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Abstract 

Lake Sentani is a tropical lake in Indonesia, consisting of four interconnected sub-basins of different water depths. While previous 
work has highlighted the impact of catchment composition on biogeochemical processes in Lake Sentani, little is curr entl y known 

about the microbiological c har acteristics across this unique ecosystem. With recent population growth in this historically rural area, 
the anthropogenic impact on Lake Sentani and hence its microbial life is also incr easing. Ther efor e , w e aimed to explore the influence 
of environmental and anthropogenic factors on the microbial diversity of Lake Sentani. Here , w e present a detailed microbiological 
evaluation of Lake Sentani, analyzing 49 different sites across the lake, its tributary rivers and their ri v er mouths to assess di v ersity 
and community structure using 16S rRNA gene sequencing. Our results reveal distinct communities in lake and river sediments, 
supporting the observed geochemical differences. Taxonomic assessment showed the potential impact of anthropogenic pressure 
along the northern, urbanized shore, as ri v er and ri v er mouth samples r ev ealed high a bundances of Bacter oidota, Firmicutes, and 

Cy anobacteria, whic h could be attributed to pollution and eutrophication. In contrast, lake sediment communities were dominated 

by Thermodesulfovibrionia, Methanomethylicia , Bathy ar c haeia, and Thermoplasmata, suggesting sulfate reducing, thermophilic, aci- 
dophilic bacteria and methanogenic ar c haea to play an important role in tropical lake systems. This study pr ovides nov el insights 
into ecological functions of tropical lakes and contributes to the optimization of management str ate gies of Lake Sentani, ensuring its 
holistic pr eserv ation in the futur e. 

Ke yw ords: microbial communities; tropical lake; limnology; surface sediment 
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Introduction 

Living micr oor ganisms r epr esent the most significant pr oportion 

of biodiversity on Earth and play an essential role in biogeochem- 
ical processes across aquatic ecosystems (Tranvik et al. 2009 ).
Micr obial comm unities especiall y contribute to the nutrient ex- 
c hange between terr estrial and aquatic ecosystems . T hey are 
crucial players in the biogeochemical cycling of organic mat- 
ter as well as the biodegradation and biotransformation of pol- 
lutants (Kirchman 2002 , Ruiz-González et al. 2015 ). T hus , mi- 
cr obial comm unities ar e sha ped by their surr ounding envir on- 
ment and r epr esent major indicators for the state and fitness 
of a functioning ecosystem (Lau and Lennon 2012 , Zaghloul 
et al. 2020 ). Understanding the link between ecosystem func- 
tioning and distribution of microbial diversity is therefore cru- 
cial to predict the response of the ecosystem to a changing 
environment. 

Lakes contribute dispr oportionatel y to global elemental cycles 
and support a wide suite of ecological functions (Tranvik et al.
Recei v ed 8 July 2024; revised 16 November 2024; accepted 16 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
009 , Anderson et al. 2020 ). The y re present critical freshwater re-
ources and, especially in rural areas , pla y an important part in
roviding economic and societal stability. 

Climate and anthropogenic impacts are two of the most impor-
ant factors impacting the health of aquatic ecosystems in gen-
r al, and lakes specificall y (P off and Da y 2002 , Paerl et al. 2016 ).
oth factors can dir ectl y or indir ectl y driv e the de v elopment of
ichness and diversity of a local microbiome and significantly af-
ect ho w w ell an ecosystem functions . Human activities , including
and-use changes as well as industrialization, have been shown 

o seriously threaten the structure and function of aquatic lake 
cosystems, resulting in increased nutrient load, algae blooms,
nd er osion e v ents (Sønder gaard and Jeppesen 2007 , Qi et al. 2020 ,
wosu et al. 2023 ). Growing populations surrounding lake water 

ystems can trigger a higher anthropogenic nutrient input to the
ake, decreasing water quality and diminishing biological diversity 
Zan et al. 2012 , Gao et al. 2015 ). The Anthropocene and the global
limate crisis pose new challenges to environmental health,
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articularly in freshwater systems. Evaluating the extent of an-
hr opogenic str essors on lakes, their potential impact on ecosys-
em health and link to evolutionary changes is therefore pivotal. 

About 40% of the lakes on Earth, r epr esenting almost one-third
f global lake surface area, lie within tropical latitudes and within
reas , that ha ve seen rapid changes and increasing levels of ur-
an de v elopment in the last decades (Nilssen 1984 , Escobar et al.
020 , Marcotullio et al. 2021 ). It is well understood that tropical
cosystems ar e differ ent in man y ways fr om those of temper ate
egions . Warm climate ( > 18 ◦C, F eeley and Stroud 2018 ), higher so-
ar radiation, and precipitation rates have essential consequences
or biogeochemical processes in tropical ecosystems (Lewis 1987 ).
he lack of seasonal temperature fluctuations leads to a stable
emper atur e gr adient in the water column that is not disturbed by
hanging surface water temperatures. For instance, annual tem-
er atur es in Jakarta range from 32.5 ◦C to 37.7 ◦C (Maru and Ahmad
014 ). These temper atur e r anges r epr esent optim um conditions
or mesophilic growth over the entire year (Aragno 1981 ), provid-
ng the basis for significant microbial turnover and large biomass
roduction in tropical lake systems. 

The water column in a tropical lake is often stratified with a
ell-mixed oxic surface water (epilimnion) and a denser, some-

imes ano xic, dee p layer (hypolimnion) (Katsev et al. 2009 ). There
s no turnover in the entire water column because of a lack of ma-
or seasonal changes . T he stably stratified water column and the
noxic bottom water provide optimal conditions for undisturbed
edimentation due to a lack of resuspension and bioturbating or-
anisms . T hese unique c har acteristics of tr opical lake systems r e-
ult in lacustrine surface sediments exhibiting great heterogene-
ty regarding their geochemical composition, resulting from geo-
r a phical, hydr ological, and topogr a phical v ariations in the catc h-
ent, and are believed to harbor a distinct microbial community

usceptible to changes in the physicochemical state of lake sed-
ments (Ramsey et al. 2005 , Vuillemin et al. 2017 ). Their unique
 har acteristics make tr opical lakes v ery sensitiv e to incr eases in
utrient supply and susceptible to changes in water quality and
iotic communities in response to eutrophication (Molot et al.
021 ). Tropical lakes are also more likely to lose deep-water oxy-
en, as they are permanently stratified. T hus , to maintain a func-
ioning ecosystem, tropical lakes commonly underlie more strin-
ent legal regulation of organic and nutrient loading than tem-
erate lakes (Kilham and Kilham 1990 , Lewis 2000 , Muvundja et
l. 2009 , Sepulv eda-Jaur egui et al. 2018 ). 

Despite the environmental and socio-economic importance of
ropical aquatic ecosystems, the role of microbial communities,
nd the interaction of microbes within complex aquatic networks
n tropical regions remain limited, especially when compared to
emper ate r egions (Jør gensen 2000 , Humbert et al. 2009 , Ruiz-
onzález et al. 2015 , Amado and Roland 2017 , Meier et al. 2019 ).
imited work in this r esearc h ar ea has focused on biochemical
rocesses at the sediment-water interface (SWI; Steger et al. 2011 )
nd envir onmental c hanges (Saar enheimo 2015 , Wang et al. 2018 ,
an et al. 2020 ). Ho w e v er, onl y a small number of studies have
 v aluated micr obial composition, div ersity, or metabolism in tr op-
cal lake ecosystems, emphasizing major differences to temperate
egions (Humbert et al. 2009 , Tripathi et al. 2012 , Roc helle-Ne wall
t al. 2015 ). Suc h studies ar e necessary to assess how micr obial
omm unities sha pe the structur e and functioning of topical lake
cosystems , e .g., through primary production, nutrient cycling, or
s water quality indicators (Amado et al. 2013 ). Data from such in-
estigations also provide insights how microorganisms contribute
ir ectl y and indir ectl y to ecosystem services in r egions ar ound
r opical lakes, whic h often r el y on these water bodies for food pro-
uction and as a source of w ater, as w ell as r ecr eation (Sterner
t al. 2020 ). 

While bacterial communities in tropical lakes have been
roposed to exhibit general similarities to those in temperate

akes, c har acterized by the frequent identification of Actinobac-
eria, Proteobacteria, and to a lesser extent Bacteroidetes and
yanobacteria (Humbert et al. 2009 , Moguel et al. 2021 ), distinct
iffer ences hav e been observ ed. For example, v ariations in the
omposition of Beta pr oteobacteria wer e r eported by Humbert et
l. ( 2009 ). 

