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Abstract 

It is widely assumed that a taxonomic core community emerges among microbial communities from similar habitats because similar 
environments select for the same taxa bearing the same traits. Yet, a cor e comm unity itself is no indicator of selection because it may 
also arise from dispersal and neutr al drift, i.e . by c hance . Here , w e hypothesize that a core community produced by either selection or 
chance processes should be distinguisha b le. While dispersal and drift should pr oduce cor e comm unities with similar r elati v e taxon 

a bundances, especiall y when the proportional core community, i.e. the sum of the relative abundances of the core taxa, is large, 
selection may produce variable relative abundances. We analyzed the core community of 16S rRNA gene sequences of 193 microbial 
communities occurring in tiny water droplets enclosed in heavy oil from the Pitch Lake, Trinidad and Tobago. These communities 
r ev ealed highl y v aria b le r elati v e a bundances along with a large pr oportional cor e comm unity (68.0 ± 19.9%). A dispersal-drift n ull 
model predicted a negative relationship of proportional core community and compositional variability along a range of dispersal 
pr oba bilities and w as largel y inconsistent with the observed data, suggesting a major role of selection for shaping the w ater dr oplet 
communities in the Pitch Lake. 

Ke yw ords: core microbiome; microbial community assembly; microbial islands; neutral processes; species composition; subsurface 

i  

c  

2  

2  

b  

c  

a  

s  

c  

v  

i  

b  

b  

t  

e  

i  

2  

r  

e  

e  

H  

A  

Z

Research of the past decade has shown that microbial life thrives 
in microliter-sized water droplets that are enclosed in heavy oil 
in the Pitch Lake, the world’s largest natural asphalt lake in 

T rinidad and T oba go. These water dr oplets ar e densel y populated 

with metabolicall y activ e, anaer obic micr oor ganisms and origi- 
nate from the oil reservoir in the deep subsurface (Meckenstock 
et al. 2014 , Pannekens et al. 2020 , 2021 , Voskuhl et al. 2021 ). The 
micr obial comm unities in the water dr oplets hav e exceptional 
ecological featur es, whic h make them inter esting for addr essing 
fundamental questions in ecology . Importantly , they share a sim- 
ilar origin and they have been exposed to similar and rather con- 
stant environmental conditions for a pr esumabl y long time . T hese 
features suggest that unidirectional selection pressure by the en- 
vironment has played an important role in shaping these commu- 
nities, while the enclosure in oil suggests that microbial dispersal 
has played a minor r ole. Micr obial comm unity assembl y in the 
water droplet communities is thus likely to be less complex than 

in other systems, which can provide an important advancement 
in ecology if clear links between community-wide patterns and 

the underlying assembly processes can be detected. 
In this study, we ther efor e made use of the water droplets to 

tackle the core community, a widely used concept in microbial 
ecology. The cor e comm unity is a comm unity-wide pattern, whic h 
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Yet, a number of more recent studies have emphasized that
 taxonomic core community per se is no indicator of selection
ecause it can also emerge by chance. On the theoretical side, it
as been shown that a cor e comm unity arises in an agent-based
omputational neutral model for host-associated microbial com-
unities (Zeng and Rodrigo 2018 ). Moreover, Sloan et al. ( 2006 )

e v eloped an analytical neutral model specifically for microbial
omm unities, whic h pr edicts that in neutral communities all taxa
orm an S-shaped abundance-occupancy relationship. By fitting
his model to data, two recent studies demonstrated that the core
axa fell into the confidence interval of Sloan’s neutral model, and
ointed at the possibility of a neutral core community (Shade and
topnisek 2019 , Sieber et al. 2019 ). On the empirical side, two stud-
es have provided evidence for a non-adaptive core community by
howing that the core taxa were not adapted to the local envi-
onment but had been r epeatedl y intr oduced fr om the outside.
he first of these studies demonstrated that the healthy human

ung appears to consist lar gel y of core and non-core taxa that
r e intr oduced by dispersal fr om the or al cavity r ather than be-
ng true lung r esidents (Venkatar aman et al. 2015 ). The second
tudy demonstrated that caterpillars lack resident gut microor-
anisms, but contain microbial core and non-core gut taxa which
r e most likel y tr ansient because these taxa ar e typicall y associ-
ted with leaves and are thus food-derived (Hammer et al. 2017 ).
 hus , both theoretical and empirical studies make clear that in
ertain systems, the idea of identifying core taxa in order to study
heir ecological meaning might be misleading. 

