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Abstract
The	majority	of	geomicrobiological	research	conducted	on	glacial	systems	to	date	has	
focused	on	glaciers	that	override	primarily	carbonate	or	granitic	bedrock	types,	with	lit-
tle	 known	 of	 the	 processes	 that	 support	microbial	 life	 in	 glacial	 systems	 overriding	
volcanic	terrains	(e.g.,	basalt	or	andesite).	To	better	constrain	the	role	of	the	supraglacial	
ecosystems	in	the	carbon	and	nitrogen	cycles,	to	gain	insight	into	microbiome	composi-
tion	and	function	in	alpine	glacial	systems	overriding	volcanic	terrains,	and	to	constrain	
potential	elemental	sequestration	or	release	through	weathering	processes	associated	
with	 snow	algae	communities,	we	examined	 the	microbial	 community	 structure	and	
primary	productivity	 of	 snow	algae	 communities	on	 stratovolcanoes	 in	 the	Cascade	
Range	of	the	Pacific	Northwest.	Here,	we	present	the	first	published	values	for	carbon	
fixation	rates	of	snow	algae	communities	on	glaciers	in	the	Pacific	Northwest.	We	ob-
served	varying	levels	of	light-	dependent	carbon	fixation	on	supraglacial	and	periglacial	
snowfields	at	Mt.	Hood,	Mt.	Adams,	and	North	Sister.	Recovery	of	abundant	18S	rRNA	
transcripts	affiliated	with	photoautotrophs	and	16S	rRNA	transcripts	affiliated	with	het-
erotrophic	bacteria	 is	consistent	with	previous	studies	 indicating	the	majority	of	pri-
mary	productivity	on	snow	and	ice	can	be	attributed	to	photoautotrophs.	In	contrast	to	
previous	observations	of	glacial	ecosystems,	our	geochemical,	isotopic,	and	microcosm	
data	suggest	these	assemblages	are	not	limited	by	phosphorus	or	fixed	nitrogen	avail-
ability.	Furthermore,	our	data	indicate	these	snow	algae	communities	actively	seques-
ter	Fe,	Mn,	and	P	leached	from	minerals	sourced	from	the	local	rocks.	Our	observations	
of	light-	dependent	primary	productivity	on	snow	are	consistent	with	similar	studies	in	
polar	ecosystems;	however,	our	data	may	suggest	that	DIC	may	be	a	limiting	nutrient	in	
contrast	to	phosphorus	or	fixed	nitrogen	as	has	been	observed	in	other	glacial	ecosys-
tems.	Our	data	underscore	the	need	for	similar	studies	on	glacier	surfaces	and	seasonal	
snowfields	to	better	constrain	the	role	of	local	bedrock	and	nutrient	delivery	on	carbon	
fixation	and	biogeochemical	cycling	in	these	ecosystems.

1  | INTRODUCTION

Today	over	15	million	square	kilometers	(5.8	million	square	miles)	of	
Earth’s	land	surface	is	covered	in	ice	including	glaciers,	ice	caps,	and	
the	 ice	sheets	of	Greenland	and	Antarctica.	Glaciers,	 ice	sheets,	and	

snowfields	 are	 found	 on	 every	 continent	 except	 Australia	 and	 are	
hosted	in	many	different	types	of	bedrock	and	hydrological	regimes.	
Studies	of	microbial	communities	in	these	ecosystems	underscore	the	
role	of	local	bedrock,	hydrology,	climate,	and	atmospheric	deposition	
in	 determining	 community	 structure	 and	 function	 (Boetius,	 Anesio,	
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Deming,	Mikucki,	&	Rapp,	2015	and	references	therein).	However,	the	
majority	of	geomicrobiological	research	has	been	conducted	on	glacial	
systems	that	override	primarily	carbonate	or	granitic	bedrock	types,	
with	little	known	of	the	processes	that	support	microbial	life	in	glacial	
systems	overriding	volcanic	 terrains	 (e.g.,	 basalt	 or	 andesite).	Alpine	
regions	of	the	Pacific	Northwest	host	glaciers	and	permanent	and	sea-
sonal	snowfields	overriding	volcanic	terrains	that	range	in	composition	
from	basalt	 to	dacite,	making	 it	 an	 ideal	 location	 to	elucidate	 these	
processes.

Supraglacial	snow	and	snowfields	host	taxonomically	and	physio-
logically	diverse	microbial	populations	of	eukaryotes,	bacteria,	and	ar-
chaea	(Boetius	et	al.,	2015	and	references	therein).	On	glaciers,	snow	
represents	the	interface	between	glacial	ice	and	deposition	from	aeo-
lian	and	meteoric	precipitation	processes,	and	snow	algae	communi-
ties	are	the	key	biological	drivers	of	element	uptake	and	cycling	at	that	
interface.	Snow	algae	have	been	studied	extensively	in	high	latitude	ice	
sheets	(e.g.,	Antarctica,	Greenland,	Iceland,	Svalbard)	as	well	as	alpine	
environments	(e.g.,	Alaska,	the	Himalayas,	the	Rocky	Mountains,	and	
the	European	Alps)	(Boetius	et	al.,	2015	and	references	therein),	while	
the	Cascade	Range	has	received	far	less	attention.	A	recent	study	ex-
amined	snow	algae	biogeography	in	the	Glacier	Peak	Wilderness	Area	
in	northern	Washington	 (Brown,	Ungerer,	&	Jumpponen,	2016),	and	
others	are	currently	underway	 in	 the	North	Cascades	National	Park	
as	a	part	of	a	BioBlitz	program	(R.	Kodner,	unpublished	data);	but	the	
geomicrobiology	and	in	situ	activity	of	microbial	populations	found	on	
glaciers	in	the	Cascade	Range	of	the	Pacific	Northwest	has	not	been	
characterized.

Glaciers	on	stratovolcanoes	such	as	those	 in	the	Cascade	Range	
of	 the	Pacific	Northwest	may	provide	unique	ecosystems	compared	
with	glaciers	that	override	granitic	or	carbonate-	rich	bedrock	although	
these	 studies	 are	 limited.	 Recent	 eruptions	 and	 rapid	 glacial	 retreat	
result	in	snow	and	ice	ecosystems	in	the	Cascade	Range	that	receive	
wind-	blown	volcanic	ash	and	rock	flour.	On	Icelandic	glaciers,	vicinity	
to	active	glaciers	results	 in	delivery	of	fresh	ash	which	 is	an	 import-
ant	 source	of	essential	nutrients	 (Lutz,	Anesio,	Edwards,	&	Benning,	
2015).	 In	 Iceland,	 both	 snow	 algae	 pigmentation	 and	 volcanic	 ash	
are	 reducing	 surface	 albedo	which	may	 accelerate	melt	 rate.	 In	 the	
Cascade	Range,	glaciers	are	particularly	susceptible	to	rising	tempera-
tures	due	to	their	size	and	location	(mid-	latitude)	and	are	experiencing	
rapid	retreat.	Based	on	20th	century	glacier	loss	rates	of	~0.29	km2/
yr	 for	Mt.	Rainier,	 the	Sisters	 in	Oregon	may	be	glacier-	free	 in	only	
~20	years,	and	Mt.	Hood	 in	OR	and	Mt.	Adams	 in	WA	 in	~80	years	
(data	from	the	Portland	State	University	Glaciers	of	the	American	West	
Database).	However,	the	role	of	snow	algae	and	delivery	of	debris	and	
ash	on	surface	albedo	and	melt	rates	to	these	surfaces	remains	poorly	
understood.

High	 microbial	 activity	 has	 been	 observed	 on	 glacial	 surfaces	
(Anesio,	Hodson,	Fritz,	Penner,	&	Sattler,	2008).	Blooms	of	photosyn-
thetic	algae	and	cyanobacteria	are	often	visible	on	snow	or	 ice	sur-
faces,	 turning	 the	snow	or	 ice	surfaces	 red,	pink,	green,	yellow,	and	
orange.	These	photoautotrophs	serve	as	predominant	primary	produc-
ers	 in	many	 glacial	 and	 snowfield	 ecosystems	 (Hodson	 et	al.,	 2008)	
where	only	a	few	specialized	phototrophs	thrive	in	the	high-	irradiation	

environment	 with	 average	 temperatures	 near	 the	 freezing	 point	
(Morgan-	Kiss,	 Priscu,	 Pocock,	 Gudynaite-	Savitch,	 &	 Huner,	 2006;	
Remias,	Karsten,	Lütz,	&	Leya,	2010).	 In	addition	to	supporting	local	
microbial	 communities	 and	 multicellular	 life	 and	 feeding	 into	 the	
subglacial	 environment	 and	 glacial	 meltwater,	 satellite	 imaging	 and	
primary	productivity	measured	in	situ	suggest	photoautotrophic	pop-
ulations	hosted	on	snow	in	supraglacial	ecosystems	are	a	significant	
component	 of	 the	modern	 global	 carbon	 cycle	 (Anesio	 et	al.,	 2008;	
Cook	 et	al.,	 2012;	 Hisakawa	 et	al.,	 2015;	 Takeuchi,	 Dial,	 Kohshima,	
Segawa,	&	Uetake,	2006).	There	is	also	evidence	that	microbial	assem-
blages	on	glacial	 surfaces	 actively	 cycle	nitrogen	 (Boyd	et	al.,	 2011;	
Hamilton,	 Peters,	 Skidmore,	 &	 Boyd,	 2013;	 Hodson	 et	al.,	 2008).	
Primary	productivity	in	supraglacial	ecosystems	(on	the	ice	and	snow	
surface)	 appears	 to	 be	 nutrient-		 and	 temperature-	limited	 (Hodson	
et	al.,	2008).	Phosphorous	limitation	has	been	reported	in	glacial	envi-
ronments	(Edwards	et	al.,	2013;	Stibal,	Anesio,	Blues,	&	Tranter,	2009)	
and	there	is	evidence	that	biologically	available	(fixed)	nitrogen	is	also	
limiting	on	glaciers	and	ice	sheets	(Boyd	et	al.,	2011;	Stibal,	Šabacká,	&	
Kaštovská,	2006;	Telling	et	al.,	2011).

Despite	 the	 role	 of	 supraglacial	 and	 snowfield	 microbial	 com-
munities	 in	 local	 and	 global	 biogeochemical	 cycling	 and	 foodwebs,	
relatively	 few	 studies	 have	 measured	 photoautotrophic	 primary	
productivity	 in	 snow	 algae	 communities	 on	 glaciers	 and	 snowfields	
(Hodson	 et	al.,	 2010;	 Stibal,	 Šabacká,	&	 Žársky,	 2012a;	 Stibal	 et	al.,	
2012b;	Thomas	&	Duval,	1995).	Furthermore,	none	have	reported	car-
bon	fixation	for	snowfields	on	or	near	glaciers	in	the	Cascade	Range	
of	 the	Pacific	Northwest.	Nutrient	dynamics	 including	 local	 geology	
and	anthropogenically	 derived	nitrogen	deposition	on	 snow	and	 ice	
surfaces	remains	largely	uncharacterized	(Hodson	et	al.,	2008;	Telling	
et	al.,	2011)	as	does	the	delivery	of	nutrients,	cells,	and	debris	from	the	
snow	and	glacial	ice	to	the	surrounding	landscape	and	subglacial	sed-
iments.	Because	extant	glaciers	are	built	 from	years	of	accumulated	
snow,	and	biological	activity	within	glacial	ice	is	likely	negligible,	extant	
supraglacial	communities	serve	as	a	proxy	for	the	geochemical	attri-
butes	of	ancient	snow	algae	communities	entombed	in	the	glacial	ice.

