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Abstract
1.	 Understanding	spatial	and	temporal	dynamics	of	microbial	communities	is	a	cen-
tral	challenge	in	microbial	ecology	since	microorganisms	play	a	key	role	in	ecosys-
tem	functioning	and	biogeochemical	cycles.	Amazonian	aquatic	systems	comprise	
a	dynamic	mosaic	of	heterogeneous	habits	but	are	understudied	and	there	is	lim-
ited	information	about	the	mechanisms	that	shape	bacterial	community	composi-
tion	(BCC).

2.	 There	is	a	consensus	that	environmental	selection	(species	sorting)	and	dispersal	
processes	 (source–sink	 dynamics)	 act	 in	 concert	 to	 shape	 the	 composition	 of	
these	communities,	but	the	relative	importance	of	each	mechanism	may	vary	dra-
matically	through	time	and	between	systems.

3.	 Applying	16S	rRNA	gene	amplicon	high-throughput	sequencing,	we	studied	fac-
tors	and	processes	that	modulate	BCC	in	an	Amazonian	floodplain	lake	and	used	
source-tracking	models	to	trace	the	main	dispersal	sources	of	microorganisms	in	
the	whole	floodplain	system	during	a	full	hydrological	cycle.

4.	 Our	source-tracking	models	indicated	that	dispersal	processes	were	predominant,	
explaining	most	of	the	BCC	variability	throughout	the	study	period.	We	observed	
more	sources	contributing	 to	 the	sink	community	during	 the	 falling	water	 than	
rising	water	period,	when	contributions	from	the	Solimões	River	dominated.

5.	 There	was	a	clear	seasonal	pattern	in	BCC,	closely	related	to	environmental	vari-
ables,	suggesting	that	the	successful	establishment	of	dispersing	bacteria	also	de-
pends	on	environmental	filtering	that	is	linked	to	water	flow.

6.	 In	summary,	source–sink	dynamics	and	species	sorting	were	strongly	affected	by	
water	exchange	and	connectivity	with	the	main	river	that	varied	throughout	the	
flood	pulse	cycle.	Our	results	demonstrated	the	influence	of	lateral	transport	and	
temporal	dynamics	on	BCC	 in	Amazonian	floodplain	 lakes	 that	could	ultimately	
impact	regional	carbon	budgets	and	biogeochemical	cycles.
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1  | INTRODUC TION

Microbes	 are	 the	 most	 diverse	 and	 ubiquitous	 organisms	 within	
our	biosphere.	In	aquatic	systems	they	play	key	roles	in	ecosystem	
functioning	 and	 biogeochemical	 cycles,	 nutrient	 remineralisation	
and	primary	production	(Cotner	&	Biddanda,	2002).	Understanding	
how	microbial	 communities	 are	 structured	 is	 one	 of	 the	 greatest	
challenges	 in	aquatic	microbial	ecology.	The	development	of	high-	
throughput	sequencing	techniques	is	now	allowing	us	to	unravel	this	
hitherto	unexplored	biodiversity	and	understand	the	processes	be-
hind	temporal	and	spatial	patterns	observed	across	various	habitats	
(Humbert	et	al.,	2009;	Read	et	al.,	2015;	Xu,	2006).

Microbial	ecologists	have	been	testing	whether	ecological	 the-
ories	 and	 concepts	 originally	 developed	 for	macro-	organisms	 also	
apply	 to	 microorganisms.	 The	 metacommunity	 concept	 (Leibold	
et	al.,	 2004)	 came	 from	 metapopulation	 theory	 (MacArthur	 &	
Wilson,	1967),	and	makes	predictions	about	a	set	of	 local	commu-
nities	with	a	pool	of	potentially	 interactive	 species	 that	are	 linked	
by	 dispersal	 (Leibold	 et	al.,	 2004).	 The	 metacommunity	 concept	
considers	habitat	heterogeneity	and	describes	how	communities	are	
structured	by	species	 responses	 to	environmental	 filters	and	 local	
selection	(species	sorting),	and	also	the	role	of	dispersal	processes,	
immigration	and	emigration,	 to	rescue	species	from	 local	competi-
tive	exclusion	(mass	effect,	source–sink	dynamics).

The	metacommunity	 concept	 has	 previously	 been	 applied	 to	
investigate	 factors	 that	 structure	 aquatic	 bacterial	 community	
composition	 (BCC)	 (Comte,	 Berga,	 Severin,	 Logue,	 &	 Lindstrom,	
2017;	Langenheder	&	Ragnarsson,	2007;	Langenheder	&	Szekely,	
2011;	 Lindstrom	&	 Langenheder,	 2012;	 Szekely	 &	 Langenheder,	
2014;	 Zha,	 Berga,	 Comte,	 &	 Langenheder,	 2016).	 In	 general,	
BCC	 is	shaped	by	a	combination	of	different	mechanisms,	which	
might	 vary	 with	 the	 environmental	 characteristics	 of	 each	 sys-
tem	 (Szekely	 &	 Langenheder,	 2014).	 However,	 few	 studies	 have	
addressed	 these	 questions	 in	 tropical	 river–floodplain	 systems	
(but	see	Lemke	et	al.,	2009;	Tessler	et	al.,	2017)	where	high	tem-
poral	variability	and	spatial	heterogeneity	add	additional	layers	of	
complexity.

A	good	 framework	 for	addressing	 this	 topic	 is	 the	 source–sink	
theoretical	 model	 that	 describes	 how	 variations	 in	 environmental	
conditions	 may	 affect	 population	 growth	 or	 decline	 (Mouquet	 &	
Loreau,	2003;	Mouquet,	Miller,	Daufresne,	&	Kneitel,	2006).	Source-	
sink	dynamics	have	been	 successfully	 applied	 to	aquatic	microbial	
communities,	but	their	role	seems	to	be	smaller	than	that	of	resident	
bacterial	growth	(species	sorting).	A	study	conducted	in	a	complex	
boreal	aquatic	network	along	an	entire	terrestrial/aquatic	continuum	
found	that	BCC	followed	a	directional	spatial	structure	driven	by	the	
soil	species	recruitment	(source–sink	dynamics)	and	that	these	spe-
cies	were	 filtered	 by	 environmental	 conditions	 along	 the	 gradient	
(species	sorting—Ruiz-	González,	Niño-	Garcia,	&	del	Giorgio,	2015).	
Another	 study,	 which	 also	 considered	 seasonal	 variations,	 inves-
tigated	 the	 importance	 of	 external	 and	 internal	 dispersal	 sources	
(precipitation,	inlet	inflow,	sediment	resuspension	and	mixing)	to	the	
BCC	of	a	dimictic	temperate	lake	and	found	that	previous	community	

structure	had	a	more	important	role	in	determining	the	recent	com-
munity	composition	than	dispersal	sources	(Comte	et	al.,	2017).

