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a b s t r a c t 

Mainstream anaerobic ammonium oxidation (anammox) represents one of the most promising energy- 

efficient mechanisms of fixed nitrogen elimination from wastewaters. However, little is known about the 

exact processes and drivers of microbial community assembly within the complex microbial biofilms that 

support anammox in engineered ecosystems. Here, we followed anammox biofilm development on fresh 

carriers in an established 8m 

3 mainstream anammox reactor that is exposed to seasonal temperature 

changes (~25-12 °C) and varying NH 4 
+ concentrations (5-25 mg/L). We use fluorescence in situ hybridiza- 

tion and 16S rRNA gene sequencing to show that three distinct stages of biofilm development emerge 

naturally from microbial community composition and biofilm structure. Neutral modelling and network 

analysis are employed to elucidate the relative importance of stochastic versus deterministic processes 

and synergistic and antagonistic interactions in the biofilms during their development. We find that the 

different phases are characterized by a dynamic succession and an interplay of both stochastic and deter- 

ministic processes. The observed growth stages ( Colonization, Succession and Maturation ) appear to be the 

prerequisite for the anticipated growth of anammox bacteria and for reaching a biofilm community struc- 

ture that supports the desired metabolic and functional capacities observed for biofilm carriers already 

present in the system (~100g NH4-N m 

3 d −1 ). We discuss the relevance of this improved understanding of 

anammox-community ecology and biofilm development in the context of its practical application in the 

start-up, configuration, and optimization of anammox biofilm reactors. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Anaerobic ammonium oxidation (anammox) involves the simul- 

aneous oxidation of ammonium (NH 4 
+ ) and reduction of nitrite 

NO 2 
−) under oxygen-limiting conditions, and is orchestrated by a 

nique lineage of bacteria (AMX), which all belong to the phylum 

lanctomycetes, and display a high diversity with 10 different can- 

idate species discovered so far ( Kartal et al., 2011 ; Strous et al.,

006 ; Zhang and Okabe, 2020a ). Used under mainstream condi- 

ions in wastewater treatment plants (WWTP), anammox is also 
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ne of the most promising mechanisms of fixed nitrogen (N) elim- 

nation, since it represents an important step towards energy au- 

arky in the treatment of municipal wastewaters ( Lotti et al., 2014 ; 

iegrist, Salzgeber, Eugster and Joss, 2008 ). Currently, anammox 

s widely applied and represents a robust method for autotrophic 

 removal under sidestream conditions (high NH 4 
+ concentra- 

ions and temperatures) ( Lackner et al., 2014 ; Nsenga Kumwimba 

t al., 2020 ). However, application of the anammox processes un- 

er mainstream conditions suffers from process instabilities due 

o unexpected fluctuation of environmental temperature, dissolved 

xygen, low NH 4 
+ concentrations and high C/N ratios ( Joss et al., 

011 ; Laureni et al., 2016 ; Pijuan et al., 2020 ; Wells et al., 2017 ). 

AMX currently lack representatives available in pure culture. 

hey are characterized by very slow growth rates and low cell 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ields ( Kuenen, 2008 ), which makes sufficient retention of biomass 

ne of the main challenges. For their application in wastewa- 

er treatment, they are grown either in biofilm reactors on var- 

ous carrier materials or as granules to retain sufficient biomass 

 Abma et al., 2007 ). Lower space requirements, lower sludge pro- 

uction, and resilience towards changes in the reactor configura- 

ion are additional benefits of biofilm-based wastewater treatment 

ystems ( Chen and Chen, 20 0 0 ; Wilderer and McSwain, 2004 ;

hao et al., 2019 ). 

The microbial communities that ultimately form the biofilms 

erforming anammox in wastewater treatment systems (AMX 

iofilms) are very diverse. AMX, although performing the anam- 

ox reaction, typically comprise only a small fraction of the com- 

unity. Heterotrophic bacteria, that are crucial for the formation of 

he biofilm but do not contribute directly to the anammox process 

tself, typically represent the majority of microbes in these biofilms 

 Laureni et al., 2015; Mozumder et al., 2014; Ni et al., 2012 ). Addi-

ionally, many heterotrophic bacteria in mainstream anammox sys- 

ems have the functional capacity to perform denitrification (com- 

lete or single steps) and to contribute to the N removal in the re-

ctor or scavenging of detritus and peptides produced by anammox 

acteria ( Lawson et al., 2017 ; Niederdorfer et al., 2021 ; Speth et al.,

016 ). 

While there are numerous studies focusing on microbial com- 

unity assembly in systems with suspended biomass ( Chu et al., 

015 ; Gonzalez-Martinez et al., 2015 ; Luo et al., 2017 ), the ecolog-

cal processes underlying AMX biofilm formation on synthetic car- 

ier materials are still poorly understood. The high diversity and 

nternal structure indicates a high potential for internal competi- 

ion, synergies and feedback mechanisms. At the same time, the 

ystem is in constant contact with the bacteria and variable en- 

ironmental conditions of the inflow. Therefore both determinis- 

ic ( Faust et al., 2018 ; Flemming and Wuertz, 2019 ) as well as

tochastic effects ( Sloan et al., 2006 ; Woodcock and Sloan, 2017 ) 

re expected to govern community assembly. This complicates ef- 

orts to fully understand AMX biofilm formation for engineered 

pplications ( Lawson et al., 2019 ). Deterministic processes involve 

on-random, niche-based mechanisms including environmental fil- 

ering and various biological interactions between community 

embers (e.g., competition, facilitation, mutualism, and preda- 

ion) ( Chase and Myers, 2011 ; Ofiţ eru et al., 2010 ; Vellend et al.,

014 ). Stochastic processes, (termed neutral effects in community 

cology) on the other hand are random ecological processes that 

enerate community diversity patterns. These processes typically 

nclude probabilistic dispersal, random speciation and extinction, 

nd ecological drift (e.g., random changes in organism abundance) 

 Chase and Myers, 2011 ; Zhou et al., 2013 ; Zhou and Ning, 2017 ).

 neutral model posits that random variation in extinction and 

peciation events, coupled with limited dispersal, can account for 

elative abundance distribution ( Chisholm, Burgman, Hubbell and 

orda-De-Água, 2004 )). Successful microbial community engineer- 

ng for wastewater treatment will require better mechanistic un- 

erstanding of these processes ( Kleerebezem and van Loosdrecht, 

007; Moralejo-Gárate et al., 2011; Vlaeminck et al., 2012 ). 

A spatial, i.e. microscopy-based investigation of AMX bacte- 

ial biofilm provides important information about the structural 

nd spatial requirements of AMX within such a complex commu- 

ity ( Almstrand et al., 2013 ; Kindaichi et al., 2007 ; Laureni et al.,

015 ). Understanding of the spatial structure as well as tem- 

oral community dynamics, is required to understand the eco- 

ogical processes that lead to an established biofilm community 

 Brislawn et al., 2019; Datta et al., 2016; Niederdorfer et al., 

016; Shade et al., 2014 ). Given the high microbial diversity of 

ainstream AMX biofilms, co-occurrence network modelling pro- 

ides a useful tool to elucidate the mechanistic background of 

cological interactions between individual community members 
2 
 Faust and Raes, 2012 ; Ju and Zhang, 2015 ; Röttjers and 

aust, 2018 ; Widder et al., 2016 ). 