Here, we hypothesize that core communities resulting from ei-
her selection or from dispersal and neutral drift may be distin-
uishable based on specific patterns. Dispersal and neutral drift
hould pr oduce cor e and non-cor e taxa with r ather similar r ela-
iv e abundances acr oss samples, especiall y when dispersal r ates
re high and the resulting proportional core community is large
Mouquet and Loreau 2002 , Cadotte 2006 ). We here define the pro-
ortional cor e comm unity as the sum of the r elativ e abundances
f the cor e taxa, wher eas the classical core community is often de-
ned as the number of core taxa (Shade and Handelsman 2012 ).
election, on the other side , ma y also produce core and non-core
axa with similar r elativ e abundances, but this should only oc-
ur in the special case where selection forces a community to
onv er ge to a stable taxonomic composition (Coyte et al. 2015 ,
aust et al. 2015 , Goldford et al. 2018 ). In many cases, selection
an force micr oor ganisms to fluctuate tr ansientl y or e v en con-
inuousl y, either thr ough periodic oscillations or chaotic dynam-
cs, as has been shown for many microbial systems ranging from
 astew ater to human stool (Becks et al. 2005 , Graham et al. 2007 ,
eninca et al. 2008 , Ofiteru et al. 2010 , Yurtsev et al. 2016 , Faust
t al. 2018 , Liu et al. 2019 ). T hus , selection ma y often pr oduce cor e
axa with variable relative abundances, even when the propor-
ional core community is large. 

In this study we investigated whether the cor e comm unity con-
ains such imprints of selection or dispersal and neutral drift with
he help of 193 water microbial communities form the Pitch Lake.

e analyzed the composition of 16S rRNA gene sequences and
nv estigated the r oles of dispersal, neutr al drift and selection on
he pr oportional cor e comm unity and the compositional variabil-
ty with the help of a computational null model. 

aterial and methods 

ampling, DN A-extr action, and sequencing 

he pr ocedur es for oil and water dr oplet sampling, DNA-
xtraction and 16S rRNA gene library preparation have been de-
cribed pr e viousl y (P annekens et al. 2020 , Voskuhl et al. 2021 ). In
hort, oil was sampled fr om differ ent locations on the Pitch Lake
urface in Trinidad and Tobago in February 2017 and March 2018
nd 2019 using sterile equipment, and shipped to Germany under
itr ogen atmospher e. Because the Pitc h Lak e is d ynamic, the ex-
ct locations where freshly seeping oil could be sampled differed
rom year to year (see Fig. S1 ). Single water dr oplets wer e isolated
rom oil by gentle pipetting and subjected to DNA-extraction us-
ng a 2-step l ysis pr otocol (P annekens et al. 2020 ). Further sample
r ocessing occurr ed in two tec hnical r eplicates. To detect a br oad
ange of bacteria and archaea we amplified the V3-V4 region of
he 16S rRNA gene using the primers 341f and 805r (Takahashi
t al. 2014 ) and pr epar ed tec hnical r eplicates for sequencing with
llumina MiSeq according to the Illumina 16S metagenomics se-
uencing libr ary pr epar ation guide (P art 15 044 223 Re v. B) (P an-
ekens et al. 2020 ). To control for potential contaminations during
andling, negativ e contr ols wer e pr ocessed thr oughout the entir e
 ork flo w, from DN A extraction over amplicon PCR and all purifi-

ation steps until sequencing, for each batch of samples that was
r ocessed. The contr ols did not pr ovide indication of important
ross contamination or contamination by foreign sequences. 

rocessing of raw sequences 

orw ar d reads were processed by the R package D AD A2 ver-
ion 1.22.0 (Callahan et al. 2016 ). Processing included removal
f primers and trimming of reads using standard settings with
ength truncation at 240 bases, follo w ed b y sequencing error cor-
 ection, denoising, c himer a r emov al, and annotation using the
ILVA 138.1 database version. Resulting sequences were ampli-
on sequence variants (ASV) with 100% sequence identity and
ormed the basis of further analysis. Based on visual inspection of
he ASV-based r ar efaction curv es, tec hnical r eplicates with mor e
han 10 000 reads were further processed and merged by calcu-
ating mean r elativ e ASV abundances. 13 samples wer e r emov ed
rom the dataset because they contained more than 10% ASVs
ith pr esumabl y aer obic metabolism, indicating a possible con-

amination from the outside ( Fig. S2 ). Classification of ASVs ac-
ording to their oxygen tolerance was based on a self-designed
atabase ( Data S1 ). The final data set contained 193 water droplet
omm unities, with 64 comm unities fr om 2017, 86 fr om 2018, and
3 from 2019. For some further analyses, ASVs obtained by D AD A2
er e cluster ed with 97% identity using the cluster command al-
orithm of mothur software (Schloss et al. 2009 ), delivering oper-
tional taxonomic units (OTUs). 

PCR and total community size 

he determination of absolute number of 16S rRNA gene abun-
ances in the water droplet communities by quantitative PCR

qPCR) has been described by Voskuhl et al. ( 2021 ), who applied
he protocol of Takai and Horikoshi ( 2000 ) with minor modifica-
ions. In short, forw ar d primer Uni340F (CCT ACG GGR BGC ASC
G), r e v erse primer Uni806R (GGA CTA CNN GGG TAT CTA AT) and

he FAM-TAMRA-labelled Probe Uni516F (YCA GCM GCC GCG GTA
HA CVN RS) were used to amplify the V3-V4 region of the 16S

RNA genes of bacteria and archaea. qPCR runs were performed in
uplicates on a C1000 Touch Thermal Cycler (CFX96™ Real-Time
ystem, Bio-Rad Labor atories GmbH, Feldkirc hen, German y). Ab-
olute 16S rRNA gene quantification in genes/ μl was performed
 y comparing c ycle quantification v alues (c q -v alues) to dsDNA-
tandards from Bacillus alkalidiazotrophicus strain MS 6 that were
ncluded in e v ery qPCR run. The volume of eac h water dr oplet
 as estimated b y converting its mass using a specific gravity of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
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1.0 g ml −1 . Total size of each water droplet community was calcu- 
lated as the product of droplet volume and concentration of 16S 
rRNA genes. Total community sizes were not corrected for differ- 
ences in the numbers of 16S rRNA genes per cell between different 
microbial taxa. 