Here,	we	 report	 the	 recovery	 and	 composition	 of	 16S	 and	 18S	
rRNA	transcripts	from	supra-		and	periglacial	snow	on	three	separate	
stratovolcanoes	of	the	Pacific	Northwest	as	well	primary	productivity	
and	element	sequestration	by	these	assemblages.	This	study	is	one	of	
only	a	handful	to	report	the	recovery	and	analyses	of	RNA	from	gla-
cial	microbial	communities	(Boyd,	Hamilton,	Havig,	Skidmore,	&	Shock,	
2014;	Hamilton	et	al.,	2013).	Our	data	indicate	that	the	majority	of	pri-
mary	productivity	on	supraglacial	and	periglacial	snow	is	light	depen-
dent	and	can	be	largely	attributed	to	the	activity	of	eukaryotic	algae.	
This	 observation	 is	 supported	 by	 bulk	 13C	 isotopes	 of	 the	 biomass	
collected	from	these	sites	which	reflects	a	signature	that	typically	cor-
responds	 to	carbon	fixation	using	 the	pentose	phosphate	cycle	 (i.e.,	
the	Calvin	cycle).	Despite	previous	observations	that	supraglacial	com-
munities	are	limited	in	fixed	nitrogen	and/or	phosphorous,	addition	of	
nitrate,	ammonium,	or	phosphate	to	our	microcosms	did	not	uniformly	
stimulate	carbon	fixation	rates	 in	our	microcosms.	Furthermore,	our	
data	suggest	snow	algae	communities	are	sequestering	Fe,	P,	and	Mn	
sourced	from	local	lava	and	volcanic	ash.	Collectively,	our	data	support	
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a	role	of	supraglacial	and	periglacial	snow	algae	photosynthesis	con-
tributing	fixed	carbon	to	the	local	ecosystem	and	highlight	a	role	for	
local	bedrock	in	supplying	key	nutrients	to	support	photoautotrophic	
carbon	fixation	on	supraglacial	and	periglacial	snow.

2  | MATERIALS AND METHODS

2.1 | Field site descriptions

Samples	were	collected	from	several	sites	within	the	Cascade	Volcano	
Arc:	Mount	Adams	in	Washington,	and	Mount	Hood	and	North	Sister	
in	Oregon	in	June	of	2015	(Figure	1).	On	Mount	Hood,	samples	were	
collected	from	Palmer	Glacier	(121°42′W,	45°21′N)	on	June	20	and	
Eliot	 Glacier	 (121°42′W,	 45°21′N)	 on	 June	 22.	 On	Mount	 Adams,	
samples	 were	 collected	 from	 a	 snowfield	 near	 Mazama	 Glacier	
(121°27′W,	46°9′N)	and	from	Gotchen	Glacier	 (121°27′W,	46°9′N)	
on	 June	 21.	 On	 North	 Sister,	 samples	 were	 collected	 from	 Collier	
Glacier	(121°47′W,	44°10′N)	on	June	25.	The	weather	on	all	sampling	
days	was	sunny	and	clear	with	limited	high-	altitude	clouds.

Mount	Adams	is	a	Quaternary	composite	stratovolcano	composed	
of	older	basalt	flows	with	a	central	peak	that	is	basaltic	andesite	and	
andesite,	with	a	very	minor	dacite	component	(Hildreth	&	Lanphere,	

1994).	Of	the	three	sites,	Mt.	Adams	represents	a	middle	composition	
between	the	more	silicic	Mt.	Hood	and	the	more	mafic	North	Sister	
(both	described	below).	Mount	Adams	is	the	most	voluminous	strato-
volcano	in	the	Cascades	(second	only	to	Mt.	Shasta	in	CA)	and	is	the	
largest	active	volcano	in	Washington	State.	It	has	over	200	perennial	
snow	and	ice	features	and	twelve	glaciers.	Total	glacier	area	on	Mount	
Adams	 has	 decreased	 49%	 since	 1904	 (Sitts,	 Fountain,	 &	Hoffman,	
2010).	Gotchen	and	Mazama	Glaciers	are	 located	on	the	southeast-
ern	side	of	Mount	Adams.	Gotchen	Glacier	 is	 the	smallest	 ice	sheet	
on	Mount	Adams	and	has	decreased	in	size	by	78%	since	1904	(Sitts	
et	al.,	2010).	Manama	Glacier	has	decreased	in	size	by	46%	since	1904	
(Sitts	et	al.,	2010).

Mount	Hood	is	an	active	Quaternary	composite	stratovolcano	in	
the	Cascade	Mountains	of	northern	Oregon	composed	primarily	of	ol-
ivine-	,	pyroxene-	,	and	hornblende-	dacite	 lavas	and	pyroclastic	flows	
with	 smaller	 eruptions	 of	 hornblende	 andesite	 and	 olivine	 andesite	
and	olivine	basalt	(Wise,	1969).	Of	the	three	sampling	areas,	Mt.	Hood	
is	the	most	silicic	in	composition.	Palmer	Glacier	is	on	the	south	slope	
of	Mount	Hood.	The	glacier	extends	from	2,800	to	1,900	m	above	sea	
level	and	is	within	the	Timberline	ski	area.	Palmer	Glacier	lost	70%	of	
its	debris-	free	ice	area	from	1987	to	2005,	but	the	lower	portion	of	
the	glacier	is	subject	to	artificial	maintenance	and	anthropogenic	input	

F IGURE  1 Map	of	sampling	site	
locations	and	the	microcosm	setup
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as	part	of	the	Timberline	Ski	Resort.	Eliot	Glacier	is	a	1.6	km2	glacier	
on	the	northeastern	side	of	Mount	Hood.	The	glacier	is	littered	with	
rock	debris	as	a	result	of	frequent	rock	avalanches	from	north	face	of	
Mount	Hood	which	is	geothermally	altered.	Since	1901,	Eliot	Glacier	
has	 retreated	 680	m	 and	 lost	 19%	 of	 its	 area	 (Jackson	&	 Fountain,	
2007);	however,	 it	has	retreated	at	a	slower	rate	than	the	other	gla-
ciers	on	Mount	Hood.

North	Sister	is	the	oldest	of	the	Three	Sisters	volcano	complex	in	
central	Oregon	and	 is	considered	extinct.	North	Sister	 is	a	compos-
ite	stratovolcano	primarily	composed	of	basaltic	andesite	and	is	more	
mafic	than	the	two	adjacent	volcanoes	(Middle	and	South	Sisters),	as	
well	as	Mt.	Adams	and	Mt.	Hood	(Schmidt	&	Grunder,	2011).	The	com-
positional	homogeneity	of	the	North	Sister	stands	out	in	contrast	to	
those	of	other	long-	lived	stratovolcanoes	of	the	High	Cascades,	which	
tend	to	have	compositions	that	range	from	basaltic	through	to	rhyo-
dacitic	throughout	their	eruptive	history	(Mercer	&	Johnston,	2008).	
Collier	Glacier	is	on	the	west	side	of	North	Sister	and	reaches	across	
Middle	 and	North	 Sister.	 It	 has	 retreated	more	 than	 50%	 since	 the	
1930s.

2.2 | Sample collection

Sediments	or	snow/ice	for	RNA	extraction	was	collected	in	triplicate	
using	a	flame-	sterilized	spatula	and	placed	in	sterile	1.5-	ml	microcen-
trifuge	 tubes.	 Supraglacial	 and	 periglacial	 sites	 with	 orange,	 green,	
pink,	or	red	hues	indicative	of	snow	algae	communities	were	targeted	
for	collection.	Samples	were	immediately	flash-	frozen	on	dry	ice.	For	
bulk	geochemical	analyses	(described	in	detail	below),	approximately	
1	L	volume	of	the	surface	layer	of	the	snow	was	collected	from	the	
same	site	as	was	used	for	incubations	(detailed	below)	using	a	sterile	
spatula	and	placed	in	a	clean	1-	L	polypropylene	bottle	(soaked	in	10%	
trace-	element-	grade	HNO3	for	3	days,	triple-	rinsed	with	18.2	MΩ/cm	
deionized	water),	and	the	snow	was	melted	in	the	closed	bottle	with	
minimal	atmospheric	exposure	to	facilitate	filtration	but	minimize	ex-
change	of	CO2	with	the	atmosphere.

2.3 | Snow and snow algae geochemistry

Temperature,	conductivity,	and	pH	were	measured	in	the	thawed	snow	
onsite	using	a	WTW	330i	meter	and	probe	(Xylem	Analytics,	Weilheim,	
Germany),	and	conductivity	and	temperature	were	measured	with	a	
YSI	 30	 conductivity	meter	 and	 probe	 (YSI,	 inc.,	 Yellowsprings,	OH,	
USA).	All	water	samples	were	filtered	through	25-	mm-	diameter	0.2-	
μm	polyethersulfone	syringe	filters	 (VWR	International,	Radnor,	PA,	
USA).	Samples	for	ion	chromatography	analysis	of	anions	were	filtered	
into	15-	ml	 centrifuge	 tubes	 that	had	been	pre-	soaked	 in	18.2	MΩ/
cm	DI	water,	and	stored	at	4°C	until	analysis.	Major	anions	(fluoride,	
chloride,	 sulfate,	 and	 nitrate)	 were	 determined	 using	 a	 Dionex	 ICS	
1600	ion	chromatograph	by	the	STAR	Lab	(the	Ohio	State	University).	
Samples	for	cation	(sodium,	potassium,	calcium,	and	magnesium)	and	
total	 dissolved	 trace	 element	 (phosphorous,	 manganese,	 and	 iron)	
analysis	(10	ml)	were	filtered	into	acid-	washed	(three-	day	soak	in	10%	
TraceMetal	Grade	HNO3	(Fisher	Scientific,	Hampton,	NH)	followed	by	

triple	rinsing	with	18.2	MΩ/cm	DI	water)	15-	ml	centrifuge	tubes	and	
acidified	with	400	μl	of	concentrated	OmniTrace	Ultra™	concentrated	
nitric	acid	(EMD	Millipore,	Billerica,	MA,	USA),	and	stored	at	4°C	until	
analysis.	 Approximately	 30	ml	 of	 sample	 was	 flushed	 through	 the	
filter	 before	 the	 trace	 element	 sample	 was	 collected.	 Analysis	 was	
conducted	via	Teledyne	Leeman	Labs	Prodigy	Dual	view	inductively	
coupled	 plasma	 optical	 emission	 spectrometer	 (ICP-	OES)	 (Teledyne	
Leeman	 Labs,	 Hudson,	 New	Hampshire,	 USA)	 by	 the	 STAR	 Lab	 at	
the	Ohio	State	University.	Field	blanks	(18.2	MΩ/cm	deionized	water	
transported	 to	 the	 field	 in	 acid-	washed	 one-	liter	 Nalgene	 bottles)	
were	taken	daily	using	the	same	equipment	and	techniques	described	
above	as	checks	for	contamination.