Micr obial comm unities in tr opical lakes ar e sha ped by physico-
hemical conditions in the water column conditions and the sur-
 ounding catc hment. For example, in str atified Lak e Ki vu, which
ontains high concentrations of naturally occurring methane gas
CH 4 ), Cr enarc haeota ar e dominant and belie v ed to play an im-
ortant role in methane production (Llirós et al. 2010 ). Analy-
is of sediments from Lake Towuti (Indonesia) revealed exoge-
ous sources of extracellular DNA related to soils, reworked from
he ferruginous catchment (e.g. Actinobacteria, Verrucomicro-
ia, Acidobacteria), while a very limited number of sequences
rom primary producers (i.e. Cyanobacteria) and high abundances
f Chloroflexi and Planctomycetes suggest substantial degrada-
ion of sinking organic matter and planktonic micr oor ganisms
Vuillemin et al. 2017 ). 

Curr ent lac k of a solid understanding of the role of microbial
omm unities in biogeoc hemical pr ocesses in tr opical lakes hin-
ers efforts to manage and conserve lake ecosystems. As lakes lo-
ated acr oss temper ate latitudes hav e been significantl y affected
y increases in population density and changes in land use in the
atc hment (Le wis 2000 ), the role and impact of such human ac-
ivities need to be the focal point of ongoing and future research
fforts tar geting tr opical lake systems. To fill the gap in knowl-
dge about microbial communities in tropical, lacustrine sedi-
ents and e v aluate the effect of urban de v elopment and land use

r ound tr opical lakes, the micr obial comm unity composition and
iversity in such ecosystems need to be studied in greater detail. 

Lake Sentani and its surrounding catchment, located in Papua
ro vince , Indonesia, represent a good candidate for such an as-
essment. Lake Sentani is c har acterized by its unique sha pe, as
t is divided into four sub-basins, of which three are separated
 y shallo w sills and one b y a narro w natural canal (Sadi 2014 ,
ndrayani et al. 2015a ). The catchment is geologically diverse,
 anging fr om carbonates ov er clastic sediments to igneous and
etamor phic r oc ks (Suw arna and No y a 1995 ). While the southern

hores of the lake are largely rural and only sparsely inhabited,
he inhabited areas around Sentani City and J ay apura have con-
tantl y expanded. Ov er the last decade, annual population gr owth
n J ay a pur a Regency is 2.5% (BPS Kabupaten J ay a pur a 2020 ), es-
ecially in the sub-districts located in the northern part of the

ake (Fig. 1 ), bringing along an increase in anthropogenic pres-
ure and leading to increased nutrient fluxes to the lake (Walukow
t al. 2008 ). Consequently, indicators for eutrophication, such as
 y anobacteria, hav e alr eady been observ ed in Lake Sentani ov er
he last years (Pattiselanno 2013 , Indrayani et al. 2015b ). In ad-
ition, land-use changes in Lake Sentani’s catchment have been
uggested to cause erosion and flooding (Bungkang et al. 2014 , Ko-
ari and Asmaranto 2018 , Mujiati et al. 2021 ). 

Some lakes in Indonesia ar e alr eady facing a massive decline
n water quality, indicated by frequent incidents of mass fish
eaths . For instance , in Lake Maninjau, West Sumatra, mass fish
ills occur fr equentl y. Ther e ar e numer ous fish farms in the lake,
hus adding great amounts of nutrients via feeds and fish feces,
eading to a deterioration of lake water quality and a buildup of
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Figure 1. Lake location and setting. (A) Sampling sites and sub-districts in Lake Sentani. Circles indicate sampling sites . Blue , y ello w, and purple 
indicate ri ver, ri ver mouth, and lake sampling sites, r espectiv el y. The pink areas indicate settlements prior to 2002, and red areas indicate the 
settlement expansion from 2002 to 2017. (B) Population by year in sub-districts surrounding Lake Sentani (BPS Kabupaten Jaya pur a, 2010–2022). 
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hydrogen sulfide and methane in the sediment. Ev entuall y, sud- 
den outbursts of methane release vast quantities of hydrogen sul- 
fide that cause mass fish kills (Hafrijal 2016 , Makmur et al. 2020 ,
Yuniarti et al. 2021 ). Due to the increasing population around Lake 
Sentani, ther e ar e attempts to incr ease the fish farming activities 
in the lake. To anticipate further ecosystem decline, the govern- 
ment of the Republic of Indonesia has selected Lake Sentani as 
one of the fifteen national priority lakes for being managed and 

r estor ed (Per pr es No. 60 2021 ). 
While recent studies have characterized Lake Sentani’s water 

column and sediments from a limnological and geochemical per- 
spective (Nomosatryo et al. 2021 , 2022 ), there are currently no data 
vailable on microbial diversity in the lake. As microbes play an
mportant role in biogeochemical processes, are highly abundant 
n aquatic systems, form the bottom of the food web, and are usu-
ll y v ery susceptible to envir onmental c hanges, they ar e useful
ndicators to assess ecosystem health and function (Paerl et al.
003 , Zhang et al. 2023 ). 

We hypothesize that increases in anthropogenic activity over 
he last decade, particularly along the more populated areas of
he catc hment, dir ectl y or indir ectl y influence micr obial comm u-
ities in Lake Sentani’s habitats and sub-basins. Consequently,
icr obial comm unities r esiding in ar eas closer to human de-
 elopment (e.g. dr aining riv ers and shor e adjacent) may be
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ore impacted by these events and potentially enriched in col-
forms , pathogens , and/or indicators for eutr ophication, suc h as
yanobacteria. Finall y, geological and envir onmental factors, in-
luding water de pth, pro ximity to and runoff from populated ar-
as vs. unpopulated areas are also believed to be driving factors
n sha ping micr obial composition. Although at shallo w er w ater
epths, the SWI is oxic, most of the sediment is anoxic due to
xygen onl y penetr ating the upper fe w mm of sediment (Corzo
t al. 2018 ). Ther efor e, we expect the sediment to be enriched in
naer obic micr oor ganisms. 

To address our hypothesis, we employed genomic, 16S rRNA-
ased analyses to investigate microbial community structure and
iversity in surface sediments across Lake Sentani and from ten
i ver and ri ver mouth locations along the shores of Lake Sentani.

e conducted an indicator species analysis to detect specific mi-
robial taxa associated with certain habitats or areas of the catch-
ent. We also studied distribution patterns of the microbial pop-

lations to understand the niche differentiation potential for mi-
r oor ganisms acr oss the differ ent habitats of Lake Sentani. Using
ioinformatic and statistical tools, we were able to e v aluate the
nvironmental and anthropogenic impact on Lake Sentani micro-
ial communities. 

ite description 

ake Sentani (2.6 ◦S, 140.5 ◦E) is located near J ay a pur a, the ca pital
ity of P a pua Pr o vince , and lies at an ele v ation of 73 m above sea
e v el. T he lake co v ers an ar ea of about 600 km 

2 and is bounded by
he Cyclops Mountains to the north (Tappin 2007 ) and lowlands
o the south. The north side of the lake is dominated by volcanic
r eccia, mafic and ultr amafic r oc ks , and alluvial deposits . In con-
rast, the southern part of the lake is dominated by limestone of
he J ay a pur a formation, siltstone and claystone of the Makat for-

ation, and alluvial deposits ( Fig. SI1.A ) (Suwarna and No y a 1995 ).
Ther e ar e eight administr ativ e sub-districts located in the

atc hment ar ea of Lake Sentani (Fig. 1 A). Most of the sub-districts
ocated in the northern part of the lake have a higher population
han the southern part of the lake (Fig. 1 B). Heram and Sentani
ub-districts are central settlements in the Lake Sentani catch-
ent ar ea. Furthermor e, the Sentani city sub-district along the

orthern shore ( Fig. S1A ) is also one of the centers of sago produc-
ion in the area (the sago palm landscape covers 78 km 

2 around
he Lake Sentani watershed), with se v er al thousand tons total of
tarc h pr oduction e v ery year (Dimar a et al. 2021 ), as sa go is con-
idered one of the local food assets (Sidiq et al. 2021 ). Sa go pr o-
essing facilities (mills) are located on the northern shore of Lake
entani, near Sentani City. 

