for	high	nighttime	OCS	flux.	

Stratified	and	stable	nighttime	conditions	in	the	boundary	layer	are	the	norm,	and	elevated	

nighttime	OCS	flux	is	thus	an	exception	without	turbulence	increase	OCS	concentrations.	High	

OCS	concentrations	are	also	a	mechanistic	precondition	of	high	Fleaf,	because	they	result	from	

high	WS.		

Whereas	WS	and	elevated	OCS	concentrations	are	associated	with	higher	OCS	fluxes,	

neither	indicate	a	driver	of	gs.	Higher	VPD	was	more	associated	with	high	OCS	flux.	If	this	

indicates	that	higher	VPD	drives	higher	gs,	it	would	contradict	studies	showing	an	inverse	

relationship	(Muchow	et	al.,	1980;	Oren	et	al.,	2001;	Bucci	et	al.,	2004;	Caird	et	al.,	2007)	or	no	

relationship	at	all	(Barbour	et	al.,	2005;	Caird	et	al.,	2007).	

Concentrations	of	CO2	greater	than	~500	ppm	had	a	pronounced	effect	on	OCS	flux.	No	

high	OCS	fluxes	were	observed	at	CO2	concentrations	>	500	ppm.	Respired	CO2	accumulated	to	
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elevated	levels	at	low	WS,	but	high	fluxes	occurred	across	the	range	of	WS	observed.	This	well-

defined	CO2	threshold	for	Fleaf	may	indicate	the	effect	of	abscisic	acid	(ABA)	in	regulating	

stomatal	conductance.	ABA	has	been	shown	to	reduce	gs	(Rawson	and	Clarke,	1988;	Caird	et	al.,	

2007;	Howard	and	Donovan,	2007),	and	this	effect	was	more	pronounced	with	increased	CO2	

(Leymarie	et	al.,	1998,	1999;	Hetherington	and	Woodward,	2003;	Caird	et	al.,	2007;	Keenan	et	

al.,	2013).	Above	500	ppm,	it	may	be	that	CO2	concentrations	triggered	the	ABA	effect,	and	

reduced	gs	and	Fleaf.	Although	VPD	drives	En	more	than	gs,	CO2	concentrations	still	

demonstrated	an	inverse	correlation	with	En	(Figure	40),	with	less	water	being	transpired	in	the	

presence	of	elevated	CO2.	

	
Figure	40.	Fermi	nighttime	transpiration	(En)	vs.	CO2	concentration.	Abscisic	acid	forces	stomatal	closure,	especially	when	CO2	is	
high	(Leymarie	et	al.,	1998,	1999;	Hetherington	and	Woodward,	2003;	Caird	et	al.,	2007;	Keenan	et	al.,	2013).		
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4.5 Humidity	and	Water	Stress	

Hypothesis	5.	Nighttime	stomatal	conductance	and	transpiration	will	vary	with	changes	

in	atmospheric	humidity	and	water	stress.	

Minimal	En	occurred	with	relative	humidity	(Rh)	>	90%.	This	relationship	is	predicted	by	

the	high	correlation	between	En	and	VPD.	Neither	Rh	nor	SWC	acted	as	primary	drivers	of	

nighttime	gs.	

The	relationship	used	to	calculate	the	En	proxy	(Equation	13)	is	directly	dependent	on	

VPD.	Rh	is	used	to	calculate	VPD,	so	a	high	inverse	correlation	resulted	between	En	and	Rh	

(Figure	41A;	R2	=	0.730,	p	<	0.001).	SWC	correlated	weakly	with	En	with	a	nearly	horizontal	slope	

