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25 

Combined partial nitritationanammox (PN/A) systems are increasingly employed for sustainable 26 

nitrogen removal from wastewater, but process instabilities present ongoing challenges for 27 

practitioners.  The goal of this study was to elucidate differences in process stability between 28 

PN/A process variations employing two distinct aggregate types—biofilm (in moving bed 29 

biofilm reactors, MBBRs) and suspended growth biomass.  Triplicate reactors for each process 30 

variation were studied under baseline conditions and in response to a series of transient 31 

perturbations. MBBRs displayed elevated NH4
+ removal rates relative to suspended growth 32 

counterparts over six months of unperturbed baseline operation, but also exhibited significantly 33 

greater variability in performance. Transient perturbations led to strikingly divergent yet 34 

reproducible behavior in biofilm versus suspended growth systems. A temperature perturbation 35 

prompted a sharp reduction in NH4
+ removal rates with no NO2

 accumulation and rapid recovery 36 

in MBBRs, compared to a similar reduction in NH4
+ removal rates but strong NO2

 accumulation 37 

in suspended growth reactors. Pulse additions of a nitrification inhibitor (allylthiourea) prompted 38 

only moderate declines in performance in suspended growth reactors compared to sharp 39 

decreases in NH4
+ removal rates in MBBRs.  Quantitative FISH demonstrated a significant 40 

enrichment of anammox in MBBRs compared to suspended growth reactors, and conversely a 41 

proportionally higher AOB abundance in suspended growth reactors. Overall, MBBRs displayed 42 

significantly increased susceptibility to transient perturbations employed in this study compared 43 

to suspended growth counterparts (stability parameter), including significantly longer recovery 44 

times (resilience).  No significant difference in maximum impact of perturbations (resistance) 45 

was apparent.  Taken together, our results suggest that aggregate architecture (biofilm versus 46 

suspended growth) in PN/A processes exerts an unexpectedly strong influence on process 47 

stability.  48 

  49 
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53 

Combined partial nitritation and anammox in a single reactor (PN/A) is a promising low 54 

energy strategy for removing nitrogen (N) from wastewater, thereby limiting detrimental 55 

environmental and public health impacts of reactive N release to receiving water bodies.  PN/A 56 

bioprocesses rely on coordinated activities of two groups of slowgrowing microorganisms: 1) 57 

aerobic ammoniaoxidizing bacteria (AOB) that oxidize ammonium (NH4
+) to nitrite (NO2

), a 58 

process termed nitritation; and 2) anaerobic ammoniaoxidizing bacteria (anammox) that couple 59 

NH4
+ oxidation and reduction of NO2

 to nitrogen gas (N2).  PN/A processes also rely on robust 60 

suppression of unwanted nitriteoxidizing bacteria (NOB).  While fullscale application of PN/A 61 

reactors is increasing, particularly for sidestream treatment of high strength anaerobic digester 62 

supernatant1, unexplained process instabilities that occur even after extended periods of stable 63 

operation present a key challenge to practitioners28. Two common sources of process 64 

instabilities are shortterm declines in activity of key microbial populations, particularly AOB, 65 

that are thought to be due to transient pulses of inhibitors in reactor influent or to operational 66 

instabilities (e.g. aeration or temperature fluctuations), and longterm accumulation of 67 

undesirable NOB8. Inhibition of anammox by common wastewater constituents, including heavy 68 

metals, phosphates, NO2
, O2, and H2S, has also been reported to be problematic for PN/A 69 

process instability 2, 9. At present, we lack a full understanding of both the susceptibility and 70 

resilience of different PN/A process variations to sources of instabilities.  Addressing this 71 

knowledge gap is important to facilitate more predictive strategies to control or avoid process 72 

instabilities in sidestream systems, and to facilitate robust implementation of mainstream PN/A 73 

processes where strongly fluctuating influent conditions are the norm10. 74 

Coordinated activity of AOB and anammox is facilitated by growth of these microbial 75 
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guilds in close proximity in microbial aggregates, which allows crossfeeding of NO2
 produced 76 

by AOB to anammox bacteria in PN/A reactors.  Two common PN/A process variations leverage 77 

distinct types of microbial aggregates: 1) suspended growth biomass11, 12 and 2) biofilms, 78 

including those grown on carriers in moving bed biofilm reactors (MBBRs)13 or as granules14, 15. 79 

In both process variations, spatial segregation of microbial activities (and possibly populations) 80 

mediated by mass transfer limitations are critical for process performance16, but little is known 81 

about the influence of aggregate characteristics—namely, biofilm versus suspended growth 82 

biomass—on process stability.  Likewise, the reproducibility (and therefore predictability) of 83 

fluctuations in process stability often observed in such systems is as yet unclear.  84 

Despite its importance, studies on environmental bioprocess stability are often 85 

qualitative, thereby impeding quantitative comparisons of process variations under different 86 

conditions17.  Moreover, for practical reasons, comparisons of bioprocess stability generally have 87 

included only one replicate per process variation18, 19.  Such comparisons contribute to our 88 

understanding of different bioprocesses, but limit assessment of generalizability, reproducibility, 89 

and statistical significance of any observed differences.  Parallel replicated bioprocesses coupled 90 

to quantitative assessments of stability differences are strongly desirable to robustly compare 91 

PN/A process variations.  Quantitative metrics for clarifying both functional (macroscale 92 

performance) and compositional (community structure) stability abound in the ecological 93 

literature20, 21, and recent work has demonstrated the utility of selected ecological metrics for 94 

environmental bioprocess characterization, including in anaerobic reactors22, biofilters23, and 95 

denitrifying reactors24.  96 

The aim of this study is thus to improve our understanding of how PN/A process stability 97 

is modulated by aggregate architecture (biofilm versus suspended growth). To this end, we 98 
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performed sidebyside comparisons of triplicate labscale PN/A reactors with two different 99 

types of microbial aggregates: suspended growth biomass and biofilm carriers (MBBRs). 100 