The	 Amazon	 River	 basin	 contains	 a	 complex	 hydrological	 net-
work,	 with	 large	 main	 river	 channels	 and	 floodplains	 containing	
numerous	 interconnected	 subsystems,	 including	 lakes,	 vegetated	
wetlands	(flooded	areas	occupied	with	a	mixture	of	herbaceous	mac-
rophytes	and	woody	vegetation),	paranás	(connecting	channels)	and	
igarapés	(local	upland	streams),	forming	the	world’s	largest	river	sys-
tem	with	a	drainage	basin	area	of	6.1	×	106	km2	(Richey	et	al.,	1990).	
The	connectivity	and	material	exchange	between	floodplain	systems	
and	the	river	are	strongly	affected	by	water	flux	direction	and	rel-
ative	 contribution	of	different	water	 inputs,	which	depend	on	 the	
floodplain	catchment	area	and	the	flood	pulse	(the	annual	variation	
in	the	water	level),	as	demonstrated	for	the	same	study	area	(Lake	
Janauacá)	(Bonnet	et	al.,	2017).

A	 range	 of	 studies	 has	 demonstrated	 that	 floodplain	 systems	
play	 a	 crucial	 role	 in	 the	 structure	 and	 dynamics	 of	 the	 Amazon	
River	system	(Abril	et	al.,	2014;	Melack	&	Forsberg,	2001).	Usually,	
these	complex	systems	have	high	primary	and	secondary	production	
(Forsberg,	Melack,	 Richey,	 &	 Pimentel,	 2017;	Melack	 &	 Forsberg,	
2001).	The	flooded	vegetation	produces	and	exports	large	amounts	
of	inorganic	and	organic	carbon	to	the	river	that	can	be	transported	
over	great	distances	before	being	metabolised	and	released	to	the	
atmosphere	(Abril	et	al.,	2014).

In	 the	 Amazon	 basin,	 most	 studies	 have	 investigated	 only	 the	
spatial	 dynamics	of	BCC	 (Tessler	 et	al.,	 2017)	 or	were	 restricted	 to	
sampling	either	the	river’s	main	channel	and	tributaries	or	the	plume/
estuary	(Ghai	et	al.,	2011;	Satinsky	et	al.,	2015).	In	contrast,	few	stud-
ies	have	considered	both	spatial	and	seasonal	scales	(Doherty	et	al.,	
2017).	Most	importantly,	no	studies	have	evaluated	the	mechanisms	
that	shape	bacterial	community	assemblages	in	floodplain	systems	and	
how	local	communities	are	connected	into	a	regional	metacommunity.

Given	the	importance	of	large	tropical	floodplain	river	systems,	
and	the	key	role	of	bacteria	in	the	degradation	of	the	organic	matter	
and	other	globally	relevant	biogeochemical	cycles,	this	study	aimed	
to:	 (a)	 track	 the	relative	contribution	of	bacterial	dispersal	sources	
into	 a	 sink	 community	 in	 an	 Amazonian	 floodplain	 lake	 (AFL);	 (b)	
investigate	how	the	flood	pulse	changes	environmental	conditions	
and	how	these	changes	in	turn	affect	BCC;	and	(c)	identify	key	taxa	
involved	in	the	major	shifts	in	BCC	throughout	the	hydrological	cycle	
of	an	AFL.	To	accomplish	this,	we	sampled	monthly	between	June	
2015	and	May	2016	in	the	channel	that	formed	the	only	permanent	
surface	connection	between	the	 lake	and	the	main	river.	We	sam-
pled	this	site	because	it	showed	the	microbiota	entering	or	leaving	
the	lake.	We	hypothesised	that	the	flood	pulse	strongly	affects	en-
vironmental	 conditions,	 as	well	 as	 the	 relative	 contribution	of	 the	
different	sources	of	bacteria	to	the	channel.	During	high	water	pe-
riods,	when	water	from	the	Solimões	River	enters	the	lake	through	
the	channel,	we	expected	an	increase	in	bacterial	sources	from	the	
river	 and	 a	 decrease	 in	 contribution	 from	 other	 sources,	 while	 in	
drier	conditions	when	river	discharge	is	lower,	waters	from	the	local	
upland	drainage	basin	and	from	the	channel’s	previous	community	
were	expected	to	be	the	main	contributors	to	BCC.
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2  | METHODS

2.1 | Study area and sampling

Lake	Janauacá	(3°23′	S;	60°18′	W;	altitude	32	m)	is	an	AFL	located	
40	km	 southeast	 of	Manaus,	 in	 the	middle	 of	 the	Amazon	 basin	
(Figure	1).	With	 a	 local	watershed	 area	 of	 770	km2 and a flood-
able	area	ranging	between	23	km2	at	low	water	to	390	km2	at	high	
water	(Pinel	et	al.,	2015).	The	lake	is	located	along	the	south	mar-
gin	of	the	Solimões	River	and	is	permanently	connected	to	it	by	a	
12-	km-	long	channel.	The	channel	is	the	main	connection	(ground	
water	is	another	less	important	permanent	connection)	and	water-	
exchange	path	between	lake	and	river	during	most	of	the	year.	The	
exceptions	are	high-	water	periods	(May–August),	when	other	con-
nections	are	established	along	the	riverbank	in	the	northern	part	
of	the	lake	(open	lake—northern	area).	The	southernmost	portion	
of	the	lake	is	characterised	by	a	dendritic	shape	(Figure	1),	which	
drains	predominantly	upland	forests	and	agricultural	areas.	In	the	
northern	part,	there	is	a	larger	portion	forming	a	large	open	water	
lake	 (Figure	1),	 with	 strong	 influence	 from	 the	 river	 during	 high	
water	periods,	as	the	river	floods	into	the	lake.	This	portion	is	also	
dominated	by	herbaceous	macrophytes	and	the	dominant	species	
vary	throughout	the	year.

Subsurface	(50	cm)	water	samples	were	collected	monthly	at	the	
channel	site	(Figure	1)	between	June	2015	and	May	2016,	covering	
a	full	hydrological	cycle	(totaling	nine	field	campaigns—with	gaps	in	
the	monthly	 sampling	only	 in	November	and	December	2015	and	
April	2016;	Figure	2).	We	chose	this	channel	sampling	site	to	address	
questions	about	 the	seasonal	dynamics	 in	BCC	and	environmental	

drivers	(species	sorting).	To	track	the	sources	of	microorganisms	dis-
persing	to	the	sink	community	(channel)	we	sampled	the	BCC	at	four	
additional	sites	(in	campaigns	4,	6,	7	and	9;	Supporting	Information	
Table	S1):	(a)	open	lake,	a	site	located	in	the	northern	region	of	the	
floodplain	lake	that	is	influenced	by	the	Solimões	River;	(b)	drainage	
basin,	a	 site	 located	 in	 the	southern	portion	of	 the	 lake	 that	 is	 in-
fluenced	by	a	forest	stream	receiving	black	and	clear	waters	 (Sioli,	
1984);	(c)	macrophyte	banks	located	near	the	margin	of	the	basin	in	
a	wind	protected	area;	and	(d)	Solimões	River,	the	river	mainstream	
(Figure	1).