Samples	for	dissolved	inorganic	carbon	(DIC)	concentration	anal-
ysis	were	 filtered	 into	 Labco	 Exetainers®	 (Labco	 Limited,	 Lampeter,	
UK)	until	 there	was	no	head	space,	and	 then	kept	 refrigerated	until	
analysis.	Analyses	were	 conducted	 by	 the	 Stable	 Isotope	 Facility	 at	
University	of	California,	Davis,	using	a	GasBench	II	system	interfaced	
to	 a	Delta	V	Plus	 isotope	 ratio	mass	 spectrometer	 (IR-	MS)	 (Thermo	
Scientific,	Bremen,	Germany)	with	raw	delta	values	converted	to	final	
using	 laboratory	standards	 (lithium	carbonate,	δ13C	=	−46.6‰	and	a	
deep	sea	water,	δ13C	=	+0.8‰)	calibrated	against	standards	NBS-	19	
and	L-	SVEC.

Samples	for	dissolved	organic	carbon	(DOC)	concentration	analy-
sis	were	filtered	into	50-	ml	centrifuge	tubes	(final	volume	25–30	ml),	
flash-	frozen	on	dry	 ice,	and	stored	at	−20°C	until	analysis.	Analyses	
were	 conducted	 by	 the	 Stable	 Isotope	 Facility	 at	 University	 of	
California,	Davis,	using	O.I.	Analytical	Model	1030	TOC	Analyzer	(O.I.	
Analytical,	College	Station,	TX)	interfaced	to	a	PDZ	Europa	20-	20	iso-
tope	 ratio	mass	 spectrometer	 (Sercon	Ltd.,	Cheshire,	UK)	 utilizing	 a	
GD-	100	 Gas	 Trap	 Interface	 (Graden	 Instruments)	 for	 concentration	
and	 isotope	 ratio	determination	with	 raw	delta	values	 converted	 to	
final	 using	 laboratory	 standards	 (KHP	 and	 cane	 sucrose)	 calibrated	
against	USGS-	40,	USGS-	41,	and	IAEA-	600.

Subsets	of	incubation	bulk	snow	algae	samples	were	dried	(60°C	
for	3	days)	and	ground/homogenized	with	a	cleaned	mortar	and	pes-
tle	 (ground	 with	 ethanol	 silica	 slurry,	 triple-	rinsed	 with	 18.2	MΩ/
cm	deionized	water,	dried).	Samples	were	sent	 to	 the	STAR	Lab	at	
the	Ohio	 State	 University	where	 they	were	 digested	 in	 a	 concen-
trated	 HNO3–HCl	 solution	 (following	 EPA	 method	 3051)	 using	 a	
CEM	MARS	Express	microwave	digestion	system	(CEM	Corporation,	
Matthews,	NC,	USA).	Following	digestion,	samples	were	analyzed	for	
elemental	composition	(Na,	Mg,	Al,	P,	S,	K,	Ca,	Mn,	Fe)	using	the	ICP-	
OES	 system	described	 above.	 Bulk	 snow	 algae	 samples	 include	 all	
sediments	and	allochthonous	material	not	 large	enough	to	be	seen	
by	the	naked	eye	and	removed.	Bulk	samples	were	analyzed	for	C	and	
N	 concentration	 and	 isotopic	 signature	via	 EA-	IR-	MS	 as	 described	
below.

2.4 | CO2 photoassimilation

Inorganic	carbon	uptake	was	assessed	in	situ	using	a	microcosm-	based	
approach	 through	 the	addition	of	NaH13CO3.	 In	 areas	of	 snow	and	
ice	where	phototrophic	populations	were	visibly	apparent	(green-		or	
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red-	colored	 snow),	 samples	 were	 collected	 from	 the	 surface	 layer	
using	 a	 pre-	sterilized	 spatula,	 placed	 into	 a	 clean	 container,	 and	 al-
lowed	to	melt	 to	a	slush	slurry.	An	equal	volume	 (~	15	ml)	of	snow	
slush	 slurry	was	 then	 transferred	 into	pre-	combusted	 (12	h,	450°C)	
serum	vials	and	capped	with	gas-	tight	black	butyl	rubber	septa.	Assays	
were	initiated	by	addition	of	NaH13CO3	(100	μM	final	concentration)	
(Cambridge	Isotope	Laboratories,	Inc.,	Andover,	MA,	USA).	All	assays	
were	performed	in	triplicate.

At	 each	 site,	 we	 assessed	 the	 potential	 for	 photoautotrophic	
(light)	 and	 chemoautotrophic	 (dark)	NaH13CO3	 uptake	 (Figure	1).	To	
assess	CO2	assimilation	in	the	dark,	vials	 (n = 3)	were	amended	with	
NaH13CO3	and	completely	wrapped	in	aluminum	foil.	To	assess	nutri-
ent	limitation,	a	subset	of	vials	were	amended	with	NaNO3,	NH4Cl,	or	
KH2PO4	(final	concentration	500	μM).	To	assess	the	effects	of	ultravi-
olet	radiation,	vials	(n = 3)	were	placed	under	a	sheet	of	acrylic	which	
blocks	99%	all	UVA	and	UVB	(Figure	1).	Natural	abundance	controls	
were	amended	with	unlabeled	NaHCO3	(Sigma-	Aldrich,	St	Louis,	MO,	
USA).	All	assays	were	performed	in	triplicate	and	reported	values	of	
DIC	uptake	(carbon	fixation	rates)	reflect	the	difference	in	uptake	be-
tween	the	labeled	and	unlabeled	assays.	All	calculations	for	carbon	up-
take	analyses	were	based	on	the	difference	between	treatments	and	
unamended	biomass	 collected	 at	 the	time	of	 sampling.	Unamended	
biomass	values	are	reported	in	Table	1.	Photosynthetically	active	radi-
ation	(PAR)	was	measured	at	the	surface	at	several	time	points	during	
each	 incubation	 using	 a	 BiTec	 Sensor	 Luxometer	 (Gigahertz-	Optik,	
Newburyport,	MA,	USA).

2.5 | C and N concentration and stable 
isotope signals

Following	 incubation,	 samples	 were	 filtered	 onto	 pre-	combusted	
(12	h,	450°C)	GF/F	filters	(0.3-	μm	pore	size)	(Sterlitech	Corporation,	
Kent,	WA,	 USA),	 flushed	with	 HCl	 (1	M)	 to	 remove	 any	 carbonate	
minerals,	washed	with	de-	ionized	H2O,	and	dried	 (8	h,	60°C).	Dried	
and	 ground	 bulk	 samples	 or	 filtered	 and	 dried	 incubation	 samples	
for	 the	determination	of	C	 and	N	concentration	and	 stable	 isotope	
signal	were	weighed	and	placed	into	tin	boats,	sealed,	and	analyzed	
via	 a	 Costech	 Instruments	 Elemental	 Analyzer	 (EA)	 periphery	 con-
nected	to	a	Thermo	Scientific	Delta	V	Advantage	Isotope	Ratio	Mass	
Spectrometer	(IR-	MS)	at	the	Stable	Isotope	Geochemistry	Lab	in	the	
Department	of	Geology	at	the	University	of	Cincinnati.	Linearity	cor-
rections	were	made	using	NIST	Standard	2710,	and	δ13C	values	were	
calibrated	 using	 reference	 standards	 USGS-	40	 and	 USGS-	41	 and	
checked	with	a	laboratory	standard	(glycine).	Total	uptake	of	DIC	was	
calculated	using	DIC	numbers	determined	for	the	source	water	(snow)	
(described	above).	All	stable	isotope	results	are	given	in	delta	forma-
tion	expressed	as	per	mil	(‰).	Carbon	stable	isotopes	are	calculated	
as:

where	 Ra	 is	 the	
13C/12C	 ratio	 of	 the	 sample	 or	 standard,	 and	 are	

	reported	 versus	 the	 Vienna	 Pee	 Dee	 Belemnite	 (VPDB)	 standard,	

while	for	nitrogen	δ15N	values,	Ra	is	the	
15N/14N	ratio	of	the	sample	or	

standard,	and	are	reported	versus	atmospheric	air.
We	have	chosen	to	report	the	results	of	our	carbon	uptake	exper-

iments	in	units	relating	to	the	mass	of	organic	carbon	in	the	material	
used	for	the	incubations,	reported	here	as	micrograms	of	carbon	incor-
porated	(μg	C)	per	gram	of	carbon	in	the	incubation	material	(g	Cbiomass)	
per	hour.	These	units	allow	direct	comparison	of	carbon	uptake	rates	
based	on	 easily	 quantifiable	values	 (amount	 of	 carbon	 in	 a	 sample).	
We	have	avoided	presenting	the	results	in	per	unit	surface	area	or	per	
unit	volume	due	to	the	heterogeneous	nature	of	supraglacial	systems	
in	terms	of	amount	of	biomass	per	unit	area	or	volume.	We	chose	to	
use	per	hour	 (with	specific	time	of	day	and	irradiance	during	the	 in-
cubation)	instead	of	per	day	rates	to	avoid	inconsistency	in	length	of	
the	day	(and	thus	photosynthetically	active	radiation)	in	the	Northern	
Hemisphere	 which	 can	 change	 dramatically	 depending	 on	 time	 of	
year.	For	comparisons	between	mean	13C	uptake	rates	at	each	site,	a	
one-	way	ANOVA	followed	by	post hoc	pairwise	comparisons	between	
treatments	was	conducted	using	a	Turkey	honest	significant	difference	
(HSD)	within	the	R	software	package	(R	version	3.2.4,	R	Foundation	
for	Statistical	Computing,	Vienna,	Austria).	Mean	rates	with	p-	values	
<.05	were	considered	significantly	different.

2.6 | RNA extraction and generation of 
complementary DNA (cDNA)

RNA	 extraction	 and	 purification	were	 carried	with	 a	 FastRNA	 Spin	
kit	for	Soil	(MP	Biomedicals)	as	described	previously	(Hamilton	et	al.,	
2013).	 RNA	 was	 extracted	 in	 triplicate	 from	 three	 independent	
~500	mg	 subsamples	of	biomass/sediments.	 Equal	 volumes	of	 each	
triplicate	extraction	were	pooled	for	further	analyses.	 In	addition	to	
the	biomass/sediment	samples,	RNA	extraction	and	purification	were	
carried	 on	 negative	 controls	 consisting	 of	 18.2	MΩ/cm	 deionized	
water	placed	in	sterile	1.5-	ml	microcentrifuge	tubes	in	the	field	or	no	
sample	(extraction	blank).	No	RNA	or	DNA	was	detected	in	the	nega-
tive	controls	(see	Qubit	and	PCR	methods	below)	and	sequencing	of	
samples	 failed	 to	generate	amplicons.	After	 initial	purification,	RNA	
was	 subjected	 to	 DNase	 I	 digestion	 (Roche,	 Indianapolis,	 IN,	 USA)	
for	1 h	at	 room	temperature	 (~22°C).	Following	digestion,	RNA	was	
further	purified	using	a	High	Pure	RNA	Isolation	Kit	(Roche)	and	was	
stored	at	−80°C	in	a	solution	of	100%	ethanol	and	0.3	M	sodium	ac-
etate	until	further	processed.	The	concentration	of	RNA	was	deter-
mined	using	a	Qubit	RNA	Assay	kit	 (Molecular	Probes,	Eugene,	OR,	
USA)	and	a	Qubit	3.0	Fluorometer	 (Life	Technologies,	Carlsbad,	CA,	
USA).	Following	DNase	I	digestion,	RNA	extracts	were	screened	for	
the	presence	of	 contaminating	genomic	DNA	by	performing	 a	PCR	
using	~1	ng	of	RNA	as	template	and	primers	targeting	16S	rRNA	gene	
sequences	 (515f)	 (Caporaso	 et	al.,	 2012)	 and	 the	 recently	modified	
806rB	(Apprill,	McNally,	Parsons,	&	Weber,	2015)	and	primers	target-
ing	18S	rRNA	gene	sequences	(euk7F/507R)	(Weekers,	Gast,	Fuerst,	
&	Byers,	1994).