In this study, we investigated the microbial community as- 

embly on synthetic biofilm carriers in a pilot scale mainstream 

nammox reactor in the presence of already established mature 

iofilm. We studied the spatial biofilm structure using confocal mi- 

roscopy and fluorescence in situ hybridization. The microbial com- 

unity composition was analyzed with 16S rRNA gene amplicon 

equencing. The establishment of the biofilm was monitored over 

he course of a year from initial colonization to mature biofilms. 

We hypothesized i) that heterotrophic bacteria are the pioneer- 

ng colonizers that initiate biofilm formation and create the re- 

uired base layer for second-wave colonizers including AMX, and 

i) that the structure of, and development within, biofilms can be 

ivided into three distinct growth stages - colonization, succes- 

ion and maturation, as observed in other systems ( Allison et al., 

0 0 0; Hall-Stoodley et al., 2004 ): We expected colonization to be 

riven by initial colonizers capable of attaching and growing on 

he carrier surface. During the succession stage we expected in- 

reasingly intense competition for space and nutrients in the juve- 

ile biofilm. During maturation, we expected convergence towards 

 well-adapted, quasi-equilibrium state determined by the environ- 

ental factors in the reactor. We further hypothesized iii) that the 

elative importance of stochastic (e.g., growth, death and immigra- 

ion) versus deterministic processes (e.g., environmental factors, bi- 

tic interactions, niche differentiation, legacy effects) for commu- 

ity assembly changes over the different stages of biofilm develop- 

ent. 

Using neutral, co-occurrence and checkerboard score modeling 

f the AMX biofilm community assembly allowed us to disentan- 

le the deterministic and stochastic ecological factors that ulti- 

ately shape the community structure of the mature biofilm. To 

ur knowledge, this is one of the first studies using a toolbox 

f various community modelling approaches combined with spa- 

ial analysis to unravel assembly mechanisms of surface-attached 

MX biofilms in engineered ecosystems. For practitioners and en- 

ineers, this work provides useful information on ecological con- 

traints governing the establishment of functional AMX biofilms 

nder mainstream conditions, but also highlights their inherent 

tability. 

. Material and Methods 

.1. Experimental Set-Up and Sampling 

The experiment was conducted in an 8 m 

3 mainstream anam- 

ox moving bed biofilm reactor, which is part of the pilot wastew- 

ter treatment plant at the Swiss Federal Institute of Aquatic Sci- 

nce and Technology (Eawag) in Dübendorf. A separate, SBR oper- 

ted, A-stage pilot-scale reactor (8m 

3 ), fed with fresh mainstream 

unicipal wastewater from the municipality Dübendorf, provided 

he inflow for the anammox reactor. The influent has the fol- 

owing composition: 50–60 mg ·L −1 COD, 5–25 mgNH 4 
+ -N ·L −1 , 0–

 mgNO 2 
−-N ·L −1 and 5–10 mgNO 3 

−-N ·L −1 . Neither A-Stage nor 

nammox stage has sludge recirculation. Given seasonal temper- 

ture variations (~25-12 °C) of the inflowing wastewater and the 

arying NH 4 
+ concentrations of 5-25 mg/L our anammox reactor 

as exposed to mainstream conditions throughout its operational 

istory. The reactor was operated in sequencing batch reactor (SBR) 

ode and was discontinuously filled and emptied every 6-7 hours, 

epending on the process cycle length. The reactor was operated 

s follows: (1) Decantation: The reactor was decanted from 8 m3 

o 4.5 m3 (ca. 60 min), while the carriers were retained with a 

ieve. (2) Filling: The reactor was filled with effluent from the A- 

tage SBR reactor from 4.5 m3 to 8 m3 (60 min), i.e., 44% volume 

xchange. (3) Reaction phase: During the reaction phase, the reac- 
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or was stirred and nitrite was continuously added (3.5 M NaNO2 

olution) until an ammonium concentration of < 1 mgNH 4 
+ -N ·L −1 

as measured (120-180 min). As the reactor system is intended to 

imulate the anoxic AMX stage of a 2-stage process, we did not 

pply aeration strategies for aerobic ammonium oxidizing bacte- 

ial growth and always maintained an anaerobic environment. To 

revent washout of the microbial biomass during wastewater de- 

anting, 150 m 

2 /m 

3 of FLUOPUR® carrier material (WABAG Water 

echnology Ltd., Switzerland) fleece tiles made of synthetic poly- 

eric fibers (12 ×12 ×0.1 mm) were used in the anammox reactor. 

t the start of our experiment, the AMX reactor had been oper- 

ting successfully for over 2 years (~100g NH4-N m 

3 d 

−1 ). For the 

olonization experiment, we added 35,0 0 0 marked (cut corners) 

lank biofilm carriers to the system. Carrier samples (n = 6) were 

ollected twice per week over the first eight weeks after carrier 

ddition, and on a weekly basis thereafter, for a total period of one 

ear. Non-marked carriers that had stayed in the tank since June 

016 were also sampled at each time point for comparison. The 

amples were immediately transferred to cryo-tubes, snap frozen 

n liquid nitrogen and stored at -80 °C until further analysis. 

.2. Fluorescence in situ hybridization (FISH) 

Six sampling points (one, three, six, nine, twelve and 24 + 

onths) were chosen for cryosectioning and analysis by FISH. Du- 

licate carriers were analyzed for each time point, with an ad- 

itional blank carrier as a control. The carriers were cut into 

hree sections, with the middle section being used for fixa- 

ion, cryosectioning and FISH-Confocal laser scanning microscopy 

CLSM). FISH was performed according to established standard 

perational procedures ( Nielsen, 2009 ) using the oligonucleotide 

robes listed in Supplementary Table 1. The probe EUB 338, spe- 

ific for the domain Bacteria, was used together with a num- 

er of species-specific 16S rRNA-directed oligonucleotide probes 

o identify, nitrite-oxidizing bacteria (NOB), and AMX in the cryo- 

ectioned samples ( Laureni et al., 2015 ). We use the term EUB for

acteria stained by EUB 338 and not by the specific probes. CLSM 

f the FISH-slides was performed using a Leica SP5 DMI 60 0 0 (Le-

ca Microsystems GmbH, Germany) and the software LAS AF v2.7.9. 

mages with a resolution of 1024 ×1024 pixels (4.096 pixels/μm) 

ere collected using a 63x/1.40 oil objective. The image files were 

isualized and extracted in Fiji ( Schindelin et al., 2012 ). Daime (ver- 

ion 2.1) ( Daims, Lücker and Wagner, 2016 ) was used for 3D visu-

lization and digital image analysis of the z-stacks. We used 30 

elds of view and 15z stacks for each sample. More detailed in- 

ormation on FISH, CLSM and image analysis can be found in the 

upplementary Information. 