The	study	period	included	an	extreme	high-	water	period	(start-
ing	in	June	2015;	Figure	2)	that	was	followed	by	an	atypically	dry	pe-
riod	in	November	and	December	2015	(the	latter	not	covered	in	the	
present	study).	During	this	period,	the	lake	was	reduced	to	a	draining	
channel,	and	it	was	not	possible	to	sample	some	of	the	sites	because	
they	had	dried	out	 (see	 satellite	 images	of	high	and	 low	waters	 in	
Supporting	Information	Figure	S1).

2.2 | Environmental variables, DNA extraction and 
purification

Water	temperature	and	electrical	conductivity	were	measured	using	
a	CTD	profiler	(CastAway;	SonTek,	San	Diego,	CA,	USA)	sampling	at	
4	Hz	with	data	reported	at	0.3	m	intervals.	Other	physical	variables	
such	as	pH	and	dissolved	oxygen	(DO)	were	determined	using	spe-
cific	probes	(YSI	ProODO,	Yellow	Springs,	OH,	USA).	Water	trans-
parency	was	determined	with	a	Secchi	disc.	Water	sampling	and	in	
situ	measurements	were	 taken	 in	 the	morning	 (between	9	and	12	
a.m.).	Water	level	was	noted	twice	a	day	by	local	residents	using	a	

F IGURE  1 Map	of	the	study	area	Lake	Janauacá	showing	sampling	sites:	open	lake,	drainage	basin,	macrophytes,	channel,	Solimões.	This	
map	represents	the	lake	in	the	high-	water	period
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metric	ruler	fixed	 in	a	series	of	wood	frames	distributed	along	the	
channel	banks.

Samples	 for	 chemical	 analyses	 were	 stored	 in	 clean	 insulated	
flasks	kept	in	thermal	boxes	until	processing	(for	a	maximum	of	4	hr).	
Water	for	chlorophyll-	a	(Chl-	a)	was	filtered	through	Whatman®	GF/F	
filters	using	a	vacuum	pump	and	the	filters	were	frozen	and	stored	
in	 the	dark	until	analysis.	Chl-	a	was	determined	spectrophotomet-
rically,	 following	 filter	 maceration	 and	 extraction	 in	 90%	 acetone	
(Wetzel	&	Likens,	2000).	For	TSS.	we	weighed	the	filters	(Millipore® 
0.45	μm	pore	size)	before	and	after	filtration,	once	dried	at	60°C,	and	
used	the	subtracted	value	(in	mg)	per	litre	of	water	volume	filtered.

For	 BCC,	 lake	 water	 was	 filtered	 sequentially	 though	 3	μm 
(Whatman®	 Nucleopore,	 UK;	 particle-	attached	 fraction—PA)	 and	
0.2 μm	pore-	size,	 47	mm	 diameter	 (Millipore®	 Isopore,	 USA;	 free-	
living	 fraction—FL)	and	DNA	samples	were	stored	at	−20°C	 in	 the	
field	station	and	subsequently	at	−80°C	in	the	laboratory.	Total	DNA	
was	 extracted	 directly	 from	 the	 filters	 using	 phenol–chloroform	
extraction	 followed	by	purification	 in	Amicon	 columns	 (Millipore® 
100KDa/100.000MWCO).	We	were	not	able	to	extract	high-	quality	
DNA	from	our	samples	with	the	widely	used	MoBio	PowerSoil	DNA	
isolation	kit	(MO	BIO	Laboratories,	Inc,	Carlsbad,	CA,	USA),	proba-
bly	because	of	the	humic-	rich	nature	of	Amazonian	waters.	An	addi-
tional	purification	step	with	10%	cetyl	trimethyl	ammonium	bromide	
(CTAB)	was	carried	out	for	a	few	samples	where	necessary	(samples	
1FL,	4PA)	to	remove	humic	substances	(Schneegurt,	Dore,	&	Kulpa,	
2003),	when	 the	extract	was	not	 susceptible	 to	polymerase	 chain	
reaction	(PCR)	amplification.

2.3 | DNA amplification and sequencing

The	V3/V4	region	of	the	16rRNA	gene	was	amplified	with	the	bac-
terial	 primers	 341F	 (5′-	CCTACGGGNGGCWGCAG-	3′)	 and	 805R	
(5′-	GACT	 ACHVGGGTATCTAATCC-	3′)	 (Herlemann	 et	al.,	 2011).	
PCRs	were	performed	twice	 in	a	25	μl	 reaction	volume	containing	
12.5	μl	of	KAPA	High-	fidelity	Hotstart	ready	mix	(KAPA	Biosystems,	
Boston,	 MA,	 USA),	 0.3	μM	 of	 each	 primer	 (forward	 and	 reverse),	
10 μl	of	PCR-	grade	water,	and	10	ng	of	DNA.	Reactions	were	started	
with	an	initial	step	of	95°C	for	3	min,	followed	by	25	cycles	of	98°C	
for	20	s,	62°C	for	15	s,	72°C	for	15	s	and	finally	72°C	for	60	s.

Subsequently,	PCR	products	were	purified	with	magnetic	beads	
AMPURE	XP	kit	(Beckman	Coulter)	and	indexed	with	Nextera	XT	kit	
V2	(Illumina,	Inc,	San	Diego,	CA,	USA).	An	additional	step	of	purifi-
cation	with	magnetic	beads	was	performed,	 and	 then	a	 combined	
pool	was	prepared	by	mixing	5	μl	from	each	library.	High-	throughput	
sequencing	was	 performed	 on	 an	 Illumina	Miseq2000	 instrument	
(Laboratório	 Multiusuário	 Centralizado	 para	 Sequenciamento	 de	
DNA	em	Larga	Escala	e	Análise	de	Expressão	Gênica,	Univerdade	
Estadual	Paulista,	 Jaboticabal,	SP,	Brazil).	All	 sequences	were	sub-
mitted	 to	 the	 BioSample	 database	 (https://www.ncbi.nlm.nih.gov/
sra/SRP127556).

2.4 | Sequence processing and exploratory analyses

We	performed	 the	 quality	 filtering,	 denoising	 and	 removal	 of	 po-
tential	chimeras	and	non-	bacterial	sequences	using	UPARSE	(Edgar,	
2013)	in	a	previously	implemented	pipeline	(Logares,	2017;	Logares	
et	al.,	 2014).	 Paired-	end	 reads	 were	 merged	 with	 PEAR	 (Zhang,	
Kobert,	 Flouri,	 &	 Stamatakis,	 2014).	 All	 sequences	 shorter	 than	
100	bp	(base	pairs)	were	discarded	and	the	full-	length	dereplication	
was	carried	out	with	USEARCH.	Merged	sequences	were	clustered	
into	operational	taxonomic	units	using	UPARSE,	applying	a	thresh-
old	of	97%	 identity	 (Quast	et	al.,	 2012).	Chimeric	 sequences	were	
filtered	out	with	USEARCH	(Edgar,	2010).	Taxonomic	classification	
was	done	with	BLASTn	against	SILVA	119.1	 (Zhang	&	Fang,	2000)	
with	at	least	75%	of	similarity.	For	further	analyses,	all	chloroplasts	
and	Archaea	sequences	were	removed	and	to	enable	comparisons	
between	samples,	 the	OTU	table	was	 randomly	subsampled	 (rare-
fied)	based	on	 the	sample	with	 the	 least	number	of	 reads	 (10,341	
sequences).	Then,	we	calculated	the	relative	abundance	by	dividing	
the	number	of	reads	of	each	OTU	by	the	total	number	of	reads	 in	
each	rarefied	sample	(10,341).