Radiographic imaging of oil 
To investigate the probability of collision and fusion of entire 
water droplets moving upwards through the oil we first measured 

size and distribution of the water droplets in the oil. Oil from 

different sampling sites on the Pitch Lake was filled into 15 cm 

long plastic cylinders with a diameter of 1.5 cm. Cylinders were 
sealed at both ends with hot glue, placed on plastic stands and 

stored at 4 ◦C until analysis . T he oil-filled columns were scanned 

with X-ray tomography (X-tek XCT 225, Nikon Metrology, Japan) at 
an energy of 90 kV, a beam current of 155 μA, and exposure time 
of 1 s and 2 frames per projection. Raw radiographic images were 
converted into 8-bit grey scale images with 12.5 μm spatial res- 
olution using the software X-tec CT Pr o. Conv erted ima ges wer e 
then filtered with a median filter with a radius of 3 voxels, image 
contrast was improved using the CLAHE routine of Fiji software 
version 1.52i (Schindelin et al. 2012 ). Segmentation into water 
and oil phases were carried out with the hysteresis segmentation 

method (Vogel and Kr etzsc hmar 1996 ), wher eb y lo w er and upper 
thr eshold le v els wer e selected for eac h ima ge individuall y. An 

additional median filter with a radius of 3 voxels was applied to 
the segmented images to remove small objects. Sizes of water 
inclusions were determined using the 3D MorphoLibJ plugin into 
ImageJ (Legland et al. 2016 ). 

Determina tion of wa ter content and density of oil 
Water was separated from oil by transferring between 28 and 48 g 
of heavy oil sampled at the Pitch Lake in the years 2017 and 2018 
into se v er al 50 ml-Falcon-tubes and centrifuging them r epeatedl y 
for 1 h at 3214 x g and 4 ◦C until no more water was extractable.
The water had a lower density than the oil so that its volume was 
determined by pipetting it from the surface. Water content was 
determined in triplicate for each sampling year and e v entuall y 
expressed as mean volume proportion (v/v). The density of the oil 
w as determined b y measuring the v olume of 40 and 45 g oil in 

glass beakers. 

Computational fluid-dynamics model for the 

movement of water droplets through oil 
We used Ansys Fluent version 19.0 to simulate the movement 
of water droplets through oil in a computational fluid-dynamics 
model and to calculate the probability of water droplet collision 

and fusion. Since the water dr oplets ar e v ery small compar ed 

to the oil area, they were modelled as discrete particle phase.
Droplet fusion was enabled using the collision and breakup func- 
tions embedded in the discrete particle model (DPM) (Taylor 1963 ,
O’Rourke 1981 ). Droplets were introduced into the oil area using 
the injection function embedded in the software. It is expected 

that in the absence of external forces the dr oplets mov e upw ar d 

with the terminal velocity of a rising bubble due to buo y anc y, u : 

u = 

�ρgd 2 

18 μo 
, 

where �ρ is the difference between oil density, ρo , and water den- 
sity, ρw , g is the gravitational acceleration, d is the initial diame- 
ter of the droplet, and μo is the viscosity of the oil. Two different 
cases wer e studied, namel y (i) with uniform initial droplet sizes,
nd (ii), with distributed initial droplet sizes, whereby an expo- 
ential size distribution was assumed based on the r adiogr a phic
easurements of droplet sizes (Pannekens et al. 2021 ). Simula-

ions were carried out for a total water content of 0.1% (v/v), which
as experimentally determined. The oil area was modelled as a
D-geometry with dimensions of 0.2 m x 2.0 m and contained a
niform square mesh with 0.01 m mesh size for optimized calcu-

ations . T he 2D area served as a cross-sectional view of a real 3D
ystem. A small-scale 3D system was also tested for one scenario,
here no significant difference was observed compared to the 2D

ystem. The system was initialized with droplets distributed uni- 
ormly, and the upper boundary at 2.0 m height was set to con-
tant pr essur e. Two tr ansport scenarios wer e studied. In the con-
uctive scenario, the oil phase was stationary, and droplet trans-
ort was controlled by gravity forces only. In the convective sce-
ario, the oil phase entered the area at constant velocity through
he lo w er boundary. The effect of turbulence w as studied using
he k - ε model (Launder and Spalding 1974 ), which allows con-
idering buo y anc y for ces. Model par ameters ar e summarized in
able S1 . 