At least sixteen riv ers dr ain into the lake (Kementrian Lingkun-
an Hidup Republik Indonesia 2011 , Handoko et al. 2014 ). The
ost significant sub-catchment area is the Y ahim River , located

n the north side of the lake. It covers five sub-districts (Depa-
r e, Sentani Bar at also r eferr ed to as W est Sentani, W aibu, Sen-
ani, and a half of Rav enir ar a sub-district) and almost 38% of the
otal catc hment ar ea of Lake Sentani (Fauzi et al. 2014 ). Twelve
ivers come from the Cyclops Mountains on the northern side of
he lake, and four rivers originate from the lowlands in the south.
he Do y o Riv er in the Yahim sub-catc hment is the biggest single
 ater sour ce to the lake , with an a v er a ge disc har ge of 18.98 m 

3 s −1 

Handoko et al. 2014 ). The only outflow of the lake is the J ay afuri
iver on the south-eastern tip of sub-basin 4. 

The lake is irr egularl y sha ped with a ppr oximate dimensions of
8 km (East to West) by 19 km (North to South) and a surface area
f 96.3 km 

2 (Kementrian Lingkungan Hidup Republik Indonesia
011 ). Lake Sentani consists of four separate basins that are char-
cterized by maximum water depths ranging between 12 and 43 m
t the center (own measur ements). Liter atur e v alues r ange fr om
0 (Sadi 2014 ) to 70 m (Indrayani et al. 2015a ). Shallow sills with
 maximum depth of 6 m connect three sub-basins, the fourth
ub-basin is connected via the Simbor o P assa ge, a shallow natu-
al canal ( Fig. SI 1 ). 

The geochemical composition of surface sediment and geo-
 hemical c har acteristics of water column and por e water sedi-
ent in the four different basins were described by Nomosatryo

t al. ( 2021 , 2022) . Ther e ar e differ ences in the v ertical structur e
f the water column between the sub-basins . T he oxycline depth
anges between 25 and 30 m. 

aterial and methods 

ample selection and collection 

urface sediment samples were collected from the upper 3–5 cm
rom 30 locations within Lake Sentani, using Ekman grabs de-
lo y ed from a boat. The depth interval was chosen to cover the
ntire oxygenated part of the sediment (upper few mm) as well as
he uppermost anoxic part. Also, pr e vious r esearc h sho w ed that
eoc hemical gr adients ar e stee pest in this de pth interval, indicat-
ng high microbial activity (Nomosatryo et al. 2021 ). Additional
o the 30 samples from the lake, nine samples were taken from
he river mouth and ten samples from the main rivers that drain
nto the lake (Fig. 1 A), resulting in a total of 49 samples . T he sam-
les wer e tr ansferr ed into 2 ml scr e w ca p micr otubes by using an
septic spatula. Samples were stored at 4 ◦C during sampling and
r ansportation and fr ozen at −20 ◦C upon arrival at the InaCC-LIPI
BRIN) laboratory, Cibinong, Indonesia. 

N A extr action and purifica tion 

he total genomic DN A w as isolated using the FastDNA TM SPIN
it for soil (MP Biomedicals , Eschwege , Germany) following the
anufacturers’ instructions. Briefly, 0.5 g of sediment and 978 μl

f sodium phosphate buffer were added to a scr e w-ca p tube, and
omogenization was performed by vortexing at full speed for
0 min. The tubes were then centrifuged at 14 000 g for 5 min, and
he supernatant was collected. Impurities were precipitated by
dding PPS solution. The cleaned DNA lysate was mixed with 1 ml
f binding solution, and the resulting mixture was passed through
 silica column. Bound DN A w as w ashed with a w ashing solu-
ion containing 70% ethanol and eluted in 80 μl of elution buffer.
N A w as extracted from each sample in duplicates, and two ex-

raction blanks were included for each batch of extractions . T he
uality of the extracted genomic DN A w as assessed visually via
el electr ophor esis, and DNA concentr ations wer e quantified with
he Qubit2 system (Invitrogen, HS-Quant DNA, Waltham, USA). 

N A amplifica tion and Illumina sequencing 

6S rRNA sequence libraries were prepared in duplicate for 49 col-
ected surface sediment samples to assess microbial distribution,
iv ersity, and comm unity composition acr oss the differ ent habi-
ats in Lake Sentani ( Table S1 , Fig. S2 ). Unique combinations of
agged 515F (5 ′ -GTGTGYCAGCMGCCGCGGTAA-3 ′ ) and 806R (5 ′ -
CGGA CTA CNV GGGTWTCTAAT-3 ′ ) primers targeting the V4 re-
ion of the 16S rRNA gene were assigned to each sample, and
he tar geted r egion was amplified using pol ymer ase c hain r eac-
ions (PCR) on a T100 ™ Thermal Cycler (Bio-Rad Laboratories Inc.,
A, USA) in 25 μl r eactions. Eac h r eaction contained 0.125 μl Opti-
aq DNA Pol ymer ase and 2.5 μl 10 × Pol Buffer C (Roboklon GmbH,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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Germany), 1 μl MgCl 2 (25 mM), 1 μl dNTP Mix (5 mM), 16.625 μl PCR 

water, each 0.625 μl of forward and r e v erse primer (20 μM), and 

2.5 μl genomic DN A. DN A w as diluted 100x prior to PCR to mini- 
mize inhibition. The following cycler pr ogr am was used: an initial 
denaturing step for 5 min at 95 ◦C follo w ed b y 35 c ycles of 30 s at
95 ◦C, 30 s at 50 ◦C, and 1 min at 72 ◦C, follo w ed b y a final extension
step for 7 min at 72 ◦C. PCR reactions were performed in duplicates 
for all sample extracts and extraction controls. Negative template 
contr ols wer e included for each PCR run. Resulting barcoded PCR 

pr oducts wer e purified with Agencourt AMPur e XP—PCR purifi- 
cation beads using a 2:1 bead-to-sample r atio (Bec kman Coulter,
Inc., CA, USA). Bead purification was performed for all samples,
including contr ols. DNA concentr ations in eac h cleaned sample 
were assessed using Qubit Technology. Samples were then nor- 
malized according to their concentration and pooled into a single 
sequencing library to a final concentration of 30 nM. The final 16S 
rRN A library w as sequenced on an Illumina MiSeq platform us- 
ing 2 ×300 bp chemistry by Eurofins Genomics Europe Sequencing 
GmbH (Konstanz, Germany). 

Bioinforma tic anal ysis 

The sequencing library was demultiplexed using cutadapt v2.8 
(Martin 2011 ) using the following parameters: -e 0.2 -q 15,15 -m 

150—discard-untrimmed, identifying onl y r ead pairs with corr ect 
barcodes at both ends . T he Amplicon sequence variants (ASVs) 
wer e gener ated using the trimmed reads and the D AD A2 pac ka ge 
v1.18 (Callahan et al. 2016 ) with R v4.0 using the pooled a ppr oac h 

with the following parameters: truncLen = c(240 200), maxN = 0,
rm.phix = TRUE, minLen = 200. Taxonomic assignment was done 
using D AD A2 and the SILVA database v138 (Quast et al. 2013 ). Se- 
quencing data were uploaded to the European Nucleotide Archive 
under the accession number PRJEB43748. 

Data processing and in analysis 

Absolute singletons , doubletons , and all ASVs with a read count 
below 20 were removed from the ASV table . Furthermore , ASVs ,
whic h wer e not classified as bacteria or classified as c hlor oplasts 
or mitoc hondria, wer e also r emov ed fr om the ASV table. Finall y,
the ASV table was manuall y cur ated for potential contamination 

using the negative and positive control sequencing results . T he 
ASV table was subsampled to a sequencing depth of 12 000 se- 
quences for alpha div ersity anal ysis. Species ric hness (S), Shannon 

index (H), Simpson, and Pielou’s e v enness index (J) wer e calculated 

using the Vegan P ac ka ge in R (Oksanen 2015 ). To e v aluate v aria- 
tions across the different sample communities (beta diversity), the 
ASV table was Hellinger transformed, and a m ultiv ariate anal- 
ysis was conducted. Principal coordinate analysis (PCoA) based 

on Bray–Curtis distance was used to visualize the dissimilarity 
of micr obial comm unities between habitats (riv er, riv er mouth,
and lak e). In ad dition, geoc hemical measur ements (Nomosatryo 
et al. 2022 ) were z -score transformed and fitted onto the ordina- 
tion plot of the PCoA as v ectors. Differ ences in micr obial comm u- 
nity structure between habitats were assessed using analysis of 
similarity (ANOSIM). The taxonomic r elativ e abundances acr oss 
samples were visualized through bubble plots using the ggplot2 
pac ka ge . T he Venn dia gr am was cr eated by using the ggVennDi- 
a gr am pac ka ge (Gao et al. 2021 ) to mer ge ASV r eadings in eac h
habitat. 

