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Fig. S4. Mean volume (a) and mean number of objects (b) derived from the fluorescence in situ hybridization-confocal laser scanning microscopy analysis of AMX and NOB bacteria change in carrier surface with time. AMX: anaerobic ammonium oxidation bacteria; NOB: nitrite-oxidizing bacteria. The dot represents the mean value, and the shaded part represents the error bar (n=30). The mean number of objects indicated the fluorescence value of the functional bacteria, which was measured by the opensource software ImageJ and Daime (version 2.1).
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[bookmark: _Hlk193832873]Text S1: The descriptions of the microbial samples and the bioreactor operation:
Scenarios in the bioreactor operation without disturbance
AS-1 and 2: The wastewater treatment plant in stable operation
[bookmark: _Hlk120132226]In this scenario, the activated sludge samples were collected over a period of 2 years from two full-scale municipal WWTPs (AS-1 and 2) from Spain treating residential wastewater [1]. AS-1 started operating in 1986 and equipped with a membrane bioreactor system. AS-4 started operating at the time of starting the sampling. The samples were taken monthly and consisted of mixed liquor collected from the three functional stages in which the bioreactor was divided, acting as triplicates due to the wastewater recirculation in the system. AS-1 samples were taken from April’17 to March’19 (August months were not sampled, thus the time between samples FF-4/FF5 and FF-15/FF-16 is 2 months instead of one) accounting for a total of 22 sampling times (n = 3 per sampling time). AS-2 samples were taken from March’17 to February’19 (June’18 was not sampled, thus the time between samples FF-15/FF-16 is 2 months instead of one), accounting for a total of 23 sampling times (n = 3 per sampling time). Raw files are available in the National Center for Biotechnology (NCBI) repository under the project codes PRJNA588045 for AS-1 sequences and PRJNA719992 for AS-2 sequences.
Scenarios in the bioreactor operation with the acclimation or startup
SBR-1: Anammox biofilm reactors in normal operation
Description: The biofilm reactors were operated with a working volume of 8 L. Non-woven fabrics were used as carriers (almost 12.1 g VSS for the reactor) to enrich anammox bacteria [2]. The seeding sludge used in this reactor was obtained from a 12 L lab-scale up-flow column anammox reactor, which had been operated for 7 years [3]. The hydraulic retention time (HRT) was set at 8 h. No excessive sludge was discharged from the reactor during the whole experimental period. The additional nitrite was added specifically in the nitrite-stressed bioreactor, and the influent flow was regulated to achieve the same concentrations of nutrient medium in the reactor. The whole experiment was divided into five phases: phase I (1–77 days; 0 mg-N/L), phase II (78–186 days; 50 mg-N/L), phase III (187–310 days; 100 mg-N/L), phase IV (311–436 days;200 mg-N/L), and phase V (437–588 days; 0 mg-N/L, recovery phase). In total, 39 anammox biofilm samples were collected: triplicate samples were respectively collected at the beginning and the end of phases II, III, IV and V in the nitrite-stress reactor (n=3). To maintain the homogeneity of biofilm samples, nonwoven fabrics were taken from different locations in the reactors. The raw sequencing data were deposited in the NCBI database under BioProject No. PRJNA564893.
MBBR-1: Anammox biofilm formation on filler surface in a normal operation bioreactor
Description: The experiment was conducted in an 8 m 3 mainstream anammox moving bed biofilm reactor. At the start of the experiment, the AMX reactor had been operating successfully for over 2 years [4]. For the colonization experiment, 35000 marked (cut corners) blank biofilm carriers were added to the system. Carrier samples (n = 6) were 
collected twice per week over the first eight weeks after carrier addition, and on a weekly basis thereafter, for a total period of one year. Non-marked carriers that had stayed in the tank since June 2016 were also sampled at each time point for comparison. The samples were immediately transferred to cryo-tubes, snap frozen in liquid nitrogen and stored at -80 °C until further analysis. Raw 16S sequences can be found on the NCBI sequence read archive under the repository number: PRJNA636402. 
BF: Gas biofilter in normal operation (Biofilter this study) 
[bookmark: _Hlk193898710]Description: A laboratory-scale biofilter was constructed and operated for 95 days to treat gaseous toluene. The total volume of the biofilter was 1.3 L (45 cm height and 6 cm inner diameter), and wooden balls were used as fillers and packed at a height of 33 cm (0.94 L). The inoculated sludge was collected from the Tianjin Jinnan Wastewater Treatment Plant and cultivated for 7 days. An air compressor (ACO-318, Sunsun Group Co., LTD, China) was used to fed air and then mixed to liquid toluene to produce gaseous toluene. The inlet concentration of gaseous toluene was fed with 400 ± 100 mg/m3. The airflow was controlled using a flow meter (LZB-6, Simeite Group Co., LTD, China). Biofilm samples were collected on days 0, 25, 55, and 90. At each sampling point, 6 individual fillers were taken out and the biofilm was collected at each sampling point for DNA extraction and 16S rRNA sequencing (n=6). The microbial sample on day 0 was collected from activated sludge after cultivated. Raw sequences (four time points × six replicates) were deposited in the NCBI’s GenBank (Accession Number: PRJNA882197).