omputer simulations of dispersal and neutral 
rift 
icrobial dispersal may not only proceed through collisions of en-

ir e dr oplets but also thr ough mov ements of individual cells be-
ween dr oplets, whic h may ha ppen e.g. as long as dr oplets in the
 eservoir ar e connected. We investigated the possible influence
f individual dispersal and neutral drift on microbial community 
omposition with computer simulations using R 4.1.2 (Supple- 
entary Code S1). We only considered sampling sites for which

oth qPCR and 16S rRNA gene data wer e av ailable for a minim um
f nine comm unities, r esulting in 103 communities belonging to
ine different sampling sites . T he initial composition of each com-
unity was given by the measured ASV composition. Absolute 

ommunity sizes as calculated from qPCR data remained con- 
tant throughout the simulations. Four outliers with excessively 
ar ge comm unity size wer e not inv estigated in the sim ulations. 

During the simulations, individuals in a local community were 
equentiall y r emov ed and r e placed by other indi viduals that were
 andoml y pic ked fr om within the local comm unity and that wer e
llo w ed to double . T hese random death and birth e v ents caused
andom fluctuations of the relative abundances in each commu- 
ity o ver time , i.e . they caused neutral drift (Hubbell 2001 ). An

mmigr ation e v ent due to dispersal w as simulated b y replacing a
 andoml y r emov ed individual by an individual that was r andoml y
 hosen fr om the metacomm unity, whic h w as calculated b y inte-
r ating r elativ e taxon abundances acr oss samples. Because mi-
r obial comm unities differ ed betw een sampling sites, w e imple-
ented distinct metacommunities for each site. We also investi- 

ated dispersal from one large metacommunity based on all sam-
les . T he dispersal probability defined for a simulation run deter-
ined the percentage of r andoml y r emov ed individuals that wer e

eplaced by individuals from the metacommunity (Hubbell 2001 ).
ispersal was neutral when dispersal probabilities were equal for 
ll taxa, or ada ptiv e when certain taxa had higher dispersal prob-
bility than others. 

esults 

ollision probability of entire water droplets 

he water droplets in the Pitch Lake get transported by density-
riv en mov ement as well as adv ectiv e mov ement of the oil fr om

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
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Figure 1. Distribution and collision probability of water droplets in Pitch Lake oil. (A) A cross-sectional segment of an oil column with dimensions of 
11.25 x 11.25 mm. White objects r epr esent water dr oplets, blac k bac kgr ound shows oil matrix. Water dr oplets may a ppear non-spherical because of 
the pr epar atory handling of the oil. (B) Pr obability of water dr oplet collisions along the v ertical tr ansect fr om the r eservoir to the Pitc h Lake surface, 
estimated by computer simulations. Collisions of water droplets were investigated in a fluid-dynamics model of water droplets rising through a 2 m 

long oil-area with different oil flow velocities and with laminar (circles) and turbulent (squares) oil flow. Collision probability was quantified by 
comparing the distribution of droplet sizes and their relative share in the total water volume at the beginning and end of the simulated 2 m-oil area 
and extr a polating the r esults to the pr esumed depth of the oil r eservoir at 1500 m. 
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he deep oil reservoir to the surface of the Pitch Lake. Conse-
uentl y, ther e is a chance that the taxonomic composition of the
icr obial comm unities in the water droplets is influenced by col-

ision and fusion of entire droplets. Radiographic imaging of the oil
n a squared column with an edge length of 11.25 mm and sub-
equent image segmentation revealed that water droplets were
idel y scatter ed and had volumes r anging fr om 0.001 nl to 2.33 μl
iameter (Fig. 1 A). We estimated the collision probability of these
ater droplets with the help of a computational fluid-dynamics
odel. Water dr oplets wer e modeled as discrete particles mov-

ng upw ar d in a simple, tw o-dimensional area of 2 m length due
o buo y anc y and oil flo w. No collision w as observed under the as-
umption of a uniform droplet size and a water content of 0.1% as
etermined by measurement. Collisions increased when a range
f droplet sizes was assumed. Larger droplets generally moved
aster and merged with the smaller ones located at their upw ar d
r ajectory, whic h was more pronounced for lo w er oil velocities
her e dr oplet upw ar d movement w as dominated b y conduction

 Movie S1 ). Ov er all, onl y 0.2% of the total volume of all dr oplets
hanged due to collisions, and collisions were particularly rare for
ar ger dr oplets suc h as those that we hav e sampled in the Pitc h
ake ( Fig. S3 ). Collision probability was quantified by comparing
he size distribution of droplets leaving the upper area boundary
ith the initial size distribution of the droplets when entering the

o w er area boundary. The maximum collision probability of 1.01
10 −4 per droplet was observed in a laminar area with an oil flow