Indicator species analysis 

To identify microbial taxa specific to certain samples, an indicator 
species analysis was conducted. Samples were grouped by their 
abitat (ri vers, ri ver mouths, lak es), their pro ximity to urban ac-
ivity (urban, rural), a mixture of both (urban rivers, rural lakes,
tc.) and basin (basin 1, 2, 3, or 4, see Fig. 1 A). Group assignments
f all samples are listed in Table S2 . Specialist ASVs were calcu-
ated using the “indval” function in the labdsv package (Roberts 
023 ). Only ASVs with a significant IndVal value (IndVal > 0.8, P <
05) and an ov er all r elativ e abundance of > 0.1% acr oss all samples
to avoid v ery r ar e taxa) were considered good indicators of spe-
ialization for any of the set gr oups. In contr ast, ASVs with high
ncidence ( > 80% of the samples) and high r elativ e abundance ov er
ll sites ( > 0.01%) were considered generalists. 

esults 

a ta gener a tion and sequencing results 

v er all, sequencing gener ated between 12 729 and 292 628 se-
uences (post-trimming and contamination r emov al) per sample,
ith an av er a ge sequencing depth of 132 505 sequences ( Table S1 ).
equencing resulted in the identification of 56 196 different ASVs
cross all samples, of which 89.8% were classified as Bacteria and
0.2% were classified as Archaea. 

ample specific microbial di v ersity 

ssessment of ov er all micr obial div ersity r e v ealed an av er a ge of
854 different detected ASVs per 10 000 sequences and an aver-
 ge e v enness scor e of 0.98 ( Table S1 ) per sample. Our anal ysis
uggested microbial diversity parameters (richness and evenness) 
o be r elativ el y similar acr oss the e v aluated habitats ( Fig. S3 );
o w e v er, minor v ariations wer e observ ed. Micr obial comm uni-
ies across the different river sediment samples were found to
e least diverse ( Fig. S3 , Table S1 ), and differences in the num-
er of ASVs between river samples and the remaining samples
ere detected using analysis of variance (ANOVA) ( Fig. S3 , P = .03).
ichness of river communities ranged between 793 and 1842 ASVs
er 10 000 sequences, with a Shannon Index between 6.50 and
.38 and an e v enness r ange of 0.96–0.98, r espectiv el y. Micr obial
iv ersity measur ements wer e moder atel y higher in riv er mouth
amples than in river samples, ranging between 1246 and 2833
SVs per 10 000 sequences, resulting in a Shannon Index of 6.95–
.85. Micr obial comm unities in the lake sediments wer e c har ac-
erized by the largest range in diversity, with 447–2141 ASVs re-
orted per 10 000 sequences and a Shannon Index of 5.89–7.52. As-
essment of species e v enness suggested micr obial comm unities
n ri vers (0.96–0.98), ri ver mouths (0.98–0.99), and lake sediments
0.97–0.98) to be very similar with respect to the distribution of

icrobial taxa. Comparison of Shannon and Eveness values us- 
ng ANOVA did not r e v eal an y statisticall y significant differ ences
 Fig. S3 , P > .05). Detailed diversity measurements for all habitats,
ocations, and samples are summarized in the supplemental ma- 
erials ( Table S1 ). 

ifferences between habitat 
rdination analysis using Bray–Curtis dissimilarity indices visual- 

zed on a PCoA plot suggested microbial community composition 

o differ across the evaluated habitat types, as three distinct clus-
ers r epr esenting the thr ee sampling locations (riv er, riv er mouth,
nd lake) were observed (Fig. 2 A). Visual clustering was supported
y statistical calculations using analysis of similarity (ANOSIM),
uggesting micr obial comm unities fr om lak e and ri ver sediments
o be significantly different ( P = .001, R = 0.98, Table S2 ). Similarly,
ake sediment communities were also found to differ significantly
r om micr obial populations in river mouth samples ( P = .001,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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Figure 2. PCoA based on Bray–Curtis distances of microbial community structure (A) and Venn diagram (B). Different colors of the square symbol in 
PCoA indicate different habitats and solid arrows represent the environmental parameters as variables of geochemical characteristics. Venn diagram 

expressing the unique and potentially shared ASVs between the ri ver, ri ver mouth, and lake (the total ASV’s of sub-basin 1, channels, 2, 3, and 4). 
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 = 0.67, Table S2 ). Microbial communities in river and river mouth
amples v aried slightl y ( P = .002, R = 0.62, Table S2 ). Visual in-
pection did not suggest an y differ ences among micr obial com-
osition across the lake basins, as no obvious separation between
amples could be observed in the ordination analysis (Fig. 2 A).
o w e v er, ANOSIM calculations emphasized a moderate, but sig-
ificant dissimilarity in microbial community structure between
ub-basin 2 and sub-basin 3 ( P = .026, R = 0.68, Table S2 ) and
mall differences between sub-basins 1 and 3 ( P = .003, R = 0.33,
able S2 ). 

Analysis of shared and unique ASVs across the three main Lake
entani habitats (ri ver, ri ver mouth, lak e) and the four different
ake sub-basins also emphasized differences in microbial rich-
ess among the e v aluated sites and highlighted a gradual shift in

icr obial distribution fr om riv er, to riv er mouth, and lake sam-
les. While 5774 ASVs were exclusively identified in lake sedi-
ents, only 1607 ASVs (8%) were found to be shared across all

hree habitats (Fig. 2 B). River and river mouth shared 2050 ASVs,
hile 5312 ASVs were identified in both river mouth and lake

ediments. Only 383 ASVs (3%) occurred in both river and lake

ediments. 

xygen availability does not significantly affect 
ommunity structuring 

ue to the water depths in the rivers and river mouths being < 2 m,
e assume oxygen can r eac h the sediment surface. To assess the
ffect of oxygen on the micr obial comm unity composition, sam-
les were clustered based on the o xic-ano xic conditions (oxygen
oncentration in bottom waters) in the surface sediment lake and
ight penetration (euphotic zone, 3 x Secchi depth, 9 m) ( Table S2 ,
ig. S4 ). Neither visual separation nor statistical e v aluation using
NOSIM suggested any significant dissimilarity between oxic and
noxic conditions ( Table S2 ). Ne v ertheless, we observ ed a mod-
rate, but insignificant dissimilarity between microbial commu-
ities in the euphotic zone (0–9 m depth) and the anoxic zone
 P = .008, R = 0.50, Table S2 ). 
eneral community composition 

axonomic e v aluation of the collected sediment samples identi-
ed 23 phyla (18 phyla of bacteria and 5 phyla of Archaea) across
ake Sentani’s lake and catchment surface sediment microbial
ommunities (Fig. 3 ). The majority of the samples were domi-
ated by bacteria (53.3%–99.7%), howe v er, lake sediment samples
er e c har acterized by high Archaea abundances (up to 46.7%).
roteobacteria (up to 54.1%), Chloroflexi (up to 19.1%), and Aci-
obacteria (up to 16.6%) were the most abundant bacterial phyla
nd were detected in all three habitats ( Table S3 ). Bacteroidota (up
o 20.2%) and Alpha pr oteobacteria (up to 41.6%) wer e especiall y
bundant in the river and river mouth habitats, whereas sulfate-
 educing taxa Desulfobacter ota (up to 9.5%) and Thermodesul-
ovibrionia (up to 4.5%) wer e particularl y enric hed in lake sedi-

ent samples. Indicator species analysis resulted in the identi-
cation of three ASVs that were identified in more than 80% of
he e v aluated samples with a r elativ e abundance > 0.1%. These
ncluded an uncultured Thermoplasmata archaeon ASV and two
ncultur ed Gamma pr oteobacteria ASV, whic h wer e classified as
ter oidobacter acae ( T able S3 ). T o better understand microbial dis-
ribution patterns across the three habitats, the microbial com-

unity composition was assessed in more detail, particularly at
o w er taxonomic le v els. 

icrobial community of the river sediments 

iver sediment samples were taken from eight different rivers, six
f whic h ar e located acr oss the mor e densel y populated north-
astern shor e ar eas of Sentani City and J ay a pur a. Riv er sediment
amples were especially characterized by high abundances of
lpha pr oteobacteria (up to 41.6%), Gamma pr oteobacteria (up to
8.8%), Bacteroidia (up to 20.2%), and Clostridia (up to 7.1%). 