Operation of identical independent MBBRs and suspended growth reactors in triplicate, each fed 101 

with real anaerobic digester supernatant, is a critical and novel aspect of this study, in that it 102 

enables a statistically robust comparison of variations in process stability under realworld 103 

conditions.  The specific goals of this study were twofold: 1) to assess differences in stability 104 

and reproducibility in process performance between replicate MBBR and suspended growth 105 

PN/A systems under unperturbed baseline conditions; and 2) to characterize resistance, 106 

resilience, and overall stability of process variations to transient pulse perturbations in the form 107 

of a temperature disturbance and dosage of low levels of the nitrification inhibitor allylthiourea 108 

(ATU).  109 

110 

111 

112 

 Six 12L custombuilt labscale reactors were split into triplicates of two process variations 113 

(MBBR and suspended growth) and operated as PN/A reactors for 480 days.  Triplicate MBBRs 114 

(herein M1, M2, and M3) were started up at 33% fill ratio with colonized AnoxKaldnes K5 115 

biofilm carriers (specific surface area=800 m2/m3, depth=4 mm, diameter=25 mm 25) from the 116 

ANITA Mox system at the Sundets Wastewater Treatment Plant (WWTP) (Växjö, Sweden). 117 

Triplicate suspended growth reactors (herein S1, S2, and S3) were inoculated with biomass from 118 

the sidestream PN/A reactor at the Werdhölzli WWTP (Zürich, Switzerland). As is typical for 119 

sidestream nitritation/anammox processes26,27, suspended growth biomass consisted of 120 

predominantly flocs (~97% total biomass) with a small fraction of reddish granules (~3% total 121 
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biomass).  Mass fractions are based on sieving and solids (VSS) measurements, as reported by 122 

Shi et al. 201628. Anaerobic digester supernatant from the Werdhölzli WWTP was employed as 123 

influent.  Supernatant composition is summarized in Table 1.  All reactors were temperature 124 

controlled to 30oC (typical of sidestream PN/A systems) and operated as sequencing batch 125 

reactors (SBRs) with online monitoring and data logging of NH4
+, NO3

, pH, temperature, 126 

conductivity, and redox potential.  127 

All reactors were fed in the initial SBR step to 12L (150200 mg NH4
+.N/L, based on 128 

influent composition). Suspended growth reactors were then continuously aerated during the 129 

react period to a dissolved oxygen (DO) setpoint of 0.24 mg/L, while MBBRs were operated 130 

with a DO setpoint of 0.75 mg/L.  DO setpoints were chosen based on typical values in fullscale 131 

facilities12,13. With the exception of DO setpoint and a settling phase for suspended growth 132 

reactors, all six reactors were operated under equivalent operational conditions.  SBR operation 133 

was controlled via online NH4
+ measurement by ion selective electrodes (Endress+Hauser, 134 

Switzerland). Reactor DO and cycle time based on online NH4+N measurements were 135 

controlled via a dedicated programmable logic controller. NH4
+ depletion rates reported herein 136 

are based on the aerated react period of SBR operation. A decrease of NH4
+ to 30 mg NH4

+.N/L 137 

triggered the end of the aerated react period and the start of a 1 hour anoxic period to draw down 138 

residual NO2
, followed by a 1 hour settling period in suspended growth reactors, and a 25% 139 

volume decantation for both reactors.  Under poor settling conditions, two 1hour stirred anoxic 140 

and settling steps were used at times in suspended growth reactors.  To select for maximal 141 

retention of anammoxladen biomass, no sludge wasting was performed during reactor operation.  142 

Solids retention time (SRT) was thus controlled by effluent sludge loss.  Based on periodic 143 

effluent TSS and VSS measurements, SRT in suspended growth reactors was >50 days 144 
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throughout the experimental period.  Hydraulic retention time (HRT) varied based on cycle time, 145 

and averaged 2448 hours.  pH was not directly controlled due to ample alkalinity (67±10 146 

mmol/L) in reactor influent. pH varied between 7.4 and 8.4 during SBR cycles.   147 

Fluorescence InSitu Hybridization (FISH) was employed for periodic quantification and 148 

visualization of AOB, NOB, and anammox in reactor biomass, as previously described29, 30 149 

(Table S2).  Detailed descriptions of FISH and reactor monitoring methodologies (including 150 

routine biomass monitoring) are provided in the supplementary information.   151 

152 

153 

The 480 day operational period for PN/A reactors was divided into three distinct phases.  154 

 (Days 133) consisted of inoculation and reactor startup.  Phase I was deemed complete upon 155 

achievement of stable and high (>90%) NH4
+ removal and limited accumulation of NO3

 (<15% 156 

of NH4
+N removed) and NO2

 (<2.5% of NH4
+N removed).  (Days 34222) 157 

encompassed a period of baseline operation. The intent of Phase II was to assess differences in 158 

longterm process stability between MBBR and suspended growth process variations in the 159 

absence of intentional process perturbations, and to assess reproducibility in performance 160 

characteristics between replicate bioreactors of the same process variation.  In  (Days 161 

223480), we employed a series of transient perturbations (pulse disturbances) to assess 162 

differences in resistance, resilience, and overall stability between process variations.  We report 163 

two sets of perturbations: 1) a transient temperature disturbance (Days 257264), in which 164 

temperature control was discontinued for 24h, during which reactor temperatures declined from 165 