(Figure	41B;	R2	=	0.334,	p	<	0.05).	This	observation	was	in	contrast	to	observations	that	gs	

decreases	with	SWC	(Galmés	et	al.,	2007)	in	order	to	minimize	further	water	loss	by	En.	The	

effect	of	Rh	on	En	was	much	more	direct,	with	Rh	greater	than	~80–90%	being	clearly	associated	

with	a	decrease,	if	not	total	inhibition	of	nighttime	water	loss.	At	humidity	<	~80%	this	

relationship	became	more	tenuous.	
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Figure	41.	Fermi	nighttime	transpiration	(En)	vs.	relative	humidity	(Rh)	and	soil	water	content	(SWC).	En	is	nearly	completely	shut	
off	at	Rh	>	~90,	indicating	near	complete	stomatal	closure.	With	a	less	defined	relationship	observed	with	En	and	SWC,	all	values	
of	En	occurred	throughout	the	range	of	SWC,	which	is	in	contrast	to	literature	indicating	that	En	should	decrease	with	SWC	
(Galmés	et	al.,	2007).	

4.6 Inferring	Ecosystem	Responses	to	Climate	Change	

Driven	by	an	increase	in	CO2	emissions,	climate	change	in	Illinois	will	force	higher	

temperatures	with	increased	drought	frequency	over	longer	annual	growing	seasons	(Hayhoe	

et	al.,	2010).	Our	research	suggests	that	these	environmental	changes	will	affect	the	carbon	and	

water	budgets	of	Illinois	ecosystems	in	different	ways.	

Peak	season	corn	En	and	Fleaf	were	both	an	order	of	magnitude	lower	than	the	prairie.	

Corn	ecosystems	therefore	increase	their	WUE	by	minimizing	En	and	photosynthesizing	at	rates	

higher	than	prairie	ecosystems.	Ratios	of	Fleaf	night:day	further	illustrate	this	point	with	~8%	of	

prairie	stomata	remaining	open	at	night	compared	to	~0.1%	of	corn	stomata.	But	even	though	

WUE	estimates	for	corn	can	essentially	ignore	nighttime	water	loss,	corn	will	still	be	subject	to	

the	increased	daytime	water	budget	demands	expected	with	climate	change.		
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The	effects	of	increased	atmospheric	CO2	reducing	stomatal	conductance	are	already	

triggering	WUE	increases	in	ecosystems	(Keenan	et	al.,	2013,	2014).	Therefore,	it	is	anticipated	

that	this	“CO2	fertilization	effect“	will	decrease	nighttime	gs	in	all	ecosystems	and	force	a	

concurrent	WUE	increase.	Less	water	will	be	removed	from	the	soil	and	transpired	with	less	

plant	demand	for	water.	Water	runoff	would	also	increase	(Wright	and	Wimberly,	2013),	

especially	in	agricultural	soils,	which	are	more	dense	than	undisturbed	prairie	soils	(Tisdall	and	

Oades,	1982;	Jastrow,	1987).	Ultimately,	less	plant	transpiration	would	potentially	make	flood	

events	more	likely	and	increase	soil	moisture,	which	could	increase	respiration	rates.	

The	tallgrass	prairie	was	productive	over	a	longer	portion	of	the	growing	season	than	

corn.	Furthermore,	the	prairie	demonstrated	an	opportunistic	ability	to	turn	production	back	

on	in	the	early	fall	when	conditions	were	conducive	to	growth.	The	prairie	has	many	other	

advantages	in	the	context	of	climate	change.	Whereas	prairies	that	undergo	prescribed	burning	

are	often	net	carbon	sources	over	the	course	of	a	year	(Zhang	et	al.,	2011;	Vargas	et	al.,	2012;	

Logan	and	Brunsell,	2015;	Petrie	et	al.,	2016),	photosynthesized	carbon	belowground	in	root	

and	microbial	biomass	is	retained.	Belowground	carbon	assimilation	is	far	more	extensive	in	

prairies	than	corn	or	soy.	A	25-year-old	prairie	plot	at	Fermi	restored	from	agriculture	had	more	

than	twice	the	microbial	biomass	carbon	than	corn	or	soy	plots	in	the	same	soil	nearby	(Allison	

et	al.,	2005).	These	factors	contribute	to	make	soil	carbon	sequestration	in	prairies	relatively	

quick	and	sustainable	(Matamala	et	al.,	2008),	as	well	as	inexpensive	(Post	et	al.,	2004).		