.3. Biomass sampling, extraction and sequencing 

Nucleic acids were extracted based on a method modified from 

riffiths et al. ( Griffiths, Whiteley, O’Donnell and Bailey, 20 0 0 ). Du-

licate biofilm carriers (n = 3) from every time point were cut 

nto small pieces on a liquid nitrogen bath. Carrier pieces were 

ransferred to 1.5 ml Matrix E lysis tubes (MPbio), and 0.5 ml 

f both hexadecyltrimethylammonium bromide buffer and phe- 

ol:chloroform:isoamylalcohol (25:24:1, pH 6.8) was added. Cells 

ere lysed in a FastPrep machine (MPbio), followed by nucleic 

cid precipitation with PEG 60 0 0 on ice. Nucleic acid pellets were 

ashed three times with ethanol (70%), and dissolved in 50 μl 

EPC treated RNAse free water. DNA quality and quantity was 

ssessed by using agarose gel electrophoresis and a Nanodrop 

D-20 0 0c spectrophotometer (Thermo Fisher Scientific, USA). 16S 

RNA gene amplicon sequencing was performed by Novogene Ltd. 

Hong Kong) on the Illumina NextSeq platform, based on a pair- 

nd algorithm (250bp, V3-V4). 
3 
.4. Sequence analysis and ecostatistics 

Raw sequences were analyzed within the QIIME2 framework 

 Bolyen et al., 2019 ). Primer sequences were removed with the cu- 

adapt QIIME2 plugin. After demultiplexing, read pairs were joined, 

ow-quality reads were filtered out and all high quality reads were 

nalyzed with the DEBLUR software to produce amplicon sequence 

ariants (ASVs) based on Illumina Miseq/Hiseq error profiles. Tax- 

nomical assignment of the ASVs was performed within QIIME2 

nvironment with the SILVA 16S V3/V4 classifier (accessed January 

020). After filtering of unclassified and contaminated ASVs, the 

esulting sequence table consisted of 1038 ASVs. All subsequent 

nalyses were performed on the relative abundances sequence ta- 

le (rarefied to 15595 reads) to ensure comparability between the 

amples. Based on the relative abundances, we plotted the top bac- 

erial phyla over time for each sample. Non-metric multidimen- 

ional scaling (nMDS) analysis on Bray–Curtis dissimilarity matri- 

es served to visualize patterns of community composition, and 

ERMANOVA tested for differences among communities. Based on 

he results of nMDS, and visual observations, we categorized the 

ataset into colonization (Col), succession (Suc), maturation (Mat). 

ld carriers were treated as a separate category (Old). 

We calculated the Bray-Curtis dissimilarity between adjacent 

ime points and calculated the fraction of dissimilarity contributed 

y ASVs identified as residents (all ASVs that were present at least 

n 80% of all samples over all development phases), transients 

ASVs that were present in at least 80% of the samples of any 

wo phases and absent during the other), exclusives (ASVs that oc- 

urred in > 80% of samples of only one biofilm development phase 

nd were absent during the others) and the ones that could not be 

ategorized (other). To clarify the distribution we divided the tran- 

ients into early transients (only occurring during Col and Suc) and 

ate transients (only occurring during between Suc and Mat). 

.5. Neutral modeling of the stochasticity of the community assembly 

rocess 

To assess the relative importance of stochasticity and determin- 

sm for anammox community assembly, we firstly evaluated the fit 

f a Sloan neutral community model ( Sloan et al., 2006 ) for each

tage. Output plots mainly show: (i) the fit of neutral model, r2, 

nd the migration rate, m; (ii) neutral model predictions and its 

orresponding 95% confidence intervals (lines) and actual distribu- 

ions (points) for each successional stage. We then calculated an 

ndex-normalized stochasticity ratio (NST) for each stage to verify 

he results of the Sloan neutral model. Analysis was conducted in 

 using the package NST ( Ning, Deng, Tiedje and Zhou, 2019 ) 

.6. Co-occurrence network and C-score modeling of process 

eterminism 

To construct co-occurrence networks for microbial commu- 

ity in the anammox biofilm system, Spearman’s rank coefficients 

 ρ) between all ASVs abundances with occurrence in more than 

0% of samples were calculated. Correlations with ρ> 0.8 and P- 

alue < 0.05 were considered statistically significant and robust. A 

eries of topological properties including modularity, average clus- 

ering coefficient, average shortest path length and network den- 

ity were calculated and compared across each stage. 

The random (R%) and observed (O%) incidences of intra-group 

nd inter-group co-occurrence patterns between microbial en- 

ities (i.e., ASVs) were calculated ( Ju and Zhang 2015 ) and a 

heckerboard score (C-score) model ( https://github.com/GotelliLab/ 

coSimR ) was used as the metric of species segregation ( Stone and 

oberts, 1990 ), and its variance (C-scorevar) was used as the met- 

ic of both species segregation and aggregation in the microbial 

https://github.com/GotelliLab/EcoSimR
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Fig. 1. Row 1 and 2: Representative FISH-CLSM images of biofilm development over the course of one year on synthetic carrier material. Colors denote stained bacterial 

fractions in the community: EUB = blue, NOB = green, AMX = red. The scale unit is μm. Row 3: Brightfield captions of the old carriers overlaid with FISH-CLSM pictures. 

Arrows highlight specific regions on the carrier. 
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ommunity. The higher the observed standardized effect size (SES) 

alues of the C-score, the greater the degree of species segrega- 

ion, relative to a random distribution. Python and R scripts used 

or co-occurrence network and C-score analysis are freely available 

t https://github.com/RichieJu520 . More information on the mod- 

ling approach can be found in the SI. 

. Results 

.1. Temporal development of anammox biofilm structure revealed by 

ISH-CLSM 

During the first month of biofilm growth, FISH-CLSM showed 

mall patches of pioneering EUB attached to the carrier material in 

he void space between the fleece fibers ( Fig. 1 ). While AMX did

ot contribute to the earliest phase of biofilm development, NOB 

ere already part of the community ( Fig. 1 ). After three months, 

MX also started to appear as microcolonies, while existing EUB 

atches increased in size. After six months, larger and sporadi- 

ally connected agglomerations of EUB had developed. Numerous 
4 
mall AMX and NOB colonies are attached to, or enclosed within, 

he EUB patches. After nine months of biofilm growth, AMX clus- 

ers displayed a significant increase in volume. EUB patches had 

rown and combined with each other to form larger agglomera- 

ions, while the NOB fraction continued to form additional small 

olonies. Only after twelve months, NOB patches started to occa- 

ionally connect to form larger agglomerations, but never to the 

xtent seen with AMX and EUB ( Fig. 1 ). Finally, in the matured 

iofilms (Month 24 + ), both AMX and EUB agglomerations had 

pread even further, now occupying more than 50% of the total 

arrier volume. 