~30oC to 16oC, followed by reinstatement of reactor heating; and 2) a series of pulses of 166 

allylthiourea (ATU), a specific inhibitor of AOB activity, to reactors during the aerobic react step 167 
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(Days 337395.)  ATU is thought to inhibit AOB by chelating the copper metal cofactor of 168 

ammonia monooxygenase31.  Three concentrations of ATU (500, 800, and 1100 g/L) were 169 

chosen to promote partial, but not complete, AOB inhibition, based on results from Joss et al.8 170 

and Munz et al.32.  Perturbation 1 (temperature disturbance) was designed to assess susceptibility 171 

to temperature fluctuations.  Perturbation 2 (pulses of ATU) was designed to clarify variation in 172 

resistance and resilience to AOB activity fluctuations.   173 

174 

175 

We employed the “amplification envelope” method to quantify response of PN/A process 176 

variations to transient perturbations.  The amplification envelope method originates in the 177 

ecology22, 33, 34 literature, and is designed to measure functional stability of communities and 178 

ecosystems (e.g. microbial bioreactors) in response to disturbances.  The method tracks the 179 

proportional deviation in an operationally defined response variable to a perturbation34. For the 180 

purposes of this study, we define the response variable as percent decrease in NH4
+ depletion rate 181 

relative to the average of the previous five unperturbed reactor cycles (taken here as the 182 

referential state).  Several metrics can be defined based on the amplification envelope. 183 

 is a measure of the sensitivity of a system to disturbance24, and quantifies the 184 

maximum impact of a perturbation (here the maximum percent decrease in NH4
+ depletion rate, 185 

or maximum inhibition).  It should be noted that a high resistance metric indicates low resistance 186 

(e.g. increased response to perturbation).    (also called Return Time33, 34) is a measure 187 

of the temporal impact of a perturbation, and quantifies the time needed for a system to return to 188 

a referential state.  Similar to the resistance metric, a high resilience metric indicates an extended 189 

recovery time, and therefore increased response to a perturbation.  Finally, an overall 190 
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 incorporates elements of both resistance and resilience.  The stability parameter is the 191 

area under the amplification envelope24.  Analogous to resilience and resistance parameters, a 192 

high stability parameter indicates increased response to a perturbation.  The reader is directed to 193 

Fig. 3 for an illustration of quantification of resistance, resilience, and stability parameters in 194 

response to a pulse disturbance in this study.   195 

An additional metric employed to quantify process stability under baseline unperturbed 196 

conditions was the coefficient of variation (CV; standard deviation divided by mean) of NH4
+ 197 

depletion rate.  Weekly CV values encompassed 2030 SBR cycles, and are a measure of 198 

variability, and therefore stability, in performance of each reactor within each week of operation.199 

200 

 201 

202 

All six PN/A reactors displayed excellent overall performance in terms of effluent quality during 203 

189 days of baseline operation (Phase II) with no intentional process perturbations.  Reactors 204 

maintained >90% NH4
+N removal efficiency and >80% total N removal efficiency (Fig. S2), 205 

with limited accumulation of NO3
 and NO2

.  Due to the use of actual anaerobic digester 206 

supernatant, influent NH4
+ and sCOD varied substantially over this time period (5001000 mg 207 

NH4
+N/L and 250700 mg sCOD/L; Table 1 and Fig. S1).  Average biomass concentration in 208 

replicate MBBRs increased over the baseline period of operation from 3570 to 5250 mgTSS/L 209 

(13.7 to 20.2 gTSS/m2), while average suspended growth reactor biomass concentration 210 

decreased from 4370 to 2870 mgTSS/L (Fig. S3).  Concentrations of NO2
 during the aerobic 211 

react period averaged 4 and 0.7 mgN/L for MBBRs and suspended growth reactors, respectively 212 

(Fig. S4).  These values are in line with observations in fullscale sidestream PN/A reactors12, 13.  213 
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Effluent NO2
 measurements were low (1.7±1.1mgN/L, or on average ~0.3% of NH4

+N 214 

removed) for all reactors. NO3
 effluent levels averaged 30 mgN/L, or approximately 5% of total 215 

NH4
+ removal (Fig. S5).  Theoretical NO3

 production from PN/A stoichiometry is 11.1% of 216 

NH4
+N depletion15.  NO3

 accumulation well under this theoretical value, as in this study, has 217 

been observed previously in PN/A reactors12, 19, and has been attributed to denitrification 218 

employing either external or endogenous organic carbon.  219 

Measured NH4
+ depletion rates in both MBBRs and in suspended growth reactors across 220 

the baseline period of operation were comparable to those documented previously for both 221 

process variations1113, 19, 35. NH4
+ depletion rates in MBBRs were significantly higher than in 222 

suspended growth reactors (p<0.001, Student’s ttest) (Table S2), as has been observed in 223 

previous studies12, 13. MBBRs averaged 0.65±0.18 kgN/m3·d (0.14±0.04 kgN/kgTSS·d), with 224 

maximum observed single SBR cycle rate of 1.15 kgN/m3·d. Suspended growth reactors 225 

displayed notably slower removal rates, with an average of 0.36±0.08 kgN/m3·d (0.11±0.04 226 

kgN/kgTSS·d) and maximum observed rate of 0.58 kgN/m3·d.  227 

In addition to superior average NH4
+ depletion rates, MBBRs also displayed significantly 228 

greater variability in performance over time compared to suspended growth reactors during the 229 

baseline period of operation, even when depletion rates were averaged over replicate reactors and 230 

across distinct weeks of operation (Fig. 1, Fig. S6).  All replicate MBBRs experienced a 231 

pronounced decline in N removal rate between days 82 and 152.  Day 110 represented the nadir 232 

in this decline, with weekly average NH4
+ removal rates sinking to 0.310.41 kgN/m3·d.  MBBR 233 

performance subsequently recovered to initial rates. In contrast, suspended growth reactor 234 

performance, while exhibiting lower NH4
+ removal rates on average than their MBBR 235 

counterparts, was relatively stable over time.  236 
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 237 