MBBR-2: MBBR in normal operation
Description: The internal circulation MBBR was constructed with an effective volume of 15 L [5]. The reactor contained 2600 high-density polyethylene (HDPE) carriers (YL-I, Jiangsu Yulong Environment Protection Co., Ltd, Jiangsu, China). Activated sludge from the Xinhua wastewater treatment plant (Guangzhou, China) was used as seeding sludge (ca. 2870 mg MLSS/L). After initial colonization for 36 h, the extra sludge was discarded, and the initial biofilm community was constructed. Synthetic wastewater (COD: 400 mg/L, NH4+-N: 50 mg/L) was used for biofilm cultivation, and pH was adjusted at 7.5 by dosing NaHCO3. The reactor was operated for 110 days, and the biofilm samples were collected at day 2, 6, 12, 22, 36, 50, and 99, respectively. At each sampling point, 10 individual carriers were collected for biofilm community analysis (n=10), the raw reads of biofilms were deposited into the NCBI Sequence Read Archive database under accession PRJNA640191.
Scenarios in the bioreactor operation with multiple disturbances.
[bookmark: _Hlk138710180]SBR-2: Bioreactor operation with environmental stress
Sequencing batch reactors (SBR) with a 5-liter working volume were inoculated with activated sludge from a WWTP in Singapore and operated on continuous 12-h cycles with intermittent aeration [6]. Initially, four reactors were acclimated to laboratory conditions for 53 days while being fed a complex synthetic wastewater containing a variety of carbon and nitrogen compounds. On day 54, the biomass of the acclimation reactors was thoroughly mixed and redistributed across eight reactors. From these, four were randomly selected and designated high-organic-loading reactors, receiving double the carbon substrate in terms of chemical oxygen demand (COD) in the feed (629 mg COD liter-1 and 100 mg total Kjeldahl nitrogen [TKN] liter-1) as a environmental stress for 60 days. One of these reactors broke prematurely, reducing the count to three replicates. The remaining four reactors were operated under low-organic-loading conditions (323 mg COD liter-1 and 92 mg TKN liter-1). The microbial samples were collected at day 1, 11, 47, 56, 67, 75, 85, 96. 103, 110, 117, and 124, respectively. DNA sequencing data are available at NCBI Bio Project under accession no. PRJNA559245.
[bookmark: _Hlk120131470]CSTR: Bioreactor operation with a severe ammonia shock
In this bioreactor, the inoculum came from a mesophilic full scale anaerobic bioreactor treating primary sludge from a wastewater treatment plant (Valenton, France) [7]. Three semi-continuous stirred tank reactors (CSTR, Bioprocess Control) were operated in mesophilic condition during 231 days. After the reactors reached stable performances (the first 70 days), ammonia ((NH4)2CO3) was added abruptly in all the bioreactors to reach a final concentration of NH4+ of 4 g NH4+/L to inhibit the methane production after less than 1 day. Then this shock continued to day 129. From day 129 to day 231, Bioreactors were fed with a feeding containing 2 g/L of ammonia to maintain a low concentration inside the bioreactor. The microbial structure was followed all along the experiment. Each bioreactor was sampled 15 times (45 samples in total) to cover the different phases of the experiment. The raw sequences were deposit on the NCBI database under the project number PRJNA676039.
[bookmark: _Hlk120131486]SBR-3: Bioreactor operation with the 3‑Chloroaniline (3-CA) disturbance
Six sequencing batch bioreactors (SBRs) were operated in parallel and fed synthetic wastewater for an acclimation period of 58 days [8]. The inoculum was taken from the aeration tanks of a full-scale wastewater treatment plant (WWTP) in Singapore. After the 58-day acclimation period, the sustained 3-CA input experiment was started and continued for 132 days. At the start of this experiment, three of the acclimated reactors were randomly assigned to the treatment group (additional 3-CA acts as an environmental stress), and the other three were assigned to the control group (no 3-CA addition or undisturbed). To assess the changes in community composition, samples of sludge were taken from all six reactors at five distinct time points, representing five different periods in the progression of the experiment. These five time points were day 0 (the day the reactors were inoculated for acclimation), day 56 (shortly before 3-CA addition to the treatment reactors was commenced), day 63 (shortly after 3-CA addition to the treatment reactors was commenced), day 112 (after process performance had stabilized), and day 164 (toward the end of the experiment). On each of these sampling days, sludge was collected directly from the mixed liquor at the beginning of a given anoxic phase, and 1 mL was aliquoted into cryogenic tubes, flash-frozen in liquid nitrogen, and stored at −80 °C for subsequent molecular analysis via 16S rRNA gene amplicon sequencing. DNA sequencing data are available at NCBI BioProject under accession no. PRJNA720804.