To	assess	the	effect	of	environmental	variables	(log	transformed)	
on	 channel	BCC	we	used	 the	 distance-	based	 redundancy	 analysis	
(dbRDA)	 based	 on	 Bray–Curtis	 dissimilarity	 measure.	 Hypotheses	
about	differences	in	the	structure	of	bacterial	communities	between	
FL	and	PA	and	among	seasons	were	evaluated	using	permutational	
multivariate	analysis	of	variance	(PERMANOVA)	and	the	results	vi-
sualised	using	ordination	(non-	metric	multidimensional	scaling).

All	 data	 analyses	 were	 carried	 out	 in	 R	 version	 3.3.3	 (R	 Core	
Team,	 2016)	 using	 the	 R	 package	 vegan	 (Oksanen	 et	al.,	 2015).	
Figures	were	drawn	using	the	package	ggplot2	(Wickham,	2009).

F IGURE  2 Dashed	line	shows	the	historical	water	level	(m)	
based	on	44	years	of	daily	records	for	the	Solimões	River	at	the	
Manacapuru	gauging	station.	Solid	line	represents	mean	monthly	
water	levels	from	May	2015	to	June	2016.	Numbers	indicate	
campaigns	that	took	place	in	different	periods	of	the	flood	pulse,	
grouped	as:	high	(Campaigns	C1,	C2),	falling	(C3,	C4,	C5)	and	rising	
(C6,	C7,	C8,	C9)	water	periods.	Source:	Brazilian	National	Agency	of	
Waters	(http://www.snirh.gov.br/hidroweb/)

https://www.ncbi.nlm.nih.gov/sra/SRP127556
https://www.ncbi.nlm.nih.gov/sra/SRP127556
http://www.snirh.gov.br/hidroweb/
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2.5 | Identifying the sources of dispersing bacterial

To	 identify	and	determine	 the	contribution	of	a	 set	of	 sources	 to	
the	bacterial	community	 in	 the	channel	 (sink)	we	used	a	Bayesian	
approach.	 Analyses	 were	 conducted	 in	 SourceTracker	 0.9.5	 soft-
ware	with	MacQIIME	(version	1.9.1,	Knights	et	al.,	2011).	For	each	
campaign,	we	ran	a	different	model	with	a	specific	set	of	sinks	and	
sources,	considering	also	the	size	fraction	(FL	and	PA),	resulting	in	
four	models:	FL	fraction	in	falling	(campaign	4—model	1)	and	rising	
waters	(campaigns	6,	7	and	9,	models	2,	3	and	4,	respectively).	The	
same	procedure	was	used	for	the	PA	size	fraction:	PA	fraction	in	fall-
ing	(campaign	4—model	1)	and	rising	waters	(campaigns	6,	7	and	9,	
models	2,	3	and	4,	respectively).	For	all	models	(FL	and	PA),	the	sink	
was	always	the	bacterial	community	in	the	channel	and	the	potential	
sources	were:	 the	 resident	communities	 sampled	at	 the	 same	site	
during	the	preceding	campaign	(e.g.	for	campaign	4,	the	preceding	
community	was	that	collected	during	campaign	3),	or	bacterial	com-
munities	sampled	in	macrophyte	banks	(ma),	open	lake	(la),	drainage	
basin	(ba),	Solimões	River	(sol)	or	unknown	sources.

2.6 | Differences in BCC between seasons

A	group	significance	test	was	used	to	compare	the	number	of	reads	
of	various	taxonomic	levels	in	sample	groups	and	to	check	whether	
they	were	 significantly	different	 (Kropf,	Heuer,	Grüning,	&	Smalla,	
2004).	 The	 tests	 were	 performed	 in	 MacQiime	 (script	 group_sig-
nificance.py—http://qiime.org/scripts/group_significance.html)	
using	rarefied	tables	to	compare	all	taxonomic	levels	(Phylum,	Class,	
Order,	Family	and	Genus)	between	fractions	(PA	and	FL)	and	among	
seasons	(high,	falling	and	rising	waters)	 in	channel	samples.	Firstly,	
we	removed	taxa	that	were	not	present	in	at	least	10%	of	our	sam-
ples.	Subsequently,	 the	group	significance	test	showed	which	taxa	
were	differentially	represented	 in	each	group	based	on	a	Kruskal–
Wallis	test,	and	calculated	a	p	value	corrected	(using	the	Benjamini-	
Hochberg	false	discovery	rate	procedure)	for	multiple	comparisons.	
We	considered	p-	values	≤	0.1	as	significantly	different.	We	did	not	
consider	unclassified	taxa	in	this	analysis.

3  | RESULTS

3.1 | Tracking sources of bacteria during the flood 
pulse

The	sampling	design	had	a	good	coverage	of	the	possible	sources	of	
dispersal	to	the	bacterial	communities	observed	in	the	channel,	as	the	
proportion	of	unknown	sources	was	low,	averaging	<7.5%	(excepting	
model	1—PA	 fraction	with	16.7%	 from	unknown	 sources).	Bacterial	
dispersal	sources,	as	well	as	their	contributions	to	the	sink	communi-
ties	varied	according	to	the	size	fraction	and	season	(Table	1,	Figure	3).

The	 sources	 for	 the	 BCC	 observed	 at	 the	 Lake	 channel	 were	
more	 diverse	 during	 the	 falling	water	 period	 (campaign	 4)	 than	 in	
other	periods.	The	lowest	source-	diversity	was	registered	during	the	
rising	water	period.

During	the	falling	water	period,	the	drainage	basin	had	the	larg-
est	 contribution	 to	BCC	 in	both	PA	and	FL,	 followed	by	 the	open	
lake.	The	previous	community	and	Solimões	River	were	 important	
sources	for	PA	but	not	FL	communities	(Table	1),	whereas	during	the	
rising	water	period	(campaigns	6,	7	and	9),	we	observed	only	a	few	
dominant	sources.	Firstly,	the	contribution	from	Solimões	River	in-
creased	for	both	PA	and	FL.	In	contrast,	open	lake,	macrophytes	and	
drainage	basin	communities	had	no	or	very	low	contributions	to	the	
sink	for	both	PA	and	FL.	The	contribution	of	the	previous	community	
was	especially	high	in	campaign	7.