Comparison of bright-field and FISH microscopy revealed that 

acteria only grew around, and not within, the fibers of the 

eece carrier ( Fig. 1 , Month 24 + ). The available pore space within

he carrier appeared to be nearly completely filled with bacterial 

iomass in the mature and old biofilms. 

We used image analysis to determine the average total volume 

nd average number of detected objects from the image data for 

ach time point ( Table 1 ). The average object volume (i.e. average 

olume of colonies or patches), expressed as the ratio between av- 

https://github.com/RichieJu520
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Table 1 

Mean volume (per microscopic scan (512 ×512 pixel)) and mean number of objects (per microscopic scan (512 ×512 

pixel)) derived from the FISH-CLSM analysis with DAIME. Standard deviation is based on the variation of 30 randomly 

analyzed pictures for every timepoint. 

mean total volume [mm 

3 ] mean number of objects 

EUB AMX NOB EUB AMX NOB 

Months 1 6.6 ± 4.8 0.1 ± 0.3 0.4 ± 0.3 47.4 ± 17.2 2.9 ± 7.8 12.1 ± 6 

3 11.1 ± 7.2 1.5 ± 1.5 1.0 ± 1 83.3 ± 21 30.5 ± 13.6 30 ± 19.1 

6 25.7 ± 17.6 10.2 ± 6.8 4.8 ± 5.6 94.9 ± 27.5 66.5 ± 29 63.9 ± 31.5 

9 44.1 ± 35.0 20.5 ± 12.6 6.2 ± 3.2 117.6 ± 42.5 63.4 ± 24.4 100.6 ± 36.6 

12 46.4 ± 27.2 36.5 ± 23.7 8.2 ± 5.4 138.4 ± 37.1 67.8 ± 26 97.8 ± 28.7 

24 + 80.1 ± 56.9 53 ± 34.5 8.7 ± 4.5 208.4 ± 95 107.6 ± 63.2 125.6 ± 40.7 

Fig. 2. A The average object volume, i.e. ratio between average total volume and the average number of detected objects (y-axis), based on analysis of representative FISH- 

CLSM images, plotted over time (x-axis colors denote stained bacterial fractions in the community: EUB = blue, NOB = green, AMX = red. Dashed lines denote the standard 

deviations. Grey dashed lines mark the distinct growth phases during biofilm formation. B Conceptual figure based on FISH-CLSM observations. Dot sizes correspond to the 

volume of formed clusters, and number of detected objects. 
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rage total volume and average number of detected objects, con- 

rmed the qualitative visual observations ( Fig. 2 A). EUB initiated 

he biofilm formation, but then expanded rather slowly in volume 

 Fig. 2 B). Between three and six months, the average object volume 

ncreased for all three bacterial consortia. The NOB average object 

olume remained far lower than for EUB and AMX, and was rel- 

tively stable over time, although the overall volume and number 

f objects increased until nine and twelve months after initiation 

f the experiment, respectively ( Table 1 ). This suggests a lack of 

xpansion of the existing NOB clusters in parallel with the devel- 

pment of new clusters ( Fig. 2 B). The average object volume for 

MX and EUB on the other hand started to increase significantly 

fter six months (t-test, p < 0.005), indicating expanding volume by 

oalescence of objects ( Fig. 2 B). Our findings for old biofilms also 

emonstrate that in the additional year (or more) of development 

he EUB and AMX clusters nearly doubled in size and number of 

olonies, while NOB clusters remained very stable. All three bac- 

erial groups showed a significant correlation between the mean 

otal volume and the mean number of objects (linear regression; 

 

2 
EUB = 0.960, R 

2 
NOB = 0.946, R 

2 
AMX = 0.783). 

Based on the above observations, we categorized biofilm growth 

nto three distinct biofilm growth phases: The Colonization (Col) 

hase lasts until three months after carrier addition, when AMX 

ppeared for the first time, but the EUB volume/object ratio is still 

ow. The Succession (Suc) phase includes the dynamic expansion 

f the EUB and AMX clusters until Month 9. The final Maturation 

Mat) phase comprises the remainder of the study period, when 
5 
he volume/object ratio remains mostly constant, although total 

iofilm volume still increases. 

.2. Temporal dynamics of the biofilm microbial community 

omposition 

The development of the biodiversity and composition of the 

acterial community was investigated by 16S rRNA gene ampli- 

on sequencing. In total, 1038 ASVs (proxy microbial taxa) were 

etected in the 102 biofilm samples. After assigning ASVs to the 

icrobial taxonomy, we noted that many of the identified taxa are 

ypical for mainstream anammox in WWTP ( Bhattacharjee et al., 

017 ; Lawson et al., 2017 ; Speth et al., 2016 ). Throughout the 

bservation period, the biofilm was dominated by ASVs belong- 

ng to the phyla Proteobacteria, Bacteroidetes, Chloroflexi, Actinobac- 

eria, Acidobacteria, Firmicutes, Planctomycetes (i.e., the phylum to 

hich AMX belong) and Nitrospirae (performing nitrite oxida- 

ion) ( Fig. 3 A). The microbial community was subject to dynamic 

hanges in the phylum-abundance structure and turnover of rep- 

esentatives of these phyla throughout the one-year experiment. 

owever, the distinct growth phases defined above were also 

haracterized by differences in the dominant microbial taxa and 

heir temporal dynamics. During the Col phase of biofilm devel- 

pment, ASVs that were assigned to the phyla of Proteobacte- 

ia (mainly Betaproteobacteriales ) , Bacteroidetes (Chitinophagales and 

lavobacteriales), Actinobacteria (Micrococcales) and Firmicutes (Lac- 

obacillales) displayed highest relative abundances. By assessing the 
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Fig. 3. Upper Panel: Area chart representing the average abundance of top 15 bacterial phyla over the year of biofilm development (n = 13 months), and from the old biofilms 

taken as a reference (old). Lower panel: Non-metric multidimensional scaling analysis based on the Bray-Curtis dissimilarity between the different sam pling time points. 

Here, all duplicates were plotted over time. Color denotes time: Green - > Blue. Ellipses highlight the clustering of the communities into the distinct growth phases. A GAM 

model (black wave lines) underscores the temporal development (5-55 Weeks and afterwards (old)). (Stress: 0.059) 
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rime metabolism of these pioneering consortia based one the 

lobal Database of Microbes in Wastewater Treatment Systems and 

naerobic Digesters (MIDAS) ( McIlroy et al., 2017 ) we found that 

ll of them are pursuing a heterotrophic lifestyle. Furthermore, 

embers of these bacterial groups were also associated with the 

ormation of suspended aggregates ( Chu et al., 2015 ; Gonzalez- 

artinez et al., 2015 ). 