238 

 To quantify stability in reactor performance over time, we calculated the weekly 239 

coefficient of variation (CV) in NH4
+ depletion rate individually for all six reactors (Fig. S7, 240 

Table S2).  Variability within MBBR reactors (M1M3) was higher in most time points than 241 

suspended growth reactors (S1S3), despite sporadic elevated values in the latter.  This 242 

observation is highly statistically significant (p<0.001, Student’s ttest).  The weekly average CV 243 

for MBBR reactors was 0.14, versus 0.09 for suspended growth reactors (Table S2). 244 

  In addition to greater performance variability, dynamics in process performance co245 

varied to a greater extent between replicate MBBRs compared to replicate suspended growth 246 

reactors over the baseline period of operation.  Pearson correlation coefficients for association of 247 

weekly NH4
+ depletion rates between reactors are shown in Table S3.  MBBR performance 248 

correlated strongly and significantly (p<0.001, Student’s ttest) to other MBBRs in all pairwise 249 

comparisons between M1, M2, and M3.  This result suggests that MBBR PN/A process 250 

performance and dynamics are reproducible under the conditions employed in this study.  In 251 

contrast, results for suspended growth reactors were more ambiguous.  NH4
+ depletion rates in 252 

S1 were not significantly correlated to those in S3, but the two other possible comparisons (S1 to 253 

S2, and S2 to S3) were significant (p<0.001, Student’s ttest).  As discussed above, suspended 254 

growth reactors also displayed less variability in process performance over time than MBBRs, so 255 

it is possible that the lack of statistically significant covariation in selected reactor pairings 256 

could simply be due to the small observed variations in average weekly NH4
+ depletion rate 257 

around a relatively stable mean performance. 258 

 259 
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260 

Following assessment of process stability during the baseline period of operation (Phase II), we 261 

employed a series of simulated transient perturbations to further clarify differences in resistance, 262 

resilience, and overall stability between MBBR and suspended growth PN/A systems (Phase III).  263 

First, susceptibility to temperature fluctuations was characterized via a sudden cessation in 264 

reactor temperature control (Fig. 2).  From an applied standpoint, clarifying susceptibility of 265 

process variations to temperature fluctuations is relevant given that sidestream systems often 266 

experience operational instabilities or dynamics that transiently impact temperature12, 19. It is also 267 

an important consideration for emerging strategies for semicontinuous bioaugmentation of low 268 

temperature mainstream PN/A processes with anammoxenriched biomass from high 269 

temperature sidestream reactors36.   270 

  Temperature in reactors M1M3 and S1S3 normally ranged between 25oC (just after 271 

reactor filling) and 30oC (middle and end of SBR cycles).  Absent reactor heating, temperature 272 

declined over 24 hours from 30 to 16oC (Fig. 2, top).  Reactor heating was then reinstated, and 273 

normal operating temperatures were achieved within 12 hours.  As expected, NH4
+ depletion 274 

rates dropped in all reactors during the temperature decline (Fig. 2, middle). Average NH4
+ 275 

depletion rates fell in MBBR replicates from 0.55±0.09 kgN/m3·d just prior to the perturbation to 276 

a minimum of 0.30±0.05 kgN/m3·d. In suspended growth reactors, average NH4
+ depletion rate 277 

just prior to the perturbation was 0.17±0.05 kgN/m3·d, and declined to a minimum of 0.11±0.02 278 

kgN/m3·d.  All reactors regained previous NH4
+ depletion rates within 1 day of reinstated 279 

temperature control.  The average decline in NH4
+ depletion rate (percent inhibition) was higher 280 

in MBBRs than in suspended growth reactors (43% versus 32% inhibition), but the difference in 281 

means was not statistically significant (p=0.05 level, Student’s ttest).  Similarly, MBBRs 282 
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displayed elevated average resistance, resilience, and stability metrics (elevated average response 283 

to perturbation, based on 2 hour rolling averages of NH4+ depletion rate) compared to suspended 284 

growth reactors (Fig. S8), but differences in means were not statistically significant (p=0.05 285 

level, Student’s ttest) based on this single perturbation.     286 

  MBBR and suspended growth reactors displayed dramatically different patterns of 287 

accumulation of the key intermediate NO2
 during the temperature perturbation (Fig. 2, bottom). 288 

NO2
 did not significantly accumulate relative to baseline levels in MBBRs (p=0.05 level, 289 

Student’s ttest). In contrast, strong and significant NO2
 accumulation was apparent in all 290 

suspended growth reactors (p<0.05 for S1, p<0.001 for S2 and S3, Student’s ttest). S1 displayed 291 

a relatively subtle response, with NO2
 levels rising to maximum of 8 mgN/L.  S2 and S3 292 

displayed far greater NO2
 accumulation, with maximum measured levels of 54 and 76 mgN/L, 293 

respectively.  Interestingly, NO2
 drawdown was rapid in all reactors following reintroduction of 294 

temperature control.  Despite numerous reports of inhibitory impacts of NO2
 on anammox 295 

activity2, 37, 38, no adverse impacts on performance were apparent. Recent reports provide 296 

estimates of 50% inhibitory concentrations of NO2
 on anammox activity of between 100 and 297 

400 mgN/L37, 39, while earlier studies documented strong anammox inhibition at NO2
 298 

concentrations as low as 5 mgN/L11.  It is possible that a more severe temperature perturbation 299 

coupled to increased NO2
 accumulation would lead to inhibition of this process9.  300 

  Few assessments of PN/A performance in response to shortterm temperature 301 

disturbances are available in the literature.  Lackner and Horn19 also compared response to a 302 

temperature perturbation in a single labscale MBBR and a suspended growth PN/A system, with 303 

volumetric N loading rates similar to those employed in this study. While the range of 304 

temperatures employed was similar to this study, the use of larger reactors (115 and 200L) 305 
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necessitated increased time (~7 days) for both cooling and warming.   In contrast to our results, 306 