Ecosystem	services	provided	by	prairies	are	not	limited	to	carbon	sequestration.	The	gs	

of	prairies	allows	them	to	draw	down	atmospheric	pollutants	at	night	when	boundary	layer	

stratification	can	make	pollution	especially	harmful.	Vegetation	can	act	to	reduce	sulfur	dioxide	
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(SO2)	and	CO	(Nowak	et	al.,	2006).	Prairie	grasses	can	also	act	as	a	sink	for	tropospheric	ozone	

(Mills	et	al.,	2009).	However,	the	ozone	sink	potential	of	grassland	ecosystems	may	also	hinder	

their	productivity.	Under	elevated	ozone	concentrations,	grasslands	demonstrated	a	decreased	

response	to	ABA,	and	stomatal	responses	to	drought	conditions	were	impaired	(Mills	et	al.,	

2009).	

Animal	conservation	and	biodiversity	also	benefit	from	prairie	ecosystems.	A	third	of	at-

risk	bird	species	are	expected	to	lose	10%	of	their	habitat	between	2001	and	2051	(Lawler	et	

al.,	2014).	Prairie	restorations	increase	the	area	endangered	grassland	birds	have	to	nest	and	

raise	their	young	(Heaton	et	al.,	2008;	Pickett	et	al.,	2008;	Wright	and	Wimberly,	2013;	Lawler	

et	al.,	2014).	
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5 CONCLUSIONS	

5.1 Overview	

This	first	extended	field	application	of	the	OCS	flux-gradient	method	to	constrain	GPP	

and	En	demonstrated	great	potential	in	closing	ecosystem	carbon	and	water	budgets.	

Therefore,	this	method	could	ultimately	improve	global	estimates	of	how	the	biosphere	will	

respond	to	climate	change.	

Vertical	concentration	gradients	of	OCS	were	continuously	measured	in	a	tallgrass	

prairie	over	159	days	of	the	2016	growing	season.	These	gradients	were	converted	into	OCS	

fluxes,	which	were	dominated	by	plant	uptake	as	demonstrated	by	the	seasonal	cycle	of	OCS	

flux	coinciding	with	GPP	from	early	season	peak	through	senescence.	On	average,	GPPOCS	

compared	well	with	absorbed	PAR	and	the	widely	used	GPPRe	method	(-23.3	and	-19.2	µmol	m-2	

s-1,	respectively),	though	the	use	of	a	constant	LRU	may	have	reduced	the	accuracy	of	GPP	

derived	from	the	flux-gradient	method.	Nighttime	gs	was	observed	using	Fleaf	as	a	proxy,	

revealing	that	prairie	stomata	remained	more	open	at	night	and	lost	more	water	than	corn.	

Prairie	En	was	greatly	inhibited	when	relative	humidity	was	greater	than	90%.	

Corn	demonstrated	a	near	perfect	absence	of	En,	which	may	contribute	to	a	higher	WUE	

for	corn.	Both	ecosystems—as	well	as	others	not	studied	here—are	predicted	to	increase	in	

WUE	as	atmospheric	CO2	concentrations	rise,	but	the	heterogeneous	prairie	provides	a	longer-

term	ecosystem	service	in	sustainable	soil	carbon	sequestration.	
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5.2 Further	Study	

Deploying	season-scale	OCS	flux-gradient	campaigns	in	other	ecosystems	will	increase	

the	accuracy	of	OCS-derived	GPP	and	En	as	measurement	techniques	are	inevitably	refined.	The	

influence	of	LRU	values	still	needs	more	attention	to	determine	whether	a	constant	LRU	is	

justified	or	if	a	variable	LRU	reduces	bias.	If	a	constant	LRU	is	to	be	used,	the	1.6	value	requires	

further	validation.	

This	study	was	conducted	on	terrain	that	is	relatively	flat	with	a	short	canopy.	

Campaigns	conducted	on	terrain	with	more	topographical	relief	or	complex	canopies	will	

require	more	methodological	considerations	to	account	for	differences	in	turbulent	eddy	

diffusion	and	sub-canopy	storage.	

