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Abstract
Estuarine	turbidity	maxima	(ETM)	function	as	hotspots	of	microbial	activity	and	diver-
sity	in	estuaries,	yet,	little	is	known	about	the	temporal	and	spatial	variability	in	ETM	
bacterial community composition. To determine which environmental factors affect 
ETM	bacterial	populations	in	the	Columbia	River	estuary,	we	analyzed	ETM	bacterial	
community	 composition	 (Sanger	 sequencing	 and	 amplicon	 pyrosequencing	 of	 16S	
rRNA	gene)	and	bulk	heterotrophic	production	(3H-	leucine	incorporation	rates).	We	
collected water 20 times to cover five ETM events and obtained 42 samples charac-
terized	by	different	salinities,	turbidities,	seasons,	coastal	regimes	(upwelling	vs.	down-
welling),	locations,	and	particle	size.	Spring	and	summer	populations	were	distinct.	All	
May samples had similar bacterial community composition despite having different 
salinities	(1–24	PSU),	but	summer	non-	ETM	bacteria	separated	into	marine,	freshwa-
ter,	and	brackish	assemblages.	Summer	ETM	bacterial	communities	varied	depending	
on coastal upwelling or downwelling conditions and on the sampling site location with 
respect	 to	 tidal	 intrusion	during	 the	previous	neap	 tide.	 In	 contrast	 to	ETM,	whole	
(>0.2	μm)	and	free-	living	(0.2–3	μm)	assemblages	of	non-	ETM	waters	were	similar	to	
each	other,	indicating	that	particle-	attached	(>3	μm)	non-	ETM	bacteria	do	not	develop	
a	distinct	community.	Brackish	water	type	(ETM	or	non-	ETM)	is	thus	a	major	factor	
affecting particle- attached bacterial communities. Heterotrophic production was 
higher in particle- attached than free- living fractions in all brackish waters collected 
throughout the water column during the rise to decline of turbidity through an ETM 
event	(i.e.,	ETM-	impacted	waters).	However,	free-	living	communities	showed	higher	
productivity	 prior	 to	 or	 after	 an	 ETM	 event	 (i.e.,	 non-	ETM-	impacted	 waters).	 This	
study has thus found that Columbia River ETM bacterial communities vary based on 
seasons,	salinity,	sampling	location,	and	particle	size,	with	the	existence	of	three	parti-
cle	types	characterized	by	different	bacterial	communities	in	ETM,	ETM-	impacted,	and	
non- ETM- impacted brackish waters. Taxonomic analysis suggests that ETM key bio-
logical	function	is	to	remineralize	organic	matter.
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1  | INTRODUCTION

In	the	land-	ocean	continuum,	estuaries	act	as	conduits	for	transport,	
transformation and production of organic carbon and nutrients. The 
fate of the substances transported to and produced within estuaries 
depends	on	the	specific	physical,	chemical,	and	biological	processes	
occurring	in	each	estuarine	ecosystem.	Whether	estuaries	are	predom-
inantly	autotrophic	or	heterotrophic	systems	(Gattuso,	Frankignoulle,	
&	Wollast,	1998;	Maher	&	Eyre,	2012),	their	microbiota	often	play	an	
important role in overall ecosystem functioning. Their microbial com-
munities are influenced by the strong environmental gradients typically 
occurring	in	these	systems,	with	associated	changes	in	their	commu-
nity	composition,	activity,	and	lifestyles	(Almeida,	Cunha,	&	Alcântara,	
2002;	 Karrascha,	 Ullrichb,	 Mehrensa,	 &	 Zimmermann-	Timm,	 2003;	
Lapoussière,	 Michel,	 Starr,	 Gosselin,	 &	 Poulin,	 2011;	 Santos	 et	al.,	
2014).	Hence,	shifts	in	bacterial	community	composition	along	salinity	
gradients	are	well	documented	(Bouvier	&	del	Giorgio,	2002;	Campbell	
&	 Kirchman,	 2013;	 Dupont	 et	al.,	 2014;	 Fortunato,	 Herfort,	 Zuber,	
Baptista,	&	Crump,	2012;	Herlemann,	Lundin,	Andersson,	Labrenz,	&	
Jürgens,	2016;	Herlemann	et	al.,	2011;	Kirchman,	Dittel,	Malmstrom,	
&	 Cottrell,	 2005;	 Liu	 et	al.,	 2015;	Ortega-	Retuerta,	 Joux,	 Jeffrey,	 &	
Ghiglione,	2013).

In	 dynamic	 estuaries,	 diverse	microbial	 communities	 are	 formed	
during	 mixing	 of	 fresh	 and	 marine	 water	 masses.	 For	 example,	 in	
the	 fast-	flowing	 river-	dominated	 tidal	Columbia	River	 estuary	 (CRE)	
(2,000–15,000	m3 s−1,	Baptista	et	al.,	2015),	 the	 free-	living	bacterial	
(0.2–3	μm)	assemblage	of	 a	brackish	water	 sample	was	observed	 to	
include a mixture of bacteria found in low and high salinity samples 
(Crump,	Armbrust,	&	Baross,	1999).	In	contrast,	the	particle-	attached	
bacteria	 (>3	μm)	 of	 this	 brackish	 sample	were	 phylogenetically	 dis-
tinct	from	those	of	the	end-	member	waters.	Phylogenetic	differences	
between particle- attached and free- living bacterial communities in 
coastal	margins	have	been	noted	in	numerous	studies	(DeLong,	Franks,	
&	Alldredge,	1993;	Acinas,	Antón,	&	Rodríguez-	Valera,	1999;	Crump	
et	al.,	 1999;	Moesender,	Winter,	&	Herndl,	2001;	Ghiglione,	Conan,	
&	Pujo-	Pay,	2009;	Smith,	Zeigler-	Allen,	Allen,	Herfort,	&	Simon,	2013;	
Jackson,	Millar,	Payne,	&	Ochs,	2014;	among	others),	but	the	opposite	
has	also	been	observed	(Ghiglione	et	al.,	2007;	Hollibaugh,	Wong,	&	
Murrell,	2000;	Riemann	&	Winding,	2001).	Similarly,	while	the	bulk	of	
bacterial activity in some systems is associated with particle- attached 
rather	than	free-	living	bacteria	 (Campbell	&	Kirchman,	2013;	Crump	
&	Baross,	 1996;	Ghiglione	et	al.,	 2007;	Kirchman,	 1993),	 this	 is	 not	
always	the	case	(Karrascha	et	al.,	2003;	Painchaud	&	Therriault,	1989;	
Plummer,	Owens,	&	Herbert,	1987).	These	discrepancies	likely	reflect	
the range of prevalent environmental forcings that exist between 
study	sites	(e.g.,	different	carbon	content	of	particles,	Ortega-	Retuerta	

et	al.,	 2013).	 For	 generating	 global	 conceptual	models	 of	 how	 free-	
living and particle- attached bacteria respond to environmental 
change,	 it	 is	essential	that	we	gain	further	knowledge	of	the	factors	
affecting these communities in specific environments. The paucity of 
knowledge applied to understand the environmental factors shaping 
particle- attached and free- living communities is likely exacerbated by 
the	fact	that	in	most	aquatic	microbial	studies,	the	distinction	between	
the two communities is often not considered or the particle- attached 
fraction	is	simply	omitted	from	analysis	because	of	prefiltration	(Rieck,	
Herlemann,	 Jürgens,	 &	 Grossart,	 2015).	 Particle-	attached	 bacte-
ria	 can	 represent	 up	 to	 90%	of	 total	 estuarine	 bacterial	 abundance	
(Lapoussière	et	al.,	2011;	Simon,	Grossart,	Schweitzer,	&	Ploug,	2002;	
Zimmermann,	 1997)	 and	 in	 fast-	flowing	 estuaries,	 physical	 features	
and events that extend particle residence time are likely important for 
shaping the particle- attached community.

Estuarine	 turbidity	maxima	 (ETM)	 are	 such	 events/features	 that	
increase estuarine particle residence time. Typical of temperate well- 
mixed	tidal	estuaries,	ETM	are	transient	sedimentary	features	gener-
ated during tidal reversals as the deep salinity intrusion interacts with 
residual	 bottom	 currents	 (Jay	 &	 Musiak,	 1996;	 Sanford,	 Suttles,	 &	
Halka,	2001).	In	the	Columbia	River	estuary,	ETM	turbidity	varies	(50	to	
>200	mg	L−1)	according	to	the	season,	diurnal	tidal	cycle,	and	spring/
neap	 tidal	 cycle,	 with	 largest	 ETM	 usually	 observed	 during	 spring	
flood	 tides	 (Small	&	Morgan,	 1994;	 Small	&	Prahl,	 2004).	Columbia	
River	ETM	acts	as	a	 three-	dimensional	SPM	conveyor	belt,	with	ac-
cumulation	of	new	bioactive	materials	during	neap-	tide	stratification,	
followed by erosion of bioactive materials that have been microbio-
logically	transformed	during	spring-	tide	mixing	(Small	&	Prahl,	2004).	
This	 process	 also	 involves	 transport	 of	 SPM	 from	 shallows	 to	main	
channels during ebb tide and from channels to shoals during flood 
tide	(Lopez,	Baptista,	&	Spitz,	2012).	Thus,	particles	incorporated	into	
ETM	 have	 multiple	 origins:	 river,	 ocean	 (including	 oxygen-	depleted	
waters	during	upwelling	events),	and	estuarine	sediment.	Particle	dy-
namics	in	the	estuary	are	extremely	complex	(Sherwood,	Creager,	Roy,	
Gelfenbaum,	&	Dempsey,	1984).	In	a	simplified	view,	the	resuspended	
SPM	in	the	ETM	can	be	thought	of	as	particles	that	are	too	big	to	be	
washload	(particles	that	settle	too	slowly	to	remain	in	the	estuary)	and	
too	small	to	be	bedload	(particles	that	settle	rapidly	and	become	part	
of	the	estuarine	bed),	and	can	thus	be	effectively	trapped	in	an	ETM	
(Fain,	Jay,	Wilson,	Orton,	&	Baptista,	2001).