Lackner and Horn measured extremely high NO2
 accumulation (100600 mgN/L) coupled with 307 

almost complete loss of NH4
+ removal capacity in both MBBR and suspended growth reactors.  308 

Recovery of system performance took significantly longer then observed in our study—namely, 309 

20 and 40 days for MBBR and suspended growth reactors, respectively, putatively due to NO2
 310 

toxicity.  Notably, both reactors maintained significantly higher O2 concentrations (1.5 mg/L in 311 

the MBBR and 0.4 mg/L in the suspended growth reactor) than employed in our study.  The 312 

difference in O2 concentrations coupled to the longer exposure time to elevated NO2
 may be at 313 

least partially responsible for the starkly different responses and recovery times observed by 314 

Lackner and Horn compared to our work.  It should be noted that the relationship between NO2
 315 

concentration, contact time, degree of anammox inhibition, and requisite recovery time in PN/A 316 

systems is still poorly understood and warrants further study.   317 

  Lotti et al.36 employed exsitu batch activity assays of anammox and PN/A biomass to 318 

assess the impact of shortterm temperature changes on anammox activity. Intriguingly, Lotti and 319 

colleagues suggest that AOB displayed less temperature dependence (based on literature values) 320 

than anammox, thus providing a possible explanation for NO2
 accumulation in some PN/A 321 

systems undergoing temperature fluctuations via an excess of AOB relative to anammox activity. 322 

Biomass from only one nongranular system was explored by Lotti, but results from this free cell 323 

suspension suggested that anammox activity in suspension was more influenced by a temperature 324 

decrease than biofilm (granular) biomass. Lotti’s results are in broad agreement with 325 

reproducible patterns of activity decline coupled to NO2
 accumulation in suspended growth 326 

reactors in our study, compared to limited NO2
 accumulation (presumably linked to elevated 327 

anammox activity or capacity, and/or limited AOB activity) in MBBR reactors.  Our results also 328 
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corroborate observations by Gilbert et al.18 of increased propensity for NO2
 accumulation in a 329 

single suspended growth reactor compared to biofilm (MBBR or granular) PN/A reactors 330 

subjected to longterm (20 week) declines in temperature, though it should be noted that Gilbert 331 

et al. employed substantially lower N loading rates than those employed in this study.  332 

 333 

334 

Our results demonstrate pronounced differences in response of MBBR versus suspended growth 335 

PN/A systems to transient temperature perturbations, with unexpected and highly significant 336 

betweenprocess variations in propensity for NO2
 accumulation.  NO2

 is the product of AOB 337 

(nitritation) activity.   Our results thus suggested differing susceptibilities to variations in AOB 338 

activity, with excess activity in suspended growth reactors leading to elevated decoupling of 339 

AOB and anammox metabolisms compared to MBBRs.  Such variations in AOB activity have 340 

been proposed to be a potentially important source of process instabilities in PN/A systems.  341 

Indeed, Joss and colleagues8 demonstrated that process failures in suspended growth PN/A 342 

systems can be initiated by partial inhibition of AOB activity, which in turn leads to the 343 

secondary effect of anammox inhibition due to temporarily reduced O2 depletion and 344 

corresponding NO2
 accumulation.   345 

  To clarify potential variations in resistance to such AOB activity fluctuations between 346 

biofilm and suspended growth systems, we subjected all reactors to a series of pulses of the 347 

nitritation inhibitor ATU.  Three concentrations of ATU (500, 800, and 1100 g/L) were 348 

employed in independent perturbation experiments to promote partial, but not complete, AOB 349 

inhibition. ATU has been shown to have no significant impact on anammox activity40, 41.  As 350 

expected, NH4
+ depletion rates declined in all reactors for all ATU pulses (Fig. 3). Complete 351 
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recovery of preperturbation performance was achieved in all reactors within 1.5 days. 352 

  The amplification envelope method revealed substantial and significant differences in 353 

response to ATU perturbations in MBBR versus suspended growth reactors.  For illustrative 354 

purposes, application of the amplification envelope method to quantify resistance, resilience, and 355 

overall stability metrics in response to the 500 g/L ATU pulse is shown in Fig. 3.  Resilience, 356 

resistance, and overall stability metrics for all reactors in response to the three levels of ATU 357 

pulses are summarized in Fig. 4.  At the 500 g/L level, MBBRs displayed significantly elevated 358 

resilience (p<0.005, Student’s ttest) and overall stability (p<0.05, Student’s ttest) metrics, 359 

indicating substantially enhanced response to this perturbation.  Interesting, the resistance metric 360 

was not significantly different between MBBR and suspended growth process variations at the 361 

p=0.05 level, suggesting that the maximum impact of AOB inhibition was similar, and that the 362 

observed enhanced overall stability in suspended growth reactors is due in large part to faster 363 

return times (resilience metric).  The average resistance, resilience, and stability metrics for 364 

MBBRs in response to 800 and 1100 g/L ATU pulses were higher than those for suspended 365 

growth reactors, again suggesting potentially elevated response to perturbations, but differences 366 

in means were not significant at the p=0.05 level (Student’s ttest).  However, when responses to  367 

perturbations were considered across all ATU levels, suspended growth reactors demonstrated 368 

statistically significant reduced overall response (stability parameter; p<0.005, Student’s ttest) 369 

and recovery times (resilience metric; p<0.001, Student’s ttest) relative to MBBRs.  Similarly, 370 

consideration of all perturbations (temperature and ATU) together indicated highly statistically 371 

significant reduced response (stability parameter; p<0.001, Student’s ttest) and recovery times 372 

(resilience metric; p<0.01, Student’s ttest) in suspended growth reactors compared to MBBRs 373 

