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Abstract 16 

Nitrous oxide (N2O) is a potent greenhouse gas emitted during biological treatment of residual waters and 17 

can contribute significantly to the carbon footprint of the overall treatment, potentially offsetting energy-18 

positive strategies. N2O production is mediated by three known biological pathways and through abiotic 19 

reactions, driven by biologically-generated substances such as hydroxylamine and nitrite. The contributions 20 

of these different mechanism is determined by the environmental conditions and the resident microbial 21 

community. The newly discovered phenotypic diversity among aerobic ammonia oxidizers and the 22 

modularity of denitrifying species determines N2O emissions. Isotopic methods can be used to quantify N2O 23 

production pathways in water treatment systems, and mechanistic models can already predict N2O emissions, 24 

but limitations on their accuracy and precision still exist.  25 

 26 

 27 

Figure 1 - Model of biologically-driven N2O production pathways during water treatment: aerobic ammonia 28 

oxidizing bacteria (left), abiotic reactions (middle), and canonical heterotrophic denitrifier (right). cyt1 29 

represents cytc554 and mcyt552e, cyt2 represents cytbc1 and cyt552e, DH NADH dehydrogenase. Other enzymes 30 

are described in the text.  NO*NN Caranto and Lancaster 2017. N2O*NN Caranto et al. 2016. NN, ND, HD, 31 

Ab represent the four N2O pathways mixed in the bulk: Nitrifier Nitrification, Nitrifier Denitrification, 32 

Heterotrophic Denitrification and Abiotic. Modified after Simon, Klotz 2013. 33 

  34 
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Introduction  35 

Nitrous oxide (N2O) and methane are greenhouse gases (GHGs) emitted during water treatment with high 36 

radiative forcing compared to CO2. GHGs are a burden for planet Earth, and Life Cycle Assessments of 37 

water technologies highlight their significant impact on the urban water system [1].  38 

Sewage transport and treatment was suggested to contribute to 3.2% of the global anthropogenic N2O 39 

emissions (ca. 10% if manure, landfill leachates and industrial nitrogenous effluents are included) [2,3]. 40 

However, recent whole-plant measurements indicate an underestimation of the water treatment contribution 41 

to global N2O emissions [4]. The carbon footprint of wastewater treatment is highly sensitive to GHG 42 

emissions, with a burden between 44 and 71%, compared to 2-28% of electricity consumption in 43 

Scandinavian wastewater treatment plants [5]. For a novel activated sludge technology N2O emissions (5.1-44 

6.6% of oxidized nitrogen) represented 83% of the total operational CO2 footprint, and a 50% decrease of 45 

N2O emissions was necessary for a CO2 neutral footprint [6]. Overall, while energy neutral and energy self-46 

sufficient WWTPs abound [7], carbon neutral WWTPs are rare [8]. Here we highlight: key factors that 47 

regulate N2O production mechanisms in water treatment systems, analytical tools to quantify the microbial 48 

producing pathways, and mathematical models developed to capture N2O dynamics and to design N2O 49 

emission mitigation strategies. 50 

Genomic potential of microbial communities driving N2O production 51 

A state-of-the-art overview of the biological and abiotic N2O-producing reactions in nitrogen removing 52 

technologies was presented by Todt and Dörsch [9]: microbial communities have the genomic potential to 53 

produce N2O as a by-product of nitrification or as an intermediate during heterotrophic denitrification 54 

(Figure 1).  55 

Aerobic ammonia oxidizing bacteria (AOB) obtain energy from the oxidation of ammonia (NH3) to nitrite 56 

(NO2
–
) over hydroxylamine (NH2OH) with molecular oxygen (O2) as electron acceptor. NH2OH oxidation is 57 

catalysed by the HAO enzyme and releases four electrons, three in the oxidation to nitric oxide (NO), which 58 

is proposed as the obligate intermediate in NH2OH oxidation [10], and one more as NO is oxidized to NO2
–
. 59 

Two of these electrons sustain NH3 oxidation by the AMO enzyme and the other two are used anabolic 60 

processes [11].  61 

AOB can produce N2O from the incomplete oxidation of NH2OH to NO2
–
 via HNO or NO; this is referred to 62 

as nitrifier nitrification (NN). In addition, AOB can reduce NO2
–
 at low dissolved oxygen (DO) conditions. 63 