Closer examination of the taxonomic profiles suggested sev-
r al Alpha pr oteobacteria sub-taxa to be especiall y enric hed in
iver sediments and largely absent from lake samples ( Table
3 ). Sphingomonadaceae (up to 33.9%), including Novosphin-
obium , Xanthobacteraceae (up to 1.4%), and nitrogen-fixing

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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Figure 3. Bubble plot depicting microbial community composition ( > 1%) in analyzed surface sediment samples at the class level is indicated by 
bubble colors based on 16S rRNA gene sequencing results. Associated phyla are indicated by lower case letters and listed on the right. 
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Hyphomicrobiaceae (up to 1.8%) and Rhizobiaceae (up to 0.6%),
were found in all river sediments. Caulobacteraceae (up to 1.0%) 
wer e notabl y pr esent in Sentani City sediments (Do y o and SR6,
Fig. S1B ), while Beijerinckiaceae (up to 0.7%) were identified in 

Sentani City and southern shor e riv ers dr aining into sub-basin 2 
( Fig. S5 ). 
Gamma pr oteobacteria wer e detected acr oss all riv er sedi-
ents. Uncultured Comamonadaceae (up to 12.7%) were found 

n all river sediments except those on the southern shore, with
ydrogenophaga and Acidovorax as dominant genera. Xanthomon- 
daceae (up to 6.5%) and Rhodanobacteraceae (up to 0.6%), in-
luding Lysobacter , Ahniella , and Arenimonas , wer e exclusiv e to

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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orthern shore rivers draining into basins two and three. Nitro-
omonadaceae (up to 3.5%) were present in northeastern shore
ivers and the easternmost riv er dr aining into basin 1 but were
bsent from lake samples. 

Bacter oidia wer e specificall y enric hed in riv er sediments, with
hitinophagaceae (up to 8.3%) and Saprospiraceae (up to 2.2%)
etected in almost all river samples, consisting of ASVs classified
s Terrimonas and Lacibacter (Kämpfer et al. 2011 ). 

Firmicutes taxa were also exclusive to river sediments.
lostridiaceae (up to 5.4%) wer e enric hed in Doyo and southern
hore sediments, while Bacillus were found in northern shore
ivers flowing through Sentani City into sub-basins 2 and 3, and
he southern rivers discharging into these sub-basins. 

Ad ditional ri v er-specific taxa included Chlor oflexi, whic h could
e mor e accur atel y classified as Anaer olinaeae (up to 11.6%),
lanctomycetes of the family Gemmataceae (up to 1.4%), and Aci-
obacteriota of the family Blastocatellaceae (up to 2.2%), all ab-
ent from lake sub-basins (Fig. 3 , Table S3 ). River sediments were
he only habitat where Cyanobacteria (up to 8.0%), Deinococci (up
o 2.7%), methane-oxidizing Methylomirabilia (up to 4.9%), and ar-
haeal Methanobacterium (up to 9.3%) were detected. 

ASV-le v el indicator species analysis identified onl y thr ee ASVs
ith a r elativ e abundance > 0.1% that wer e specificall y associated
ith all river sediments . T hese included one ASV closely related

o Blastocatellaceae, another to Clostridia, and an uncultured
amma pr oteobacteria ASV. Additionall y, fiv e ASVs wer e identi-
ed as specialists for rivers in urban areas on the northern and
astern shores, including a Sphingomonas ASV and an uncultured
mnitrophales ASV ( Table S5 ). In contrast, 36 ASVs were found to
nric h micr obial comm unities in rur al riv ers, including ASVs sim-
lar to Vicinamibacter, Chitinophagaceae, Clostridium , Xanthobac-
eraceae, Chthoniobacter , and Anaerolineaceae ( Table S5 ). 

In summary, river sediment communities were characterized
y a high abundance of Alpha- and Gamma pr oteobacteria, with
irmicutes and Bacteroidetes particularly present at selected sites
long the northern shor e. Location-driv en differ ences wer e fur-
her highlighted by less frequent taxa, such as Cyanobacteria,
hic h wer e detected in onl y one sample. 

noxic conditions shape lake sediment 
ommunities 

ake sediment samples exhibited distinct microbial community
r ofiles, c har acterized by anaerobic and autotrophic microorgan-

sms, differing fr om riv er sediments particularl y at lo w er tax-
nomic le v els. Lake comm unities featur ed high abundances of
ulfate-r educing Desulfobacter ota (up to 9.0%), acidophilic Eur-
 ar chaeota (up to 4.9%), and greater archaeal diversity compared
o river and river mouth habitats. Indicator species analysis iden-
ified 61 ASVs specifically associated with lake sediments, though
one were unique to rural or urban lake sediments ( Table S5 ). 

T hermodesulfo vibrionia (up to 4.5%) and Delta pr oteobac-
erium Candidatus Sva0485 (up to 13.9%) were especially enriched
nd could be identified in almost e v ery single sample across sub-
asins 1, 2, and 3 and in the majority of samples from basin 4

Fig. 3 , Table S3 ). Both groups include known sulfate-reducing mi-
r oor ganism. Indicators Species analysis suggested three Sva0485
SVs to be lake sediment specialists ( Table S3 ). Sub-basin 4 com-
 unities wer e also c har acterized by the fr equent detection of Phy-

isphaerae (up to 3.7%), which are usually associated with marine
nvironments (Youssef et al. 2015 ). Anaerobic Latescibacterota
andidatus taxa P9 ×2b3D02 sequences were detected across all
ake sub-basins (up to 7.4%). 
In contrast to river sediments, almost no Alphaproteobacteria
ere detected in lake sediments, and Gammaproteobacteria sig-
atur es wer e less div erse. We specificall y identified ASVs asso-
iated with thermophilic, potentially autotrophic and hydrogen
tilizing Hydrogenophilaeceae and Rhodocyclaceae [especially in
ub-basins 3 (up to 3.7% and 4.7%, r espectiv el y) and 1 (up to
.4% and 4.6%, r espectiv el y) and methane oxidizing Methylococ-
aceae (up to 0.5%)]. Sequences closely related to the faculta-
iv el y autotr ophic sulfur and hydrogen oxidizer Sulfurisoma (up to
%) were detected in a limited number of sub-basin 1 samples
nd almost all sub-basin 3 lake sediments. Even more than the
ther two habitats, lake sediments were characterized by Chlo-
 oflexi, specificall y by Anaerolineae (as the case in river and river
outh sediments) and Dehalococcoidia. Se v en ASVs classified as
naer olineae wer e determined as lak e specialists. Ad ditionally,
equences classified as Aminicenantia, a r ecentl y pr oposed Can-
idatus class fr equentl y observ ed in v arious subsurface marine
nd non-marine low-oxygen en vironments , were detected in most
ake sediment samples across all four basins (up to 6.0%, Table S3 ).
hermoanaerobaculum (up to 0.5%) was notably identified in all sub-
asin 2 samples but was found only sporadically across the re-
aining habitats. 
As stated abo ve , microbial communities in lake sediments dis-

inguished themselves from those of the rivers and river mouths
pecifically by greater archaeal diversity and abundances. Lake
ediments were especially enriched in Bathy ar chaeia (up to 17.6%)
nd Methanomethylicia (up to 5.1%) (both Cr enarc heota) and Ther-
oplasmata (up to 23.0%) (Fig. 3 ). ASVs belonging to all three of

hose taxa were considered lake sediment specialists ( Table S5 ).
n addition, Thermococci (up to 4.4%) and Nanoarchaeia (up to
.3%) were identified in several samples, mostly in sub-basins 2
nd 4. Unlike in the river sediments, no Methanobacterium signa-
ur es wer e detected. 

One sediment sample was collected from the Simporo chan-
el connecting basins 1 and 2. The micr obial comm unity com-
osition in this sample was similar to those identified across the
ther lake samples but lacked some of the methanogenic and
ulfate r educing taxa, particularl y T hermodesulfo vibrionia and
ethanomethyclicia . In contrast to the remaining parts of the lake,
 hannel sediments lac ked Vicinamibacteria or Aminicenantes
ignatur es, but wer e c har acterized by high r elativ e abundances
f Bathy ar chaeia (17.6%) and Nanoaer chaeia (3.4%). 

ybrid ri v er mouth comm unities 

valuation of river mouth (RM) sediments revealed dynamic mi-
r obial comm unities influenced by both riv er and lake habitats,
epending on the location. A small number of microbial taxa were
pecificall y enric hed in riv er mouth sediments, and six differ ent
SVs were identified as indicators for RM communities ( Table S5 ).
otabl y, the halor espiring, facultativ e anaer obic Anaerom yxobacter

up to 2.1%) and the thermophilic anaerobic taxon Geothermobacter
up to 2.1%) were identified. Deferrisoma (up to 0.7%), another ther-

ophilic taxon often associated with hydrothermal vents, was de-
ected in the majority of river mouth samples but was absent on
he southern shore and in river mouths or sediments of the out-
ow. 