cDNA	 was	 synthesized	 from	 20 ng	 of	 purified	 RNA	 using	 the	
Superscript	 IV	 Reverse	 Transcriptase	 (Life	 Technologies,	 Carlsbad,	
CA,	 USA)	 according	 to	 the	 manufacturer’s	 instructions.	 Following	

1!
13C=[((Ra)sample∕(Ra) standard)−1]×103,
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TABLE  1 Aqueous	geochemistry	of	snow	samples	and	bulk	geochemistry	of	snow	algae	samples	(including	associated	sediments)a,b

Snow field Gotchen Glacier Palmer Glacier Eliot Glacier Collier Glacier

Mt.Adams, WA Mt.Adams, WA Mt. Hood, OR Mt. Hood, OR North Sister, OR

Incubaion Y N N Y Y

GPS

10 T 0619597 0618966 0601163 0604133 0596793

UTM 5113175 5113567 5022830 5026631 4891529

Error 2.8	m 2.8	m 2.8	m 2.8	m

Elevation 2078	m 2211	m 2327	m 2105	m 2287	m

Time 13:15 17:30 17:45 14:18 08:00

Date 06/21/15 06/21/15 06/20/15 06/22/15 06/25/15

Aqucous	geochemistry

pH 5.60 5.59 4.72 5.50 6.48

Temperature 0.0–2.0°C 0.0°C 0.0°C 0.5–6.0°C 1.0–5.0°C

Conductivity 3.75	μS/cm 2.75	μS/cm 12.25	μS/cm 2.57	uS/cm 10.99	uS/cm

DIC 56.9	μM 84.0	μM 44.0	μM 13.9	μM 52.5	μM
δ13C bdl −17.70b bdl bdl bdl

DOC 297.6	μM 276.5	μM 101.0	μM 107.5	μM 289.0	μM
δ13C −25.83‰ −23.18‰ −27.22‰ −27.35‰ −26.44‰

Fluoride bdl bdl 2.3	μM bdl 2.1	μM
Chloride 9.4	μM 15.1	μM 4.4	μM 9.5	μM 4.3	μM
Sulfate bdl 4.1	μM 5.0	μM 5.2	μM 4.5	μM
Nitrate bdl bdl 5.7	μM bdl 0.4	μM
Phosphorous 1.0	μM bdl bdl bdl 1.4	μM
Sodium 6.6	μM 18.4	μM 6.2	μM 7.8	μM 24.9	μM
Potassium 7.7	μM 10.1	μM bdl 7.4	μM bdl

Calcium bdl 0.8	μM 4.0	μM 10.0	μM 9.2	μM
Magnesium 0.6	μM 0.8	μM 0.5	μM 0.3	μM 6.2	μM
Manganese 32.8	nM 20.0	nM 21.8	nM 18.2	nM bdl

Iron bdl bdl −734.2	nM 46.6	nM bdl

Bulk	snow	algae	samples

Total	C 29.66% 6.14% 3.29% 0.98% 0.97%

δ13C −26.20‰ −24.09‰ −25.87‰ −26.85‰ −26.54‰

Total	N 1.47% 0.41% 0.16% 0.09% 0.06%

δ15N −4.09‰ −3.76‰ −6.20‰ −4.54‰ −4.11‰

Phosphorous 42.6	mM 13.4	mM 12.4	mM 12.7	mM 6.4	mM

Iron 201.5	mM 175.5	mM 173.6	mM 224.4	mM 399.4	mM

Manganese 2.4	mM 1.9	mM 1.4	mM 1.9	mM 5.2	mM

Sulfur 34.4	mM 11.0	mM 8.5	mM 8.4	mM 13.4	mM

Sodium 27.1	mM 28.1	mM 51.3	mM 38.5	mM 95.1	mM

Magnesium 96.5	mM 122.8	mM 25.9	mM 38.8	mM 520.6	mM

Aluminum 303.5	mM 139.7	mM 176.7	mM 145.6	mM 594.0	mM

Potassium 48.7	mM 13.9	mM 13.1	mM 11.2	mM 18.9	mM

Calcium 47.8	mM 53.6	mM 66.6	mM 56.5	mM 265.5	mM

DIC,	dissolved	inorganic	carbon;	bdl,	below	detection	limits.	Carbon	isotope	values	given	vs.	VPDB,	nitrogen	values	given	vs.	air.
aMethod	 detection	 limits:	 13C—100	μM;	 fluoride—1.4	μM;	 sulfate—1.4	μM;	 phosphorus—0.52	μM;	 potassium—4.6	μM;	 calcium—0.77	μM;	 magne-
sium—0.12	μM;	manganese—18.2	nM;	iron	(total	Fe)—17.9	nM.
bItalic	value	represents	qualitative	estimates	only.
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synthesis	of	cDNA,	samples	were	purified	by	ethanol	precipitation	and	
resuspended	in	nuclease-	free	water	for	use	in	amplicon	sequencing.

2.7 | Sequence analysis

Amplicons	were	 sequenced	 using	MiSeq	 Illumina	 2	×	 300 bp	 chem-
istry	using	the	primers	515Ff	and	806rB	targeting	V4	hypervariable	
region	of	bacterial	and	archaeal	16S	SSU	rRNA	gene	sequences	and	
primers	 euk7F	 and	 507R	 targeting	 eukaryotic	 18S	 rRNA	 gene	 se-
quences	by	the	Research	and	Testing	Laboratory	(Lubbock,	TX,	USA).	
Each	 sample	 was	 sequenced	 once.	 Post-	sequence	 processing	 was	
performed	using	the	Mothur	(ver.	1.36.1)	sequence	analysis	platform	
(Schloss	 et	al.,	 2009)	 following	 the	 MiSeq	 SOP	 (Kozich,	 Westcott,	
Baxter,	Highlander,	&	Schloss,	2013).	For	the	18S	rRNA	data	set,	we	
analyzed	the	forward	read	only	as	well	as	the	assembled	contigs.	For	
the	16S	rRNA	data	set,	read	pairs	were	assembled.	Contigs	with	am-
biguous	bases	were	removed.	Contigs	were	trimmed	to	include	only	
the	overlapping	regions	and	unique	sequences	were	aligned	against	
the	 SILVA	 v119	 database.	 Chimeras	 were	 identified	 and	 removed	
using	 UCHIME	 (Edgar,	 Haas,	 Clemente,	 Quince,	 &	 Knight,	 2011).	
Operational	 taxonomic	 units	 (OTUs)	 were	 assigned	 at	 a	 sequence	
similarity	 of	 0.97	 using	 the	 average	 neighbor	 method.	 OTUs	 were	
classified	 within	 Mothur	 against	 the	 SILVA	 database	 (v119)	 with	
Mothur	 using	 the	 naive	 Bayesian	 algorithm	 and	 manually	 verified	
with	BLASTN	(Altschul	et	al.,	1997).	Rarefaction	was	calculated	within	
Mothur	and	based	on	rarefaction	analysis,	>92%	of	the	predicted	16S	
and	18S	rRNA	gene	diversity	was	sampled	at	this	depth	of	sequencing	
(data	not	shown).	Results	were	visualized	with	the	Phyloseq	R	package	
(ver.	1.16.2;	McMurdie	&	Holmes,	2013)	(R	version	3.2.4).	The	OTUs	
recovered,	OTU	abundance,	and	taxonomic	classification	of	18S	rRNA	
analyses	were	similar	(forward	reads	only	or	merged	reads)	and	here	
we	report	data	from	the	assembled	contigs.

2.8 | Nucleotide sequence accession numbers

Sequence	data	including	raw	reads,	quality	scores,	and	mapping	data	
have	been	deposited	in	the	NCBI	Sequence	Read	Archive	(SRA)	data-
base	with	the	accession	number	SRP076975.	Library	designations	and	
samples	sites	are	provided	in	Table	S1.

3  | RESULTS

3.1 | Snow geochemistry

Supraglacial	and	periglacial	snow	samples	containing	snow	algae	were	
collected	from	several	sites	within	the	Cascade	Volcano	Arc:	basaltic	
to	andesitic	Mount	Adams	 in	Washington,	and	dacitic	Mount	Hood	
and	 basaltic-	andesitic	 North	 Sister	 in	 Oregon	 during	 June	 of	 2015	
(Figure	1).	On	Mount	Adams,	samples	were	collected	from	snowfields	
downslope	 from	Mazama	 and	 Gotchen	 Glaciers.	 On	Mount	 Hood,	
samples	were	collected	from	the	surface	of	Palmer	Glacier	and	Eliot	
Glacier.	On	North	Sister,	samples	were	collected	from	the	surface	of	
Collier	Glacier.	For	all	supraglacial	and	periglacial	samples,	pH	ranged	

from	4.7	to	6.5	(Table	1).	Collier	and	Palmer	Glacier	samples	had	el-
evated	 conductivity	 (10.66	 and	 12.25	μS/cm)	 compared	 with	 Eliot	
Glacier	 and	 Mt.	 Adams	 snow	 (2.57–3.75	μS/cm).	 Levels	 of	 nitrate	
were	similar	 in	all	samples,	with	concentrations	at	or	below	5.7	μM.	
Ammonia	was	below	detection	limits	in	all	samples	(data	not	shown).	
Chloride	concentrations	ranged	from	4.3	to	15	μM,	while	sulfate	con-
centrations	ranged	from	5.2	μM	to	below	detection	limits.	Total	dis-
solved	phosphorous	was	only	above	detection	limits	in	the	Mt.	Adams	
and	Collier	Glacier	samples	(1.0	and	1.4	μM,	respectively).	Magnesium	
concentration	ranged	from	0.3	to	6.2	μM.	Calcium	was	also	detected	
in μM	concentrations	from	all	samples	except	the	Mount	Adams	snow.	
Total	 dissolved	 iron	 was	 only	 detected	 in	 snow	 from	 Eliot	 Glacier	
(46.6	nM)	and	Palmer	Glacier	(734.2	nM).	Total	dissolved	manganese	
was	present	in	nM	concentrations	in	all	sites	except	in	Collier	Glacier	
snow	where	it	was	not	detected.	The	concentration	of	dissolved	in-
organic	carbon	 (DIC)	was	 lowest	 in	 the	Gotchen	Glacier	 snow	sam-
ple	(0.1	μM)	and	ranged	from	13.9	to	56.9	μM	in	the	other	samples.	
Dissolved	organic	carbon	concentrations	ranged	from	101	μM	in	the	
Palmer	Glacier	sample	to	289	μM	in	the	Collier	Glacier	sample.