3.2 | Environmental variables and their relationship 
with bacterial communities

The	 flood	 pulse	 clearly	 affected	 the	 physical	 and	 chemical	 proper-
ties	 of	 the	 channel	 water	 (Supporting	 Information	 Table	 S2).	 The	
high-	water	period	was	characterised	by	increased	water	level	and	de-
creased	DO	(average	of	1.76	mg/L).	During	this	period,	we	registered	
low	 concentrations	 of	 TSS,	 intermediate	Chl-	a	 concentrations	 (3.73	
and	16.2	μg/L,	compared	with	the	maximum	and	minimum	65.26	and	
0.90 μg/L,	respectively;	Supporting	Information	Table	S2)	and	higher	
water	 transparency	 (Secchi	depth	>	1	m)	compared	 to	 the	other	pe-
riods	 investigated.	During	the	falling	water	period,	Chl-	a	concentra-
tion	 reached	 the	 annual	 maximum	 value	 (65.26	μg/L)	 in	 our	 study.	
Consequently,	 DO	 concentrations	 increased	 slowly	 from	 campaign	
4	to	reach	a	maximum	value	at	the	end	of	the	season	 (campaign	5).	
During	the	rising	water,	conductivity	and	TSS	increased	to	values	rang-
ing	between	48.7	and	72.1	μS/cm	and	102	to	162	mg/L,	respectively.	
In	 contrast,	 water	 transparency	 and	 Chl-	a	 concentrations	 reached	
their	 lowest	 annual	 values	 during	 this	 period	 (average	 Secchi	 disk	
depth	of	14	cm	and	Chl-	a c.	2.5	μg/L).	DO	concentrations	decreased	
again	towards	the	end	of	the	rising	water	period	(campaigns	8	and	9).

The	 dbRDA	model	with	 temperature,	 pH,	DO,	 Chl-	a, conduc-
tivity,	Secchi	and	water	level	(Figure	4,	note	that	TSS	was	excluded	
because	it	was	correlated	with	conductivity)	explained	72%	of	the	
variation	 in	 channel	 BCC	 for	 all	 campaigns	 and	 size	 fractions	 (all	
seven	axes,	constrained	proportion	=	0.72)	in	the	channel	site.	Most	
variation	was	explained	by	the	first	and	second	axes	(CAP1	=	35.5%;	
CAP2	=	15.6%).	 Campaigns	 1,	 2	 and	 3	 (both	 PA	 and	 FL)	 were	
grouped	 together	 and	 were	 associated	 with	 lower	 temperatures	
and	high-	water	level	(Figure	4).	At	the	beginning	of	the	falling	water	
period	 (campaign	3),	an	 inverse	relationship	with	 low	DO	concen-
trations	was	observed.	Campaigns	4	and	5	were	grouped	together	
and	were	positively	related	with	transparency	and	Chl-	a	concentra-
tions.	During	early	rising	water,	campaigns	6	and	7	were	positively	
associated	with	DO	concentrations	and	high	temperatures.	Samples	
from	the	end	of	the	rising	waters	 (campaigns	8	and	9),	were	posi-
tively	related	with	pH,	conductivity,	DO	and	low	transparency.

3.3 | Features of Amazonian bacterioplankton

BCC	in	the	channel	varied	throughout	the	year,	with	a	clear	seasonal	
pattern	 partitioning	 the	 communities	 into	 three	 different	 groups	

http://qiime.org/scripts/group_significance.html
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(Figure	5).	These	groups	were	high	water	(campaigns	1	and	2),	fall-
ing	water	(campaigns	3–5)	and	rising	water	periods	(campaigns	6–9;	
Figures	2	and	5).	 In	contrast,	BCC	in	FL	and	PA	fractions	were	not	
separated	in	the	non-	metric	multidimensional	scaling	bidimensional	
plot	 (Figure	5).	 This	 was	 confirmed	 by	 the	 PERMANOVA	 analy-
sis,	where	seasons	were	strongly	associated	with	patterns	 in	BCC,	

explaining	45%	of	the	variation	(R2	=	0.45,	p ≤ 0.001),	but	size	frac-
tions	(FL	versus	PA)	did	not	differ.

Few	differences	were	 observed	 between	FL	 and	PA	 fractions,	
but	there	were	clear	seasonal	patterns	for	several	phyla	(Figure	6).	
Phyla	 Actinobacteria,	 Proteobacteria	 (classes	 Alpha-	,	 Beta-	,	
Gammaproteobacteria),	 Planctomycetes	 and	 Cyanobacteria	 had	

Model Season Sources

Sink: channel FL Sink: channel PA

Contribution (%) Contribution (%)

1 Falling	4 Previous	PA 0.3 10.3

Previous	FL 0.2 8.8

Drainage	basin	PA 8.9 23.6

Drainage	basin	FL 49.8 0.7

Open	lake	PA 2.7 9.8

Open	lake	FL 25.5 9.0

Macrophytes	PA 4.0 0.0

Macrophytes	FL 0.0 3.8

Solimões	PA 0.2 12.7

Solimões	FL 3.9 4.9

Unknown 4.6 16.7

2 Rising	6 Previous	PA 10.7 11.1

Previous	FL 0.0 0.3

Macrophytes	PA 0.0 0.0

Macrophytes	FL 0.2 0.1

Solimões	PA 52.8 60.5

Solimões	FL 29.9 21.7

Unknown 6.5 6.4

3 Rising	7 Previous	PA 23.7 42.6

Previous	FL 14.3 28.2

Drainage	basin	PA 0.0 0.0

Drainage	basin	FL 6.1 0.6

Open	lake	PA 0.0 0.0

Open	lake	FL 0.0 0.0

Macrophytes	PA 0.0 0.0

Macrophytes	FL 0.0 0.0

Solimões	PA 48.7 24.3

Solimões	FL 0.0 0.0

Unknown 7.2 4.3

4 Rising	9 Previous	PA 5.8 8.6

Previous	FL 14.5 24.4

Drainage	basin	PA 0.0 0.1

Drainage	basin	FL 0.0 0.0

Open	lake	PA 0.0 0.0

Open	lake	FL 0.0 0.0

Macrophytes	PA 0.1 0.4

Solimões	PA 20.3 14.6

Solimões	FL 55.3 44.7

Unknown 3.9 7.4

TABLE  1 Results	from	Source-	Tracker	
analysis	showing	the	contribution	of	
different	sources	to	the	sink	(channel	
community)	in	both	size	fractions	
(free-	living	[FL]	and	particle-	attached	[PA])	
across	four	campaigns	(falling	4,	rising	6,	7	
and	9)
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the	 highest	 relative	 abundances	 on	 all	 campaigns,	 accounting	 for	
at	 least	 75%	 of	 the	 total	 community	 (Figure	6).	 Other	 phyla	 such	
as	 Chloroflexi,	 Verrucomicrobia,	 Acidobacteria,	 Bacteriodetes	 and	
Parcubacteria	 fluctuated	 seasonally.	 Saccharibacteria,	 Firmicutes,	
Armatimonadetes,	 Gemmatimonadetes	 and	 Chlorobi	 had	 relative	
abundances	typically	ranging	from	0.1	to	1%.