This process is encoded by the NO2
–
- and NO-reducing enzymes (NIR, NOR) and is termed nitrifier 64 

denitrification (ND) [12]. Hink et al., (2017) suggests that the ND pathway is a route for dissipation of 65 
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electrons, when present at high supply rates, but not as an energy conserving process [13]; and it was also 66 

suggested as a detoxification route at inhibitory NO2
–
 concentrations [12]. 67 

Different AOB genera (Nitrosomonas and Nitrosospira, r/K-strategists) display physiological differences 68 

such as specific growth rate, substrate affinities, and specific N2O production rates. AOBs possess a diverse 69 

enzymology, which lead to propose alternate N2O producing pathways beyond NirK, NorB and CYT P460 70 

[14,15]. N. communis lacks NirK and was able to reduce NO2
–
 to N2O supporting the presence of alternate 71 

NIRs, Nitrosomonas sp. Is79A3 and N. ureae Nm10 reduce NO with alternative pathways to the CYTc NO 72 

reductase, and N. multiformis lacks CYT P460 still producing N2O from aerobic NH2OH oxidation [16]. 73 

Microrespirometric assays of five pure cultures of AOB showed positive NO and N2O production by all 74 

AOB strains associated to both NH4
+
 and NH2OH oxidation. The dynamics and yields of NO and N2O 75 

production under aerobic and anoxic conditions varied greatly, and help associate hypothesized N2O 76 

production mechanisms to their genomic diversity [16]. Hence, the AOB-driven N2O production of a NH4
+
-77 

removing system depends on the environmental conditions and the AOB diversity. 78 

Ammonia oxidizing archaea (AOA), found in more oligotrophic environments than AOB, have a different 79 

enzymology, lacking HAO, CycB, and NORs [17]. N2O production pathways, confirmed via 15N-labeling 80 

studies, require NO as an apparent obligate intermediate [18], while AOBs do not [15]. As genomes of AOA 81 

do not encode for typical NOR denitrification, a chemical reaction of NH2OH with NO was proposed as the 82 

source of N2O [18], with overall lower N2O yields than AOB [19]. The biologically-driven abiotic N2O 83 

production from ammonia oxidation intermediates (NH2OH, NO) is ubiquitous among all ammonia 84 

oxidizers, but the contribution to the total N2O yield remains to be characterized. The genomes of recently 85 

discovered complete ammonia oxidizing Nitrospira do not encode genes related to NOx production, 86 

suggesting minimal N2O production [20]. 87 

Heterotrophic denitrifying bacteria use NO3
–
, NO2

–
, NO and N2O as electron acceptors in their respiratory 88 

metabolism at low oxygen tension. Most denitrifiers can also respire oxygen. Canonical denitrifiers carry out 89 

the four-step nitrate respiration using NAR, NIR, NOR and NOS enzymes [21], with different energy yields 90 

per electron consumed in each step [22]. The electron flow from carbon oxidation is distributed to two 91 

competing branches: nitrate reductase and cytochrome c, yielding non-consecutive reduction steps 92 

influenced by the presence of other terminal acceptors [23]. While denitrifiers can carry genes for a complete 93 

denitrification pathway, often only some genes are present [24,25] that can result in N2O sources or sinks: 94 

Co-occurrence of nar, nir and nor without nos would yield a net N2O producing strain, while microbes 95 

carrying only nosZ are N2O reducers; the latter have been identified [26]. Hence, whether a denitrifying 96 

community is a net N2O source or sink may be governed by the diversity and relative abundance of the nosZ 97 

gene versus the nar, nir and nor genes [27]. The nosZ gene consists of two clades; and microbes in clade II 98 
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showed higher growth yields and substrate affinities, but lower maximum consumption rates compared to 99 

clade I [28,29]. Among both clades, of specific interest is the high variation in DO inhibition of the N2O 100 

reduction step, with Monod constant ranging between 0.005 and 0.9 mg/L [30–32]. The NOS activity adapts 101 

transiently via lag phases to inhibitory oxic conditions [30], increasing the anoxic time necessary for a 102 

system to remove accumulated N2O [30]. This mechanism was recently proposed as a bet-hedging strategy 103 

of denitrifiers for cell-diversification leading to phenotypic heterogeneity [33].  104 