elocity of 10 −8 m/s. Collision probability increased linearly with
il area length increasing from 2 to 8 m ( Fig. S4 ). Linear extrap-
lation of these results yielded a maximum collision probability
f 6.16 × 10 −3 per water droplet for the distance of 80 m between
itch Lake bottom and surface (Ka yuko va et al. 2016 ) and 7.6%
or the distance of 1500 m between oil reservoir and lake surface
Fig. 1 B). Collision probability under laminar and turbulent oil flow
as gener all y compar able, yet, a sudden dr op of collision pr oba-
ility occurred when oil flow rates became similar to the terminal
ising velocity of the droplets, which occurred at a slightly lo w er
il flow rate under laminar flow (around 1 × 10 −5 m s −1 ) than tur-
ulent flow (around 2 × 10 −4 m s −1 , Fig. 1 B). The maximum colli-
ion probability estimated by this model was insufficient to cause
ignificant changes in community composition, which we inves-
igated by comparing the original data set with a modified data
et, in which 7.6% of the water droplets had been merged ran-
omly ( Information S1 ). Based on the model, collisions can thus
e considered rare and water droplets as physically isolated. The
ollision rate , i.e . the collision pr obability r elativ e to the lifetime of
he water droplet, along the entire reservoir-lake distance will be
ighest if oil rises fast through geological faults, but it will be very

ow if oil and water dr oplets ar e tr a pped in the sediment por es in
he deep reservoir for long, possibly geological, time spans (Wil-
elms et al. 2001 ). 

icrobial community composition and core 

ommunity 

ccording to our hypothesis, communities primarily shaped by
ispersal and neutral drift or by selection should be distin-
uishable based on two patterns, which are proportional core
omm unity and comm unity v ariability. To determine these two
atterns we analyzed the taxonomic composition of 193 water
r oplet comm unities that wer e sampled in thr ee consecutiv e
ears (2017 to 2019) at different sites on the Pitch Lake. Com-
unities consisted of prokaryotes typically found in anoxic and

ydr ocarbon-ric h envir onments, as indicated by the taxonomic
nnotation of the 200 most abundant ASVs, which represented
9.0 ± 5.2% of the reads (median ± median absolute deviation,
AD) ( Supplementary Data S1 ). Communities sho w ed a high vari-

bility in composition, as illustrated by the relative abundances
f the ten most abundant ASVs across all communities (Fig. 2 A).
ommunity composition was statistically related to sampling
ear and to a lesser extent also to sampling site, as tested by a
wo-sided W 

∗
d -Test, which is a Welch MANOVA robust to (Hamidi

t al. 2019 ) ( Supplementary Table S2 ). This relationship may in-
icate some degree of adaptation of the communities to the pre-
ailing habitat conditions in each year, such as oil composition.
espite the high compositional v ariability, comm unities shar ed a

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
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Figure 2. Taxonomic composition of microbial communities in water droplets enclosed in oil. Bars represent proportions of amplicon sequence 
variants (ASVs; A, B) or operational taxonomic units (OTUs; C) of individual water droplet communities, colors represent individual ASVs or O TUs . (A) 
Relative abundance of the ten most abundant ASVs across 193 droplet communities. (B) Core community with 100% sample occupancy and 100% 

sequence similarity (no clustering of ASVs into OTUs). (C) Core community with 95% sample occupancy and 97% sequence similarity (clustering of 
ASVs into OTUs). Numbers in top row show sampling years and sites. 
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lar ge pr oportional cor e comm unity. Thr ee ASVs, annotated as De- 
fluviitoga _ASV3, Atribacteria_ASV6, Anaerolinaceae _ASV11, where 
found in all 193 droplets and constituted 9.8 ± 9.2% of all reads 
within each community (median ± MAD; Fig. 2 B). Because the cal- 
culation of the proportional core community is sensitive to several 
par ameters, we consider ed differ ent sequencing depths, sample 
sizes and le v els of taxonomic resolution and occupancy, i.e. the 
minim um pr oportion of samples, in whic h cor e or ganisms need to 
occur (Neu et al. 2021 ; Supplementary Information S2 ). The pro- 
portional core community increased substantially when lo w ering 
sequence similarity from 100% to 97%, and occupancy from 100% 

to 95%, yielding an estimation of 68.0 ± 19.9% formed by 18 core 
taxa (Fig. 2 C; see Supplementary Data S1 for taxonomic annota- 
tion). Further par ameter c hanges caused onl y small incr eases of 
the proportional core community, showing that 68% is a robust 
estimation for the water droplet communities in the Pitch Lake 
( Supplementary Information S2 , Supplementary Fig. S5 ). Accord- 
ing to our hypothesis, a large proportional core community to- 
gether with variable relative abundances indicates an important 
role of selection. This indication is supported by a BLAST align- 
ment of the identified 18 core O TUs , which mostly revealed high- 
est similarity to sequences in the NCBI-database pr e viousl y de- 
tected in oil or anoxic habitats (Table 1 ). The lar ge pr oportional 
cor e comm unity means that comm unities consisted to a lar ge 
part of the same taxa, which further implies that a major role 
of speciation in shaping the water droplet communities can be 
excluded, whereb y w e here consider speciation as a process that 
would lead to new 16S rRNA gene sequences with a sequence dif- 
ference of > 3%. 