Members of the Firmicutes nearly vanished towards the end of 

he Col phase and were not able to reestablish their prior domi- 

ance in any of the later stages. In contrast, ASVs from the phylum 

hloroflexi (from the bacteria classes Anaerolineae and Chloroflexia ) 
6 
ncreased significantly (Students t-test, p < 0.005) in their relative 

bundance, reaching up to 20% in the Mat phase, and even higher 

ercentages in the Old samples ( Fig. 3 A). Relative abundance of 

he Proteobacteria decreased during the Col phase, but they re- 

ained the most abundant phylum in all later phases (~40%). Acti- 

obacteria and Bacteroidetes increased during the Col phase but de- 

reased during succession to more or less stable abundance lev- 

ls. This was also observed for members of the phyla Acidobacteria 

 Fig. 3 A). Consistent with the FISH observations, AMX ASVs ( Planc- 

omycetes ) and Nitrospirae displayed very low abundances during 

he first three months of biofilm growth, but started to increase 
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Fig. 4. Area chart displaying the total Bray-Curtis dissimilarity (100%) and average contribution of ASVs classified as Residents (always present) (red), Transients (present in 

two phases) (green), Exclusives (only present in one phase) (blue) and Other (orange) during biofilm growth (Months 1-13) and from the Old samples (Months > 24). Dashed 

lines visually support the separation into the different growth stages. (the different categories sum up to 100%). 
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n numbers during the Suc phase, reaching up to ~8% of the to- 

al community. After the Suc phase (nine months) the commu- 

ity composition stabilized with less evident fluctuations in com- 

unity composition and ASV abundances ( Fig. 3 A). The presence 

f NOB, despite the lack of oxygen, was very surprising but the 

verall abundance remained small and we can exclude that sub- 

trate competition for NO 2 between AMX and NOB affected process 

erformance. Furthermore, as observed in simultaneous nitritation, 

nammox and denitrification reactors ( Du et al., 2021 ; Wen et al., 

017 ) heterotrophic denitrification and anammox can occur in par- 

llel. However, denitrification can be excluded as a major compe- 

ition for the available NO 3 
+ or NO 2 

− in our system as COD con- 

entrations are small and transcription rates of relevant denitrifica- 

ion genes were shown to be very low in comparison to AMX gene 

ranscription ( Niederdorfer et al., 2021 ). 

To evaluate how the microbial community structure changed 

ver time, and to verify whether our categorization into differ- 

nt growth phases is supported by community dissimilarity met- 

ics, we performed an ordination analysis on the ASV abundance 

ata (nMDS; Fig. 3 B). We found that community composition of 

he three growth phases and the Old carriers, were all significantly 

ifferent (Permanova, p < 0.001, R 

2 : 0.5783). Furthermore, commu- 

ity dissimilarities within growth phases were much more pro- 

ounced during the Col phase and gradually decreased as biofilms 

atured. For example, the late stages of Suc and early stages of 

at phase (Week 30-35) did not display any significant differences 

Permanova, p > 0.5). As one may expect, the overall community 

omposition on the added carriers appeared to converge towards 

he Old carriers, but remained significantly different from these 

Permanova, p < 0.001). However, even within the Old biofilms we 

till found significant differences in community composition over 

ime (Permanova, p < 0.001), but without any clear temporal trend. 

.3. Successional patterns of individual microbial taxa 

A distribution analysis of ASVs occurrence over the distinct 

rowth phases revealed a large number of ASVs that were abun- 

ant only during Col phase. Numerous ASVs were only shared be- 

ween the Suc and the Mat phase and were low in abundance dur- 

ng the Col phase (Supplementary Figure 1). Therefore, we clas- 
7 
ified ASVs into residents (always present), transients (present in 

ny two phases) and exclusives (present in one phase) depend- 

ng on their occurrence (or detection) frequencies over the growth 

hases (see Methods). We found 373 ASVs that were classified as 

esidents. Col and the Old phase displayed the highest number of 

xclusive ASVs (n = 137 and 52, respectively), Suc and Mat shared 

he highest number of transient ASVs (n = 211, late transients). Col 

nd Suc shared 41 transient ASVs (early transients), while Col and 

at only shared 17 (re-occurring transients). 

To assess the contributions of the defined successional cat- 

gories to the temporal community turnover, we computed the 

raction of the Bray–Curtis dissimilarity explained by each group 

 Fig. 4 ). Overall, ASVs belonging to the resident fraction con- 

ributed most to the overall community dissimilarity (64 ± 5 %), 

ndicating that they were highly dynamic even though they re- 

ained in the biofilm throughout the experimental period. The 

ontribution of the exclusives to the overall community change 

as highest during Col (14.7 ± 4.5 %), and, unexpectedly, elevated 

lso in old biofilms (11.6 ± 2.9 %) compared to Suc and Mat phases 

4.1 ± 1.3 and 4.6 ± 3.6%, respectively). The average contributions 

f exclusives were significantly different in pairwise comparisons 

f all phases (Students t-test, p < 0.005). The contribution of tran- 

ient ASVs increased from 22 ± 3.3 % during Col, to 28 ± 3.1 % in 

he succession phase, and to 29.7 ± 5% in the Mat phase, respec- 

ively. During the Old phase, the contribution of transients to the 

verall community change decreased to 20.9 ± 3%. ( Fig. 4 ). 

.4. Stochasticity versus determinism in community assembly during 

iofilm development 

Given the above observations the dynamics of community as- 

embly clearly changed over the growth phases. We therefore ap- 

lied a neutral modeling approach to determine the importance 

f stochasticity in the community assembly. Based on the differ- 

nces in the neutral model predictions (fitness of the model (r 2 ), 

mmigration rate (m)) and the index-normalized stochasticity ratio 

ST, this approach led us to further divide the Col phase into three 

istinct subsections (Col1, Col2, and Col3). We observed a general 

ecrease of r 2 and NST (from 0.75 to 0.59) over the first three 

onths of Col ( Fig. 5 A, B, C; Table 2 ), indicating that the impor-
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Fig. 5. Neutral biofilm assemblage model. The analysis was conducted using the normalized abundance matrix of ASVs (i.e., 100% ASVs, proxy for species) in 48 samples 

(16 samples per stage) collected over the one-year experimental period. A-F, neutral modeling plots showing the fit of the neutral model, r 2 , and the migration rate, m; 

presented are the neutral-model predictions (lines) with corresponding 95% confidence intervals (dashed lines), and actual distributions (points) across the different stages. 