3.2 | Geochemical analysis of bulk snow algae 
community biomass

Bulk	 snow	algae	biomass	 samples	 ranged	 from	a	high	of	29.66%	C	
and	1.47%	N	 (Gotchen	Glacier	 snow,	Mt.	Adams)	 to	 lows	of	0.98%	
C,	 0.09%	N	 (Eliot	 Glacier	 snow,	Mt.	Hood)	 and	 0.97%	C,	 0.06%	N	
(Collier	 Glacier	 snow,	North	 Sister),	 with	 the	 other	 sites	 falling	 be-
tween	(Table	1).	All	percentages	are	relative	to	total	dry	mass	of	bulk	
snow	algae	samples,	with	low	total	carbon	values	indicative	of	a	large	
volcanic	 sediment	 component.	 Snow	 algae	 samples	 displayed	 δ13C	
values	ranging	from	−24.1‰	to	−26.9‰	(vs.	VPDB),	consistent	with	
those	reported	for	carbon	via	the	pentose	phosphate	cycle	 (i.e.,	 the	
Calvin	cycle)	 (Havig,	Raymond,	Meyer-	Dombard,	Zolotova,	&	Shock,	
2011)	which	 is	employed	by	eukaryotic	photoautotrophic	algae	and	
cyanobacteria.	Snow	algae	δ15N	values	ranged	from	−3.8‰	to	−6.2‰	
(vs.	 air)	 (Table	1),	 similar	 to	 those	 observed	 in	 δ15N	values	 from	 an	
atmospheric	 precipitation	 fixed	 nitrogen	 source	 (Moore,	 1977).	
Phosphorous	 concentration	 in	 the	 bulk	 snow	 algae	 samples	 ranged	
from	 a	 high	 value	 of	 42.3	mM	 (Mt.	 Adams	 snowfield	 sample)	 to	 a	
low	of	6.4	mM	 (Collier	Glacier	 site)	 (Table	1).	Total	 iron	 in	 the	sam-
ples	was	circum	200	mM,	with	only	the	Collier	Glacier	site	deviating	
(399.4	mM).	Manganese	concentrations	fell	between	1.4	and	5.2	mM.	
Total	 sulfur	 concentrations	 fell	 between	 34.4	 and	 8.4	mM.	 For	 the	
other	major	rock-	forming	elements	measured	(Na,	Mg,	Al,	K,	and	Ca),	
concentrations	were	generally	lowest	at	the	Mt.	Hood	sites,	highest	at	
the	North	Sister	site,	with	Mt.	Adams	falling	between	the	two,	reflect-
ing	 the	general	 trend	 in	 rock	 type	 (Mt.	Hood	being	 the	most	 felsic,	
Mt.	Adams	being	intermediate,	and	North	Sister	being	the	most	mafic).

3.3 | Snow and sediment community composition

Sequencing	 of	 SSU	 cDNA	 from	 supraglacial	 ecosystems	 and	 sur-
rounding	sediments	revealed	the	presence	of	active	eukarya,	bacteria,	
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and	archaea.	We	 recovered	a	 total	of	2698	distinct	eukaryal	OTUs	
(defined	 at	 3.0%	 sequence	 dissimilarities).	 The	majority	 of	 eukaryal	
OTUs	 recovered	 were	 affiliated	 with	 Chlorophyceae	 (green	 algae).	
Chlorophyceae-	affiliated	 sequences	were	 recovered	 from	 both	 sur-
face	ice-	associated	and	snowfield	samples	as	well	as	surrounding	sedi-
ments	(Figure	2;	Table	S6).	The	most	abundant	Chlorophyceae	OTUs	
were	 affiliated	 with	 the	 Genus	 Chlamydomonas and Chloromonas. 
BLASTN	analyses	of	these	OTUs	returned	sequences	recovered	from	
alpine	 snow,	 seasonal	 snow	pack,	 and	 supraglacial	 snow	 (Table	S6).	
In	 addition,	we	observed	 some	18S	 rRNA	 transcripts	 affiliated	with	
the	Chrysophyceae,	a	class	of	golden	algae;	however,	these	sequences	
were	much	less	abundant.	Sequences	affiliated	with	Agaricomycetes	
and	 Agaricostilbomycetes,	 fungi	 within	 the	 Basidiomycota,	 were	
abundant	 in	 sediments	 adjacent	 to	 Gotchen	 Glacier	 and	 Collier	
Glacier,	respectively.	Basidiomycetous	yeasts	are	often	cold	tolerant	
and	 successfully	 colonize	 extremely	 cold	 habitats	 including	 glaciers	
and	high-	altitude	regions	(Branda	et	al.,	2010).

We	recovered	a	total	of	2445	distinct	bacterial	OTUs	(defined	at	
3.0%	sequence	dissimilarity).	The	most	abundant	OTUs	we	recovered	
were	from	16S	rRNA	transcripts	affiliated	with	Bacteroidetes,	within	
the	 Sphingobacteria	 and	 Betaproteobacteria	 (Figure	2;	 Table	 S7),	
which	are	common	constituents	of	snow	algae	communities.	For	 in-
stance,	 Betaproteobacteria	were	 abundant	 in	 samples	 from	 Iceland,	
whereas	 Sphingobacteria	were	 abundant	 in	 samples	 from	Northern	
Sweden	 (Lutz	 et	al.,	 2016).	The	most	 abundant	Bacteroidetes	OTUs	
were	affiliated	with	the	genus	Solitalea and Ferruginibacter	(Table	S7).	
The	 majority	 of	 the	 Betaproteobacteria	 16S	 rRNA	 SSU	 cDNA	 se-
quences	recovered	from	the	snow	and	ice	samples	were	affiliated	with	
the	 order	 Burkholderiales	 and	 the	 genus	 Polaromonas.	 Polaromonas 
spp.	are	commonly	observed	in	samples	from	glacial	surfaces,	snow,	
and	 sediments	 (Darcy,	 Lynch,	King,	Robeson,	&	Schmidt,	2011;	Hell	
et	al.,	 2013;	Michaud	 et	al.,	 2012).	 Based	 on	BLASTN	 analyses,	 the	
most	abundant	Bacteroidetes	OTUs	were	most	closely	related	to	se-
quences	recovered	from	glaciers	and	freshwater	biofilms,	whereas	the	
sequences	affiliated	with	the	genus	Polaromonas	were	most	closely	re-
lated	to	sequences	recovered	from	a	drinking	water	treatment	plant	and	
Lake	Taihu	 (Table	S7).	Transcripts	affiliated	with	Alphaproteobacteria	
and	Actinobacteria	were	also	recovered	from	all	samples.	16S	rRNA	
transcripts	affiliated	with	Cytophagia	were	abundant	in	Collier	Glacier	
sediments.	 The	 Cytophagia	 sequences	 were	 most	 closely	 related	
to	Hymenobacter	 spp.,	which	 have	 been	 observed	 on	 other	 glaciers	
(Zhang,	Yang,	Wang,	&	Hou,	2009;	Klassen	&	Foght,	2011)	and	in	“red	
snow”	in	Antarctica	(Fujii	et	al.,	2010).	Hymenobacter-like	strains	iso-
lated	 from	basal	 ice	of	Victoria	Upper	Glacier,	Antarctica,	were	psy-
chrotolerant	and	heterotrophic	aerobes	(Klassen	&	Foght,	2011).

Fewer	OTUs	affiliated	with	archaea	were	recovered	compared	with	
bacteria	and	eukarya	 (Figure	2;	Table	S8).	We	recovered	89	archaeal	
OTUs	(defined	at	3.0%	sequence	dissimilarities).	This	observation	sug-
gests	 bacteria	 and	 eukarya	 are	 the	 dominant	 active	 fraction	 of	 sur-
face	microbial	assemblages	 in	glacial	snow	and	 ice	 in	 these	systems.	
Sequences	affiliated	with	 the	Soil	Crenarchaeotic	Group	 (SCG)	were	
recovered	in	Mt.	Adams	snow	and	sediments	as	well	as	the	surface	of	
Palmer	Glacier	and	sediments	from	Gotchen	Glacier	and	Collier	Glacier.	

Based	on	BLASTN	analyses,	 the	most	 abundant	OTU	affiliated	with	
the	Soil	Crenarchaeotic	Group	(SCG)	was	most	closely	related	to	se-
quences	 recovered	 from	 permafrost	 (Table	 S7).	 Sequences	 affiliated	

F IGURE  2 Composition	of	small	subunit	rRNA	transcripts	
recovered	from	sediment	(Sed)	and	supraglacial	snow	or	snowfield	
samples	(Snow).	OTUs	for	each	library	were	binned	at	the	class	
level	for	archaea	and	bacteria	and	at	the	order	level	for	eukarya.	For	
eukarya	and	bacteria,	only	OTUs	which	were	present	in	50%	or	more	
of	the	samples	are	presented.	Bars	are	ordered	by	OTU	abundance	
(from	most	abundant	to	least	abundant)	in	each	sample.	Stars	indicate	
sites	where	carbon	uptake	microcosms	were	performed.	Eliot	and	
Palmer	Glacier	are	on	Mt.	Hood;	Collier	Glacier	is	on	North	Sister;	the	
snowfield	on	Mt.	Adams	is	represented	by	Mt.	Adams;	and	Gotchen	
Glacier	is	on	Mt.	Adams	(sample	locations	are	indicated	in	Figure	1).	
SCG;	Soil	Crenarchaeotic	Group;	SAGMCG-	1;	South	African	Gold	
Mine	Gp	1	

0 25 50 75 100
Relative abundance (% of total sequences)

Taxonomy by sample
Eukarya 

(OTUs = 2,698)
Sed

Sed

Supra

Sed
Supra

Supra

Snow

Supra

Sed

Sed

Sed

Collier

Eliot

Gotchen

Mt. Adams

Palmer

*

*

*

*

0 25 50 75 100
Relative abundance (% of total sequences)

Sed

Sed

Supra

Sed
Supra

Supra

Snow

Supra

Sed

Sed

Sed

Collier

Eliot

Gotchen

Mt. Adams

Palmer

*

*

*

*

Chlorophyceae
Eukaryota
Agaricostilbomycetes
Microbotryomycetes
Chrysophyceae
Trebouxiophyceae
Enoplea

Betaproteobacteria
Sphingobacteriia
Alphaproteobacteria
Cytophagia
Actinobacteria
Gammaproteobacteria
Gemmatimonadetes
Planctomycetacia

0 25 50 75 100
Relative abundance (% of total sequences)

Sed

Sed

Supra

Sed
Supra

Supra

Snow

Supra

Sed

Sed

Sed

Collier

Eliot

Gotchen

Mt. Adams

Palmer

*

*

*

*

SCG
SAGMCG−1
Thermoplasmata

Bacteria 
(OTUs = 2445)

Archaea 
(OTUs = 89)

(a)

(b)

(c)



     |  9HAMILTON ANd HAVIG

with	the	South	African	Gold	Mine	Gp	1	(SAGMCG-	1)	were	more	abun-
dant	on	Eliot	Glacier	which	were	most	closely	 related	 to	Candidates	
Nitrosotalea	and	sequences	recovered	from	the	deep	hypolimnion	of	
Lake	Maggiore	(Table	S8).	Soil	Crenarchaeotic	Group	(SCG)	and	South	
African	 Gold	 Mine	 Gp	 1	 (SAGMCG-	1)	 populations	 are	 assumed	 to	
contribute	 to	 ammonia	 oxidation	 in	 soils.	 Sequences	 affiliated	 with	
Thermoplasmata	 were	 recovered	 from	 the	 sediments	 from	 Palmer	
Glacier	and	Gotchen	Glacier	as	well	as	the	surface	of	Gotchen	Glacier.	
The	most	abundant	Thermoplasmata	OTUS	were	most	closely	related	
sequences	recovered	from	Lake	Taihu	and	a	receding	glacier	forefield	
(Table	S7).