Dispersal and neutral drift in the water droplet 
communities 

We used computer simulations to test our hypothesis that core 
comm unities driv en by dispersal and neutral drift and by selec- 
ion should be distinguishable based on the patterns proportional 
or e comm unity and comm unity v ariability. We ther eby used the
omputational model as null model, i.e. we investigated the ef-
ects of dispersal and neutral drift on said patterns, and compared
he predicted community patterns with those observed in the wa- 
er dr oplet comm unities (see e.g. Dornelas et al. 2006 , Rosindell
t al. 2012 ). As the effects of dispersal and drift depend on ab-
olute community size (Hubbell 2001 , Burns et al. 2016 ), we per-
ormed computer simulations using a subset of 103 droplet com-
 unities, for whic h qPCR data wer e av ailable ( Fig. S6 ). The initial

ompositions in the simulations were given by the real composi-
ions observed in the Pitch Lake . T hese sho w ed rather high com-
 unity v ariability, measur ed as Br ay-Curtis dissimilarity, and a

igh median proportional core community of 24% (Fig. 3 ), here
alculated for an occupancy le v el of 95% and a sequence similar-
ty of 100% (see Supplementary Information S2 and Fig. S5 for the
ensitivity analysis of the proportional core community with re- 
pect to sequence similarity and other parameters). We ran simu-
ations for a broad range of dispersal probabilities and for different
umber of generations . T he div er gence of Br ay-Curtis dissimilari-
ies and proportional core community from the original state was
ighl y significant alr eady after ten gener ations (Fig. 3 ; Tables S3 ,
4 ). Both patterns div er ged further with increasing number of
ener ations, the dir ection depending on the exact dispersal pr ob-
bility. Between 100 and 1000 gener ations, howe v er, little addi-
ional c hanges wer e observ ed, indicating that both patterns had
 ppr oac hed equilibrium values. At this stage compositional vari-
bility and proportional core community were negatively corre- 
ated along a gradient of dispersal probabilities . T he correlation
onnected a state with high comm unity v ariability and no core
ommunity at one end where there was no dispersal, with a state
ith low community variability and a large core community at

he other end wher e ther e was m uc h dispersal. T hus , a core com-
 unity arising fr om dispersal and neutr al drift had rather similar

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
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Figure 3. De v elopment of av er a ge Br ay-Curtis dissimilarity and proportional core community in computer simulations with stochastic drift and 
dispersal. Symbols r epr esent the medians of Br ay-Curtis-dissimilarities and r elativ e cor e comm unity sizes. Numbers indicate the length of the 
simulation run in terms of microbial generations, arrows indicate the direction of the development along time. Different colors indicate different 
dispersal probabilities. Note that Bray-Curtis dissimilarities were calculated separately for each sampling site because of separate metacommunities. 
Symbols show results of independent simulation runs. 
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s  
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f  

(  

a  

a  

o  

r  

h  

s  
r elativ e abundances as was stated in the hypothesis, especially 
when the proportional core community was large . T he large pro- 
portional core community along with the high compositional vari- 
ability observed in the Pitch Lake could not be maintained by any 
configuration of the neutral model, which indicates that selection 

has played a major r ole. The sim ulations r esults wer e qualitativ el y 
consistent when individuals dispersed from one common meta- 
comm unity r ather than separ ate metacomm unities at eac h sam- 
pling site, and when initial communities were given by random as- 
semblies from the metacommunity ( Figs S7 , S8 ). The results were 
also qualitativ el y similar when dispersal pr obabilities wer e non- 
neutral but differed between taxa, which was implemented by giv- 
ing a dispersal adv anta ge of 10% to the ten most abundant taxa 
across all communities ( Fig. S9 ). 

The div er gence of the neutr al model was also e vident for eac h 

individual taxon. To facilitate inspection, Fig. 4 presents results 
fr om sim ulations based on one lar ge metacomm unity, but qual- 
tativ el y consistent results are produced when assuming sepa-
 ate metacomm unities for eac h sampling site ( Supplementary
ig. S10 ). The taxa observed in the water dr oplet comm unities ex-
ibited a steep relationship between median taxon r elativ e abun-
ance and the variability of r elativ e abundance measured as MAD

n a log-log plot. Observed core taxa were mostly, but not exclu-
iv el y, those taxa with the highest median r elativ e abundance
Fig. 4 , grey circles). In the neutral model after 1000 generations
ith drift and without dispersal, all neutral taxa fell on the line

ormed by observed taxa, but there were zero neutral core taxa
Fig. 4 , blac k squar es). With incr easing dispersal pr obability mor e
nd more neutral core taxa emerged falling on a separate line with
n incr easingl y flat slope (Fig. 4 ). At a neutral dispersal probability
f 1%, whic h pr oduced a similarl y sized cor e comm unity as in the
 eal water dr oplets (see Supplementary Fig. S7 ), neutr al cor e taxa
ad clearly lo w er MADs than observed core taxa. Neutral disper-
al together with neutral drift thus produced taxa with less vari-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae074#supplementary-data
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F igure 4. Relationship betw een median r elativ e taxon abundance and median absolute de viation (MAD) in observ ed and sim ulated comm unities. Gr ey 
symbols r epr esent sequence data observ ed in the Pitc h Lake, blac k symbols r epr esent data r esulting fr om sim ulations with neutr al dispersal and drift. 
Filled symbols show taxa belonging to a core community with an occupancy level of 90%, open symbols show non-core taxa. Median and MAD are 
calculated across 103 water droplet communities, taxa represent amplicon sequence variants. Simulated data were produced assuming one large 
metacommunity for all communities. 
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ble r elativ e abundances than was observ ed in the r eal comm u-
ities, especially at moderate to high dispersal probabilities . T his
as particularl y e vident for abundant taxa suc h as the cor e taxa.