Colors denote prediction level: Blue :fit; Green: above; Yellow: below 

Table 2 

Neutral modeling of relative contribution of stochastic 

processes to the anammox biofilm community assembly 

over time. r 2 : fit of neutral model; m: immigration rate; ST: 

Stochasticity ratio, NST: normalized stochasticity ratio 

Group Month 

neutral modeling Stochasticity Ratio 

r 2 m ST NST 

Col1 1 0.911 0.862 0.848 0.750 

Col2 2 0.888 0.491 0.853 0.738 

Col3 3-4 0.743 0.407 0.769 0.594 

Suc 6-8 0.904 1.107 0.875 0.779 

Mat 10-13 0.726 0.609 0.888 0.817 

Old 24 + 0.829 0.853 0.844 0.743 
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Table 3 

Comparison of topological properties of observed co-occurrence 

networks of AMX biofilm communities with identically sized Erdos- 

Reyni random networks . Abbreviations: N, number of nodes; E, num- 

ber of edges; GD: graph density; MD: modularity, CC: cluster coeffi- 

cient. Subscript r indicates the property of the random networks 

N E GD MD MDr CC 

Col1 (n = 16) 380 1389 0.019 0.588 0.298 0.491 

Col2 (n = 16) 202 195 0.010 0.915 0.687 0.344 

Col3 (n = 16) 533 6586 0.046 0.295 0.139 0.520 

Suc (n = 16) 94 87 0.020 0.795 0.669 0.295 

Mat (n = 16) 213 206 0.009 0.840 0.688 0.261 

Old (n = 16) 363 1027 0.016 0.687 0.346 0.478 

3

a

c

f

e

s

n

i

o

d  

F

C

a  

p

ance of stochastic (neutral) processes was high initially, and then 

ecreased. The immigration rate also decreased with experimental 

eriod, indicating a decreasing contribution of the arrival of new 

axa. The Suc phase, on the other hand, was concomitant with an 

ncrease of the corresponding r 2 , NST (0.9 and 0.77, respectively), 

nd m (1.1) in comparison to Col3 ( Fig. 5 D; Table 2 ), indicating a

esurgence of neutral processes and the invasion of the developing 

iofilm by new bacterial taxa. In the Mat phase ( Fig. 5 E; Table 2 ),

 

2 and m drastically decreased once again (0.73 and 0.60 respec- 

ively), while the stochasticity ratio increased further to 0.81. The 

ld phase ( Fig. 5 F; Table 2 ) displayed an again increased average

t of r 2 = 0.83 and the second highest value for m (0.85). For the

ld carriers we calculated an average NST of 0.74. This indicated 

hat the Old biofilms once again become available to stochastic in- 

asion. 
8 
.5. Deterministic co-occurrence and species segregation patterns 

Assuming that both synergistic and antagonistic species inter- 

ction play a role in community assemblage, we further explored 

o-occurrence patterns using network analysis. We built networks 

rom strong and significant correlations of the Spearman’s rank co- 

fficient. The networks for each of the growth stages differed sub- 

tantially in the number of nodes (ASVs), edges (number of con- 

ections), size of modules (closely interconnected nodes), modular- 

ty (extent to which species interaction are organized into modules 

r subnetworks in a network), and the clustering coefficient (the 

egree to which nodes tend to cluster together) ( Fig. 6 ; Table 3 ).

or all parameters except modularity, we observed a decrease from 

ol1 to Col2, whereas all network properties significantly increased 

gain from Col2 to Col3 ( Fig. 6 A, B, C; Table 3 ). The Suc phase dis-

layed lowest values for all network properties with an all-time 
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Fig. 6. Co-occurrence model of AMX biofilm community assembly. A-F Co-occurrence networks colored by modularity class. Each node represents a species with its size 

proportional to its relative abundance in all samples, and each edge stands for a very strong (Spearman’s ρ ≥ 0.8) and significant (FDR-adjusted P-value < 0.05) Spearman’s 

correlation. For more information see Table 3 and ‘Material and Methods’. 
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ow in nodes (n = 94) and edges (n = 87), but an increase in average

odularity from 0.295 (Col3) to 0.795 ( Fig. 6 D). During Mat phase, 

he number of nodes and edges increased again (n = 213 and 206 

espectively). In addition, an increase in modularity was observed 

 Fig. 6 F; Table 3 ). Networks for Old carriers that have been in the

eactor for over two years displayed a substantial increase in nodes 

n = 363) and edges (N = 1027), but a decrease in modularity (0.687)

n comparison to the Mat biofilm. 

We analyzed the networks for co-occurrence of ASV within and 

etween individual Phyla. We found that in Col1 ASVs tended to 

ot co-occur deterministically, as indicated by the low O/R ratios 

Supplementary Table 2). Only ASVs assigned to the phylum of Bac- 

eroidetes appeared to co-occur with other representatives of the 

ame phylum (intra-taxon co-occurrence) during this phase. This 

hanged drastically in Col2 and Suc phases, when the number of 

ignificant positive inter-taxa and intra-taxon co-occurrences in- 

reased substantially. Especially the Suc phase of biofilm forma- 

ion displayed a pronounced number of inter-taxa co-occurrences. 

n stark contrast, during the Col3, Mat, and Old phases, incidences 

f inter- and intra-taxa co-occurrences occurred less than would 

e expected by chance (Supplementary Table 2). 

Based on the findings from the co-occurrence networks, we ap- 

lied a null-model approach to make inferences about the eco- 

ogical species interactions (cooperation and competition) within 

he microbial community over the growth phases of the biofilm. 

ere, we found strong consistencies between the C-score and its 

ariance (C var -score) ( Table 4 , Supplementary Figure 2). During the 

ol phase, SES values from C-score increased from 3.32 to 45.3 

hile the corresponding C var -score increased from 3.11 to 285, 

uggesting increasingly less positive species interaction (i.e. coop- 

ration) over time, while species competition increased ( Table 4 , 

upplementary Figure 2). SES values and potential species com- 

etition decreased for both scores during the Suc phase followed 
c

9 
y a significant increase in the Mat phase (SES: 34.6 and 46.8, 

espectively). Species cooperation increased again in Old carri- 

rs in comparison to the Mat phase, with comparable SES val- 

es from 17.8 (C-score) and 14.8 (C var -score), respectively ( Table 4 , 

upplementary Figure 2). 

. Discussion 

This study was designed to track and model AMX biofilm mi- 

robiota development on synthetic carrier material in a controlled 

ngineered ecosystem over the course of a year. Our purpose was 

o understand in more detail how microbial interaction shape a 

unctioning anammox biofilm. In accordance with our hypotheses 

) and ii), we observed distinct developmental stages in biofilm 

ormation. These stages differed in terms of structure ( Fig. 1 , 2 )

nd community composition ( Fig. 3 A). In support of hypothesis 

ii) these stages were further characterized by dynamic shifts be- 

ween stochastic and deterministic processes ( Fig. 5 ) and chang- 

ng co-occurrence patterns ( Fig. 6 ). After a year, the new biofilm 

onverged towards community structures that resembled the ma- 

ure carrier biofilms already present in the reactor at the initiation 

f the experiment ( Fig. 3 B). In the following sections, we discuss 

he ecological dynamics at each stage, with Fig. 7 as a conceptual 

uideline. 