ETM	are	recognized	to	have	a	profound	influence	on	estuarine	bio-
geochemical	and	biological	processes	(Goosen,	Kromkamp,	Peene,	van	
Rijswijk,	&	van	Breugel,	1999;	Herman	&	Heip,	1999;	Jay	&	Musiak,	
1996).	A	 recent	metagenome	analysis	of	 size-	fractionated	Columbia	
River ETM water confirmed that ETM free- living and particle- attached 
bacterial	assemblages	were	phylogenetically	different	from	each	other,	
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with	evidence	for	the	existence	of	anoxic	microzones	in	ETM	particles	
(Smith	et	al.,	2013).	Crump	et	al.	(1999)	postulated	that	the	free-	living	
ETM bacteria do not have opportunities to develop their own distinct 
community	 because,	 in	 contrast	 to	 particle-	attached	 ETM	 bacteria,	
they are rapidly flushed out of the estuary. ETM are also typically 
sites	of	enhanced	microbial	heterotrophic	production	 (Goosen	et	al.,	
1999).	 In	 the	CRE,	ETM	particle-	attached	bacterial	communities	are	
more	active	(10–100	times)	than	their	free-	living	counterparts	(based	
on bulk rates of 3H-	thymidine	incorporation	into	>3	μm	and	0.2–3	μm 
fractions)	and	are	responsible	for	as	much	as	90%	of	the	microbial	sec-
ondary	production	measured	in	the	estuarine	water	column	(Crump	&	
Baross,	1996;	Crump,	Baross,	&	Simenstad,	1998).	Particle-	attached	
ETM bacteria also have a higher abundance of gene encoding products 
that	function	in	phytoplankton	decomposition,	assimilation	of	diatom	
exopolysaccharide	carbon,	and	utilization	of	dissolved	organic	carbon,	
more	so	than	free-	living	ETM	bacteria	(Smith	et	al.,	2013).

The	ETM	bacteria	are	thus	likely	to	be	major	contributors	to	the	
biogeochemical transformations ongoing in the Columbia River estu-
ary. Our knowledge of the bacteria of ETM in this system is none-
theless limited by the fact that genetic studies conducted thus far 
have	been	carried	out	on	only	two	ETM	samples	(Crump	et	al.,	1999;	
Smith	et	al.,	2013).	This	is	particularly	limiting	given	the	high	tempo-
ral and spatial dynamics of physical and biological processes in the 
CRE.	ETM	develop	over	a	wide	 range	of	physical	 conditions	 (during	
four	distinct	physical	regimes,	over	a	wide	salinity	range,	and	in	two	
channels	 influenced	by	different	patterns	of	 circulation),	 and	overall	
estuarine bacterial assemblages vary seasonally and across the salinity 
gradient	(Fortunato	&	Crump,	2011;	Fortunato	et	al.,	2012).	Hence,	it	
remains	unclear	how	the	bacterial	assemblages	(particle-	attached	and	
free-	living)	of	ETM	events	vary	spatially	and	temporally.	In	addition,	it	
is not clear which environmental factors specifically affect these ETM 
communities.

Our	goal	was	therefore,	to	improve	our	knowledge	of	the	biolog-
ical complexity associated with ETM in this fast- flowing estuary by 
studying more ETM events than the two that have been previously 
characterized,	so	as	to	eventually	be	able	to	better	constrain	estuarine	
biogeochemical	models.	More	specifically,	this	study,	focused	on	five	
Columbia	River	ETM	events	(mostly	water	column	samples),	was	un-
dertaken to determine if variation in bacterial community composition 
(16S	rRNA	gene	sequences)	and	bulk	activity	 (3H- leucine incorpora-
tion	rates)	is	related	to	differences	in	seasonality	(and	associated	co-	
varying	factors),	salinity,	ETM	location	between	and	within	channels,	
and	particle	dynamics.	We	first	studied	bacterial	communities	of	ETM	
events	in	different	seasons	(spring	and	summer)	using	Sanger	sequenc-
ing.	Then,	we	more	specifically	investigated	the	particle-	attached	and	
free- living bacterial communities of summer ETM events using py-
rosequencing.	To	gather	preliminary	data	on	whether	underlying	chan-
nel	sediment	contributes	as	a	major	source	of	bacteria	to	the	ETM,	we	
also	analyzed	the	surface	sediment	at	an	ETM	site.

The data confirmed a strong influence of season and salinity on 
water	column	bacterial	communities,	although	salinity	history	was	what	
mattered for ETM. Our study also uncovered the existence of different 
particle-	attached	bacterial	communities	 in	ETM,	ETM-	impacted,	and	

non-	ETM-	impacted	brackish	waters.	Finally,	based	on	our	taxonomic	
composition	 data,	 ETM	were	 found	 to	 be	 sites	 of	 potential	 organic	
matter	remineralization.	Together	our	findings	highlight	the	complexity	
of ETM in a fast- flowing estuary that will need to be implemented in 
future biogeochemical models.

2  | MATERIALS AND METHODS

2.1 | Sample acquisition

Eulerian	 time	 series	 were	 conducted	 on	 board	 the	 R/V	 Barnes	 on	
26–27	August	2007	and	18	and	20	July	2008	during	spring	flood	tides	
to	collect	bottom	water	(1	m	above	estuarine	bed)	before,	during,	and	
after	ETM	events	(Table	1)	in	North	and	South	channels	(Figure	1).	An	
ETM	event	is	described	here	as	tidally	generated	rise,	peak	(ETM),	and	
fall	of	turbidity	 in	bottom	waters.	Several	estuarine	mechanisms	are	
able	to	generate	turbidity	measurements	above	background	sources,	
but we are confident the high turbidity samples collected for this 
study are associated with ETM because the turbidity concentrations 
described	here	were	observed	in	the	context	of	tidal	phase,	velocity,	
and salinity conditions that are consistent with the representation and 
location of the ETM in the sediment model of the Center for Coastal 
Margin	Observation	&	Prediction	(CMOP)	(Lopez	et	al.,	2012).	Bottom	
water from an ETM event can be either ETM peak brackish water 
(henceforth	 referred	 to	 as	 ETM)	 or	 not	 peak	 	ETM	 brackish	waters	
(henceforth	 referred	 to	 as	 brackish	 non-	ETM).	 Surface	 water	 (1	m)	
was	also	obtained	during	2007	ETM	peaks	 (Table	1).	A	similar	sam-
pling	scheme	was	carried	out	onboard	the	R/V	New	Horizon	on	23	
May	2009	in	the	North	channel	(Figure	1),	resulting	in	the	collection	
of	an	additional	four	water	samples	(Table	1).	All	water	samples	were	
collected	using	a	high	volume,	low	pressure,	air-	driven	pump	attached	
to	 a	 cage	 equipped	with	 a	 Seabird	 conductivity-	temperature-	depth	
(CTD)	 sensor.	A	 suite	 of	 environmental	 sensors,	 including	 turbidity,	
oxygen,	and	fluorescence,	was	fitted	onto	the	CTD	cage.	Water	from	
the	 same	CTD	cast	was	employed	 for	 samples	collected	 for	Sanger	
sequencing,	pyrosequencing,	and	biogeochemical	analyses.

For	 all	 phylogenetic	 analyses	 of	whole	water	 (>0.2	μm	 fraction)	
collected	 during	 all	 three	 sampling	 campaigns,	 1	L	 of	water	was	 fil-
tered through 0.2 μm	pore-	size	Sterivex	filters	(PES,	ESTAR,	Millipore)	
using	a	peristaltic	pump.	Samples	were	also	fractionated	to	analyze	the	
free-	living	bacterial	community	(0.2–3	μm)	using	a	gentle	fractionation	
approach	(Crump	et	al.,	1999).	Briefly,	sampled	water	in	a	20-	L	bucket	
was allowed to flow up through a 3.0 μm	pore	size,	142-	mm	diame-
ter	polycarbonate	membrane	(Isopore,	Millipore)	fitted	at	the	end	of	
a	floating	plastic	cylinder.	Water	(1	L)	within	the	cylinder	(<3	μm frac-
tion)	was	then	filtered	through	a	0.2	μm	pore-	size	Sterivex	filter	using	a	
peristaltic	pump	to	collect	the	0.2–3	μm	fraction.	Sterivex	filters	were	
preserved	with	RNAlater	(Ambion)	for	Sanger	sequencing,	or	with	the	
DNA	extraction	buffer	 (DEB,	Fortunato	&	Crump,	2011)	 for	pyrose-
quencing,	 before	 storage	 at	−80°C.	 Filters	were	 kept	on	dry	 ice	 for	
transportation	from	ship	to	onshore	laboratory.	With	our	fractionation	
scheme,	 the	whole	water	 (>0.2	μm)	 contains	 both	 particle-	attached	
and	 free-	living	 bacteria,	 while	 the	 smaller	 (0.2–3	μm)	 size	 fraction	
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includes	free-	living	bacteria	and	small	particles	(henceforth	referred	to	
as	free-	living	fraction).	We	collected	water	20	times	to	cover	five	ETM	
events	and	obtained	a	total	of	42	water	samples	(Table	1).	Surface	sed-
iment	was	also	collected	using	a	grab	sampler	 in	August	2007	after	
sampling	the	North	channel	post-	ETM	water	(Table	1).	The	top	1	cm	
(~20	ml)	was	transferred	to	a	50	ml	Falcon	tube	before	adding	3	ml	of	
RNAlater	and	storing	at	−80°C.