PA	and	FL	fractions	did	not	differ	in	taxonomic	composition	(as	
also	pointed	out	 in	the	community	analyses).	However,	there	were	
seasonal	 differences	 for	 both	 fractions	 for	 all	 taxonomic	 levels	

(phylum,	class,	order,	family	and	genus;	Supporting	Information	Table	
S3).	We	 found	 two	main	 patterns:	 (a)	 Taxa	with	 significant	 differ-
ences	 for	more	 than	one	 taxonomic	 level	due	 to	 their	dominance.	
For	 example,	Synechococcus	was	 an	 overrepresented	 genus	 in	 our	
samples,	especially	during	the	falling	water	period.	This	pattern	was	
also	 reflected	at	other	 levels—family I, order Subsection I,	 class	and	
phylum	Cyanobacteria.	(b)	Taxa	with	significant	differences	for	only	
one	taxonomic	level.	This	was	the	case	for	the	genus	Planctomyces, 
which	was	overrepresented	in	high	water	but	with	no	significant	dif-
ferences	manifested	at	higher	taxonomic	ranks.	We	found	significant	
differences	in	the	seasonal	pattern	at	different	taxonomic	levels	in	
the	following	phyla:	Cyanobacteria,	Actinobacteria,	Proteobacteria	
(Alpha,	 Beta	 and	 Gamma),	 Planctomycetes,	 Verrucomicrobia,	
Armatimonadetes	and	Chlorobi.

The	 phylum	 Armatimonadetes,	 the	 genus	 Planctomyces, 
classes	 Alphaproteobacteria	 (most	 represented	 by	 the	 family	
Methylocystaceae)	 and	 Gammaproteobacteria	 (most	 represented	
by	 the	 family	 Methylococcales)	 were	 significantly	 overrepre-
sented	at	high	water	(Supporting	Information	Table	S3).	In	contrast,	
Cyanobacteria	 (genus	 Synechococcus and Merismopedia)	 and	
Chlorobi	 were	 significantly	 more	 highly	 represented	 during	 fall-
ing	 water.	 Members	 of	 Verrucomicrobia	 (genus	 Opitutus)	 and	
Betaproteobacteria	 (family	 Comamonadaceae	 were	 significantly	
overrepresented	 during	 rising	 water	 compared	 to	 other	 seasons	
(Supporting	Information	Table	S3).

Overall,	 Actinobacteria	 tended	 to	 be	 the	 phylum	with	 highest	
relative	abundances	across	all	samples,	but	also	increased	during	ris-
ing	water,	mostly	related	to	an	increase	in	the	AcI clade (hgcI). In con-
trast,	 the	 Actinobacteria	 class	 Thermoleophilia	 and	 Acidimicrobiia	
were	overrepresented	during	falling	water.

F IGURE  3 Schematic	illustration	of	Lake	Janauacá	showing	
the	sink	(ch)	and	dispersal	sources.	The	white	arrows	indicate	
the	typical	water	flux	dynamics	in	falling	water	and	the	black	
arrows	in	rising	water	periods.	ba,	drainage	basin;	ch,	channel;	ma,	
macrophytes;	sol,	Solimões;	la,	open	lake

F IGURE  4 Distance-	based	redundancy	analysis	of	operational	
taxonomic	units	in	bacterial	communities	and	environmental	
variables	at	the	channel	site.	Samples	are	identified	with	the	
number	of	the	campaign	and	the	size	fraction,	free-	living	(FL)	and	
particle-	attached	(PA).	DO,	dissolved	oxygen;	cond,	electrical	
conductivity;	temp,	water	temperature;	chl-	a,	chlorophyll-	a; level, 
water	level

F IGURE  5 Two-	dimensional	plot	of	non-	metric	multidimensional	
scaling	(NMDS)	ordination	of	bacterial	operational	taxonomic	units	
in	the	channel.	Symbols	shape	are	indicating	seasons,	high,	falling	
and	rising	water	periods,	and	colours	(grey	and	black)	are	indicating	
the	size	fraction,	free-	living	(FL)	and	particle-	attached	(PA)
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4  | DISCUSSION

We	 evaluated	 the	 mechanisms	 that	 shaped	 BCC	 in	 this	 AFL	 and	
tracked	the	main	dispersal	sources	of	microorganisms,	considering	
the	whole	river–floodplain	system	in	different	phases	of	the	annual	
hydrological	 cycle.	We	 found	 that	different	bacterial	 sources	 con-
tributed	to	the	BCC	over	the	year	and	that	the	importance	of	each	
source	was	 related	 to	 the	 specific	 stage	of	 the	hydrological	 cycle.	
The	changes	triggered	by	the	flood	pulse	shifted	environmental	con-
ditions,	which	in	turn	altered	dispersing	bacterial	communities.

4.1 | Tracking sources of bacteria along the 
flood pulse

A	water	balance	for	the	fluxes	between	the	mainstream	(Solimões	
River)	and	Lake	Janauacá,	 revealed	that	 the	contribution	of	differ-
ent	 water	 inputs	 varied	 seasonally	 with	 contributions	 from	 more	
diverse	 inputs	during	the	rising	water	period	 (Bonnet	et	al.,	2017).	
Considering	 a	 complete	 annual	 cycle,	 the	 Solimões	 River	was	 the	
main	source	of	water	to	the	lake	(c.	87%),	followed	by	upland	water	
from	the	drainage	watershed	(1–9%).	Ground	water	(<1%)	and	direct	
precipitation	 (<5%)	had	 lower	 contributions.	During	 the	 low	water	
and	 early	 rising	 water	 periods,	 local	 waters	 and	 water	 remaining	
from	the	previous	year	were	the	main	components	of	the	lake.	Their	

relative	 contribution	 to	 the	 water	 budget	 decreased	 as	 Solimões	
River	 water	 entered	 the	 lake	 through	 the	 channel	 (Bonnet	 et	al.,	
2017).	 Therefore,	 dispersal	 sources	 were	 expected	 to	 contribute	
differently	 throughout	 the	year	because	of	changes	 in	water	 flow.	
For	bacterial	communities,	our	models	revealed	a	greater	contribu-
tion	from	a	more	diverse	range	of	dispersal	sources	during	the	falling	
water	period.	The	main	explanation	for	this	pattern	is	the	direction	
of	water	flow	during	this	period,	flowing	from	the	southern	portion	
(draining	basin)	to	the	river	through	the	channel.	BCC	from	different	
habitats	located	in	the	watershed	could	be	transported	by	flow	into	
the	channel	and	subsequently	 to	 the	main	 river.	At	 this	 stage,	 the	
lake	was	a	probable	source	of	nutrients,	organic	matter	and	bacterial	
taxa	for	the	river.	When	the	water	was	flowing	in	the	opposite	direc-
tion	with	the	Solimões	feeding	the	lake,	the	main	source	of	water	to	
the	lake	was	the	main	river	and	the	inputs	from	the	local	watershed	
became	less	important.	At	this	stage	we	observed	an	increase	in	the	
contribution	of	Solimões	bacterial	dispersal	sources.