iscussion 

ur study shows that the large core community observed in the
ater droplet communities is an indicator of selection, because
ispersal and neutral drift produced a similar large core commu-
ity only when dispersal probability was high, leading to m uc h
or e homogenous r elativ e abundances than observ ed in the Pitc h

ake . T his implies that the proportional core community in gen-
ral can help to infer underlying community assembly process. 

nference of community assembly processes in a 

r ansient sta te 

n this study, we made inferences about the underlying commu-
ity assembly processes based on the comparison of observed and
imulated water droplet communities that have experienced drift
nd dispersal for ten microbial generations . T hus , we took into ac-
ount the possibility that the observed water droplet communities
id not r epr esent final equilibrium outcomes but transient states.
or the inferences to be valid, it is necessary to have an a ppr oxi-
ate idea about the age of the water droplets in terms of number

f microbial generations. Pannekens et al. ( 2021 ) used anaerobic
icrocosms filled with equal amounts of Pitch Lake oil and artifi-

ial medium mimicking the chemical composition of the droplet
ater to measure growth and respiration rates over three years.

n these experiments, micr oor ganisms fr om the water dr oplets
ere able to enter the water phase from the oil because the water
r oplets, whic h ar e lighter than the heavy oil, r ose to the surface
f the oil phase where they came in contact with the o verla ying
ater. The microbial communities in these microcosms sho w ed
ather slow exponential growth rates between 0.002–0.0039 day −1 

s calculated from the cell densities , i.e . they had generation times
etween 38 and 82 da ys . Assuming this to be r epr esentativ e for
eneration times within in the Pitch Lake, a period of 10 micro-
ial generations as investigated in the neutral model would cor-
espond to 1.0–2.2 years . T he water droplets are probably much
lder than that. They are known to be made of formation water
Mec kenstoc k et al. 2014 ), and empirical evidence suggests that
ormation water has been populated by micr oor ganisms alr eady
efore or during genesis of the oil reservoir (Wilhelms et al. 2001 ,
ead et al. 2003 ). It is conceivable that the inclusion of distinct wa-

er droplets in the interstitial pores of the deep subsurface is a very
low process, and that the water droplets get trapped there for ge-
logical time periods before they detach and rise to the surface
hrough the geological fault producing the oil seep of the Pitch
ake . T hus , although dir ect pr oof is missing, ther e ar e str ong r ea-
ons to belie v e the water dr oplet comm unities ar e (m uc h) older
han 10 micr obial gener ations, meaning that the inferences from
he model appear robust. 

ispersal, drift, and selection in the water 
roplet communities 

ecause the statistical patterns in the water droplet communi-
ies and the null model were largely inconsistent, we consider it
nlikely that dispersal and neutral drift have significantly shaped
he assembly of these communities . T here are two alternative ex-
lanations. One possibility is that micr obial comm unity assembl y
as primarily driven by selection. The fact that the core commu-
ity r epr esented a lar ge shar e of the individuals in eac h comm u-
ity but only a small share of the taxa indicates that onl y fe w taxa
ecame established successfully in these habitats, either because
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of strong en vironmental filtering, i.e . strong selection pressure im- 
posed by abiotic conditions, or a combination of environmental fil- 
tering and biotic interactions (Kraft et al. 2014 , Aguilar-Trigueros 
et al. 2017 , Cadotte and Tucker 2017 ). Strong environmental filter- 
ing is conceivable as the Pitch Lake represents an extreme envi- 
r onment, for whic h consistent dominance of onl y a fe w taxa is 
typical (Sc hulze-Makuc h et al. 2011 , Shu and Huang 2022 ). The 
fact that the r elativ e abundances of the core taxa were variable 
ma y ha v e r esulted fr om v ariable selection due to small-scale envi- 
r onmental heter ogeneity or due to biotic inter actions. In a r ecent 
analysis of 43 water droplets from the Pitch Lake we found that 
20.4% of the variability in community composition could be ex- 
plained by local differences in the concentrations of chloride, sul- 
fate, and potassium (Voskuhl et al. 2021 ). The so far unexplained 

79.6% of the variability may have been caused by local differences 
of other, unmeasured en vironmental variables . T he unexplained 

part may also have been caused by biotic interactions and may 
r eflect m ultiple stable states or internall y gener ated fluctuations 
of taxa. Such outcomes of e.g. competition, predation, or cross- 
feeding may occur e v en when the local environmental conditions 
ar e exactl y the same and constant ov er time (Fussmann et al.
2000 , Becks et al. 2005 , Beninca et al. 2008 , Sun et al. 2019 ). The 
onl y pr er equisite for suc h internall y gener ated v ariability would 

be minimal differences in community composition arising in the 
moment of water droplet formation (Huisman and Weissing 1999 ,
2001 ). 