.1. Initial colonization phase (Col1) 

In support of our hypothesis i) biofilm formation was initiated 

y a consortium of heterotrophic bacteria with mostly members 

f Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and, sur- 

risingly, NOB ( Fig. 3 A). Using FISH-CLSM ( Fig. 1 ), we observed a

tochastic spatial distribution of microcolonies built by pioneering 

olonizers in the first month. Presumably, detached bacterial cells 
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Table 4 

Observed C-scores and C var -scores, mean metric values under null models, standardized effect sizes (SES) 

for annamox biofilm communities over time. Higher observed SES values of C-score suggest greater degrees of 

species segregation than would be expected by chance. Higher SES values of C var -score indicate greater degrees 

of both species segregation and aggregation. All P -values are < 0.0 0 01. 

Stage 

Number of samples C-score C var -score 

Month Sample ASVs Obs. Mean null SES Obs. Mean null SES 

Colonization 

Co1 1 16 870 1.6 1.6 3.3 18.4 18.0 3.1 

Col2 2 16 984 1.5 1.4 13.6 18.1 13.8 35.2 

Col3 3-4 16 992 2.9 2.6 45.3 55.7 30.7 285 

Succession, maturation and old 

Suc 6-8 16 940 1.6 1.6 6.6 19.2 18.8 4.7 

Mat 10-13 16 1006 2.6 2.5 34.6 33.7 28.1 46.8 

Old 24 + 16 973 3.2 3.1 17.8 35.2 32.9 14.8 

Fig. 7. Conceptual framework of the biofilm microbiota development on synthetic carrier material in an AMX reactor. Starting clockwise from colonization to maturation 

with the continuous dispersal from the old carriers at the end. Bar charts denote relative contributions of ecological parameters during each observed development stage. 

(red: stochastic processes, green: deterministic processes and blue: co-occurrence frequencies). The number of schematized bacteria approaching the biofilm is representative 

of modelled immigration rates. The black line denotes the oxic/anoxic interface within the biofilm. 
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rom mature biofilms or from the surrounding wastewater non- 

pecifically and randomly attached to the pristine carrier surfaces. 

s newly adhered cells are loosely associated with the carriers, 

hey are likely to easily become detached again as they are sub- 

ected to hydrodynamic perturbation (e.g., shear forces) in the re- 

ctor ( Fig. 1 ). This is clearly reflected in the substantially higher 

uantity of exclusive ASVs at the very beginning of biofilm forma- 

ion ( Fig. 4 ). Furthermore, neutral modeling revealed the predom- 

nant role of stochastic processes in the microbiota assembly dur- 

ng this initial colonization stage (Col1) ( Fig. 5 A, 7 and Table 2 ),

onfirming the very dynamic nature of this biofilm growth phase. 

owever, a large fraction of these biofilm-founding taxa estab- 

ished successfully and became part of the biofilm core commu- 

ity. All observed initial colonization patterns during Col1 agree 
c

10 
ell with the scientific consensus regarding the fundamental steps 

f biofilm formation ( Battin et al., 2016; Hall-Stoodley et al., 2004; 

ackson et al., 2001 ). 

.2. Later colonization phases (Col2 & Col3) 

During Col2, stochastic processes still dominated the biofilm 

ormation, but the relative contribution of deterministic processes 

ncreased due to higher competition ( Fig. 5 B, Table 4 ). We hypoth-

size that the microscopically observed stagnation in cluster for- 

ation ( Fig. 1 , Month 3), directly resulted from increased compe- 

ition, resulting in a metabolic trade-off ( Polz and Cordero, 2016 ). 

ioneering populations are forced to invest some of their metabolic 

apacity into defense mechanisms rather than in fast growth and 
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patial expansion. The increase in determinism (i.e, competition) 

ccompanied by a considerable decrease in the immigration rate 

urther supports the notion of the community transitioning from 

n initially reversible to irreversible attachment, resulting in an 

nhanced community stability. The drastic decrease in exclusive 

SVs in Col3 ( Fig. 4 ) supports this result. While pioneering Phyla 

ike Firmicutes slowly vanished, new key players, such as Chlo- 

oflexi, emerged ( Fig. 3 A). Based on previous findings on micro- 

ial community succession ( Cordero and Datta, 2016 ; Datta et al., 

016 ) we speculate that these dynamics are modulated by the 

vailability of substrate to microbes within the biofilm. More pre- 

isely, during initial biofilm colonization, labile substrates will be 

onsumed first, supporting copiotrophic microbial taxa, such as 

irmicutes ( Datta et al., 2016 ; Nemergut et al., 2016 ). The latter

re then replaced by more oligotrophic (slow growing) taxa (e.g. 

hloroflexi, Acidobacteria) that are capable of metabolizing the re- 

aining, more recalcitrant, organic carbon pools ( Rui, Peng and 

u, 2009 ). These may eventually outcompete less adapted pio- 

eering consortia ( Polz and Cordero, 2016 ). The filamentous mem- 

ers of the Chloroflexi phylum are known to structurally support 

iofilm formation ( Speirs, Rice, Petrovski and Seviour, 2019 ) and 

o scavenge secondary metabolites from generalist decomposers 

 Kindaichi et al., 2012; Xia et al., 2007 ). The observed dynamics in

ommunity turnover are consistent with the results from the dis- 

imilarity analysis ( Fig. 3 B). They also agree with the significantly 

ncreased species competition ( Fig. 5 C, 7 ), as well as frequencies 

f species co-occurrence associations ( Fig. 6 C, 7 ), suggested by the 

eutral model and network analyses. Overall, the results indicate a 

ubstantial increase in the deterministic influences on the micro- 

iota assembly in the later stages of the Col phase. 

.3. Succession phase (Suc) 

In developing stream biofilms, after successful surface attach- 

ent, cells multiply and continue to produce essential EPS ma- 

rix components, forming microcolonies and eventually multilayer 

ggregates ( Hall-Stoodley, Costerton and Stoodley, 2004 ). The ob- 

erved expansion of the clusters within the carrier material, in- 

icated by the FISH-CLSM imaging ( Fig. 1 , Table 1 (Month 6-9)), 

learly resembles this biofilm formation pattern in natural ecosys- 

ems. The increasing number of late transient ASVs ( Fig. 4 , Sup- 

lementary Figure 1) and the reduced community dissimilarities 

 Fig. 3 B) suggest the convergence of the carrier-associated micro- 

iome towards an essentially stable core community. At this point, 

ompetition-driven, deterministic dynamics play only a minor role 

nymore. Indeed, the Suc phase is characterized by a sharp in- 

rease in both the importance of stochastic assembly and immi- 

ration rates ( Fig. 5 D, 7 and Table 2 ), and by reduced species com-

etition and co-occurrence ( Fig. 6 D and Supplementary Figure 3). 

 stable core community now enables transitory attachment and 

mmigration events to dominate the temporal dynamics again. 