3.4 | Carbon assimilation

Microcosm	assays	(in	the	presence	of	NaH13CO3)	were	conducted	to	
examine	carbon	fixation	rates	of	supraglacial	snow	(Eliot	and	Collier	
glaciers)	 and	periglacial	 snowfield	 (Mt.	Adams)	 surfaces.	At	all	 sites,	
little	 to	no	bicarbonate	was	 assimilated	by	 assays	performed	 in	 the	
dark	(Figure	2;	Table	2).	The	highest	rates	of	bicarbonate	assimilation	
(51	μg	C	g−1	Cbiomass	hr−1)	 were	 observed	 in	 microcosms	 performed	
on	 Eliot	 Glacier.	 Rates	 of	 bicarbonate	 assimilation	 were	 lower	 on	
Collier	Glacier	(6	μg	C	g−1	Cbiomass	hr−1)	and	on	the	Mt.	Adams	snow-
field	 (15	μg	C	g−1	Cbiomass	hr−1).	 Photosynthetically	 active	 radiation	
(PAR)	fell	between	~	1000	and	~	1700	μmol	m−2 s−1	throughout	the	
incubation	periods	 (Table	S2).	At	Collier	Glacier,	PAR	values	 ranged	
from	1242	 to	 1696	μmol	m−2 s−1	 throughout	 the	 incubation	 period.	
At	Eliot	Glacier,	values	ranging	from	1332	to	1542	μmol	m−2 s−1	were	
observed	throughout	the	 incubation	period.	PAR	values	were	 lower	
during	 the	 incubation	 period	 on	Mt.	 Adams	 (ranging	 from	 1003	 to	
1445 μmol	m−2	s−1).	The	fluctuation	in	PAR	occurred	with	changes	in	
minor	cloud	cover.

Subsets	of	assays	were	amended	with	fixed	nitrogen	 (NaNO3	or	
NH4Cl)	 or	 phosphorous	 (as	 KH2PO4).	 No	 significant	 difference	was	
observed	 in	 carbon	 assimilation	 rates	 on	Mt.	Adams	 in	 response	 to	
amendment	with	phosphate	or	nitrate	after	60	min	or	300	min	com-
pared	with	 the	 control	 (no	 amendment,	 “light”)	 (Figure	3,	Table	 S3).	
In	all	microcosms	 from	 the	Mt.	Adams	snowfield,	 the	 rates	of	 light-	
dependent	carbon	assimilation	were	significantly	greater	than	 in	the	
dark	treatment	(p-	value	<.05,	Table	S3).	On	Eliot	Glacier,	carbon	assim-
ilation	rates	in	the	control	(“light”)	were	significantly	higher	than	those	
amended	with	ammonium	(p-	value	.0003),	whereas	no	difference	was	
observed	 between	 the	 control	 and	 phosphate	 or	 nitrate	 (Figure	3,	
Table	 S4).	 Carbon	 assimilation	 rates	 in	 the	 phosphate-		 and	 nitrate-	
amended	microcosms	were	significantly	higher	than	the	rates	in	micro-
cosms	amended	with	ammonium	(p-	values	.0000,	.0007,	respectively;	
Table	S4).	Rates	were	significantly	 lower	 in	 the	microcosms	covered	
by	the	UV	block	compared	with	the	control	as	well	as	those	amended	
with	 phosphate	 and	 nitrate	 (p-	values	 .0098,	 .0003,	 0.330,	 respec-
tively;	Table	S4).	Blocking	UV	radiation	also	did	not	result	in	elevated	
carbon	fixation	rates;	however,	the	glass	serum	vials	also	blocked	all	
UVB	and	a	portion	of	UVA	radiation	as	has	been	observed	 in	other	
studies	 (Duarte,	Rotter,	Malvestiti,	&	Silva,	2009).	Similar	 to	 the	Mt.	
Adams	snowfield	microcosms,	rates	of	carbon	assimilation	in	the	dark	
were	 significantly	 lower	 than	 all	 other	 treatments	 (p-	value	 <.049;	
Table	 S4).	At	Collier	Glacier,	 there	was	 no	 significant	 difference	 be-
tween	rates	of	carbon	assimilation	in	microcosms	amended	with	phos-
phate,	nitrate,	or	ammonium	compared	with	the	control	microcosms	
(Figure	3;	Table	S5).	Similarly,	 the	double	amendments	of	phosphate	
and	 nitrate	 or	 phosphate	 and	 ammonium	 did	 not	 result	 in	 signifi-
cantly	elevated	carbon	assimilation	rates	compared	with	 the	control	
(Table	S5).	We	also	examined	bicarbonate	uptake	in	sunlit	sediments	
on	Collier	Glacier	located	at	the	edge	of	the	ice	where	meltwater	left	

TABLE  2 Carbon	assimilation	by	snow	algae	communitiesa

Site T=

Mt. Adams (snowfield) Mt. Hood (Eliot) North Sister (Collier)

60 min δ15C (‰) 300 min δ13C (‰) 135 min δ13 C (‰) 390 min δ13C (‰)

Average SD Average SD Average SD Average SD

Control −27.79 0.30 −27.51 0.18 −27.05 1.25 −26.43 0.27

DIC	only −14.42 1.33 29.60 7.91 76.52 7.16 8.78 3.05

PO
3−

4
−13.93 1.59 27.18 9.05 86.41 3.60 9.01 3.75

NO
−

3 −15.23 1.61 30.35 0.54 73.35 4.21 23.08 3.32

NH
−

4 −12.80 0.96 27.34 7.10 46.88 6.14 17.81 6.67

UV −14.34 2.16 41.27 8.11 57.33 7.71 n.d.

Dark −27.84 0.11 −26.81 0.52 −26.41 0.60 −23.17 3.99

NO
−

3	+	PO
3−

4
n.d. n.d. n.d. 5.07 1.26

NH
−

4	+	PO
3−

4
n.d. n.d. n.d. 8.85 9.90

Sediments n.d. n.d. n.d. 52.77 15.50

aAll	carbon	isotope	values	given	vs.	VPDB.
All	carbon	isotope	values	given	as	absolute	values.	All	samples	have	13C-	labeled	bicarbonate	added	unless	otherwise	noted.	T,	total	incubation	time;	SD,	
standard	deviation	 (n = 3);	Control,	unlabeled	bicarbonate	added;	DIC	only,	 labeled	bicarbonate	added;	po3

4
−,	phosphorous	added;	NO−

3,	nitrate	added;	 
NH

+

4,	 ammonium	 added;	UV,	 ultraviolet	 radiation	 fully	 blocked;	Dark,	 aluminum	 foil	wrapped;	 Sediments,	 supraglacial	 sediments	 used	 for	 incubation,	 
13C-	labeled	bicarbonate	added,	n.d.,	not	determined.
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the	ice	surface.	Compared	with	all	other	treatments	at	Collier	Glacier,	
the	carbon	assimilation	rates	in	the	sediment	microcosm	were	signifi-
cantly	higher	(p-	values	<	.0031;	Figure	3;	Table	S5).	As	observed	in	the	
Mt.	Adams	snowfield	microcosms	and	 the	Eliot	Glacier	microcosms,	
rates	of	carbon	assimilation	in	the	microcosms	incubated	in	the	dark	
were	all	significantly	less	than	any	other	treatment	(p-	values	<	.0015;	
Figure	3;	Table	 S5).	 Based	 on	 the	 recovery	 of	 18S	 rRNA	 transcripts	
affiliated	with	eukaryotic	algae	(Figure	2),	we	assume	the	majority	of	
inorganic	carbon	assimilation	 in	 the	sediments	 is	due	 to	photoauto-
trophic	activity.

4  | DISCUSSION

4.1 | Snow algae communities

4.1.1 | Snow algae

Glacial	 surfaces	 are	 often	 colored	 by	 algal	 and	 cyanobacterial	
blooms	both	on	surface	snow	and	ice	and	species	of	algae	within	the	
Chlorophyta	and	bacterial	photoautotrophic	Cyanobacteria	are	com-
mon	in	high-	alpine	snowfields	(Morgan-	Kiss	et	al.,	2006).	Here,	we	ob-
served	18S	rRNA	transcripts	affiliated	with	Chlorophyta	on	the	snow	
and	 ice	 surfaces	 of	 glaciers	 in	 the	 Pacific	 Northwest.	 Chlorophyta	
are	common	 in	high-	alpine	 snowfields	and	arctic	 soils	 (Morgan-	Kiss	
et	al.,	 2006)	 and	 have	 been	 recovered	 from	 glaciers	 and	 ice	 caps.	
The	seven	most	abundant	transcript	OTUs	(97%	identity)	we	recov-
ered	were	 affiliated	with	 Chlorophyta.	 Based	 on	 BLASTN	 analyses,	
five	of	the	seven	were	most	closely	related	to	sequences	within	the	
genus	Chlamydomonas	which	are	typically	affiliated	with	red-	colored	
snow	 (Hoham	&	Duval,	 2001).	 Two	were	 affiliated	with	 the	 genus	
Chloromonas.	 Species	 of	 Chloromonas,	 specifically	 Chloromonsa ni-
valis,	are	specially	adapted	to	environmental	conditions	common	on	

snowfields	and	produce	secondary	carotenoids	 that	 result	 in	green-
	,	 brownish	 orange-	,	 or	 pink-	colored	 snow	 in	 both	 polar	 and	 alpine	
regions	 (Guiry	 et	al.,	 2014;	 Remias	 et	al.,	 2010).	 In	 general,	 OTUs	
affiliated	 with	 Chlamydomonas and Chloromoans	 were	 more	 abun-
dant	in	the	supraglacial	and	periglacial	snow	samples	compared	with	
sediment	 samples	 (Table	S6).	The	most	 abundant,	OTU1,	was	most	
closely	 related	 to	Chlamydomonas	 and	was	abundant	 in	 supraglacial	
snow	from	Palmer	Glacier	and	Eliot	Glacier.	OTU2,	most	closely	re-
lated	to	Chloromonas,	was	abundant	in	supraglacial	snow	from	Palmer	
Glacier	and	Gotchen	Glacier,	whereas	OTU4	was	most	abundant	on	
the	snowfield	on	Mt.	Adams.	The	abundance	of	transcript	OTUs	af-
filiated	with	photoautotrophic	algae	 is	consistent	with	our	observa-
tions	of	significantly	higher	rates	of	 inorganic	carbon	assimilation	 in	
microcosms	exposed	to	 light	compared	with	 those	 incubated	 in	 the	
dark	(Figure	3).