In contr ast, methylotr ophic Candidatus Methanomethylicus (up
o 5.1%) and Latescibacteraceae (up to 8.2%), both of which
er e fr equentl y and abundantl y detected acr oss lake sediments,
er e onl y detected in river mouth sediments on the southern

hore and sediments from the J ay efuri (alternative spelling: J ai-
uri) river at the outflow ( Figs S1B and S6A ). Similarl y, arc haeal
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Thermoplasmata and Bathy ar chaeia w ere abundant in river 
mouth samples from the same locations . T hermoplasmata were 
also detected in the sediments of one northern shor e riv er mouth 

sediments (River 4 draining into sub-basin 4). 
The ubiquitous detection of se v er al Bacter oidia taxa suggests 

that the majority of river mouth sediments are impacted by rivers.
We identified Chitinophagaceae sequences (up to 4.1%) in four 
and Sa pr ospir aceae sequences (up to 1.7%) in six of the nine ex- 
amined river mouth communities. Four Bacteroidia ASVs were 
classified as RM specialists, including one Bacteroidetes ASV, one 
Sa pr ospir aceae ASV, and one Pr olixibacter aceae ASV ( Table S3 ).
Furthermore, Alpha- and Gammaproteobacteria identified in river 
sediments were also detected in the corresponding river mouth 

samples. Notabl y, ele v ated le v els of Sphingomonadaceae (up to 
8.3%), Comamonadaceae (up to 4.2%), and Methylomonadaceae 
(up to 2.5%) were found in northern shore river mouth sediments.
In contr ast, Hydr ogenophilaceae (up to 1.6%) and Rhodocyclaceae 
(up to 8.9%), which were more prominent in lake samples, were 
only detected in a small number of river mouths and the J ay efuri 
outflow sediment communities. 

Anaerolinea (class Chloroflexi) were detected in all e v aluated 

ri ver mouth samples, inde pendent of location or habitat (up to 
13.0%), while Dehalococcoidia (up to 8.6%) wer e exclusiv el y de- 
tected in river mouth sediments from the southern shore of sub- 
basin 3 (R15). Finally, sequences affiliated with the candidatus Om- 
nitrophus taxon (up to 2.1%), an indicator for anoxic environments 
with a range of potential metabolic capabilities, including carbon 

fixation and dissimilatory nitr ate r eduction (Williams et al. 2021 ),
were identified in all river mouth samples, except one location 

near Sentani City (Do y o). 
These findings suggest that river mouth communities are ei- 

ther driven by the rivers, as shown by the enrichment in Alpha- 
and Gamma pr oteobacteria or Bacter oidetes, or, in some loca- 
tions, driven by lake communities and harbor thermophilic and 

methanogenic Archaea and sulfate reducers. 

Discussion 

Investigations of microbial communities in tropical lake systems 
and their response to geochemical and anthropogenic processes 
r emain r elativ el y sparse, limiting the curr ent understanding on 

how ecosystem function, microbial distribution, and diversity are 
linked in such en vironments . T his is especially concerning as 
urban de v elopment and incr eases in anthr opogenic activity in 

these historically rural regions are increasing. Lake Sentani and 

its surr ounding ar eas hav e experienced r a pid population gr owth 

over the past decade. These de v elopments, together with the 
sa go pr oduction in this ar ea, make this location highl y inter- 
esting and r ele v ant for such a study. While previous work pro- 
vided a thorough evaluation of sediments and water columns 
from a geochemical standpoint (Nomosatryo et al. 2021 , 2022 ),
detailed assessment of micr obial comm unities acr oss the div erse 
Lake Sentani habitats allo w ed us to examine microbial distribu- 
tion patterns across a unique tropical lake system and explore 
if and how far anthropogenic and geogenic featur es sha pe this 
ecosystem. 

Geogr aphical fea tures and gener al findings 

Lake Sentani’s catc hment ar ea exhibits varying levels of urban de- 
velopment, with a stark contrast between the northern and south- 
ern shores . T he ar ea ar ound Sentani City (Sentani sub-district) is 
the most densely populated, bordering sub-basins 2 and 3. The 
orthern shor e, dir ectl y adjacent to human settlements and the
ity limits of Sentani City, experiences more urban influence. Sev-
r al riv ers descending fr om the Cycloop Mountains run thr ough
rban settlements, likely impacting microbial communities in 

iver mouths and nearby lake areas. 
In contrast, the western part of Lake Sentani (sub-basin 1) is

urrounded by secondary forest, less affected by rivers originat- 
ng in the Cycloop Mountains, and is r elativ el y isolated, connected
o the rest of the lake only through the small, shallow Simboro
anal. This area is less populated, though human settlements do
xist along the shoreline . T he easternmost sub-basin 4 is more ex-
osed to anthropogenic activity in the north, as the western lim-

ts of J ay a pur a City extend to the lake shor e, while the southern
art r emains mor e rur al, with secondary for ested shor es and onl y
mall human settlements. 

General findings of this study highlight the large degree of vari-
tion in the freshwater bacterial community in taxonomic com- 
osition across the different Lake Sentani habitats, as microbial 
ommunities in river sediments were especially enriched in Al- 
ha pr oteobacteria and Bacter oidetes. Lake sediment comm uni-
ies were statistically different and especially enriched in Archaea 
nd sulfate reducers. Indicator Species analysis revealed several 
SVs specifically associated with distinct habitats, suggesting es- 
ecially the lake communities to be characterized by the high-
st number of such specialized taxa. In addition, more subtle dif-
erences in microbial community structure across the sub-basins 
lso suggest that the different environmental and geochemical 
onditions at each location likely influence the microbial diversity 
atterns. Se v er al micr obial gr oups, including Gamma pr oteobacte-
ia and Chloroflexi, could be identified across all habitats, show-
asing the interconnectivity of the lake system. Our findings also
uggest the river mouth habitats to be a transition zone between
he river and lake ecosystems, as the micr obial comm unity in this
r ea featur es a mixtur e of micr oor ganisms found in the other two
abitats, while only a small number of exclusive ASVs could be

dentified. These observations are consistent with the geochemi- 
al c har acteristics of surface sediments in this habitat as reported
r e viousl y (Nomosatryo et al. 2022 ). 

nthropogenic activities may drive northern 

hore ri v er and ri v er mouth comm unities 

ne of the central objectives of this study was to evaluate dis-
ribution and composition of microbial communities across Lake 
entani with a special focus on the r ole anthr opogenic pr es-
ures might play. We hypothesized that particularl y riv er and
ake sediments found along the more populated northern shore 
r e c har acterized by micr obial populations often associated with
nthr opogenic pr essur e. Our r esults partiall y confirmed this hy-
othesis, as especially sediment samples taken from rivers and 

iver mouths located along the northern shore and thus running
hrough the populated areas of Sentani City and areas close to
 ay a pur a City were enriched in certain microbial groups, including
acteroides and Firmicutes (Fig. 4 ). Although our indicator species
nalysis identified a small number of ASVs that were exclusively
ssociated with more urban river or lake samples, none of them
tood out as clearly pathogenic or seemed to be closely linked to
nthropogenic activity. 

While the population density and rate in the Lake Sentani area
r e still r elativ el y low compar ed to av er a ge v alues acr oss other
reas in Indonesia (Kementerian Lingkungan Hidup Republik In- 
onesia 2011 ), the local populations in those sub-districts located
ithin the Lake Sentani catchment area are increasing (Fig. 1 B),

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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Figure 4. Spatial distribution of selected r ele v ant and abundant microbial taxa. The distribution is shown as r elativ e abundance in %. The red color 
indicates the settlement area, and the gray color represents the water body of the lake. 
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especially in the sub-districts Sentani and Heram, and thus might 
dir ectl y or indir ectl y influence the river and lake water conditions.
Closer taxonomic e v aluation suggested the majority of identified 

Bacter oidetes signatur es to belong to the genera Terrimonas and 

Lacibacter and thus r epr esent common soil and sediment bacteria,
while Bacillus and Clostridium were the most abundant Firmicutes 
in these river sediments. Ho w ever, no Firmicutes or Bacteroidia 
ASVs did statistically stand out as an indicator for “urban” sam- 
ples. Ne v ertheless, their incr eased abundance in riv er and lake 
samples around more populated could still serve as an indicator 
for anthropogenic input. While these organisms do not serve as 
classic fecal coliforms, such as Escherichia coli or Enterococci, as 
one ma y ha v e expected, some can be consider ed indicators for 
human and potentially industrial acti vity, as the y are often iden- 
tified in mammals (Shanks et al. 2011 ) and have been observed in 

other polluted lake and surface water environments (Ouyang et al.
2020 , Zhang et al. 2020 , Gao et al. 2022 ). T hus , the frequent iden- 
tification of Bacteroidota and Firmicutes ASVs in river, but also 
river mouth habitats that lie in close proximity to the urban re- 
gion of Lake Sentani might be caused by the untreated wastewater 
fr om r esidential ar eas containing pollutants like nitr ates, ammo- 
nia, and feces. 