Previous	 studies	 reported	 the	 directional	 structuring	 of	 BCC	
along	the	gradient	of	the	river	continuum,	with	a	 loss	of	abundant	
taxa	 from	headwaters	and	a	decreased	 taxonomic	 richness	down-
stream	(Ruiz-	González,	Niño-	García,	Berggren,	&	del	Giorgio,	2017;	
Ruiz-	González	et	al.,	2015).	Here,	we	found	that	the	flood	pulse	con-
trolled	not	only	the	transport	downstream,	but	also	lateral	exchange	
between	the	main	river	(Solimões)	and	the	associated	floodplain	lake	

F IGURE  6 Average	relative	abundance	(%)	of	the	main	phyla	in	the	channel’s	bacterial	community	in	each	campaign,	1–9	in	free-	
living	(FL)	and	particle-	attached	(PA)	communities.	Note	that	Proteobacteria are divided among Alphaproteobacteria, Betaproteobacteria, 
Deltaproteobacteria, Gammaproteobacteria	and	other	Proteobacteria
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(Janauacá).	 These	 results	 suggest	 that	 all	 systems	 in	 this	 complex	
landscape	 (and	 their	 microbiomes)	 are	 linked	 by	 water	 flows	 and	
driven	 by	 river	 flood-	pulses,	 promoting	 exchange	 and	 dispersal	 at	
least	during	some	periods	of	the	hydrological	cycle.

An	earlier	study	in	two	boreal	lakes	showed	that	the	most	import-
ant	source	of	bacteria	was	the	previous	(resident)	community,	while	
all	other	dispersal	sources	(sediments,	inlets,	the	other	strata	of	the	
lake	and	precipitation)	appeared	 to	have	 limited	 immediate	effects	
on	the	community	(Comte	et	al.,	2017).	These	results	suggested	that	
species	 sorting	was	more	 important	 than	 dispersal	 in	 those	 lakes.	
In	contrast,	we	observed	that	the	previous	community	contributed	
significantly	 as	 a	 source	 only	 during	 rising	water	 (campaigns	 7,	 9).	
Rising	water	led	to	longer	water	residence	time	(Bonnet	et	al.,	2017;	
this	study),	and	this	provided	more	time	for	bacterial	communities	to	
adapt	to	local	conditions	and	persist	in	the	lake,	leading	to	a	higher	
contribution	by	previous	 communities	 as	 a	 source.	With	 increased	
river	discharge	 and	water	 level,	 resident	bacteria	 are	 flushed	 from	
the	system	and	dispersing	bacteria	are	exposed	to	environmental	fil-
tering	by	the	new	local	conditions.

Although	the	proportion	of	unknown	sources	was	very	low,	these	
sources	may	 represent	 soil	 bacteria	 that	 enter	 the	 system	 during	
flooding	 and	 that	 are	 not	 filtered	 by	 species	 sorting	 at	 that	 time.	
Soil	 bacteria	 are	 known	 to	 be	 important	 sources	 for	 downstream	
temperate	aquatic	habitats	 (Crump,	Amaral-	Zettler,	&	Kling,	2012;	
Ruiz-	González	et	al.,	2015).	While	this	topic	has	not	been	explored	in	
tropical	river	systems	and	floodplains,	we	know	that	the	flood	pulse	
is	a	strong	force	in	controlling	the	linkage	between	aquatic	and	ter-
restrial	 systems	 (through	 the	 formation	of	aquatic/terrestrial	 tran-
sition	zones	 (Junk,	Bayley,	&	Sparks,	1989)	and	further	 research	 is	
required	to	fully	describe	this	relationship.

Even	in	periods	with	high	densities	(for	example,	June,	July	and	January),	
macrophytes	were	not	an	important	source	of	dispersal	to	the	bacterial	
community	 in	 the	 channel	 in	 any	 of	 our	models.	 Special	 chemical	 and	
physical	conditions	in	these	microhabitats	create	an	environmental	filter	
that	hinders	the	colonisation	of	non-	adapted	bacterial	taxa.	Additionally,	
there	are	highly	diverse	and	host-	specific	BCC	forming	biofilms	attached	
to	plants	(Crump	&	Koch,	2008;	Pang	et	al.,	2016;	Zhao	et	al.,	2017)	that	
may	be	less	susceptible	to	transport	to	surrounding	waters.

Here,	we	found	that	dispersal	processes	had	a	predominant	role	
in	shaping	BCC	in	the	highly	connected	hydrological	network	of	the	
Lake	 Janauacá.	 Considering	 the	 dynamic	 hydrology	 and	 hydraulic	
flows	in	AFLs	(e.g.	Bonnet	et	al.,	2017;	Lesack	&	Melack,	1995)	and	
that	 the	 flux	 is	not	directional,	a	more	complex	conceptual	 frame-
work	 is	 needed,	where	 the	main	 river	 is	 also	 an	 important	 lateral	
bacterial	source	to	floodplain	systems	and	to	the	exchange	of	micro-
organisms	throughout	the	annual	hydrological	cycle.

4.2 | Seasonal variations in environmental 
conditions and BCC

The	 flood	 pulse	 produces	 changes	 in	 riverine	 systems	 four-	
dimensionally	 (in	 space	 and	 time),	 affecting	 biogeochemical	 cy-
cles,	 productivity,	 animal	 and	 plant	 distributions	 and	 interactions	

(Ferreira,	1997;	Oliveira	&	Calheiros,	2000;	Thomaz,	Bini,	&	Bozelli,	
2007).	Despite	 this	 understanding,	 little	 is	 currently	 known	 about	
how	 bacterioplankton	 responds	 to	 the	 flood	 pulse.	We	 observed	
a	 clear	 seasonal	 pattern	 in	 environmental	 variables	 followed	 by	
changes	in	BCC.	Seasonal	patterns	in	BCC	are	well	documented	in	
some	temperate	aquatic	systems,	where	temperature	appears	to	be	
the	main	force	shaping	BCC	(Poretsky,	Rodriguez-	R,	Luo,	Tsementzi,	
&	 Konstantinidis,	 2014;	 Rösel,	 Allgaier,	 &	 Grossart,	 2012;	 Staley	
et	al.,	 2015).	However,	 few	 comparable	 studies	 have	 been	 carried	
out	in	tropical	systems	(Doherty	et	al.,	2017;	de	Oliveira	&	Margis,	
2015)	so	it	remains	unclear	whether	temperature	is	also	the	driving	
force	there.

The	low	DO	concentration	found	during	the	high-	water	period	is	
related	to	the	flooding	of	large	lateral	areas	and	the	increased	surface	
area		of	aquatic	vegetation	subjected	to	sedimentation,	decomposi-
tion	and	planktonic	respiration	which	reduces	DO	(Devol,	Forsberg,	
Richey,	&	Pimentel,	1995).	Also,	daily	stratification	is	commonly	ob-
served	in	the	Amazon	region	due	to	slight	and	temporary	changes	in	
water	temperature	and	density	(Lewis,	1987;	Sarmento,	2012;	Tundisi	
et	al.,	1984)	that	could	contribute	to	these	low	DO	concentrations.	
These	conditions	may	have	 facilitated	 the	establishment	of	bacte-
ria	belonging	 the	 families	Methylocystaceae	 (Alphaproteobacteria)	
and	Methylococcaceae	 (Gammaproteobacteria).	 Both	 are	 obligate	
methanotrophs	 that	play	an	 important	 role	as	biological	 filters	 for	
methane	 emissions,	 supporting	 high	 rates	 of	 biological	 methane	
oxidation,	as	previously	reported	for	Lake	Janauacá	(Barbosa	et	al.,	
2018).