During the Suc phase, AMX started to emerge within the com- 

unity ( Fig. 1 , 3 A) which confirmed our hypothesis i) that AMX

o not participate in the initial biofilm formation but rather grow 

lowly into the biofilm when substrate conditions are sufficiently 

onducive. We argue that slow growth rates ( Kuenen, 2008; Mul- 

er et al., 1995 ) and the high sensitivity to inhibition by various 

nvironmental factors( Jin, Yang, Yu and Zheng, 2012 ) make AMX 

ather weak competitors during initial biofilm formation. However, 

nce a biofilm has established and anoxic/suboxic zones within the 

eeper layers of the biofilm have formed ( Flemming et al., 2016 ) 

naerobic bacteria like AMX increase in biomass and metabolic 

erformance ( Zhang and Okabe, 2020b ). 

During natural biofilm development, complex physical and 

hemical gradients (available nutrients, oxygen, redox gradients) 

re established ( Veach et al., 2016 ) and create multiple niches 
11 
hat harbor various cells with different metabolic capacities, 

hich in turn creates opportunities for synergistic interactions 

 Flemming et al., 2016 ). We observed an increase in inter-taxa 

o-occurrences between taxonomically distant bacteria (Supple- 

entary Table 2), suggesting a high degree of mutualistic and 

ommensal metabolic cooperation during the Suc phase ( Ju and 

hang, 2015 ). 

.4. Mature phase (Mat & Old) 

The near complete filling of the pore space with biomass, and 

he agglomeration of existing clusters during the last stage of 

he experimental period ( Fig. 1 , 2 ), in combination with the ob- 

erved stability in community structure ( Fig. 3 , 4 ), confirm that 

he biofilm has matured into a stable state. During the Mat phase 

nd in Old biofilms, intra-taxa co-occurrences further increased, 

hich suggests established niches and an increase in the coexis- 

ence of closely related species ( Röttjers and Faust 2018 ). Accord- 

ng to established concepts of biofilm life cycles, bacterial cells 

isperse from mature biofilm, revert to planktonic growth and 

tart a new cycle of biofilm establishment on new surface patches 

 Flemming et al., 2016 ; McDougald et al., 2012 ). In engineered 

cosystems, passive separation from the carrier due to shear forces 

nduced by the constant stirring in these systems is the predomi- 

ant control on biofilm dispersal ( Garny, Horn and Neu, 2008 ), and 

ncreases with increasing biofilm thickness ( Telgmann, Horn and 

orgenroth, 2004 ). We argue that these dispersal dynamics also 

reate new ecological niches within the biofilm community, as 

loughing now creates local patches that are again susceptible to 

ttachment by bacterial cells ( McDougald et al., 2012 ) or growth 

f already present community members such as observed for Chlo- 

oflexi . The observed increase in immigration rate, number of ex- 

lusive ASVs and frequency of co-occurrences in the Old biofilm 

 Fig. 6 F, 7 ) support this notion. On the other hand, the marked de-

rease in the community-wide species competition and increased 

nfluence of stochastic processes ( Fig. 5 F, Table 2 , Supplementary 

igure 2) on the community assembly might be the direct result of 

he aforementioned dispersal dynamics. 

In summary, our findings show in considerable detail how an 

MX biofilm develops on synthetic carrier material within an en- 

ineered ecosystem. Stochastic and deterministic processes struc- 

ure the microbial community, and lead to a multi-phase succes- 

ion even in the presence of abundant established biofilms in the 

eactor. The right choice of reactor conditions has proven its poten- 

ial to facilitate AMX growth within biofilms ( Agrawal et al., 2017 ; 

hattacharjee et al., 2017 ; Tao et al., 2012 ). Our results suggest, 

owever, that the microbial community has to proceed through the 

ifferent phases of biofilm formation mandated by internal ecolog- 

cal processes to reach the desired core community structure and 

etabolic capacities of the mature biofilm. Simple changes in re- 

ctor conditions alone appear unlikely to significantly accelerate 

r modulate biofilm formation as the community members them- 

elves, their mutual interactions and the biofilm structure have to 

evelop over time (in our case over a year) and alter the microen- 

ironment they inhabit. This has considerable practical implica- 

ions. It may prove difficult to considerably speed up the process 

f establishing functional AMX biofilms, as each phase depends on 

revious developments, which puts constraints on the startup of 

ew reactors and the regular replacement of carrier material. It 

eems plausible that a detailed understanding of the community 

ssembly development can be used to optimize the process. On 

he other hand, given the observed high degree of microbial in- 

eractions in AMX reactors ( Lawson et al., 2017 ; Wang et al., 2019 )

nd Fig. 6 ) it seems possible that changes in the reactor configura- 

ion might alter the community development, which in turn could 
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irectly affect the balance of bacterial interactions within the com- 

unity in unexpected ways. 

AMX generally comprise only a small fraction of the microbial 

ommunity and are, especially under mainstream conditions very 

usceptible to disturbances ( Joss et al., 2011 ; Laureni et al., 2016 ;

ells et al., 2017 ). However, they are the key players for one of

he most promising energy-efficient mechanisms of fixed nitrogen 

limination and the effect of changing community interactions on 

MX ecology thus needs to be further explored. Encouragingly, our 

esults indicate that the developing biofilm on the new carriers 

onverged towards the community composition and structure ob- 

erved in already established biofilms. The mature biofilm exhib- 

ted considerable long-term stability both in terms of function and 

icrobial composition, in spite of the potential disturbance effects 

f compositional or seasonal temperature changes of the incoming 

astewater. This may point to a stabilizing effect of the complex 

nteractions in the diverse microbial biofilm community. 

Future research needs to apply metagenomic sequencing paired 

ith genome-centric approaches, to provide a deeper understand- 

ng of the functions involved in the assembly and the exact roles 

f individual community members, which will in turn help to ma- 

ipulate their development. 

. Conclusions 

• In the studied pilot-scale mainstream anammox reactor, 

stochastic and deterministic processes modulated the microbial 

community structure within carrier-associated biofilms, and led 

to a multi-phase microbial succession, ultimately leading to the 

microbial community structure of already established biofilms. 
• We argue that a microbial community has to proceed through 

different phases of biofilm formation (constrained by inter- 

nal ecological processes) to reach the desired stable core- 

community structure and metabolic capacities of the mature 

biofilm. 
• It must be assumed that simple changes in reactor conditions 

alone are unlikely to accelerate, or modulate the biofilm forma- 

tion, as internal ecological mechanisms seem to play a critical 

role in structuring the biofilm community over time. 
• The staged biofilm growth has considerable practical implica- 

tions for the startup of new reactors and the regular replace- 

ment of carrier materials as each growth phase seems to be a 

prerequisite for the next one and ultimately leading to a stable 

community structure. 
• A deeper understanding of the functions involved in the as- 

sembly and maintenance of AMX biofilms is clearly necessary 

to better understand, and potentially manipulate, their devel- 

opment. 
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