Anthr opogenic pr essur e on an ecosystem can also cause ele- 
vated nutrient loads resulting in increased carbon and nitrogen 

turnov er, causing eutr ophication. Eutr ophication in Lake Sentani 
was r eported r ecentl y (P attiselanno 2013 , Indr ayani et al. 2015a ),
suggesting the region’s anthropogenic activity might lead to nutri- 
ent loading and domestic waste pollution in the ri ver-lak e system 

(Pattiselanno 2013 ). 
Our study supports that especially northern shore river and 

river mouth sediments may be hotspots of micr obiall y medi- 
ated carbon (C) and nutrient processing, as Novosphingobium ,
Dechloromonas , and Hydrogenophaga , which are often associated 

with industrial and/or synthetic w astew aters (Bruce et al. 1999 ,
Yoon et al. 2008 ), were detected frequently. While there is no ma- 
jor industry that could be considered as a point source for indus- 
trial w astew ater in the catc hment ar ea of Lake Sentani (BPS Kabu- 
paten J ay a pur a , 2022). Ther e ar e smaller scatter ed oper ations [e.g.
Sago flour mill (Dimara et al. 2021 )] as well as the major airport 
runway sitting along the northern shoreline. In an alternative sce- 
nario, the increased levels of Alphaproteobacteria might simply be 
caused by ele v ated nutrient av ailability, as r eported in the Mula- 
r gia Riv er, Ital y (Zoppini et al. 2010 ) and urban lakes in China (Zhao 
et al. 2016 , Cao et al. 2018 ). Organic matter concentrations in the 
main river and river mouth sediments along the northern shore 
were found to be relatively low (average around 1.5% dwt ) com- 
pared to the rest of the lake (av er a ge ar ound 11.76%) (Nomosatryo 
et al. 2022 ) and other tropical lakes e.g. eutrophic lake Manin- 
jau (21%–34%) and Raw a P ening (62.0%–74.8%) (Purnomo et al.
2013 , Dianto et al. 2020 ). The low OM in this area could be at- 
tributed to the steep and intermittent slopes found in the north- 
ern region of Lake Sentani, leading to increased erosion from the 
Cyclops Mountains and a general higher lithogenic input in this 
ar ea pr oviding a masking effect. Still, these concentr ations ar e 
still sufficiently high to provide an abundantly available energy 
source for heter otr ophic bacteria acr oss the riv er system of Lake 
Sentani. 

Another type of micr oor ganisms that was str ongl y associated 

with the northern shore and mostly enriched in sediments from 

Sentani City and J ay a pur a Riv er sites was the Planctomycetes.
This widely distributed group includes common anammox bac- 
teria, is found in marine and freshwater ecosystems, and has an 

important role in organic matter decomposition (Lindeman 1942 ,
ank et al. 2010 , Zeglin 2015 ). The presence of Planctomycetes
s a potential indicator for ammonia oxidation, which could be
riven by increased ammonia availability from agricultural and 

 unicipal runoff. Similarl y, exclusiv e Cyanobacteria and Chlo-
 oflexi signatur es in sediments fr om riv ers located ar ound Sen-
ani City suggest a link to anthropogenic activity. Cyanobacte- 
ia are very common indicators for increased nutrient availabil- 
ty and are often associated with eutrophication and pollution 

 v ents (Cottingham et al. 2015 , Huisman et al. 2018 ). Finally, sed-
ments from the Do y o River site in Sentani City were found to
arbor populations of Holophagae and Clostridium sensu stricto.
olopha gae ar e known for their ability to anaer obicall y degr ade
romatic compounds and can produce volatile sulfur compounds,
hile Clostridum sensu stricto are common gut bacteria (Alou et
l. 2018 ). Se v er al ASVs belonging to these groups were also found
o be statistical indicators for rivers; ho w ever, none could be sta-
istically linked to urban rivers, suggesting that at least on the
o w est taxonomic le v el no clear specialists and thus indicators
or potential anthropogenic activity were present. Nevertheless,
he mor e pr edominant pr esence of the abov e-described taxa in
amples from the more urbanized locations around Lake Sen- 
ani could still be considered early indicators of anthropogenic 
nput. 

imited evidence for anthropogenic impact in 

ake sediments 

icr obial comm unities in the lake sediments show a different
tructur e compar ed to those in the river and river mouth, ex-
ibiting few to none of the taxa associated with anthropogenic
tress . T he only lake samples to harbor any Firmicutes (such as
lostridia) or Bacteroidetes (Chitinophagaecae) signatures were 

dentified in sub-basins two and four, mostly in samples taken
losest to the northern shore, and thus in proximity to the most ur-
anized areas of Lake Sentani. While overall only a limited num-
er of samples falls in this category, these observations could rep-
esent the first traces of anthropogenic impact on the lake . T he
ity of Sentani is adjacent to sub-basins 2 and 3; hence, most of
ts w astew ater disc har ges into these sub-basins, whic h ar e consid-
r abl y differ ent fr om eac h other. Sub-basin 2 is the onl y sub-basin
n Lake Sentani to have a fully oxidized water column ( Fig. S1B );
ence, organic matter deposited on the lake floor will be degraded
er obicall y, whic h is m uc h mor e efficient than anaerobic degrada-
ion (Kristensen et al. 1995 ). In sub-basin 3, with a m uc h gr eater
ater depth and anoxic bottom w aters, w e measured on av er a ge
igher TOC concentrations than in sub-basin 2 (Nomosatryo et al.
022 ). Additionall y, tempor al assessments to e v aluate further dis-
ersal of these taxa (such as Clostridium and Bacillus, which can
e indicators or anoxic waters and thus eutrophication) through- 
ut the lake sediments are thus highly recommended to estimate 
he successiv e anthr opogenic impact and to assess how eutroph-
cation and physicochemical conditions in the lake are shaping 

icr obial comm unity composition. 
Analysis of the remaining lake data suggested the majority of

icrobial population composition and dynamics to be primarily 
ri ven by o xygen concentr ations or r ather r edox potential. The
r ganic matter concentr ation in Lake Sentani is quite variable
1.5–27.9% dw) (Nomosatryo et al. 2022 ), its degradation leading
o v astl y differ ent oxygen demands and hence, in combination
ith the variable bathymetry of the lakes’ sub-basins to differ-

nt scenarios with regard to bottom water oxygenation and sta-
ility of a monimolimnion, i.e. permanently anoxic bottom waters 

Nomosatryo et al. 2022 ). But e v en in those cases wher e the SWI

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae162#supplementary-data
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s o xic, o xygen penetration de pths in these sediments ar e usuall y
 5 mm (Corzo et al. 2018 ). 
Ther efor e, anaer obic pr ocesses ar e pr e v alent in the sediments

cross the sampled lake locations. Consequently, the frequent
bservation of anoxic fermenters such as Crenarchaeota,
hermoplasmatota, or Acidobacteriota in lake sediments was
xpected. Especially notable was that numerous ASVs belong-
ng to these taxa were strongly linked to the lake habitat and
ere suggested to be strong indicators for lake sediments, in

ontrast to river and river mouth sediments . T hese microbial
istribution patterns are similar to those observed in the ir on-ric h
ethanic sediments of Lake Kinner et, Isr ael, wher e micr oor gan-

sms fermenting amino acids and other products of necromass
egr adation ar e abundant and include taxa like Anaerolineaceae,
 hermodesulfo vibrionia, SVA0485, and Bathy ar chaeia (Elul et al.
021 ). 