During	the	falling	water	period,	depth	decreased	and	the	water	
column	 mixed,	 allowing	 nutrient	 remobilisation	 from	 bottom	 wa-
ters	 and	 sediments,	 which	 culminated	 in	 phytoplankton	 prolifera-
tion	and	an	 increase	 in	DO	concentrations	 (rapid	 increase	 in	Chl-	a 
concentrations).	 The	 relative	 abundance	 of	 photoautotrophs	 such	
as	Cyanobacteria	 (e.g.	 genus	Synechococcus and Merismopedia)	 and	
Chlorobi	increased	although	cyanobacteria	are	important	community	
members	in	Lake	Janauacá	all	year	round.

Synechococcus	 was	 amongst	 the	most	 abundant	 genera	 in	 our	
study,	 being	 significantly	 overrepresented	 in	 communities	 during	
falling	water.	This	genus	also	had	high	relative	abundances	in	other	
AFLs	 (Toyama	et	al.,	2017),	but	not	 in	 rivers	 (Doherty	et	al.,	2017;	
Toyama	et	al.,	2017).	High	temperatures	and	the	food-	web	structure	
of	tropical	aquatic	environments	enhance	the	contribution	of	these	
phototrophic	picoplankton	to	primary	production	(Domingues	et	al.,	
2017;	Sarmento,	2012).	This	 is	due	 to	 their	higher	 surface:volume	
ratio	compared	to	larger	phytoplankton	cells,	which	confers	an	ad-
vantage	under	the	oligotrophic	conditions	common	in	Amazon	wa-
ters	(Lewis,	1976).

The	 genus	 Planctomyces	 (phylum	 Planctomycetes)	 also	 fea-
tured	 higher	 relative	 abundances	 during	 the	 falling	 water	 period.	
They	 are	 found	 in	 many	 aquatic	 and	 terrestrial	 environments	
but	 are	 usually	 not	 very	 abundant	 in	 oxic	 freshwater	 ecosystems	
(Newton,	Jones,	Eiler,	McMahon,	&	Bertilsson,	2011).	Members	of	
Planctomycetes	together	with	other	quite	abundant	phyla	found	here	
(Betaproteobacteria,	 Gammaproteobacteria	 and	 Verrucomicrobia)	
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have	 been	 reported	 in	 association	 with	 cyanobacteria	 blooms	 in	
tropical	lakes	(Woodhouse	et	al.,	2016).

During	 the	 rising	water	period	 the	expansion	of	 flooded	areas	
increases	 inputs	 of	 allochthonous	 materials	 from	 the	 river	 and	
surrounding	 areas	 into	 AFLs	 (Melack	 &	 Forsberg,	 2001;	Moreira-	
Turcq	et	al.,	2013).	As	a	consequence,	the	terrestrial	genus	Opitutus 
(Verrucomicrobia)	 probably	 entered	 the	 lake	with	 a	 temporary	 in-
crease	in	relative	abundance.	At	that	moment,	the	high	TSS	concen-
tration	in	the	turbid	Solimões	River	flowing	into	the	lake	had	a	direct	
impact	on	water	transparency,	which	resulted	in	a	drop	in	cyanobac-
teria	and	Chl-	a	concentrations,	also	reported	in	other	AFLs	(Barbosa,	
de	Moraes	Novo,	Melack,	Gastil-	Buhl,	&	Filho,	2010;	Forsberg	et	al.,	
2017).

Although	differences	between	PA	and	FL	fractions	are	commonly	
observed	(Jackson,	Millar,	Payne,	&	Ochs,	2014;	Savio	et	al.,	2015),	
other	 Amazon	 studies	 have	 not	 shown	 such	 differences	 (Doherty	
et	al.,	2017;	Satinsky	et	al.,	2015),	 and	we	did	not	 find	differences	
in	BCC	between	FL	and	PA	size	fractions	here	(supported	by	any	of	
the	statistical	tests	performed).	These	results	could	be	result	from	
the	pore-	size	of	the	filters	used,	which	may	have	been	 inadequate	
to	 separate	 the	 full	 range	 of	 particle	 size	 in	 Amazon	waters.	 The	
concentrations	and	sizes	of	particulate	and	colloidal	organic	matter	
in	Amazon	basin	is	variable	and	depends	on	the	system	and	season	
analyzed	 (Benedetti,	Ranville,	Ponthieu,	&	Pinheiro,	2002;	Hedges	
et	al.,	2000).	For	example,	the	average	concentration	of	fine	particu-
late	organic	matter	(0.1–63	μm)	was	six	times	higher	than	the	coarse	
particulate	 concentrations	 (>63	μm)	 in	 the	 Amazon	 River	 during	 a	
low	water	period	(Hedges	et	al.,	2000).	Here,	we	used	3-	μm mem-
brane	filters	and	we	acknowledge	that	this	may	have	been	too	large	
a	pore-	size	to	separate	smaller	particles	with	bacteria	attached	from	
their	FL	counterparts.	We	did	not	test	other	filter	pore	sizes	here,	
but	we	recommend	their	use	to	investigate	size-	specific	patterns	in	
future	studies.

Overall,	 despite	 growing	 interest	 and	 efforts	 to	 study	 the	
composition	 of	 aquatic	 bacterial	 communities,	 the	 ecology	 and	
function	 of	many	 components	 of	 the	microbiota	 are	 still	 largely	
unknown,	especially	in	structurally	complex	and	inaccessible	sys-
tems	such	as	 the	Amazon.	This	makes	 it	difficult	 to	characterise	
seasonal	 and	 spatial	 patterns	 in	 the	BCC.	 From	our	 results,	 it	 is	
clear	 that	 the	 flood	pulse	 controls	 fluxes	of	water	 and	materials	
and	 environmental	 conditions	 that	 ultimately	 influence	 bacterial	
community	assembly.	 In	our	metacommunity	approach,	dispersal	
processes	were	predominant	and	hydrology	was	the	main	driving	
force	 controlling	 the	 contribution	 of	 different	 bacterial	 sources	
to	 the	 sink	 community	 through	 the	 year.	 Lateral	 exchange	with	
the	main	 river	was	 an	 important	mechanism	 shaping	BCC	 in	 the	
studied	AFL,	 shown	by	 its	 increased	contribution	during	 the	 ris-
ing	water	period.	In	addition,	changes	in	environmental	conditions	
during	 the	 flood	pulse	appeared	 to	determine	 the	successful	es-
tablishment	of	dispersing	bacteria,	which	showed	seasonal	differ-
ences	at	all	taxonomic	levels	(from	phylum	to	genus).	In	conclusion,	
our	 study	 presents	 strong	 evidence	 that	 bacterial	 dispersal	 be-
tween	 local	 communities	 plays	 a	 large	 role	 in	 highly	 connected	

hydrological	 networks	 like	 Amazonian	 floodplain–river	 systems	
and	reinforces	the	need	for	further	studies.
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