Field	studies	of	OCS	applying	the	flux-gradient	method	in	as	many	ecosystems,	on	as	

many	different	terrains	as	possible	would	further	our	understanding	of	the	potential	of	OCS	to	

constrain	GPP	and	En.	 	
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7 APPENDIX	

	
Figure	42.	BND	soil	map	(https://websoilsurvey.nrcs.usda.gov).	
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APPENDIX,	continued	

	
Figure	43.	EF	soil	map	(https://websoilsurvey.nrcs.usda.gov).	

S
oi

l M
ap

—
C

ha
m

pa
ig

n 
C

ou
nt

y,
 Il

lin
oi

s
(E

ne
rg

y 
Fa

rm
)

N
at

ur
al

 R
es

ou
rc

es
C

on
se

rv
at

io
n 

Se
rv

ic
e

W
eb

 S
oi

l S
ur

ve
y

N
at

io
na

l C
oo

pe
ra

tiv
e 

S
oi

l S
ur

ve
y

9/
27

/2
01

7
P

ag
e 

1 
of

 3

4435280443536044354404435520443560044356804435760

443528044353604435440443552044356004435680

39
75

30
39

76
10

39
76

90
39

77
70

39
78

50
39

79
30

39
80

10
39

80
90

39
81

70
39

82
50

39
75

30
39

76
10

39
76

90
39

77
70

39
78

50
39

79
30

39
80

10
39

80
90

39
81

70
39

82
50

40
° 
 3

' 5
7'

' N
88°  12' 6'' W

40
° 
 3

' 5
7'

' N

88°  11' 34'' W

40
° 
 3

' 4
1'

' N

88°  12' 6'' W

40
° 
 3

' 4
1'

' N

88°  11' 34'' W

N

M
ap

 p
ro

je
ct

io
n:

 W
eb

 M
er

ca
to

r  
 C

or
ne

r c
oo

rd
in

at
es

: W
GS

84
   

Ed
ge

 ti
cs

: U
TM

 Z
on

e 
16

N 
W

GS
84

0
15

0
30

0
60

0
90

0Fe
et

0
50

10
0

20
0

30
0M
et

er
s

M
ap

 S
ca

le:
 1

:3
,4

20
 if
 p

rin
te

d 
on

 A
 la

nd
sc

ap
e 

(1
1"

 x
 8

.5
")

 sh
ee

t.

S
oi

l M
ap

 m
ay

 n
ot

 b
e 

va
lid

 a
t 

th
is

 s
ca

le
.

En
er

gy
 F

ar
m

 (c
or

n)
Sy

mb
ol

Ma
p 

Un
it N

am
e

AO
I A

cre
s

AO
I %

56
B

Da
na

 si
lt l

oa
m,

 2
–5

%
 sl

op
es

26
.0

63
.0

%
15

2A
Dr

um
me

r s
ilty

 cl
ay

 lo
am

, 0
–2

%
 sl

op
es

2.
1

5.
1%

15
4A

Fla
na

ga
n 

sil
t lo

am
, 0

–2
%

 sl
op

es
4.

7
11

.4
%

20
6A

Th
or

p 
sil

t lo
am

, 0
–2

%
 sl

op
es

2.
4

5.
8%

67
9B

Bl
ac

kb
er

ry 
sil

t lo
am

, 2
–5

%
 sl

op
es

6.
0

14
.6

%
To

ta
l A

OI
41

.3
10

0.
0%



	

	 91	

APPENDIX,	continued	

	
Figure	44.	Fermi	soil	map	(https://websoilsurvey.nrcs.usda.gov).	 	
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152A Drummer silty clay loam, 0–2% slopes 9.0 13.3%
330A Peotone silty clay loam, 0–2% slopes 1.4 2.0%
442A Mundelein silt loam, 0–2% slopes 45.8 67.5%
697A Wauconda silt loam, 0–2% slopes 0.1 0.1%
698B Grays silt loam, 2–4% slopes 9.1 13.4%
Total AOI 67.9 100.0%



	