Text S2: Quantification of community assembly processes based on null model:
Using the β-nearest taxon index (βNTI) to compare how phylogenetic similarity differs from what would be expected by chance between biofilm communities. βNTI was calculated between pairs of communities to estimate the importance of stochasticity and selection using the “picante” package in R. The negative βNTI values (< 0) indicate that samples were more phylogenetically similar than expected, whereas positive βNTI values (> 0) suggest they were more phylogenetically distant than expected by chance.
Stochastic or deterministic ecological processes were identified based on the following criteria: (i) βNTI > 2 represents the community assembly driven by variable selection; (ii) βNTI < -2 indicates that homogeneous selection takes a leading role in community assembly; and (iii) |βNTI | < 2 means that the community is mainly assembled by stochastic processes. Raup–Crick (RCbray), which was calculated through Bray–Curtis community diversity using the “ecodist” package, was further used to distinguish observed stochastic processes. |βNTI| < 2 and RCbray > 0.95 indicate that the community assembly is dominated by dispersal limitation, |βNTI| < 2 and RCbray < -0.95 indicate that homogenizing dispersal is the dominant assembly process, and |βNTI| < 2 and |RCbray| < 0.95 suggest an undominated process. Selection was one of the major niche-based processes that shapes community structure due to fitness differences (e.g., survival, growth, and reproduction) among species, including the effects of abiotic environmental filtering and biotic interactions. Homogeneous selection could result in phylogenetically more similar communities. In contrast, heterogeneous selection could lead to phylogenetically dissimilar communities. Ecological drift mainly raised from the random changes of species, such as inherent stochastic birth, death and reproduction of species. Dispersal limitation means that movement or establishment of individual species in a new location is restricted, which could lead to more dissimilar structures among communities. On the contrary, homogenizing dispersal indicates that high dispersal among communities might homogenize the communities such that their structures are very similar. 
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Fig. S1. The type definition diagram and its operation conditions. The peak represents the application of the environmental disturbance, and the large of the star represents the environmental disturbances strength.
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Fig. S2. The relative importance of various bacterial community assembly processes in (a) AS-1 and (b) AS-2.
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Fig. S3. The relative importance of various bacterial community assembly processes in (a) SBR-1 and (b) MBBR-1.
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[bookmark: _Hlk140143152]Fig. S4. Mean volume (a) and mean number of objects (b) derived from the fluorescence in situ hybridization-confocal laser scanning microscopy analysis of AMX and NOB bacteria change in carrier surface with time. AMX: anaerobic ammonium oxidation bacteria; NOB: nitrite-oxidizing bacteria. The dot represents the mean value, and the shaded part represents the error bar (n=30). The mean number of objects indicated the fluorescence value of the functional bacteria, which was measured by the opensource software ImageJ and Daime (version 2.1).
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Fig. S5. The relative importance of various bacterial community assembly processes in (a) BF and (b) MBBR-2.
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Fig. S6. The performance development of each bioreactor. Note that the performance of each bioreactor represents various functions. Briefly, the performance in AS-1&2, MBBR-2, SBR-1, SBR-3, and BF indicates the removal efficiency of BOD, NH4+-N, NH4+-N, NH4+-N, and gaseous toluene. The performance in CSTR means the biogas production. Within each reactor type, these efficiency measurements enabled direct comparison of disturbance impacts on operational performance. Meanwhile, the performance development in BF corresponds to “Gas biofilter in normal operation” in Text S1.
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Fig. S7. The relationship between |βNTI| and performance (removal efficiency) of bioreactors. (a) BF process and (b) MBBR-2.
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[bookmark: _Hlk123384875]Table S1. Summary of the datasets included in the meta-analysis of microbial community assembly.
	Dataset
	Collection time and number of samples (N)
	Description
	Primer pair and targeted variable region
	The number of OTUs after amplicon rarefied
	Data source