4.1.2 | Snow bacteria

The	most	abundant	OTUs	we	recovered	were	from	16S	rRNA	tran-
scripts	affiliated	with	Bacteroidetes	and	Betaproteobacteria	(Figure	2)	
which	 are	 common	 constituents	 of	 snow	 algae	 communities	 (Lutz	
et	al.,	 2016).	 The	 most	 abundant	 Bacteroidetes	 OTUs	 were	 affili-
ated	 with	 the	 genus	 Solitalea	 and	 the	 genus	 Ferruginibacter	 (Table	
S7).	Species	of	both	Solitalea	and	the	genus	Ferruginibacter	are	typi-
cally	 heterotrophic.	 The	 majority	 of	 the	 Betaproteobacteria	 16S	
rRNA	SSU	cDNA	sequences	recovered	from	the	snow	and	 ice	sam-
ples	 were	 affiliated	 with	 the	 order	 Burkholderiales	 and	 the	 genus	
Polaromonas.	 Polaromonas	 spp.	 are	 commonly	 observed	 in	 samples	
from	glacial	 surfaces,	 snow,	 and	 sediments	 (Darcy	et	al.,	 2011;	Hell	
et	al.,	2013;	Michaud	et	al.,	2012)	and	characterized	 isolates	of	 this	
genus	 are	 typically	 heterotrophic.	 The	 recovery	 of	 multiple	 OTUs	
most	closely	related	to	characterized	heterotrophic	taxa	is	consistent	

F IGURE  3 Carbon	assimilation	rates	by	supraglacial	communities.	Error	bars	obtained	from	triplicate	measurements.	Asterisks	denote	carbon	
assimilation	rates	that	are	significantly	different	than	the	“light”	treatment	(p-	value	<.05;	Tables	S2–S4)
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with	observations	of	 intense	carbon	cycling	on	glacier	 ice	and	snow	
surfaces	as	has	been	observed	in	cryoconite	meltholes	(Segawa	et	al.,	
2014).	Our	microcosm	data	are	consistent	with	light-	dependent	pri-
mary	production;	however,	cDNA	sequences	most	closely	related	to	
Cyanobacteria	 (photoautotrophs)	 were	 not	 abundant	 in	 any	 of	 the	
samples.	These	data	suggest	eukaryotic	algae	are	 the	dominant	pri-
mary	producers	on	these	snowfields	which	is	consistent	with	previous	
observations	of	algal	primary	production	rates	approximately	two	or-
ders	of	magnitude	higher	than	bacterial	primary	production	for	alpine	
snowfields	(Thomas	&	Duval,	1995)	as	well	as	on	the	Greenland	Ice	
Sheet	(Yallop	et	al.,	2012).

4.1.3 | Snow archaea

We	 recovered	 16S	 rRNA	 transcripts	 affiliated	 with	 Archaea	 from	
the	 both	 ice	 and	 snow	 on	 the	 glacier	 surface	 and	 the	 surrounding	
sediments.	The	majority	of	archaeal	OTUs	recovered	were	affiliated	
with	the	Thaumarchaeota	Soil	Crenarchaeota	Group	(SCG)	(Figure	2;	
Table	 S8).	 The	 SCG	 is	 a	monophyletic	 group	 commonly	 thought	 to	
be	 ammonia	oxidizers.	Based	on	BLASTN	analyses,	 the	most	 abun-
dant	 archaeal	OTU	 recovered	 is	most	 closely	 related	 to	SCG	mem-
bers	 Candidatus	 Nitrososphaera,	 Candidatus	 Nitrosoarchaeum,	 and	
Candidatus	 Nitrosopelagicus.	 OTUs	 affiliated	 with	 Thaumarchaeota	
from	Robertson	Glacier	snow	samples	were	also	most	closely	related	
to	this	Candidate	SCG	genus.	The	recovery	of	16S	rRNA	transcripts	
affiliated	with	SCG	suggests	they	are	active	members	of	the	ice	and	
snow	 surface	 ecosystems,	 consistent	 with	 the	 recovery	 of	 closely	
related	 transcripts	 from	 Robertson	 Glacier	 (Hamilton	 et	al.,	 2013).	
Sequences	 affiliated	with	 the	Thaumarchaeota	were	 also	 recovered	
from	 cryoconite	 holes	 in	 Antarctica	 (Cameron,	 Hodson,	 &	 Osborn,	
2012);	snow	in	Antarctica	(Cameron	et	al.,	2015);	and	on	snow	and	ice	
surfaces	from	glaciers	in	Iceland	(Lutz	et	al.,	2015).

There	 is	 evidence	 that	 nitrification	 catalyzed	 by	 ammonia-	
oxidizing	bacteria	occurs	in	Arctic	snowpack	(Amoroso	et	al.,	2010;	
Hell	 et	al.,	 2013;	 Miteva,	 Sowers,	 &	 Brenchley,	 2007)	 and	 we	 re-
covered	 bacterial	 transcripts	 affiliated	 with	 Nitrosomonadales,	 ni-
trifying	bacteria.	Functional	genes	affiliated	with	both	archaeal	and	
bacterial	 ammonia	 oxidizers	 have	 been	 recovered	 from	 subglacial	
sediments	(Boyd	et	al.,	2011)	and	observations	of	nitrification	in	ex	
situ	microcosm	experiments	(Skidmore,	Foght,	&	Sharp,	2000;	Foght	
et	al.,	2004)	indicate	nitrification	occurs	in	some	glacial	ecosystems;	
however,	one	study	of	alpine	snowpack	in	the	United	States	did	not	
find	evidence	of	nitrification	(Williams,	Brooks,	Mosier,	&	Tonnessen,	
1996).	 Our	 data,	 along	with	 others,	 suggest	 that	 Thaumarchaeota	
may	be	common	constituents	of	supraglacial	microbial	assemblages	
and	 that	both	AOA	and	AOB	might	 contribute	 to	N	cycling	 in	gla-
cial	ecosystems.	However,	both	are	present	in	very	low	abundance.	
Ammonia-	oxidizing	archaea	tend	to	have	much	higher	affinity	for	re-
duced	 nitrogen	 compared	with	 ammonia-	oxidizing	 bacteria	 as	well	
as	 other	members	 of	 the	microbial	 community	 (Martens-	Habbena,	
Berube,	Urakawa,	de	la	Torre,	&	Stahl,	2009).	Thus,	despite	the	low	
concentrations	of	NH+

4	in	glacial	ice,	snow	and	meltwater,	similar	ad-
aptations	to	low	levels	of	reduced	nitrogen	might	provide	ideal	niche	

space	 for	 Thaumarchaeota.	 Isolation	 of	 closely	 related	 members	
within	 the	Thaumarchaeota	would	 elucidate	much	 on	 their	 role	 in	
snow	and	ice	ecosystems.

4.2 | Biogeochemical cycling in 
supraglacial ecosystems

4.2.1 | Nutrient limitation

Previous	studies	have	suggested	that	primary	productivity	by	suprag-
lacial	communities	is	limited	by	nutrients	including	fixed	nitrogen	and	
phosphorous	 (Edwards	et	al.,	2013;	Stibal	et	al.,	2006,	2009;	Telling	
et	al.,	2011).	However,	the	majority	of	studies	to	date	have	reported	
rates	 of	 carbon	 fixation	 in	 cryoconite	meltholes.	 In	 our	 snow	 algae	
microcosms,	the	addition	of	nitrate,	ammonium,	or	phosphate	did	not	
uniformly	stimulate	carbon	fixation	 (Figure	3).	At	Collier	Glacier,	we	
amended	microcosms	with	a	combination	of	nitrate	and	phosphate	or	
ammonium	and	phosphate	to	examine	whether	there	was	evidence	for	
fixed	nitrogen	and	phosphorous	colimitation	in	snow	algae	communi-
ties.	Again	we	did	not	observe	stimulation	of	carbon	fixation	 in	our	
microcosms.	These	data	suggest	the	snow	algae	communities	are	not	
limited	by	fixed	nitrogen	or	phosphorus	availability.	It	is	possible	that	
snow	algae	communities	are	 limited	or	colimited	by	other	nutrients	
such	as	Fe	or	Mn,	that	they	are	mining	phosphorous	or	nitrogen	from	
particles	or	debris	(although	nitrogen	in	rocks	is	very	low),	or	that	they	
are	photoinhibited.	Only	a	few	studies	have	examined	photoinhibition	
of	snow	algae	under	 in	situ	conditions	and	the	results	are	 inconclu-
sive	and	are	further	complicated	by	observations	that	photoinhibiton	
may	vary	among	snow	algae	species.	In	snow	algae	communities	in	the	
Alps	of	Austria,	no	photoinhibition	was	observed	at	1800	μmol	m−2 s−1 
(Remias,	 Lütz-	Meindl,	&	Lütz,	2005),	whereas	other	 studies	 suggest	
subsurface	 samples	 that	 receive	 less	 light	 exhibit	 elevated	 levels	of	
photosynthesis	 suggesting	 these	 snow	algae	communities	were	not	
photoinhibited.	In	our	study,	we	measured	photosynthetically	active	
radiation	levels	between	~1000	and	~1700	μmol	m−2 s−1	throughout	
the	 incubations	 (Table	S2)	which	are	consistent	with	measurements	
on	other	glaciers	and	snowfields	where	snow	algae	communities	have	
been	observed.

4.2.2 | Carbon cycling

There	are	 relatively	 few	 studies	 that	provide	ecosystem-	scale	pri-
mary	 productivity	 estimates	 for	 glacier	 or	 snow	 environments.	
Here,	 we	 observed	 average	 carbon	 assimilation	 rates	 ranging	 be-
tween	 5.4	 and	 56.4	μg	C	g−1	Cbiomass	hr−1	 (Figure	3).	 These	 rates	
are	 similar	 to	 those	 found	 for	 Sierra	 Nevada	 snowfields	 of	 7.4–
43.9	μg	C	g−1	Cbiomass	hr−1	(Thomas	&	Duval,	1995),	converted	from	
µg	 C	cell−1	hr−1	 assuming	 6	ng	C−1	cell−1	 (Holm-Hanson,	 1969).	
Furthermore,	based	on	a	12-	hr	day	and	estimating	our	sample	size	of	
~0.5	m2,	these	rates	were	similar	to	those	measured	for	Greenland	
Ice	Sheet	cryoconite	sites	(~4	to	25	µg	C	g−1	Cbiomass	hr

−1,	assuming	
a	16-	hr	day,	Hodson	et	al.,	 2010)	 as	well	 as	 for	 supraglacial	 algae	
(average	of	~73	μg	C	g−1	Cbiomass	hr−1,	 assuming	a	16-	hr	day,	Stibal	
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et	al.,	2012a,b).	Regardless,	our	data	are	consistent	with	photosyn-
thesis	 driving	 carbon	 fluxes	 on	 supraglacial	 and	 snowfield	 fluxes	
(Franzetti	et	al.,	2016).

Natural	 abundance	 biomass	 δ13C	 values	 for	 the	 snow	 algae	
ranged	 between	 −24.1	 and	 −26.9‰,	 falling	 within	 the	 range	 of	
values	 expected	 for	 organisms	using	 the	pentose	phosphate	 cycle	
(i.e.,	Calvin	Cycle)	 to	fix	carbon.	However,	 low	DIC	concentrations	
precluded	determining	 reliable	δ13C	values,	 so	actual	 fractionation	
values	remain	unknown.	An	approximate	δ13C	value	of	−17.7‰	for	
the	 highest	 DIC	 concentration	 site	 (Gotchen	 Glacier	 snow)	would	
suggest	 a	 significant	 fraction	 of	 the	 DIC	 is	 sourced	 from	 organic	
material	being	remineralized	by	heterotrophs,	as	DIC	sourced	from	
atmospheric	 CO2	 would	 have	 a	 δ13C	 value	 close	 to	 zero	 (Mook,	
Bommerson,	&	Staverman,	1974).	This	would	 indicate	 the	algae	 in	
the	snow	near	Gotchen	Glacier	had	a	fractionation	factor	(δ13CDIC–
δ13Cbiomass)	of	only	−6.4,	suggesting	DIC-	limiting	conditions.	Support	
for	 the	 system	 being	 DIC-	limited	 is	 suggested	 from	 the	 low	 DIC	
concentrations	across	all	sites	(from	13.9	to	84.0	μmol/L),	with	DOC	
being	anywhere	from	2.3	to	7.7	times	more	abundant.	The	modest	
effect	of	P	or	fixed	N	addition	to	carbon	fixation	rates	provides	cir-
cumstantial	evidence	supporting	DIC	limitation	rather	than	P	or	fixed	
N	limitation	at	the	sites.	Intense	carbon	cycling	has	been	indicated	
in	 cryoconite	 holes	 (e.g.,	 Hodson	 et	al.,	 2010;	 Telling	 et	al.,	 2011)	
and	our	data	 suggest	 supra-		 and	periglacial	 surfaces	 are	 also	 sites	
of	active	carbon	cycling.	Regardless,	while	studies	suggest	suprag-
lacial	primary	productivity	contributes	to	global	carbon	cycling,	the	
balance	between	phototrophic	and	heterotrophic	activity	on	glacier	
and	snow	surfaces	remains	poorly	characterized	especially	on	alpine	
glaciers	and	snowfields.