	 92	

APPENDIX,	continued	

Table	5.	Whole-night	(n)	linear	regressions,	Fleaf	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Fleaf	vs. Slope	 R2	 p-Value	

WS	 -1.24	 0.293	 2.79E-12	

CO2	 0.0186	 0.220	 2.93E-07	

OCS	 -0.0154	 0.204	 3.88E-08	

Ts	 0.129	 0.119	 0.0191	

Ta	 0.0962	 0.105	 0.00965	

Rn	 0.0260	 0.0905	 0.0345	

SWC	 -0.0743	 0.0894	 0.115	

VPD	 -0.156	 0.0874	 0.0664	

Table	6.	First	half-night	(n1)	linear	regressions,	Fleaf	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Fleaf	vs. Slope	 R2	 p-Value	

WS	 -1.09	 0.269	 1.52E-11	

Ts	 0.202	 0.159	 5.58E-05	

Ta	 0.136	 0.148	 5.93E-05	

CO2	 0.0205	 0.130	 2.25E-05	

OCS	 -0.00956	 0.0905	 0.000446	

SWC	 -0.0740	 0.0339	 0.109	

VPD	 -0.0727	 0.0290	 0.282	

Rn	 0.0129	 0.0268	 0.254	
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APPENDIX,	continued	

Table	7.	Second	half-night	(n2)	linear	regressions,	Fleaf	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Fleaf	vs. Slope	 R2	 p-Value	

WS	 -1.35	 0.309	 1.40E-11	

OCS	 -0.0169	 0.293	 1.35E-08	

CO2	 0.0154	 0.275	 7.96E-06	

Rn	 0.0505	 0.257	 8.22E-05	

Ts	 0.0801	 0.190	 0.197	

Ta	 0.0577	 0.189	 0.156	

VPD	 -0.343	 0.188	 0.00198	

SWC	 -0.0540	 0.179	 0.308	

Table	8.	Whole-night	(n)	linear	regressions,	Feco	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Feco	vs. Slope	 R2	 p-Value	

WS	 -1.27	 0.299	 1.21E-12	

OCS	 -0.0170	 0.225	 2.94E-09	

VPD	 -0.380	 0.176	 8.23E-06	

CO2	 0.0181	 0.158	 6.22E-06	

SWC	 0.176	 0.149	 0.000216	

Rn	 0.0387	 0.110	 0.00253	

Ts	 -0.111	 0.0581	 0.0668	

Ta	 -0.0537	 0.0451	 0.184	
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APPENDIX,	continued	

Table	9.	First	half-night	(n1)	linear	regressions,	Feco	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Feco	vs. Slope	 R2	 p-Value	

WS	 -1.15	 0.304	 2.65E-13	

SWC	 0.196	 0.180	 3.15E-06	

CO2	 0.0228	 0.139	 3.54E-06	

VPD	 -0.275	 0.118	 4.07E-05	

OCS	 -0.0105	 0.104	 0.000114	

Rn	 0.0235	 0.0427	 0.0381	

Ts	 -0.0546	 0.0154	 0.334	

Ta	 -0.0192	 0.0133	 0.605	

Table	10.	Second	half-night	(n2)	linear	regressions,	Feco	vs.	eight	ecosystem	variables,	sorted	by	R2.	

Feco	vs. Slope	 R2	 p-Value	

VPD	 -0.544	 0.306	 3.92E-07	

OCS	 -0.0173	 0.302	 1.45E-08	

WS	 -1.177	 0.300	 9.92E-10	

Rn	 0.0600	 0.229	 2.90E-05	

SWC	 0.183	 0.209	 0.00119	

CO2	 0.0154	 0.186	 0.000136	

Ts	 -0.139	 0.186	 0.0364	

Ta	 -0.0774	 0.170	 0.0790	
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APPENDIX,	continued	

	
Figure	45.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	Rn.	

	
Figure	46.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	SWC.	
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APPENDIX,	continued	

	
Figure	47.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	Ta.	

	
Figure	48.	High	(blue)	and	low	(red)	nighttime	OCS	fluxes	vs.	Ts.	
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