(Fig. S9).  Mirroring results for 500 g/L ATU pulses, the resistance metric was not significantly 374 
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different between suspended growth and MBBR reactors.   375 

  Joss and colleagues8 spiked a labscale suspended growth PN/A reactor (analogous to the 376 

suspended growth reactors in this study) with 1250 g/L ATU, leading to a strong decrease in 377 

NH4
+ removal rate, with associated NO2

 accumulation due to a putative “secondary effect” of 378 

anammox inhibition from exposure to excess O2 supply resulting from decreased AOB activity.  379 

Contrary to our expectations, in response to pulses of ATU, NO2
 did not accumulate in either 380 

suspended growth or MBBR systems in the current study (p=0.05 level, Student’s ttest). These 381 

results may contrast to those reported by Joss due to lower ATU doses employed here.  382 

Nonetheless, the patterns of NO2
 accumulation observed in our study suggests that anammox 383 

activity was not adversely impacted in either process variation.  The enhanced stability of 384 

suspended growth reactors to ATU pulses also suggests that nitritation activity (the source of 385 

NO2
) was somewhat less impacted in suspended growth systems relative to MBBRs. 386 

  Taken as a whole, our results demonstrate strikingly divergent behavior in response to 387 

transient perturbations in biofilm versus suspended growth PN/A reactors. MBBRs displayed 388 

enhanced susceptibility (decreased NH4
+ depletion rate) to disturbances under the scenarios 389 

assessed here, and suspended growth reactors displayed a marked propensity under some 390 

conditions for NO2
 accumulation.  These differences are statistically significant and reproducible 391 

across replicate independent reactors. 392 

393 

 394 

.  395 

In addition to distinct patterns of response and recovery to multiple transient perturbations, 396 

MBBR and suspended growth reactors displayed strong and reproducible differences in 397 
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abundance of key microbial guilds (Table 2). Anammox were more abundant in MBBRs than in 398 

suspended growth reactors across the experimental period, based on quantitative FISH (p<0.05, 399 

Student’s ttest).  Conversely, AOB were highly enriched in suspended growth reactors 400 

compared to MBBRs (p<0.001, Student’s ttest).  NOB were near or below the detection limit 401 

(0.5%) in all samples measured, demonstrating robust outcompetition of this unwanted microbial 402 

guild.  These results suggest at least the potential for additional AOB capacity in suspended 403 

growth reactors compared to MBBRs, and conversely suggest elevated anammox capacity in 404 

MBBRs.  The measured relative abundances of AOB in MBBRs were substantially lower than 405 

predicted by consideration of stoichiometry and previously estimated growth yields alone4244.  406 

The apparent “excess” anammox abundance relative to AOB in MBBRs parallels observations 407 

from previous experimental studies18, 42 and from 1D mathematical biofilm models that predict a 408 

layered biofilm structure comprised of a thick inner layer dominated by anammox overlain by a 409 

thin outer layer dominated by AOB in PN/A biofilms4547.  The outer biofilm layers are subject to 410 

elevated erosion and biomass loss, and therefore maintain a substantially lower SRT than inner 411 

anammoxdominated layers, thus providing a likely explanation for the disparity in population 412 

abundances. Importantly, only a fraction of the thick anammoxdominated inner layer in typical 413 

deep biofilms is predicted to be active in 1D biofilm models, suggesting that a “reservoir” of 414 

inactive anammox may be present in most biofilm systems.  This apparent reservoir of anammox 415 

capacity coupled to low relative abundance of AOB in MBBRs may have critical implications 416 

for resistance, resilience, and stability in response to dynamic conditions and transient 417 

perturbations in PN/A reactors. 418 

 In order to synthesize our results and highlight putative connections between macroscale 419 

patterns of resistance, resilience, and stability, abundance of key functional groups, and 420 
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mesoscale aggregate characteristics, a conceptual model of aggregate architecture in biofilm 421 

(MBBR) and suspended growth PN/A reactors is presented in Fig. S10.  This conceptual model 422 

is based on accumulated evidence presented here and in previous studies, including a 423 

combination of qualitative and quantitative FISH observations27,4850 (Fig. S11 and S12), patterns 424 

of resistance, resilience, and stability of process performance, and predictions from mathematical 425 

biofilm models45,47,51.  In the MBBR (biofilm) environment, our conceptual model includes a 426 

highly heterogeneous environment with a clear layering of both microbial populations and 427 

activities, with a thick under layer predominated by anammox and a thin overlying layer of AOB 428 

at low relative abundance directly exposed to the bulk liquid (and to any nitrification inhibitors 429 

[e.g. ATU] therein) (Fig. S10 left, Fig S11).  In the suspended growth environment, in contrast, 430 

our conceptual model depicts a much more evenly distributed microbial environment, with a 431 

complex and relatively homogenous mixture of AOB and anammox, and significantly greater 432 

percentage of AOB as a fraction of the biomass (Fig. S10 right, Fig. S12).  This conceptual 433 

model coupled to our results suggest that MBBR performance may be strongly limited by AOB 434 

activity, and thus that MBBRs may display low resistance and stability in response to transient 435 

perturbations that strongly impact AOB activity (e.g. toxic inhibitors of nitrification, including 436 

ATU, as observed in this study).    Conversely, this model also implies that the apparent excess 437 

“reservoir” of anammox capacity in PN/A MBBRs, coupled to increased mass transfer 438 

limitations in biofilms (such as on biofilm carriers) relative to floccular growth, may provide a 439 

degree of shielding against anammox inhibition events that can be caused by exposure to excess 440 