2.2 | Sanger sequencing of 16S rRNA gene 
clone libraries

DNA	 was	 extracted,	 PCR-	amplified	 with	 universal	 bacterial	 prim-
ers	 907f	 (5′-	AAA	 CTC	 AAA	 GGA	 ATTGAC	 GGG-	3′)	 (Santegoeds,	
Ferdelman,	Muyzer,	&	de	Beer,	1998)	and	1492r	 (5′-	GGT	TAC	CTT	
GTT	ACG	ACT	T-	3′)	 (Lane,	1991),	cloned,	sequenced,	analyzed,	and	
quality-	controlled	as	described	in	Herfort	et	al.	(2012).	This	generated	
2191	 sequences	 (81–194	 sequences	 per	 sample)	 after	 removal	 of	
chloroplast	sequences	(Table	S1	and	Figure	S1).	Each	sequence	has	a	
length	of	395	bp	as	it	was	trimmed	between	positions	981–1,434	(in-
cluding	V4–V9	regions).	These	sequences	have	been	deposited	in	the	
GenBank	database	under	accession	numbers	KT449888–KT452057.	
Operational	taxonomic	units	(OTUs)	(based	on	97%	similarity)	and	rar-
efaction	curves	(Figure	S1)	were	generated	using	MOTHUR	(v.	1.34.1;	
Schloss	et	al.,	2009).	These	rarefaction	curves	show	that	 the	bacte-
rial	communities	were	undersampled,	 thus	 indicating	 that	our	study	
is	focused	on	abundant	organisms,	not	the	rare	biosphere.	Taxonomic	

affiliation	 of	 OTUs	 was	 determined	 using	 the	 Ribosomal	 Database	
Project	Classifier	tool	(v.	10.x;	Wang,	Garrity,	Tiedje,	&	Cole,	2007).

2.3 | Amplicon pyrosequencing of 16S rRNA 
gene reads

DNA	was	extracted	and	purified	as	described	by	Fortunato	and	Crump	
(2011)	and	underwent	further	processing	for	amplicon	pyrosequenc-
ing	as	documented	in	Fortunato	et	al.	(2013).	In	short,	16S	rRNA	genes	
were	PCR-	amplified	using	primers	focusing	on	the	V2	region,	27F	with	
the	454B	FLX	linker	(5′-	GCCTTGCCAGCCCGCTCAGTCAGRGTTTGA
TYMTGGCTCAG-	3′)	 and	338R	with	454A	 linker	 and	 a	unique	8-	bp	
barcode	for	each	sample,	denoted	by	N	in	primer	sequence	(5′-	GCCT
CCCTCGCGCCATCAGNNNNNNNCATGCWGCCWCCCGTAGGWGT
-	3′)	(Hamady,	Walker,	Harris,	Gold,	&	Knight,	2008).	Pyrosequencing	
was	performed	on	a	Roche-	454	FLX	pyrosequencer	at	the	Engencore	
of	the	University	of	South	Carolina	(Columbia,	SC,	USA).	As	detailed	in	
Fortunato	et	al.	 (2013),	 sequence	data	were	quality-	controlled	using	
AmpliconNoise	and	clustering	into	OTUs	was	done	at	the	97%	similar-
ity	level	using	the	QIIME	(v.	1.8.0.)	software	package,	employing	pick_
open_reference_otus.py	 with	 the	 usearch	 method	 (database:	 97%	
sequence	OTUs	 of	 the	 Silva	v.111	16S	 dataset).	 Rarefaction	 curves	
(Figure	 S1)	 were	 generated	 in	 QIIME	 (v.	 1.8.0.)	 software	 package.	
These rarefaction curves show that the bacterial communities were 
undersampled,	thus	indicating	that	our	study	is	focused	on	abundant	
organisms,	not	the	rare	biosphere.	Due	to	the	resulting	wide	range	in	
sequence	numbers	(149–718)	after	removal	of	chloroplast	sequences,	
reads	were	randomly	rarefied	to	149	for	all	samples	for	further	analysis	
(Table	S1	and	Figure	S1).	As	was	done	in	Crump,	Amaral-	Zettler,	and	
Kling	 (2012),	 to	verify	 that	 this	approach	did	not	 introduce	bias,	we	
also	replicated	all	analyses	based	on	relative	abundances	(OTU	abun-
dances	 normalized	 to	 sequence	 number	 in	 each	 individual	 sample)	
using	the	complete	dataset	of	sequences.	Results	with	the	complete	
dataset showed similar broad patterns of community composition as 
those	presented	in	this	paper	for	the	rarefied	dataset	(for	details	see	
Figure	S2).	This	was	confirmed	by	PROTEST	analysis:	m2 =	0.18,	cor-
relation	=	0.90,	p = .001.	All	pyrosequencing	data	used	 in	 this	paper	
were	part	of	a	larger	coastal	margin	sample	set	(Fortunato	et	al.,	2013)	
and	can	be	downloaded	from	the	NCBI	Sequence	Read	Archive	data-
base	under	accession	number	SRP006412.

2.4 | Heterotrophic microbial production

Whole	or	prefiltered	(<3	μm	fraction)	water	was	used	to	measure	rates	
of heterotrophic microbial production for whole water and free- living 
communities,	respectively,	as	described	in	Herfort	et	al.	(2012).	Briefly,	
rates of 3H-	leucine	 (20	nmol/L	 final	 concentration	 at	 69	Ci	mmol−1,	
Amersham)	 incorporation	 into	 the	cold	 trichloroacetic	acid	 insoluble	
fraction were measured in a scintillation counter in four 1.7 ml sub-
samples incubated on a rotator at in situ temperatures for 1 hr. Rates 
of 3H-	leucine	uptake	were	converted	to	rates	of	carbon	production,	
assuming	a	conversion	 factor	of	3.09	kg	C	mol	leu−1	 (Kirchman,	Keil,	
Simon,	&	Welschmeyer,	1993).

F IGURE  1 Maps	of	the	CRE	showing	sampling	sites	(1–3)	and	
corresponding simulations of maximum salinities of bottom water 
oceanic	intrusions	in	August	2007	(top	panel)	and	July	2008	(bottom	
panel)
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2.5 | Environmental variables

Samples	were	collected	 for	gravimetric	measurements	of	SPM	con-
centrations by filtering water until clogging onto a preweighted poly-
carbonate	membrane	(1.0	μm	pore	size,	Poretics)	on	the	2007	cruise	
(80–300	ml	 filtered),	 or	 glass	 fiber	 filter	 (GF/F,	 0.8	μm	 pore	 size,	
Whatman)	 on	 the	2008–2009	 cruises	 (114–200	ml	 filtered),	 before	
storage	at	−20°C.	After	oven-	drying	each	filter	at	~50°C,	the	mass	of	
SPM	was	determined	to	compute	concentration	using	 the	 recorded	
volume	filtered	(Sullivan,	Prahl,	Small,	&	Covert,	2001).

Other	 environmental	 data	 (Tables	S2	 and	 S4)	 were	 collected	
and	 analyzed	 as	 described	 in	Herfort,	 Peterson,	McCue,	 and	 Zuber	
(2011).	Note	 that	 salinity,	 temperature,	 SPM,	 chlorophyll	a,	 particu-
late	organic	carbon	(POC),	phosphate	and	nitrate	values	for	samples	
A–F	 have	 already	 been	 published	 in	 Herfort	 et	al.	 (2011).	 Data	 on	
Columbia	River	discharge	at	Bonneville	Dam	(Oregon,	USA),	water	el-
evation	 at	Astoria	 (NOAA	 station	 9439040),	 and	North-	South	wind	
speed	 (NOAA	National	 Data	 Buoy	 Center	 station	 46029)	were	 ob-
tained	 from	 the	CMOP	website	 (http://www.stccmop.org/datamart/
observation_network/dataexplorer).

2.6 | Analysis of relationship between bacterial 
community composition and environmental variables

Sanger	and	pyrosequencing	datasets	gave	comparable	results	as	ordi-
nations for the samples they have in common showed good concord-
ance	 (PROTEST,	m2	=	0.39,	 correlation	=	0.78,	 p =	.001).	 Given	 that	
(1)	these	datasets	were	obtained	from	Sterivex	filters	that	were	fixed	
and	extracted	differently	and	(2)	they	both	include	additional	samples	
not	present	in	the	other	dataset,	we,	however,	performed	all	analyses	
independently for each dataset.