Another possibility is that microbial community assembly was 
driven by a combination of selection, dispersal and neutral drift.
For instance, low dispersal rates and neutral drift may gener- 
ate a noise le v el in the r elativ e abundances sufficient to cause 
lar ge comm unity div er gence due to biotic inter actions. It might 
also be that low dispersal rates and neutral drift acted on top 

of the outcome of selection and have jumbled the r elativ e taxon 

abundances, which would otherwise have been more similar due 
to selection-driven stable coexistence. Selection may also have 
cr eated v ariability on top of a lar ge cor e comm unity caused by 
strong dispersal, though the possibilities for dispersal in the sub- 
surface are in general very low (Louca 2022 ). Currently, we cannot 
make detailed inferences about microbial community assembly 
in the water droplets, but we can conclude that selection played a 
str ong r ole because div er gence of the neutr al model was fast and 

widespread. 

Dispersal probability of microbial cells in oil 
The results of the null model suggest that the water droplet com- 
m unities hav e not been significantl y influenced by dispersal. In- 
deed, also from a biological point of view dispersal due to move- 
ment of individual cells through the oil phase is not very likely 
because the oil is toxic and has a very low water activity, which 

is at or below the border for microbial life (Schulze-Makuch et al.
2011 ). Dispersal might occur in the deep r eservoir befor e water 
dr oplet detac hment, if the r eserv oir is w ater-w et, i.e. if a thin w a- 
ter film covers the sediment grains and connects the water filling 
the pore spaces. In most reserv oirs, ho w ever, oil is the continu- 
ous fluid phase filling the pore volume with discontinuous water 
filling only a smaller portion of the interstitial pores (Head et al.
2003 ). Mor eov er, Voskuhl et al. ( 2021 , 2022 ) r e v ealed str ong v ari-
ability in community composition as well as in ion composition 

in the water dr oplets, whic h by itself provides further evidence for 
considerable limitation of dispersal as well as diffusion. Together,
this indicates that dispersal has had little influence on microbial 
community composition in the water droplets. 
ncorpor a ting the core community into studies of 
icrobial community assembly 

dopting the concept of Vellend ( 2010 , 2020 ) that all possible com-
 unity assembl y pr ocesses can be assigned to one of the four

igh-le v el pr ocesses selection, dispersal, neutral drift and spe-
iation, we conclude that the water droplet communities were 
ainly influenced by selection. This conclusion results from an 

 ppr oac h, whic h focuses on the relationship between community
ariability and proportional core community, thereby emphasiz- 
ng the importance of the dominant taxa in the communities.
n our study, the core taxa were only 18 OTUs out of a total of
7 343, but the y re presented on average 68% of all sequences in
ac h comm unity , a wide majority . Our conclusion a ppears r obust
iven that the deviation of the null model became evident already
t a young droplet age of only 10 microbial generations . T hus ,
 v en if dispersal of individuals happened in the reservoir while
r oplets wer e connected, a r elativ el y short time of physical iso-

ation a ppear ed to be sufficient for selection-driv en c hanges to
ecome evident. It is interesting to note that a different conclu-
ion may be obtained when fitting Sloan’s neutral model to data,
hich focuses on different patterns, namely the relationship be- 

ween occurrence and mean relative taxon abundance, and which 

uts equal weight to all taxa in the Pitch Lake water droplets, also
he man y r ar e ones (Sloan et al. 2006 ). The model explains 47.9%
f the observed data ( R 

2 -value), and about half of the core taxa
all inside the 95% confidence interval and about half fall out-
ide ( Fig. S11 ). Although being no pr ov e of neutrality (Sieber et al.
019 , Leroi et al. 2020 , 2021 ), on may be tempted to inter pr ete the
egree of model fit as percenta ge measur e of the r elativ e impor-
ance of neutral processes, and those taxa within the confidence
nterval as neutral. The model of Sloan has been shown to be very
nsightful in compar ativ e studies, wher e c hanges in the model fit

atc hed differ ences in envir onmental conditions or experimental 
ettings that could be correlated with dispersal ability (e.g. Burns
t al. 2016 , Sieber et al. 2019 ). Yet, as has been discussed else wher e
McGill 2003 , McGill et al. 2006 ) in our case a conclusion based on
 single curve fitting would be rather weak model test and would
ave to be taken with care. Instead, our approach, which confronts
he observations with various realizations of a null model, illus-
rates that the consideration of additional patterns such as the
r oportional cor e comm unity together with comm unity v ariabil-

ty can pr ovide ne w insights into the underlying mechanisms of
icr obial comm unity assembl y. 
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