	[bookmark: _Hlk123658830]AS-1: Activated sludge community succession in WWTP 1
	Months 1-22. (N=66)
	The activated sludge samples were collected over a period of 2 years from full-scale municipal WWTP from Spain treating residential wastewater. (SRA ID: SRX7102759-SRX7102824)
	515 F/806R (V4 region)
	7699
	[1]

	AS-2: Activated sludge community succession in WWTP 2
	Months 1-24. (N=69)
	The activated sludge samples were collected over a period of 2 years from full-scale municipal WWTP from Spain treating residential wastewater. (SRA ID: SRX10518976-SRX10519044)
	515 F/806R (V4 region)
	9384
	[1]

	[bookmark: _Hlk123658851]SBR-1: Anammox biofilm community succession in normal operation
	Phase I - V. (N=39)
	The whole experiment was divided into five phases: phase I (1–77 days; 0 mg-N/L), phase II (78–186 days; 50 mg-N/L), phase III (187–310 days; 100 mg-N/L), phase IV (311–436 days;200 mg-N/L), and phase V (437–588 days; 0 mg-N/L, recovery phase). In total, 39 anammox biofilm samples were collected: triplicate samples were respectively collected at the beginning and the end of phases II, III, IV and V in the nitrite-stress reactor (n=3). (SRA ID: SRX6852569-SRX6852603; SRX6852608-SRX6852613)
	515 F/806R (V4 region)
	1384
	[2]

	MBBR-1: Anammox biofilm community succession in normal operation
	Months 1-22. (N=102)
	The experiment was conducted in an 8 m 3 mainstream anammox moving bed biofilm reactor. For the colonization experiment, 35000 marked (cut corners) blank biofilm carriers were added to the system. Carrier samples (n = 6) were collected twice per week over the first eight weeks after carrier addition, and on a weekly basis thereafter, for a total period of one year. (SRA ID: SRX8460659-SRX8460760)
	338F/806R (V3−V4 region)
	12850
	[4]

	BF: Biofilm community succession in normal operated gas biofilter
	Days 0, 25, 55, 90. (N=24)
	A laboratory-scale biofilter was constructed and operated for 95 days to treat gaseous toluene. (SRA ID: SRX17683946-SRX17683969)
	341F/805R (V3−V4 region)
	5947
	this study

	MBBR-2: Biofilm community succession in normal operated MBBR
	Days 2, 6, 12, 22, 36, 50, and 99. (N=70)
	The internal circulation MBBR was constructed with an effective volume of 15 L. Activated sludge from the Xinhua wastewater treatment plant (Guangzhou, China) was used as seeding sludge (ca. 2870 mg MLSS/L). After initial colonization for 36 h, the extra sludge was discarded, and the initial biofilm community was constructed. Synthetic wastewater (COD: 400 mg/L, NH4+-N: 50 mg/L) was used for biofilm cultivation. (SRA ID: SRX8571858-SRX8571927)
	338F/806R (V3−V4 region)
	3939
	[5]

	SBR-2: Biofilm community succession with environmental stress in SBR
	Days 1, 11, 47, 56, 67, 75, 85, 96. 103, 110, 117, and 124. (N=79)
	Sequencing batch reactors (SBR) with a 5-liter working volume were inoculated with activated sludge from a WWTP in Singapore and operated on continuous 12-h cycles with intermittent aeration. After 53 days of successful startup, the reactors were designated high-organic-loading reactors, receiving double the carbon substrate in terms of chemical oxygen demand (COD) in the feed (629 mg COD liter-1 and 100 mg total Kjeldahl nitrogen [TKN] liter-1) as a environmental stress for 60 days. (SRA ID: SRX6810063-SRX6810141)
	341F/785R (V3−V4 region)
	3770
	[6]

	CSTR: Biofilm community succession with a severe ammonia shock in semi-continuous stirred tank reactors
	Days 49,63,70,73,77,84,92,98,105,118,127,133,147,161, and 175. (N=45)
	[bookmark: _Hlk121774412]Three semi-continuous stirred tank reactors (CSTR, Bioprocess Control) were operated in mesophilic condition during 231 days. After the reactors reached stable performances (the first 70 days), ammonia ((NH4)2CO3) was added abruptly in all the bioreactors to reach a final concentration of NH4+ of 4 g NH4+/L to inhibit the methane production after less than 1 day. Then this shock continued to day 129. (SRA ID: SRX9486260- SRX9486267; SRX9486273; SRX9486284; SRX9486295; SRX9486306; SRX9486316-SRX9486319; SRX9486321-SRX9486349)
	515F/909R (V4−V5 region)
	2161
	[7]

	SBR-3: Biofilm community succession with the 3‑Chloroaniline (3-CA) disturbance in SBR
	Days 0, 52,63,112, and 164. (N=30)
	Six sequencing batch bioreactors (SBRs) were operated in parallel and fed synthetic wastewater for an acclimation period of 58 days. After the 58-day acclimation period, the sustained 3-CA input experiment was started and continued for 132 days. (SRA ID: SRX10576131-SRX10576102)
	530F/1053R (V3−V4−V5 region)
	726
	[8]
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