For	 both	 Sanger	 and	 pyrosequencing	 datasets,	OTU-	based	 bac-
terial community composition was represented by dendrograms of 
hierarchical	clusters	and	by	ordination	plots.	The	Plymouth	Routines	
In	Multivariate	Ecological	Research	(PRIMER)	software	v.6	(PRIMER-	E	
Ltd,	UK)	was	used	to	generate	these	dendrograms	based	on	a	resem-
blance	matrix	 of	Bray–Curtis	 similarities	 computed	 from	 the	 square	
root	 transformation	 of	 the	 relative	 abundance	 of	 the	 OTUs	 (with	
whole	and	rarefied	dataset	being	used	for	Sanger	and	pyrosequencing,	
respectively).	To	test	for	evidence	of	significant	internal	structure,	sim-
ilarity	profile	analysis	(SIMPROF;	Clarke,	Somerfield,	&	Gorley,	2008)	
was	 also	 performed	 in	 PRIMER.	 These	 same	 resemblance	 matrices	
were	also	used	to	 run	a	Principal	Coordinate	Analysis	 (PCoA)	 in	 the	
PERMANOVA+	 add-	on	 package	 of	 PRIMER	 v.7.	 To	 further	 identify	
the	OTU	that	best	correlated	with	these	patterns,	we	performed	cor-
relation	 analyses	 (Pearson	Product-	Moment	Correlation	Coefficient)	
between	OTUs	and	patterns	using	the	CORREL	function	in	EXCEL	(as-
signing	1	or	0	to	samples	to	defined	patterns,	e.g.,	1	for	summer	and	
0	for	spring).

The	relationship	between	environmental	data	and	bacterial	OTUs	
diversity	 and	 abundance	was	 first	 examined	using	BEST-	BIOENV	 in	
PRIMER	v.6.	This	 nonparametric	 analytical	 tool	 performs	 Spearman	
rank correlation coefficient analyses to determine the degree of 

association	 between	 the	Bray–Curtis	 similarity	matrix	 of	 the	 bacte-
rial	community	composition	and	(normalized)	environmental	data.	The	
BEST-	BIOENV	 analysis	 determines	 which	 subset	 of	 environmental	
data best explains the variability and generates a maximum coeffi-
cient of one if all variability is explained. One needs to keep in mind 
that it might be difficult to deconvolute a single most important fac-
tor because of the relatively small number of samples compared to 
environmental	 variables.	 So,	 based	 on	 the	 BEST	 result,	 we	 further	
compared a subset of environmental data using the nonparametric 
Mann–Whitney–Wilcoxon	test	 in	R	software	package	 (v.	3.2.2).	The	
effect	of	various	factors	on	bacterial	communities	of	our	Sanger	and	
pyrosequencing	datasets	was	then	further	examined	by	permutational	
analysis	of	variance	 (PERMANOVA)	 in	PRIMER	v.7	add-	on	package,	
with	 default	 settings	 for	 the	 main	 test	 (unrestricted	 permutation	
of raw data and partitioning based on type III calculation of sum of 
squares)	and	9,999	permutations.	PERMANOVA	also	uses	the	Bray–
Curtis	 dissimilarities	 matrix	 computed	 from	 the	 square	 root	 trans-
formation	of	 the	 relative	abundance	of	OTUs.	This	 is	a	permutation	
method,	which	unlike	 the	BEST-	BIOENV	routine	 is	not	a	 rank-	order	
match,	but	instead	directly	analyzes	a	resemblance	matrix	variance	in	
response	to	a	selected	factor	(e.g.,	season,	water	mass	type).	Several	
ordinations	were	 compared	 using	 a	 Procrustean	 randomization	 test	
(PROTEST)	 (Gower,	1975;	Jackson,	1995)	using	 the	Vegan	 (v.	2.4-	3)	
software	package	of	R	(v.	3.4.0).

2.7 | Numerical simulations

The	Virtual	Columbia	River,	 an	 in	 silico	 representation	of	 the	circu-
lation and ecosystem dynamics in the extended estuary based on 
high-	resolution	numerical	models	(Baptista	et	al.,	2015),	was	used	to	
generate maps of maximum salinities of bottom water oceanic intru-
sions	using	the	DB31	simulation	database	(http://www.stccmop.org/
datamart/virtualcolumbiariver/simulationdatabases/climatologica-
latlas_db31).	 Estuarine	 regimes	were	 determined	 for	 each	 sampling	
period	 as	 described	 in	 Geyer	 and	MacCready	 (2014)	 using	 simula-
tion data for a transect at the interdisciplinary endurance station 
SATURN-	03	located	~14	km	upstream	of	the	estuary	entrance	in	the	
South	channel.

3  | RESULTS

3.1 | Environmental variables associated with 
collected samples

Higher	river	discharges	were	recorded	 in	spring	 (9,500	m3 s−1)	com-
pared	to	summer	(3,300	and	4,500	m3 s−1	for	2007	and	2008)	(Table	
S2).	 This	 difference	 was	 large	 enough	 to	 lead	 to	 distinct	 estuarine	
regimes	(Table	1	and	Figure	S3).	Although	summer	sampling	periods	
had	 the	 same	 estuarine	 regime	 (partially	mixed),	 they	were	 charac-
terized	by	different	coastal	physical	regimes.	The	2008	sampling	was	
preceded	by	9	days	of	upwelling	conditions	(defined	as	at	least	3	days	
of	South-	blowing	winds),	while	downwelling	conditions	prevailed	im-
mediately	before	2007	sampling	(Figure	S5).

http://www.stccmop.org/datamart/observation_network/dataexplorer
http://www.stccmop.org/datamart/observation_network/dataexplorer
http://www.stccmop.org/datamart/virtualcolumbiariver/simulationdatabases/climatologicalatlas_db31
http://www.stccmop.org/datamart/virtualcolumbiariver/simulationdatabases/climatologicalatlas_db31
http://www.stccmop.org/datamart/virtualcolumbiariver/simulationdatabases/climatologicalatlas_db31
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Collected	 water	 had	 a	 wide	 range	 of	 salinities	 (0.9–31.9	PSU),	
temperatures	 (8.2–20.4°C),	SPM	(8–169	mg	L−1),	and	dissolved	oxy-
gen	(2.6–9.9	mg	L−1)	concentrations	(Table	1	and	S2).	May	2009	ETM	
had	a	larger	particle	load	(169	mg	L−1)	than	those	of	August	2007	and	
July	2008	 (49–93	mg	L−1)	 (Table	1).	This	seasonal	difference	 is	not	a	
reflection of the different filter employed since the same filter type 
was	used	for	2009	and	2008	samples.	In	fact,	when	comparing	2009	
and	 2008	waters	 (i.e.,	 includes	 ETM)	 the	 SPM	 concentrations	were	
statistically	different	(Mann–Whitney–Wilcoxon	test	p = .047,	n	=	10).	
In	addition,	seasonality	in	SPM	concentration	of	ETM	related	to	river	
flow	has	previously	been	reported	(Fain	et	al.,	2001;	Small	&	Morgan,	
1994).	The	two	July	2008	oceanic	samples	(R	and	L)	had	a	dissolved	
oxygen	level	below	2.7	mg	L−1	and	were	thus	qualified	as	having	a	mild	
level of O2	stress	(Herfort	et	al.,	2016).

3.2 | Bacterial community composition based 
on Sanger sequencing data in relationship with 
environmental variables

The	largest	difference	in	our	Sanger	sequencing	dataset	was	observed	
between	 the	North	 channel	 ETM-	site	 surface	 sediment	 (below	 the	
fluff	 layer)	 and	 all	 water	 samples	 (Figure	2).	 At	 the	 OTU	 level,	 the	
bacterial community of this surface sediment was distinct from that 
of	water	samples	(Figure	2),	and	was	characterized	by	a	low	propor-
tion	of	Bacteroidetes	and	a	high	proportion	of	Gammaproteobacteria	
(29%,	 mostly	 Pseudomonadales)	 sequences	 (Table	 S3).	 Fifty-	seven	

percent	of	the	sediment	sequences	were	not	found	in	the	water	data-
set	(Figure	S4).

Sanger	sequencing-	derived	16S	rDNA	OTUs	of	water	samples	were	
partitioned	based	on	year	of	sampling,	with	May	2009	samples	being	
significantly	 different	 (based	 on	 SIMPROF	 analysis)	 from	 July	 2008	
and	August	2007	samples	 (Figure	2).	The	 fact	 that	 summer	 samples	
do	not	also	separate	by	year	(PERMANOVA	analysis	of	July	2008	vs.	
August	2007	communities:	df	=	1,	pseudo-	F	=	1.36,	p = .073)	indicates	
the	dominance	of	seasonal	differences	(spring	vs.	summer).	This	bacte-
rial seasonality has been previously established in large- scale studies 
focused	on	the	Columbia	river-	to-	ocean	gradient	(Fortunato	&	Crump,	
2015;	Fortunato	et	al.,	2012)	and	was	confirmed	for	our	ETM-	focused	
study	 by	 PERMANOVA	 analysis	 (df	=	1,	 pseudo-	F	=	2.59,	 p = .007).	
Bacteroidetes	 were	 the	 dominant	 class	 in	 the	 summer	 bacterial	
community	(30%	of	all	sequences,	Table	S3),	with	the	majority	being	
Flavobacteria	 (60%	of	Bacteroidetes,	data	not	shown).	 In	the	spring,	
Bacteroidetes	 (24%)	 were	 also	 the	 second	 most	 abundant	 class	 of	
bacteria	community	following	Gammaproteobacteria	(30%)	(Table	S3).	
Spring	was	best	 correlated	with	 three	OTUs,	 two	Flavobacteriaceae	
and	one	Bacteroidetes_incertae_sedis	(Pearson	coefficient:	0.94,	0.78,	
0.76,	 respectively),	while	 the	best	 correlation	with	 summer	 samples	
was	only	of	0.56	 for	an	Oceanospirillaceae.	When	 looking	at	brack-
ish	summer	samples	only,	the	top	two	bacteria	associated	(0.94)	with	
peak	 ETM	 waters	 were	 a	 Prolixibacter	 and	 Micrococcineae,	 while	
Ilumatobacter	was	weakly	correlated	(0.65)	with	non-	ETM	waters.