4.2.3 | Nitrogen cycling

Studies	of	glacial	ecosystems	and	supraglacial	snowpack	indicate	that	
nitrogen	cycling	is	an	important	aspect	of	these	ecosystems	(Hodson	
et	al.,	2008).	Anthropogenic	input	has	led	to	changes	in	the	global	ni-
trogen	cycle	including	an	increase	in	the	amount	of	reactive	nitrogen	
introduced	to	the	atmosphere.	While	most	of	this	input	is	thought	to	
affect	highly	populated	regions,	it	has	been	predicted	that	anthropo-
genic	nitrogen	has	probably	 influenced	watershed	nitrogen	budgets	
across	the	Northern	Hemisphere	for	over	a	century	(Holtgrieve	et	al.,	
2011).	In	fact,	anthropogenic	changes	to	the	global	nitrogen	cycle	has	
led	 to	 long-	range	 transport	 of	 fixed	 nitrogen	 compounds	 that	 sup-
port	life	such	as	NO−

3 and NH+

4	(Dentener	et	al.,	2006;	Galloway	et	al.,	
2003)	to	remote	locations	(Baron,	Driscoll,	Stoddard,	&	Richer,	2011;	
Bergström	&	 Jansson,	 2006;	Hobbs	 et	al.,	 2010).	 Furthermore,	 this	
deposition	of	fixed	N	to	environments	that	are	otherwise	pristine	or	
unaltered	by	human	activity	may	have	important	impacts	on	primary	
productivity	(Elser	et	al.,	2009;	Higgins,	Robinson,	Carter,	&	Pearson,	
2010).

Our	snow	algae	biomass	δ15N	values	were	−3.8	to	−6.2‰,	falling	
well	below	values	expected	 for	biological	nitrogen	fixation	 (~0‰,	
±2‰).	 These	 negative	 δ15N	values	 are	 consistent	with	 uptake	 of	
NH

+

4	 and/or	NO
−

3	 sourced	 from	 atmospheric	 deposition	 (Moore,	

1977).	Atmospheric	N	 deposition	 has	 also	 been	 shown	 to	 be	 the	
strongest	 control	 on	meltwater	nitrogen	 in	 glacial	 systems	 (Fegel,	
Baron,	Fountain,	Johnson,	&	Hall,	2016).	In	glacial	ecosystems,	fixed	
nitrogen	delivered	through	snowpack	will	diminish	late	in	the	warm	
season	 due	 to	 snowmelt.	 In	 our	 study,	we	 only	 observed	 detect-
able	nitrate	concentrations	at	Palmer	and	Collier	Glaciers	and	are	
similar	to	values	found	in	a	recent	study	of	Cascade	glaciers	where	
concentrations	of	nitrate	in	meltwater	were	all	<10	μM	(Fegel	et	al.,	
2016).	For	 ice	algal	communities	in	Antarctic	pack-	ice,	nitrate	was	
the	major	nitrogen	source	for	ice	algal	growth	(Kristiansen,	Farbrot,	
Kuosa,	Myklestad,	&	Quillfeldt,	1998);	however,	uptake	of	nitrate	
by	 algal	 populations	 was	 photoinhibited	 above	 an	 irradiance	 of	
>500	μmol	m−2 s−1	 (well	 below	 the	 1000–1700	μmol	m−2 s−1	 for	
this	 study).	 In	 our	 study,	NH+

4	 was	 below	 the	 detection	 limit	 of	
0.5	μM	for	all	sample	sites.	In	the	Fegel	et	al.	study,	NH+

4	was	pres-
ent	 in	 all	 samples,	 but	 concentrations	were	 <5	μM.	The	 fact	 that	
NH

+

4 and NO−

3	amendment	to	microcosms	did	not	uniformly	stimu-
late	inorganic	carbon	uptake	further	suggests	C	fixation	is	not	fixed	
N	limited	(Figure	2).	These	observations	are	consistent	with	deliv-
ery	of	 exogenous	 sources	of	fixed	N	 to	glacial	 ecosystems	as	has	
been	observed	on	seasonal	snow	in	the	Rocky	Mountains	(Williams	
et	al.,	 1996);	 glaciers	 in	 Svalbard	 (Hodson	 et	al.,	 2010)	 including	
allochthonous	 organic	 carbon	 rich	 in	 organic	 N	 (Stibal,	 Tranter,	
Benning,	&	Rehák,	2008);	and	inferred	from	nitrogen	cycling	studies	
on	Robertson	Glacier	(Boyd	et	al.,	2011).

4.3 | Fe, Mn, and P sequestration in bulk snow algae 
composition and local bedrock

In	 volcanic-	hosted	 glaciers	 such	 as	 those	 in	 the	 Cascade	 Range,	
mechanisms	such	as	aeolian	deposition,	rock	fall,	and	fluvial	trans-
port	deliver	ash	and	comminuted	volcanic	rock	to	the	snow	and	ice	
surface	(Figure	4).	This	transport	results	in	the	delivery	of	elements	
including	Fe,	Mn,	and	P	in	the	form	of	pulverized	volcanic	material	
to	snow	algae	communities.	Because	glaciers	are	formed	by	burial	of	
snowpack,	uptake	and	sequestration	of	these	elements	by	supragla-
cial	biomass	can	be	buried	in	glacial	ice	and	subsequently	liberated	
upon	melting.	To	characterize	the	biomass	and	associated	sediments	
that	would	be	buried	with	 snow	and	 incorporated	 into	 glacial	 ice,	
we	examined	 the	elemental	 composition	of	bulk	 snow	algae	com-
munity	biomass	 (i.e.,	 all	 cellular	material	 and	associated	allochtho-
nous	material	 including	volcanic	sediments)	 relative	 to	 local	 rocks.	
By	normalizing	element	concentrations	to	aluminum	(assumed	to	be	
immobile),	we	identified	potential	relative	enrichments	or	depletions	
in	particulates	associated	with	the	snow	algae	communities.	We	as-
sume	that	elements	that	are	depleted	in	snow	algae	samples	relative	
to	 the	 local	 rock	have	 left	 the	system	via	 solubilization	and	 trans-
port	as	supraglacial	or	subglacial	flow	(Figure	4),	whereas	those	that	
are	enriched	are	sequestered	by	the	snow	algae	community	and	are	
thus	potentially	more	resistant	to	transport	and	loss.	Comparison	of	
essential	nutrients	(e.g.,	Fe,	Mn,	and	P)	or	biologically	neutral	 (e.g.,	
Mg)	elements	to	Al	(an	immobile	element)	indicates	that	Fe,	Mn,	and	
P	 are	 all	 enriched	 (have	 ratios	 that	 are	much	 higher	 than	 that	 of	
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local	lava	flows)	when	compared	to	the	ratios	measured	by	previous	
work	on	lava	flows	at	Mt.	Hood	(Cribb	&	Barton,	1997),	Mt.	Adams	
(Jicha	et	al.,	2009),	and	North	Sister	(Schmidt	&	Grunder,	2011).	In	
contrast,	Mg	and	Ca	exhibit	depletion	 relative	 to	aluminum	 in	 the	

bulk	 snow	algae	 communities	 compared	with	 the	 local	 lava	flows,	
suggesting	 the	 communities	 are	 actively	 breaking	 down	 minerals	
and	preferentially	sequestering	Fe,	Mn,	and	P	(either	intracellularly	
or	 extracellularly),	 while	 releasing	 Mg	 (as	 well	 as	 Ca,	 Na,	 and	 K)	
(Figure	5).	These	observations	are	consistent	with	observations	of	
snow	algae	communities	enriched	with	these	elements	 in	Svalbard	
and	 the	 Canadian	 Arctic	 (Müller,	 Bleiß,	 Martin,	 Rogaschewski,	 &	
Fuhr,	1998;	Tazaki	et	al.,	1994)	which	are	presumably	delivered	by	
clay	aerosols.

Supraglacial	biomass	is	incorporated	into	the	glacier	as	ice	during	
times	of	glacial	growth.	We	expect	the	burial	of	snow	algae	commu-
nities	to	result	in	glacial	ice	that	is	enriched	in	Fe,	Mn,	and	P	(as	well	
as	organic	material	 including	C	and	N).	This	enrichment	 likely	varies	
between	glacial	ecosystems	due	to	differences	in	aeolian	deposition,	
rock	fall,	and	fluvial	 transport.	Regardless,	 these	nutrients	will	even-
tually	be	released	upon	glacial	melt,	providing	nutrients	to	subglacial	
and	 down-	drainage	 communities.	 Snow	 algae	 communities	 play	 an	
important	role	in	supraglacial	and	periglacial	snow	food	webs	and	sup-
ply	nutrients	that	will	be	delivered	throughout	the	glacial	ecosystem.	
Variation	in	delivery	of	nutrients	to	the	surface	affects	the	rates	of	pri-
mary	productivity	which	feeds	into	local	heterotrophic	pathways	and	
aids	in	supporting	downstream	(and	subglacial	ecosystems).	However,	
the	delivery	of	nutrients	from	buried	snow	biomass	is	not	usually	con-
sidered	in	glacial	ecosystem	food	webs.	Our	data	suggest	buried	snow	
algae	biomass	could	be	an	 important	source	of	C,	N,	Fe,	Mn,	and	P	
upon	melt	and	glacial	retreat.

F IGURE  5 Ratios	of	essential	nutrients	
and	biologically	neutral	elements	to	
aluminum	in	snow	algae	biomass	and	local	
lava	flows.	All	algae	samples	fall	below	the	
1:1	Mg	concentration:Al	concentration	
ratio,	and	all	rock	values	fall	above	this	
ratio.	Lava	geochemistry	values	collected	
from	Cribb	and	Barton	(1997),	Jicha	et	al.	
(2009),	and	Schmidt	and	Grunder	(2011)
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5  | CONCLUSIONS

Here,	we	present	carbon	fixation	rates	and	the	community	structure	
of	the	active	fraction	of	snow	algae	communities	on	supraglacial	and	
periglacial	snow	of	the	Pacific	Northwest	that	are	hosted	in	volcanic	
terrains.	Our	data	highlight	a	role	for	 local	bedrock	 in	delivering	nu-
trients	to	 ice	and	snow	communities	as	well	as	the	sequestration	of	
biologically	important	elements	by	supraglacial	biomass.	In	contrast	to	
other	studies,	our	data	do	not	support	fixed	nitrogen	or	phosphorous	
limitation	of	supraglacial	primary	productivity.	Instead,	our	data	sug-
gest	DIC	may	be	limiting	although	we	cannot	rule	out	photoinhibiton	
or	 colimitation	by	 a	 combination	of	 essential	 elements.	These	 stud-
ies	underscore	the	need	for	similar	studies	in	other	bedrock	geologies	
to	better	constrain	biogeochemical	cycling	on	glaciers	and	snowfields	
and	the	subsequent	delivery	of	nutrients	to	downstream	ecosystems	
including	the	subglacial	sediments.
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