O2 in response to decreased AOB activity
8, thus limiting propensity for NO2

 accumulation (as 441 

observed in this study).  In contrast, this model coupled to our results suggests that, in suspended 442 

growth PN/A systems, excess AOB capacity (mirrored by higher AOB abundance) relative to 443 
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MBBRs apparently limits the impact of small doses of nitrification inhibitors (such as ATU) but 444 

also increases propensity for rapid NO2
 accumulation (as observed in this study).  Taken 445 

together, these results suggest that suspended growth systems may be more resistant, resilient, 446 

and stable in response to perturbations that decrease aerobic ammonia oxidation activity (e.g. 447 

inhibitory toxics [represented in this study by ATU] in the influent), while MBBR systems may 448 

be more resistant and resilient to perturbations that predominantly impact anammox activity 449 

(such as a decrease in O2 consumption or an increase in O2 supply rate).  Further testing of this 450 

hypothesis will require additional replicated perturbation experiments under a variety of 451 

conditions (particularly those that predominantly impact anammox activity), coupled with 452 

characterization of microscale variations in aggregate morphology, stratification in microbial 453 

populations and activities, and mass transfer limitations in biofilm carriers and suspended growth 454 

biomass.  455 

We also wish to stress that the common process variations explored in this study constitute 456 

opposite ends of a spectrum of bioprocesses that combine elements of biofilm and suspended 457 

growth aggregates.  Indeed, hybrid systems that incorporate both biofilmladen carriers and 458 

substantial floccular biomass are now undergoing testing for PN/A process implementation52. 459 

Based on our results, it is tempting to speculate that combining suspended growth and biofilms in 460 

hybrid systems may be beneficial to both limiting propensity for NO2
 accumulation in 461 

suspended growth systems, and also mitigating susceptibility to sharp decreases in substrate 462 

(NH4
+) removal rates in MBBRs in response to transient perturbations.  In effect, hybrid systems 463 

may offer the “best of both worlds” with regards to process stability.  The validity of this 464 

hypothesis remains to be tested.   465 

 466 
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(CLSM) methodology, MBBR process variability during baseline period of operation, and 474 

population segregation in PN/A MBBRs.  Tables showing FISH probes, average and maximum 475 

ammonium depletion rate and average weekly CV in ammonium depletion rate by reactor, 476 

Pearson correlation coefficients for covariation in ammonium depletion rates between reactors, 477 

and FISHbased relative abundance of microbial populations in MBBR biofilm and suspended 478 

growth biomass.  Figures showing influent sCOD and ammonium, percent N removal in reactors, 479 

reactor biomass concentrations, reactor nitrite concentrations, percent ammonium converted in 480 
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depletion rates, amplification envelope analysis of response of PN/A bioreactors to transient 482 

temperature perturbation, amplification envelope analysis of response of PN/A bioreactors to all 483 

transient perturbations, conceptual model of aggregate architecture in PN/A biofilm carriers and 484 

suspended growth flocs, and representative FISH micrographs of key microbial populations in 485 

PN/A  biofilm carriers and in suspended growth.   486 
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641 

  NH4
+ depletion rates over 189 days of baseline operation in MBBR and suspended 642 

growth reactors.  NH4
+ depletion rates are shown averaged weekly over triplicate reactors in each 643 

process variation.  One week for each process variation encompasses 2030 SBR cycles in each 644 

of three separate reactors. 645 

646 

.  Temperature, average cycle NH4
+ depletion rate, and within reactor NO2

 647 

accumulation during transient temperature perturbation.  Temperature (top) is shown for reactor 648 

S3, but is representative of all reactors.  Black arrows represent cessation and restart of reactor 649 

heating (setpoint 30oC).  NH4
+ depletion rates (middle) represent full SBR cycle averages.  M1, 650 

M2, and M3 are replicate MBBRs; S1, S2, and S3 contain suspended growth biomass.  NO2
  651 

measurements were all taken during react steps of SBR cycles.  NO2
 accumulation relative to 652 

baseline reactor operation was statistically significant in all suspended growth reactors (S1: 653 

p<0.05, S2 and S3: p<0.001, Student’s ttest), but was not statistically significant in all MBBRs 654 

(M1M3).655 

656 

Illustration of amplification envelope method for 500 ug/L ATU pulse for reactors M1 657 

(MBBR) and S1 (suspended growth).  Only two reactors are shown for ease of interpretation; the 658 

remaining 4 reactors qualitatively matched patterns of response to perturbations illustrated here.  659 

The black vertical arrow indicates start of perturbation. A) 2 hour rolling average NH4
+ depletion 660 

rate for M1 and S1 in response to pulse perturbation of ATU (500 g/L). B) Percent inhibition 661 

(decrease) in NH4
+ depletion rate relative to previous five unperturbed cycles.  Percent inhibition 662 

in NH4
+ depletion rate is employed as the response variable to perturbations for quantification of 663 

resistance, resilience, and stability parameters using the amplification envelope method.  664 

Quantification of resistance (%) and resilience (d) is illustrated here.  The area of the 665 

amplification envelope (integral of the response to perturbation) was used as an overall stability 666 

metric.  667 

668 

 Resistance (Top), Resilience (Middle), and Stability Parameter (bottom) metrics in 669 