F IGURE  2 Dendrogram showing 
results of hierarchical cluster analysis of 
bacterial community composition based 
on	Bray–Curtis	similarities	of	the	relative	
abundances	of	OTUs	identified	by	Sanger	
sequencing	of	PCR-	amplified	16S	rRNA	
genes	from	whole	water	(A–P)	and	surface	
sediment	(Q)	samples	from	the	CRE.	
Significant	divisions	based	on	similarity	
profile	analysis	(SIMPROF)	are	highlighted	
by a star symbol
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Many	environmental	parameters	varied	seasonally	(e.g.,	increased	
river flow and reduced oceanic intrusion into the estuary during the 
spring	 freshet).	 To	 determine	 which	 of	 the	 measured	 environmen-
tal	 variables	 (Table	 S2)	 best	 explained	 the	 observed	 pattern	 in	 bac-
terial	 OTU	 diversity	 and	 abundance,	 BEST-	BIOENV	 analysis	 (based	
on	Spearman’s	rank	correlation	coefficient	analyses)	was	performed.	
The	 highest	 BEST-	BIOENV	 correlation	 (0.802)	 between	 Sanger	
sequencing-	derived	OTUs	of	water	samples	and	environmental	vari-
ables	 (Table	S2)	was	obtained	with	river	discharge,	salinity,	and	sea-
son.	The	next	best	correlation	(0.801)	added	chlorophyll	fluorescence	
to	this	list.	When	heterotrophic	production	values	were	added	to	the	
list	of	variables	and	sample	O	was	removed	 (because	only	complete	
datasets	 can	 be	 analyzed),	 a	 correlation	 of	 0.832	 was	 found	 with	
salinity,	 season,	 and	 heterotrophic	 production.	 Chlorophyll	 fluores-
cence	was	larger	in	spring	(May	2009:	5.1V)	than	summer	(July	2008	
and	 August	 2009:	 1.3V)	 (Table	 S2;	 Mann–Whitney–Wilcoxon	 test	
p = .0075,	n	=	16).	The	high	chl	a	concentrations	(determined	by	high-	
performance	 liquid	 chromatographic)	 and	 ratios	 of	 chl	a to particu-
late	organic	carbon	(Table	S4)	point	to	a	large,	healthy	May	2009	river	
(freshwater)	phytoplankton	bloom.

Salinity	values	did	not	vary	with	season	(May	2009	vs.	July	2008	
and	August	2007)	 in	our	dataset	(Table	1,	Mann–Whitney–Wilcoxon	
test: p = .68,	n	=	16),	suggesting	that	salinity	is	by	itself	a	structuring	
factor	of	the	community.	Even	though	May	2009	samples	had	widely	
different	salinities	(1–24	PSU),	the	OTU	similarity	profile	analysis	did	
not	 show	 a	 difference	 among	 the	May	 2009	 communities	 (all	 four	

samples	grouped	together)	(Figure	2).	In	contrast,	the	impact	of	salin-
ity	was	apparent	in	the	summer,	when	the	bacterial	compositions	of	
freshwater	and	marine	samples	were	distinct,	and	none	of	 the	sam-
ples of intermediate salinity grouped with those of the end- member 
water	masses	(Figure	2).	This	was	also	shown	on	a	PCoA	plot	(Figure	
4a)	where	whole	water	bacterial	communities	separated	on	the	ver-
tical	 axis,	with	upwelled	coastal	water	and	 freshwater	marking	end-	
member extremes.

3.3 | Bacterial community composition based 
in pyrosequencing data in relationship with 
environmental variables

Bacteroidetes	 were	 also	 the	 dominant	 class	 in	 the	 pyrosequencing	
dataset	 (35%	of	all	sequences)	 (Table	S5).	When	 looking	specifically	
at	brackish	summer	samples,	the	top	OTUs	associated	with	peak	ETM	
whole	waters	were	a	Rhodobacteraceae,	a	Gammaproteobacteria	(no	
further	taxonomic	resolution),	a	Desulfobacteraceae,	a	Saprospiraceae,	
and	 two	 Flavobacteriaceae	 (Pearson	 coefficient:	 0.84,	 0.78,	 0.75,	
0.72,	0.71,	0.70,	respectively).	Other	brackish	summer	samples	(non-	
ETM	whole	and	prefiltered,	 and	ETM	prefiltered)	were	only	weakly	
correlated	(0.66)	with	a	Pelagibacteraceae.

When	comparing	summer	whole	water	samples,	bacterial	assem-
blages	of	brackish	non-	ETM	samples	(i.e.,	brackish	but	not	peak		ETM	
bottom	 waters)	 did	 not	 cluster	 with	 those	 of	 end-	member	 waters	
(Figure	3),	and	were	not	further	separated	according	to	their	salinity	

F IGURE  3 Dendrogram showing 
results of hierarchical cluster analysis 
of bacterial community composition 
based	on	Bray–Curtis	similarities	of	the	
relative	abundances	of	OTUs	identified	
by	pyrosequencing	of	PCR-	amplified	16S	
rRNA	genes	for	whole	(>0.2	μm;	A–T)	and	
prefiltered	(0.2–3	μm;	Af–If)	water	samples	
from	the	CRE.	Significant	divisions	based	
on	similarity	profile	analysis	(SIMPROF)	are	
highlighted by a star symbol
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(Table	1).	 PERMANOVA	 analysis	 confirmed	 that	 summer	 estuarine	
bacterial communities of non- ETM waters group into three distinct 
categories:	marine,	freshwater,	and	brackish	(df	=	2,	pseudo-	F	=	2.13,	
p	=	.001).	 This	 was	 also	 shown	 clearly	 on	 a	 PCoA	 plot	 (Figure	4b)	
where 2007 water samples separated on the vertical axis based on 
water	 masses,	 with	 again	 upwelled	 coastal	 water	 and	 freshwater	
marking	the	end-	member	extremes.	Similarly,	salinity	was	one	of	the	
environmental	variables	that	best	explained	the	pyrosequencing	data-	
based	bacterial	 community	 composition.	The	highest	BEST-	BIOENV	
correlation	 (0.871)	 between	 OTU	 relative	 abundance	 and	 environ-
mental	variables	 (Table	 S2)	was	 obtained	with	 salinity,	 temperature,	
dissolved	 oxygen,	 heterotrophic	 production,	 and	 river	 discharge.	
When	considering	only	the	whole	water	samples	of	the	pyrosequenc-
ing	dataset,	the	highest	BEST-	BIOENV	correlation	(0.858)	was	found	
with	salinity	and	river	discharge.	When	only	prefiltered	samples	were	
analyzed,	the	highest	correlation	 (0.710)	was	with	dissolved	oxygen,	
SPM,	phosphate,	and	heterotrophic	production.	Interestingly,	brackish	
non- ETM whole water samples clustered with their free- living coun-
terparts and with the free- living bacterial assemblages of ETM sam-
ples	(Figure	3).	PROTEST	analysis	of	whole	versus	prefiltered	waters	
showed	good	concordance	between	the	datasets	(m2	=	0.63,	correla-
tion	=	0.61,	p = .005)	likely	because	these	only	differ	for	ETM	samples.	
July	2008	North	and	South	channel	ETM	samples	clustered	with	ma-
rine	samples	rather	than	with	non-	ETM	samples	(Figure	3),	suggesting	
a	marine	influence	on	these	ETM	bacterial	communities.	In	contrast,	in	
August	2007	North	and	South	channel	ETM	and	marine	samples	did	
not	cluster	together	(Figure	3).	The	difference	in	oceanic	influence	on	

these ETM assemblages might be attributed to the different coastal 
physical	regimes	prevailing	before	these	sampling	periods,	with	down-
welling	in	2007	compared	to	upwelling	conditions	in	2008	(Figure	S5).	
This distinction between summer sampling periods can be observed 
on	a	PCoA	plot	(Figure	4b),	with	horizontal	separation	between	2007	
and	2008	bacterial	 communities.	The	 different	 results	 obtained	 be-
tween	our	two	sequencing	approaches	regarding	separation	of	sum-
mer bacterial communities is likely due to the fact that to center our 
pyrosequencing	analysis	on	different	summer	 regimes	 (upwelling	vs.	
downwelling	conditions)	additional	July	2008	samples	were	analyzed.