In addition, the dominance of Anaerolinea (Chloroflexi), Ther-
odesulfovibrionia (Nitr ospir ae), and Sv a0485 in the lake sediments

mphasizes the high potential for dissimilatory sulfate reduction.
imilar microbial groups also contribute to sulfate reduction in
erruginous Lake Towuti, which has sulfate concentrations that
r e usuall y below 10 μM (Vuillemin et al. 2018 ). With gener all y
igher sulfate concentrations of up to 40 μM (Nomosatryo et al.
021 ), these pr ocesses likel y play an e v en bigger r ole in Lake Sen-
ani. 

ethanogens and thermophiles shape archaeal 
ake Sentani communities 

esides sulfate-reducing taxa, lake sediments were especially
bundant and diverse in Archaea (Fig. 4 ). The presence of strict
r facultativ e anaer obes, like methanogenic Methanomethyli-
ia, thermophilic Thermococci, as well as Thermoplasmata and
athy ar c haeia, whic h hav e also been suggested to contribute to
ethane production (Offre et al. 2013 , Romano et al. 2021 ), are

ndicative of the limited oxygen availability in the sediments.
ur results suggest methane production in Lake Sentani sedi-
ents to be mostl y driv en by methylotr ophic methanogens, clas-

ified as Candidatus Methanomethylicus and Thermoplasmata, of
hic h no r epr esentativ es hav e been isolated so far, but whic h ar e
elie v ed to contribute to methane production by potentially re-
iner alizing or ganic matter to methane as their genomes have

een proposed to encode distinct methyl-coenzyme M reductase
enes (Clesceri et al. 1998 , Poulsen et al. 2013 , Ji et al. 2016 , Moguel
t al. 2021 ). In addition, decaying aquatic plants instead of anthro-
ogenic sources may be the main methylated compound source
or the found Methylotrophic methanogens in the present study
ue to the more anoxic conditions . T he occurrence of Thermo-
lasmata across all sub-basins suggests their adaptation to this
ropical lake en vironment. T hermoplasmata are known for their
cidophilic and thermophilic tr aits, whic h likel y contribute to
heir pr e v alence in sediment ecosystems within tropical lakes in
ener al. Furthermor e, certain gr oups hav e the metabolic ca pabil-
ty for methane production, solidifying their role as potential con-
ributors to biogeochemical processes within these en vironments .
nother group of Archaea identified in the majority of analyzed

ake samples, and especially abundant in basin 4, were the Bath-
 ar c haeota. This gr oup has pr e viousl y been detected in high abun-
ance in sediments of tropical lakes (Vuillemin et al. 2018 , Zhou
t al. 2018 , Romano et al. 2021 ) and is gener all y widel y distributed
cross nutrient-poor marine and terrestrial sediments. Certain
embers of this Candidatus taxon ar e belie v ed to fix CO 2 via

he Wood–Ljungdahl pathway and acetogenesis (He et al. 2016 ).
hile the ability of Bathy ar chaeota to carry out methanogenesis
as not been pr ov en thr ough dir ect measur ements of metabolism,
enomic data suggest se v er al members of this gr oup hav e the
bility to form methane from methanol and methylamines
Evans et al. 2015 , Zhou et al. 2018 ). Their ubiquitous presence
n Lake Sentani further supports their role in tropical lakes and
ighlights the need to e v aluate their metabolism and role in bio-
eoc hemical inter actions in mor e detail. Notable was the detec-
ion of extr emophilic, or ganotr ophic sulfidogenic Thermococcus in
ertain basin locations, a genus usually found in higher temper-
tur e envir onments. Some Thermococcus species can produce O 2 ,
 2 , and H 2 S, which may be used by autotrophic neighbors such
s methanogens (Cho et al. 2017 ). Inter estingl y, Thermococcus oc-
urred together with Nanoarchaeia, another closely related ther-
ophile known for its occurrence in very high-temperature envi-

 onments, but whic h lac ks the ability to utilize sulfur species or
 2 (Br oc hier et al. 2005 ). 
Ov er all, the wide distribution of distinct archaeal taxa across

ake Sentani sediments a gr ees with observ ations made for wa-
er column and sediment samples in other tropical lakes, such
s Lake Towuti and Lake Kivu ( ̇Inceo ̆glu et al. 2015 ). Our find-
ngs suggest an ov er all, high potential for methane production
rom these sediments, not just from classical methanogens, while
t the same time identifying se v er al c hemo- and autotr ophic ar-
 haeal gr oups, whic h could be indicators for a v ariety of metabolic
rocesses occurring within lake sediments . T his means our data
nderline the role of thermophilic , methanogenic , and acidophilic
rc haeal gr oups in natur al, undisturbed tr opical lake settings and
ighlight an ele v ated potential for methane production, but also
he generation of CO 2 and sulfide. 

eogr aphic fea tures tr ansla te to microbial 
istribution across lake basins 

ven though lake sediments across the four major sub-basins
hare a lot of similar microbial taxa, few but distinct differences
ould be observed, suggesting that each sub-basin’s geogenic but
lso anthropogenic features may play an important role. As dis-
ussed abo ve , the onl y lake samples to harbor an y Firmicutes or
acter oidetes signatur es wer e identified in sub-basins 2 and 4,
uggesting these lake areas to be impacted by the first on-sets of
nthr opogenic str ess. 

The shallow channel connecting sub-basins 1 and 2 especially
tands out, as microbial populations are less diverse overall and
ack taxa like T hermodesulfo vibrionia and Syntrophia , both sul-
ate reducers, or Methanometh ylicus , a r elativ el y ne wl y described

ethylotrophic methanogen (Vanwonterghem et al. 2016 ), which
as observed across the other basins. On the contrary, Bath-
 ar chaeia and Thermococci were most abundant in this shal-
ow and or ganic-ric h envir onment. The c hannel has a depth of
4 m, and its unique featur es ar e the high TOC (27.1%) and high
 elativ e distribution of reduced sedimentary sulfur compounds
mainly pyrite) of up to 5 wt%, compared to the other locations
Nomosatryo et al. 2022 ). An accumulation of decaying aquatic
lants most pr obabl y causes the high TOC concentration in this
 hannel, and e v en though oxygen could penetrate to the bottom,
le v ated sediment pore water sulfide concentrations at this lo-
ation indicate the surface sediment to be anoxic (Nomosatryo
t al. 2021 ). Such conditions should make this a suitable habitat
or methanogens. With classical methanogens being absent, Bath-
 ar chaeia might be the microorganisms filling these roles in terms
f anaerobic carbon mineralization. In addition, high abundances
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of c hemotr ophic Thermococci could be driven by the high TOC 

le v els in this habitat. 
While our data suggest northern shore river and river mouth 

communities to be impacted by anthropogenic activity and urban 

runoff, samples from other locations in the Lake Sentani catch- 
ment ar ea wer e found to harbor distinct microbial populations 
that ar e mor e r epr esentativ e of those found in the ano xic lak e sed- 
iments, including sulfate reducers and methanogens. Especially 
communities in river and river mouth samples draining into the 
more secluded sub-basin 1 fall into this category . Similarly , south- 
ern river mouths and river communities, which drain into sub- 
basins 2 and 3 seem less div erse, compar ed to those found on 

the northern shor e. Comm unities found in riv er mouth samples 
lack the abundant Bacteroidetes and Proteobacteria signatures 
that wer e observ ed in the r emaining riv er mouth samples and 

could be the result of anthr opogenic str essors. In contr ast, the two 
southern river mouth populations were enriched in Candidatus 
Methanomethylicus, which was only identified in two of the three 
southern river mouth communities . T he detection of this methy- 
lotrophic methanogen suggests these river mouth habitats are 
likel y mor e influenced by lake comm unities, wher e methanogens 
ar e mor e abundant. 

Conclusion 

This study provides crucial information for understanding the 
Lake Sentani ecosystem under changing environmental condi- 
tions in the catc hment ar ea due to gr owing envir onmental and 

anthr opogenic pr essur e. In conjunction with our pr e vious work 
on Lake Sentani, data from this study offer valuable insights 
into a tropical lake system, highlighting the different microbial 
communities occurring across the river and lake ecosystems and 

how they may be impacted by surrounding activities. Our re- 
sults suggest that microbial communities in rivers are directly 
influenced by anthropogenic pressure and differ from those in 

lake sediments. Our study also indicated that increased anthro- 
pogenic str essors, likel y caused by population gr owth and urban- 
ization, especially along the northern and northeastern parts, are 
reflected in the microbial community composition. While only a 
small number of statistically significant indicator ASVs for those 
sediments could be identified, and none could be clearly linked to 
pollution fr om anthr opogenic activity, w e w ere able to identify dif- 
fer ences in comm unity composition. Riv er and riv er mouth sed- 
iments, particularl y fr om these mor e urbanized ar eas, wer e en- 
riched in microbial taxa frequently associated with eutrophica- 
tion and affiliated with human and industrial pollution. In con- 
trast, lake sediment microbial communities were found to reflect 
the anoxic conditions in the sediments. 
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