MBBR and suspended growth reactors in response to pulses of the specific inhibitor of aerobic 670 

ammonia oxidation ATU. Average values across triplicate reactors are shown.  Error bars 671 
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represent standard deviations.  MBBR  replicates displayed significantly elevated stability 672 

parameters (p<0.05, Student’s ttest) and resilience (p<0.005, Student’s ttest) (significantly 673 

greater response to perturbation) for the 500 g/L ATU pulse relative to suspended growth 674 

reactors.  Resistance was not significantly different between process variations.  Average 675 

stability parameter and resilience metric were also higher for MBBRs than suspended growth 676 

reactors for pulses of 800 and 1100 g/L ATU, but differences in means were not statistically 677 

significantly different at the p=0.05 level (Student’s ttest) when perturbations were assessed 678 

independently.679 

 680 

Summary of the composition of anaerobic digester supernatant supplied as influent to 681 

the PN/A reactors.  All parameters except alkalinity were measured weekly over the 682 

experimental period.  Alkalinity was measured periodically to verify stability over time, 683 

particularly in response to new batches of supernatant. 684 

 685 

 Relative abundance based on 16S rRNAtargeted FISH of anammox (oligonucleotide 686 

probes Amx820 and Bfu613), AOB (NEU, Nso1225, and Cluster 6a 192), and NOB (Ntspa662 687 

and Ntspa712) normalized to total bacteria (EUB mix) in inocula for MBBRs and for suspended 688 

growth reactors and during transient perturbation experiments with ATU (day 370). 689 
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Fig. 1.  NH4

+ depletion rates over 189 days of baseline operation in MBBR and suspended growth reactors.  NH4
+ 

depletion  rates are  shown  averaged  weekly  over  triplicate  reactors  in  each  process  variation.    One  week  for  each 
process variation encompasses 20-30 SBR cycles in each of three separate reactors. 
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!
Fig. 2.  Temperature, average cycle NH4

+ depletion rate, and with-in reactor NO2
- accumulation during transient 

temperature perturbation.  Temperature (top) is shown for reactor S3, but is representative of all reactors.  Black 
arrows represent cessation and restart of reactor heating (setpoint 30oC).  NH4

+ depletion rates (middle) represent 
full SBR cycle averages.  M1, M2, and M3 are replicate MBBRs; S1, S2, and S3 contain suspended growth biomass.  
NO2

-  measurements were all taken during react steps of SBR cycles.  NO2
- accumulation relative to baseline reactor 

operation was statistically significant in all suspended growth reactors (S1: p<0.05, S2 and S3: p<0.001, Student’s t-
test), but was not statistically significant in all MBBRs (M1-M3). 
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!
Fig.  3. Illustration of  amplification  envelope  method  for  500  ug/L  ATU  pulse  for  reactors  M1 (MBBR) and  S1 
(suspended growth).  Only two reactors are shown for ease of interpretation; the remaining 4 reactors qualitatively 
matched  patterns  of  response  to  perturbations  illustrated  here.  The  black  vertical  arrow  indicates  start  of 
perturbation. A) 2 hour rolling average NH4

+ depletion rate for M1 and S1 in response to pulse perturbation of ATU 
(500 µg/L).  B)  Percent  inhibition  (decrease)  in  NH4

+ depletion  rate  relative  to  previous  five  unperturbed  cycles.  
Percent inhibition in NH4

+ depletion rate is employed as the response variable to perturbations for quantification of 
resistance, resilience, and stability parameters using the amplification envelope method.  Quantification of resistance 
(%)  and  resilience  (d)  is  illustrated  here.    The  area  of  the  amplification envelope (integral  of  the  response  to 
perturbation) was used as an overall stability metric.   
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Fig. 4. Resistance (Top), Resilience (Middle), and Stability Parameter (bottom) metrics in MBBR and suspended 
growth reactors in response to pulses of the specific inhibitor of aerobic ammonia oxidation ATU. Average values 
across triplicate reactors are shown.  Error bars represent standard deviation.  MBBR  replicates displayed 
significantly elevated stability parameters (p<0.05, Student’s t-test) and resilience (p<0.005, Student’s t-test) 
(significantly greater response to perturbation) for the 500 µg/L ATU pulse relative to suspended growth reactors.  
Resistance was not significantly different between process variations.  Average stability parameter and resilience 
metric were also higher for MBBRs than suspended growth reactors for pulses of 800 and 1100 µg/L ATU, but 
differences in means were not statistically significantly different at the p=0.05 level (Student’s t-test) when 
perturbations were assessed independently. 
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Table 1. Summary of the composition of anaerobic digester supernatant supplied as influent to the PN/A reactors.  
All  parameters  except  alkalinity  were  measured  weekly  over  the  experimental  period.    Alkalinity  was  measured 
periodically to verify stability over time, particularly in response to new batches of supernatant.  

 

Parameter 
Average value  
(± Standard 
Deviation) 

NH4
+ (mgN/L) 710±123 

NO2
- (mgN/L) <1 

NO3
- (mgN/L) <1 

Ntot (mgN/L) 747±117 
PO4

3- (mgP/L) 18±8 
Alkalinity (mmol/L) 67±10 
sCOD (mg/L) 378±103 
sCOD/Ntot 0.55±0.15 
tCOD (mg/L) 712±236 
tCOD/Ntot 0.98±0.23 
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Table 2. Relative abundance based on 16S rRNA-targeted FISH of anammox (oligonucleotide probes Amx820 and 
Bfu613), AOB (NEU, Nso1225, and Cluster 6a 192), and NOB (Ntspa662 and Ntspa712) normalized to total 
bacteria (EUB mix) in inocula for MBBRs and for suspended growth reactors and during transient perturbation 
experiments with ATU (day 370). 

 
	   Anammox (%) AOB (%) NOB (%) 

MBBRs 

Inoculum 48.6±8.8 2.1±0.8 ND* 
M1 (Day 370) 55.6±7.4 0.5±.3 ND* 
M2 (Day 370) 29.6±9.5 0.6±.1 ND* 
M3 (Day 370) 46.1±17.9 0.8±0.2 ND* 

Suspended 
Growth 
Reactors 

Inoculum 36.5±2.2 4.9±1.6 ND* 
S1 (Day 370) 24.2±5.8 6.0±1.4 ND* 
S2 (Day 370) 15.6±6.9 7.3±1.0 ND* 
S3 (Day 370) 16.6±2.8 6.4±1.7 ND* 

* ND=below detection limit (0.5%) 
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