When	brackish	and	oceanic	samples	were	compared,	the	later	was	
correlated	(Pearson	coefficient:	0.90	and	0.78)	with	two	OTUs	related	
to	the	SUP05	cluster,	which	is	an	order	of	the	Oceanospirillales.	Given	
that those are microorganisms typically associated with oxygen min-
imum	zones	 (Williams	et	al.,	2012),	 to	 further	explore	 the	 impact	of	
coastal	upwelling	on	ETM	bacteria	composition,	we	specifically	looked	
at the abundance of microorganisms typically associated with oxygen- 
depleted	waters	(Table	2).	Note	that	these	taxa	were	selected	based	
on their enrichment in the metagenome of a Columbia River estuary 
ETM	 sample	 (Smith	 et	al.,	 2013).	 Sequences	 related	 to	 the	 SUP05	
cluster	were	highly	represented	in	marine	waters	in	2007	(5.4%)	and	
2008	(4.7	and	9.4%),	and	were	only	detected	in	small	amounts	in	one	
ETM	sample	 (0.7%)	 in	2008	 (Table	2).	The	 abundance	of	 sequences	
related to strict and facultative anaerobic bacteria in marine and ETM 
waters	were	 statistically	 different	 between	 2008	 (8.2%	±	1.4%)	 and	
2007	 (2.5%	±	1.5)	 (Mann–Whitney–Wilcoxon	 test	 p = .047,	 n	=	7)	
(Table	2).	At	first	glance,	low	proportions	of	these	sequences	seemed	

F IGURE  4 Principal	coordinate	analysis	(PCoA)	plots	of	bacterial	community	composition	based	on	Bray-	Curtis	similarities	of	the	relative	
abundances	of	OTUs	in	water	samples	of	the	CRE.	Two	types	of	water	sample	were	analyzed:	whole	(>0.2	μm;	labeled	A–T)	and	prefiltered	(0.2–
3 μm;	labeled	Af-	If).	(a)	Sanger	sequencing	spring	and	summer	data	showing	separation	of	bacterial	communities	primarily	based	on	season	(May	
vs.	July–August)	and	water	mass	(marine,	brackish,	freshwater).	(b)	Pyrosequencing	of	summer	data	showing	separation	of	bacterial	communities	
primarily	based	on	summer	sampling	periods	(July	vs.	August)	and	water	mass	salinity	(marine,	brackish,	freshwater)
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to	be	associated	with	non-	ETM	waters	in	2008	(1.3%–2.0%;	Table	3),	
but	when	corrected	for	SPM	concentrations,	their	abundances	follow	
a	conservative	mixing	line	for	salinity	(Figure	S6),	suggesting	that	those	
microorganisms from upwelled waters are transported into the estu-
ary with particles and accumulate in ETM.

Finally,	the	whole	water	bacterial	assemblages	of	ETM	were	dis-
tinct	in	2007,	but	grouped	together	in	2008	(Figure	3).	This	difference	

may	be	related	to	the	location	of	the	sampling	site,	and	more	precisely	
whether or not highly saline water masses reach these sites. The North 
channel	sampling	site	(Figure	1)	was	at	the	same	location	in	both	years,	
and	was	 subjected	 to	 large	 oceanic	 influences,	 as	 illustrated	 by	 the	
high	salinity	of	the	post-	ETM	sample	(29.5	PSU,	Table	1).	In	contrast,	
South	channel	ETM	locations	were	15	km	apart	(Figure	1).	Site	3,	sam-
pled	 in	2008,	 is	 located	relatively	close	to	the	mouth	of	the	estuary	

TABLE  3 Heterotrophic microbial production determined from bulk 3H-	leucine	incorporation	rates	for	whole	(A–T)	and	prefiltered	(Af–If)	
water samples

Sample description Microbial secondary production (mg C L−1 h−1)

Date Channela
Phase of ETM 
development Depth Code

Whole water 
>0.2 mm

Prefiltered water 
0.2–3 mm

% of activity 
in particles

Aug-	07 South	(site	1) Pre-	ETM Bottom A/Af 0.5 0.26 48

Starting	ETM Bottom B/Bf 0.59 0.14 76

ETM peak Surface C/Cf 0.24 0.08 67

ETM peak Bottom D/Df 1.42 0.26 82

Decreasing ETM Bottom E/Ef 0.87 0.13 85

Post-	ETM Bottom F/Ff 0.67 0.55 18

North	(site	2) Pre-	ETM Bottom G/Gf 1.17 0.67 43

ETM peak Bottom H/Hf 1.52 0.08 95

ETM peak Surface U/Uf 0.83 0.18 78

Post-	ETM Bottom I/If 0.41 0.28 32

Jul-	08 South	(site	3) Pre-	ETM Bottom J 1.40 n.d. n.d.

ETM peak Bottom K 1.66 n.d. n.d.

Post-	ETM Bottom R 1.19 n.d. n.d.

Post-	ETM Bottom L 0.51 n.d. n.d.

North	(site	2) Pre-	ETM Bottom S 1.03 n.d. n.d.

ETM peak Bottom T 2.49 n.d. n.d.

May-	09 North	(site	2) Pre-	ETM Bottom M 2.43 n.d. n.d.

ETM peak Bottom N 4.76 n.d. n.d.

ETM peak Surface O n.d. n.d. n.d.

Post-	ETM Bottom P 4.33 n.d. n.d.

n.d.,	not	determined.	Samples	collected	from	the	bottom	water	during	the	peak	of	each	ETM	event	are	highlighted	in	bold.
aLocation	of	sites	1–3	is	provided	in	Figure	1.

TABLE  2 Relative	contribution	in	our	pyrosequencing	dataset	of	16S	rRNA	gene	sequences	from	bacteria	typically	associated	with	
oxygen-	depleted	waters	in	freshwater,	brackish,	and	marine	waters

Aug- 07 Jul- 08

Non- ETM ETM Non- ETM ETM

Salinity 0.9 5.6 6.8 9.0 10.3 11.9 13.1 29.5 12.1 12.3 5.1 11.0 31.4 31.9 11 20.1

Sample	code C A U G B E F I D H S J L R T K

SUP05 0.0 0.0 0.0 0.0 0.7 0.0 0.0 5.4 0.0 0.0 0.0 0.0 9.4 4.7 0.7 0.0

Desulfobacteraceae 0.0 0.0 0.0 0.0 1.3 0.7 0.0 0.7 1.3 1.3 0.7 0.7 2.0 2.7 4.7 2.7

Desulfobulbaceae 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0 1.3 0.0 0.7 2.0 2.7 0.0 0.0

Desulfuromonadaceae 0.0 0.7 0.0 0.0 0.0 0.7 0.0 0.0 2.0 0.0 0.0 0.7 2.0 2.0 1.3 3.4

Anaerolineae 0.0 0.0 0.0 1.3 0.7 0.7 0.0 0.0 0.0 0.7 0.7 0.0 3.4 2.0 1.3 0.7

These	taxa	were	selected	based	on	their	enrichment	in	the	metagenome	of	a	Columbia	River	estuary	ETM	sample	(Smith	et	al.,	2013)	and	represent	class	
(Anaerolineae),	order	(SUP05),	and	family	(Desulfobacteraceae,	Desulfobulbaceae,	Desulfuromonadaceae)	taxonomic	levels.
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(river	 kilometer	~12)	 and	 thus	 experiences	 large	oceanic	 influences,	
with	 up	 to	 31.9	PSU	measured	 in	 post-	ETM	water	 (Table	1).	 Site	 1,	
sampled	in	2007,	is	situated	more	inland	(river	kilometer	~25)	and	it	
is	therefore	exposed	to	lower	salinity	water,	with	post-	ETM	water	of	
only	13.1	PSU	(Table	1).	Maps	showing	sampling	locations	in	relation	
to the maximum salinities of bottom water during oceanic intrusion 
(Figure	1)	 help	 illustrate	 these	 differences	 between	 South	 channel	
sites	 as	 they	 clearly	 show	maximum	 salinity	 of	 ~20	PSU	 in	 August	
2007	at	site	1	and	~30	PSU	in	July	2008	at	site	3.	Data	from	model	
simulations	also	show	a	maximum	salinity	of	~30	PSU	for	both	months	
at	 site	 2	 in	 the	North	 channel	 (Figure	1).	These	 patterns	 of	 salinity	
intrusion	are	also	 supported	by	bottom	water	data	 from	CMOP	en-
durance monitoring stations that are located near our sampling sites 
(SATURN-	01,	-	03,	and	-	04	for	sites	2,	3,	and	1;	http://www.stccmop.
org/datamart/observation_network).	 In	July–August	2014,	maximum	
salinities	as	high	as	31	PSU	were	measured	at	SATURN-	01	and	-	03,	
but	a	maximum	of	only	22	PSU	(with	a	daily	peak	often	<16	PSU)	was	
observed	at	SATURN-	04.

3.4 | Microbial heterotrophic production

Microbial heterotrophic production rate in whole water samples was 
on average almost four times higher in spring compared to summer 
(3.84	and	1.04	mg	C	L−1 hr−1,	respectively)	(Table	3).	For	each	time	se-
ries,	this	rate	was	also	highest	in	peak	ETM	bottom	waters	(Table	3).

To determine if the microbial activity associated with free- living 
and particle- attached bacteria fractions varies during the develop-
ment	of	an	ETM	event,	bulk	rates	of	microbial	heterotrophic	produc-
tion were measured on both whole and prefiltered water samples in 
August	2007.	In	both	ETM	and	non-	ETM	waters	impacted	by	an	ETM	
event—whether sampled during initiation of ETM formation or ETM 
decline,	or	at	the	surface	during	peak	ETM—the	majority	(67%–95%)	
of	this	production	was	in	the	particulate	fraction	(Table	3).	In	contrast,	
for	 pre-		 and	 post-	ETM	 event	waters	 (i.e.,	water	 not	 impacted	 by	 a	
turbidity	event)	most	of	the	heterotrophic	production	was	associated	
with	the	free-	living	fraction	(52%–82%;	Table	3).

4  | DISCUSSION

As	dynamic	mixing	zones	of	oceanic	and	freshwater	masses,	estuaries	
and	river	plumes	are	often	characterized	by	steep	spatial	and	temporal	
gradients	 of	 physical,	 biogeochemical,	 and	 biological	 parameters.	 In	
turns,	these	gradients	have	the	potential	to	impact	the	local	bacterial	
community.	Salinity	has	been	shown	to	be	an	important	environmental	
factor	structuring	bacterial	communities	in	coastal	margins	(Bouvier	&	
del	Giorgio,	2002;	Campbell	&	Kirchman,	2013;	Dupont	et	al.,	2014;	
Herlemann	et	al.,	2011,	2016;	Kirchman	et	al.,	2005;	Liu	et	al.,	2015;	
Ortega-	Retuerta	et	al.,	2013),	 including	over	the	Columbia	River-	to-	
Pacific	Ocean	gradient	 (Fortunato	&	Crump,	2015;	 Fortunato	 et	al.,	
2012).	In	our	study,	which	comprises	water	samples	collected	exclu-
sively	within	the	CRE	(0.9–31.9	PSU,	Table	1),	salinity	was	one	of	the	
factors that best determined overall bacterial community composition. 

In	fact,	non-	ETM	summer	estuarine	bacterial	assemblages	clearly	fell	
into	 three	distinct	 categories:	marine	 (>29	PSU),	 freshwater	 (1	PSU)	
or	 brackish	 (6–13	PSU)	 (Table	1	 and	Figure	4).	 This	 finding	 fits	well	
with recent discovery of distinct brackish bacterial communities in 
the	Baltic	Sea,	Chesapeake	Bay,	and	Delaware	Bay	(Herlemann	et	al.,	
2011;	Hugerth	et	al.,	2015).

The effect of salinity on ETM bacterial assemblages was more sub-
tle,	but	was	detected	when	comparing	ETM	communities	of	North	and	
South	channels.	ETM	location	is	primarily	determined	by	tidal	asym-
metry	(i.e.,	the	inequality	in	magnitude	and	duration	in	ebb	and	flood	
tidal	currents)	(Jay	&	Smith,	1990),	with	turbidity	events	emerging	be-
fore	or	 lagging	behind	the	salt	wedge.	Sampling	 locations	relative	to	
the	river	mouth,	and	more	precisely	whether	or	not	highly	saline	water	
masses	reach	these	sites,	were	important	factors	that	explained	some	
of	 the	 variation	 in	 ETM	 bacterial	 community	 composition.	 Whole	
water	bacterial	assemblages	of	North	and	South	channel	ETM	were	
similar when their locations near the mouth of the estuary exposed 
them	 to	 similarly	high	maximum	salinity	 intrusions	 (Figures	1	and	3,	
and	Table	1).	 In	contrast,	they	were	distinct	when	the	sampling	sites	
were	 differentially	 influenced	 by	 oceanic	 water	 masses	 (Figures	1	
and	3,	and	Table	1).	Therefore,	salinity,	as	it	relates	to	oceanic	inputs,	
clearly impacts ETM bacterial communities.

In	contrast,	August	2007	ETM	bacterial	communities	differed	even	
though	the	samples	had	comparable	salinities,	while	 the	community	
composition	was	similar	for	those	of	July	2008	despite	a	~9	PSU	dif-
ference	 in	 salinity	 (Figure	3	 &	 Table	1).	 Differences	 between	 these	
four samples suggest that spring- tide ETM bacterial communities are 
shaped	mostly	by	local	resuspension	of	SPM	accumulated	during	the	
previous neap tide rather than by seaward advection that generates 
these	events.	This	is	consistent	with	SPM	dynamics	showing	predom-
inance of advective processes rather than local resuspension during 
neap	 tides,	with	 lesser	 importance	 of	 advection	 during	 spring	 tides	
(Fain	et	al.,	2001).	An	example	of	the	local	resuspension	processes	was	
provided when examining the abundance in ETM of strict and faculta-
tive anaerobic bacteria previously detected in the CRE water column 
in	ETM	and	non-	ETM	waters	and	in	an	oxygen-	depleted	(0.7	mg	L−1)	
deep	 (1,200	m)	 water	 sample	 from	 the	 Oregon	 coast	 (Smith	 et	al.,	
2010,	 2013).	 Despite	 their	 ~9	PSU	 difference	 in	 salinity,	 July	 2008	
ETM	had	a	 large	abundance	of	 these	bacteria	 (Table	2),	which	 likely	
originated from intrusion of low dissolved oxygen coastal waters de-
rived from upwelling at the time of sampling and during the preceding 
neap	tide	(Figure	S5).	When	corrected	for	SPM	concentrations,	their	
abundances	in	all	samples	(ETM	and	non-	ETM)	followed	a	conserva-
tive	mixing	line	for	salinity	(Figure	S6).	This	suggests	that	those	micro-
organisms originating from upwelled waters are transported into the 
estuary	with	particles	and	accumulate	 in	ETM.	 In	contrast,	very	 few	
of	the	anaerobic	bacterial	sequences	were	detected	 in	August	2007	
(Table	2),	a	period	dominated	by	coastal	downwelling	(Figure	S5).	The	
impact of exposure of salinity intrusion on ETM bacterial community 
composition is therefore especially significant during neap tides when 
particles accumulate.

Seasonality,	and	associated	co-	varying	factors,	also	had	a	strong	
influence,	with	distinct	spring	and	summer	bacterial	communities	and	

http://www.stccmop.org/datamart/observation_network
http://www.stccmop.org/datamart/observation_network
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levels of bulk microbial heterotrophic production for both ETM and 
non-	ETM	waters	(Figure	2	and	Table	3).	Interestingly,	May	2009	sam-
ples grouped together in our clustering analysis of bacterial commu-
nity	composition	despite	having	widely	different	salinities	(1–24	PSU)	
(Figure	2).	 This	 suggests	 that	 spring-	associated	 forcing	 overwhelms	
high salinity water impacts on the estuarine population during this 
period	 of	 higher	 river	 flow	 (Table	 S2).	 Three	 Bacteroidetes	 OTUs	
(Flavobacteriaceae	and	Bacteroidetes_incertae_sedis)	were	correlated	
with the spring season. This is good in agreement with the fact that 
Bacteroidetes	were	found	to	be	involved	in	water	column	particle	col-
onization	 and	 phytoplankton	 bloom	degradation	 in	 the	CRE	 (Smith,	
Herfort,	 Fortunato,	Crump,	&	 Simon,	 2017).	All	 spring	 samples	 also	
had high levels of bulk heterotrophic production than those collected 
in	the	summer	(Table	3).	These	findings	demonstrate	that	the	large	in-
puts of fresh organic matter to the estuary from riverine spring blooms 
(Table	S4	and	Lara-	Lara,	Frey,	&	Small,	1990;	Small	et	al.,	1990;	Prahl,	
Small,	&	Eversmeyer,	1997;	Sullivan	et	al.,	2001;	Herfort	et	al.,	2011)	
impact both bulk heterotrophic production and bacterial community 
composition.

Our data also highlighted the importance of particles in shaping 
the	 ETM	bacterial	 community,	 but	 likely	 not	 particles	 from	 the	 un-
derlying	bedload	sediment.	Most	 (99%)	of	 the	sediment	 in	the	main	
channels	is	fine	sand	of	125–250	μm	that	is	considered	bedload,	that	
is,	particles	 that	are	deemed	too	 large	and	fast	settling	to	be	resus-
pended	during	ETM	events	(Sherwood	et	al.,	1984).	Accordingly,	the	
largest	phylogenetic	difference	in	our	Sanger	sequencing	dataset	was	
observed between our North channel bedload- surface sediment sam-
ple	(below	the	fluff	layer)	and	all	water	samples	(Figure	2).	Admittedly	
this	 is	 only	 one	 sediment	 site	 (which	 is	 likely	 affected	 by	 the	 sand	
waves	 commonly	occurring	 in	 this	 system)	 and	we	do	not	expect	 it	
to	represent	sediments	of	the	entire	estuary.	Nonetheless,	since	this	
sample	was	collected	at	an	ETM	site	after	a	resuspension	event,	the	
observed lack of community composition similarity between sediment 
and ETM does suggest that the underlying bedload- surface sediment 
is	not	a	major	contributor	of	bacteria	to	the	ETM.	In	contrast,	results	
from recent studies indicated that lateral bay sediments are a likely 
source	of	particle-	attached	bacteria	to	the	ETM	(Smith	et	al.,	2015).	
Although	this	constitutes	a	first	reporting	of	the	idea	that	the	bedload	
sediment in the main channel might contribute little as a source of 
bacteria	to	the	ETM,	sediment	elsewhere	(e.g.,	lateral	bays	and	shoals)	
might	be	 important	 for	 “seeding”	 the	ETM	with	bacteria,	and	future	
studies should investigate this further.

In addition to identifying factors impacting the ETM and non- ETM 
estuarine	bacterial	communities	in	whole	water	(>0.2	μm),	one	of	our	
goals was also to examine the particle- attached and free- living bacte-
ria of these two water types. This is especially important because pio-
neering phylogenetic studies that uncovered the distinction between 
free- living and particle- attached bacteria in the CRE were focused on 
the	ETM,	with	no	comparison	with	estuarine	brackish	non-	ETM	waters	
(Crump	et	al.,	 1999;	 Smith	 et	al.,	 2013).	Our	 phylogenetic	 clustering	
analysis showed that the non- ETM particle- attached bacteria do not 
develop	 distinct	 estuarine	 communities	 (i.e.,	 whole	 water	 [>0.2	μm] 
and	free-	living	[0.2–3	μm]	assemblages	were	phylogenetically	similar,	

Figure	3).	This	is	likely,	as	originally	introduced	by	Crump	et	al.	(1999)	
when	 discussing	 free-	living	 ETM	 bacteria,	 because	 these	 non-	ETM	
particle- attached bacteria do not benefit from the extended resi-
dence	time	of	particulate	material	characteristic	of	ETM.	In	contrast,	
ETM	 free-	living	 and	 whole	 water	 (free-	living	 and	 particle-	attached)	
assemblages	were	 different	 from	 one	 another,	 and	 in	 fact,	 the	 for-
mer was more similar to free- living or whole water non- ETM samples 
(Figure	3).	 Interestingly,	 taxonomic	 analysis	 reveals	 that	 a	 poten-
tial	 key	 function	 of	 ETM	 might	 be	 organic	 matter	 remineralization.	
Sulfate-	reducing	 bacteria	 (Desulfobacteraceae),	Micrococcineae,	 and	
Bacteroidetes	 (Saprospiraceae	 and	 Flavobacteriaceae)	 were	 indeed	
among	the	OTUs	that	best	correlated	with	peak	ETM.	Sequences	re-
lated to Desulfobacteraceae and Micrococcineae have also previously 
been found to be enriched in Columbia River ETM metagenomes 
(Smith	et	al.,	2013).	The	former	are	indirectly	involved	in	organic	mat-
ter	remineralization	as	they	utilize	H2 and acetate produced during the 
final	 steps	 this	 process,	while	Micrococcineae	 are	 soil	 bacteria	 con-
tributing	to	the	decomposition	of	organic	matter	(Smith	et	al.,	2013).	
Bacteroidetes	have	been	found	to	be	directly	involved	in	water	column	
particle	colonization	and	phytoplankton	bloom	degradation	in	this	es-
tuary	(Smith	et	al.,	2017).	These	data,	together	with	those	of	previous	
studies	(Crump	et	al.,	1999;	Smith	et	al.,	2013),	demonstrate	that	the	
difference between ETM particle- attached and free- living bacterial 
communities is a conserved feature of the Columbia River ETM regard-
less	of	location,	year	or	season.	Furthermore,	the	fact	that	all	brackish	
free-	living	samples	were	similar	regardless	of	their	origin	(ETM	or	non-	
ETM)	 indicates	that	 the	difference	 in	bacterial	composition	between	
ETM and non- ETM waters resided within the community established 
in	their	particles.	This	suggests	that	brackish	water	type	(ETM	or	non-	
ETM)	is	a	major	factor	impacting	particle-	attached	bacteria	communi-
ties in the CRE and highlights the importance of ETM as retentive areas 
in	fast-	flowing	systems,	especially	for	organic	matter	remineralization.	
Therefore,	our	data	should	be	considered	 in	 light	of	the	 inconsistent	
findings found in the coastal margins literature with both phylogenetic 
differences	 (DeLong	 et	al.,	 1993;	 Acinas	 et	al.,	 1999;	 Crump	 et	al.,	
1999;	 Moesender	 et	al.,	 2001;	 Ghiglione	 et	al.,	 2009;	 Smith	 et	al.,	
2013;	Jackson	et	al.,	2014;	among	others)	and	similarities	 (Ghiglione	
et	al.,	 2007;	Hollibaugh	et	al.,	 2000;	Riemann	&	Winding,	2001)	be-
tween communities of free- living and particle- attached bacteria re-
ported.	Importantly,	our	data	demonstrate	that	the	sampled	brackish	
water	 type	 (ETM	vs.	non-	ETM)	 is	an	 important	 factor	 to	consider	 in	
explaining these conflicting results in estuarine studies.

When	 putting	 aside	 the	 bacterial	 community	 composition	 data,	
and	instead	considering	microbial	heterotrophic	production	alone,	the	
distinction	between	ETM	and	non-	ETM	waters	is,	at	first	glance,	less	
clear.	Past	studies	have	shown	that	(1)	90%	of	the	microbial	heterotro-
phic production was associated with particle- attached bacteria in both 
ETM	and	less	turbid	waters,	and	(2)	the	highest	rates	were	measured	
both in waters collected higher in the water column at the peak of the 
ETM	and	 in	bottom	waters	 slightly	before	 the	peak	ETM	 (Crump	&	
Baross,	1996,	2000).	These	authors	hypothesized	this	pattern	 to	be	
the	result	of	macroaggragate	disaggregation	(>3	μm;	Reed	&	Donovan,	
1994)	 ahead	 of	 the	 turbidity	 peak.	Our	 data	 confirm	 their	 findings,	
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since	~80%	of	the	bulk	heterotrophic	microbial	production	was	asso-
ciated with particle- attached bacteria in samples impacted by an ETM 
event,	but	not	 in	pre/post-	ETM	event	waters	 that	are	not	 impacted	
by	a	turbidity	event	(Tables	1	and	3).	It	 is	important	to	note	that	the	
term	“ETM”	denotes	the	bottom	water	mass	with	peak	turbidity	(high-
est	SPM	concentration)	during	an	ETM	event,	while	“ETM-	impacted”	
refers	 here	 to	water	 present	 throughout	 the	water	 column	 (surface	
to	 bottom)	 during	 the	 entire	 ETM	event	 (from	 initial	 rise	 of	 turbid-
ity	 to	decline	of	 turbidity).	 It	 is	also	 important	 to	point	out	 that	our	
rates	 (0.13–4.76	mg	C	L−1 hr−1,	Table	3)	are	on	par	with	those	found	
in	other	estuaries.	For	example,	Goosen	et	al.	(1999)	reports	0.8–4.5,	
2–16	and	0.1–2.8	mg	C	L−1 hr−1	for	the	Elbe,	West	and	Gironde	estu-
aries,	 respectively.	 Servais	 and	Garnier	 (2006)	 reports	0.15–1.7	and	
0.3–2.5	mg	C	L−1 hr−1 for the free- living and particle- attached bacte-
ria	of	the	Seine	estuary.	Thus,	our	data	contribute	to	the	body	of	evi-
dence presented in the coastal margin literature whereby the bulk of 
heterotrophic production has often been found to be associated with 
particle- attached bacteria rather than with their free- living counter-
parts	(Campbell	&	Kirchman,	2013;	Crump	&	Baross,	1996;	Ghiglione	
et	al.,	2007;	Kirchman,	1993),	although	this	has	not	always	been	ob-
served	(Karrascha	et	al.,	2003;	Painchaud	&	Therriault,	1989;	Plummer	
et	al.,	1987).	Clearly,	 in	estuarine	studies	 it	 is	becoming	 increasingly	
important to consider whether or not the sampled brackish water 
mass is impacted by an ETM event when comparing bulk heterotro-
phic production of particle- attached and free- living bacteria.

Although	we	did	not	directly	characterize	particles,	we	collected	
different brackish water masses during our time- series analyses of 
ETM	events:	ETM,	ETM-	impacted,	not	ETM-	impacted.	The	fact	that	
particle- attached bacterial community composition and bulk hetero-
trophic production show consistent patterns of variation between 
these brackish water masses points to the existence of three types of 
bacteria-	containing	particles.	The	first	type	populates	the	ETM	(peak	
turbidity)	and	hosts	a	bacterial	assemblage	characterized	by	high	bulk	
heterotrophic production. This bacterial assemblage is different from 
those	detected	in	other	estuarine	brackish	waters,	but	similar	to	those	
of	other	ETM	that	are	subjected	to	the	same	physical	forcing.	The	sec-
ond particle type is found in waters impacted by an ETM event and 
are	 characterized	by	 a	high	bulk	microbial	 heterotrophic	production	
and a bacterial community that is similar to that of brackish free- living 
bacteria. The third type comprises particles of brackish waters that are 
not impacted by ETM. Those particles have a low bulk microbial het-
erotrophic production and do not host a distinct bacterial community.

Our study highlights some of the dynamics of the CRE bacterial as-
semblages,	but	five	fully	characterized	ETM	events	cannot	capture	the	
entire estuarine complexity. Future studies will need to include other 
seasons	and	physical	 regimes,	 so	 that	ultimately	metrics	 that	define	
the microbial complexity can be applied to the estuarine biogeochemi-
cal models. Recent technological advances enabling autonomous high- 
resolution and adaptive sampling of free- living and particle- attached 
bacteria	(Herfort	et	al.,	2016)	coupled	with	comparative	metagenomic	
and metatranscriptomic analyses will be instrumental in further char-
acterizing	the	complex	estuarine	microbial	processes	operating	within	
the bacterial assemblages uncovered in this study.
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