Independently from the main driving process (e.g., nitrification or denitrification) and the environmental 105 

conditions (e.g., aerobic or anaerobic), biotically-driven abiotic N2O production should not be ruled out [34]. 106 

A relevant reaction is the N-nitrosation of NH2OH by HNO2 [35], which may become significant at low pH 107 

or under high NO2
–
 conditions during ammonia oxidation [36,37]. Other abiotic reactions with N-compounds 108 

and metals were reviewed by Zhu-Barker (2015) [34]. However, the kinetic characterization of abiotic N2O 109 

production is still an urgent need to predict the relative contribution of each N2O pathway, with very few 110 

kinetic parameters reported [36,38,39].  111 

Environmental regulation of N2O production  112 

The environmental conditions and the microbial community determine the performance, including N2O 113 

production, of a biological treatment system [40]. Volumetric N2O production rates (mgN2O/L·h) provide 114 

little information as they are VSS-dependent. Specific rates (mgN2O/gVSS·h) are more informative [41], but 115 

remain community-dependent. As N2O production is associated with certain microbial guilds (e.g. AOB in 116 

nitrification dominated systems), we suggest that comparison between systems is facilitated by reporting 117 

N2O rates normalized to the responsible biomass fractions (e.g., mgN2O/gVSSAOB·h, where gVSSAOB is 118 

calculated using either experimental approaches (e.g. via qPCR or qFISH) or estimated from thermodynamic 119 

and stoichiometric relationships). In addition, N2O emission factors are more informative when related to 120 

substrate depletion and not substrate load, to avoid underestimation of N2O emissions from systems with low 121 

N-removing efficiency (e.g. mgN2O/mgNH4
+

rem, mgN2O/mgNO3
–

rem). Initial studies of N2O emissions from 122 

water treatment systems correlated N2O production rates to operational parameters such as solids retention 123 

time (SRT), NH4
+
 load, or temperature, but these correlations are likely too simplistic for predicting purposes 124 

[42]. The current understanding of the metabolic pathways should help to identify what controls the rate of 125 

each N2O pathway at the operating conditions. For example, nitrifying studies correlate N2O production 126 

associated to the ND pathway to NO2
–
 concentrations at low DO. The correlation also indicates limiting 127 

NO2
–
 levels and excess supply of electrons. However, at the onset of anoxia the limiting substrate becomes 128 

the electron donor pool, and not NO2
–
. Hence, in alternating aerated systems both electron donor and 129 

acceptor can govern N2O production from the same pathway. 130 
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While the internal electron pools cannot be directly quantified, the obligate NH4
+
 oxidation intermediates 131 

NH2OH and NO can be monitored [37], and hence specific monitoring of NH2OH and NO might be 132 

informative to ascertain the relative NN and ND contributions. NH2OH oxidation is the energy-yielding 133 

process and the NH2OH concentration from AOB pure cultures or engineered systems is typically low 134 

(<0.1mgN/L) [37]. A low concentration indicates a quick turnover, and would result in limited NH2OH loss 135 

through diffusion out of the cell. Aerobic NH2OH oxidation to NO2
–
 yields more N2O than NH3 oxidation, as 136 

electrons required to activate AMO are not required and can increase the NOx reduction [16,36,43]. Under 137 

anoxic conditions NH2OH can be auto-oxidized to N2O via NO, with the released electrons channelled to 138 

reduce NO2
–
 (if present) and NO [10,43]. If we consider NH2OH the electron donor of the NN and ND 139 

pathways (or the internal electron pool derived from NH2OH oxidation), the NH2OH oxidation process in 140 

both the NN and ND pathways is DO-independent. The relative availability of electron acceptors, O2 and 141 

NO2
–
, would regulate the NN and ND contributions. Overall, we suggest that NH2OH and NO are more 142 

informative than NH4
+
 and NO2

–
 to understand the regulation mechanisms of N2O production.  143 

Transient NH3 or O2 levels both (or each) increase N2O production from NH4
+
-removing systems [44]. Based 144 

on literature findings, we propose that the efficiency of AOBs at channelling electrons to anabolic processes 145 

will determine the electron availability for the NN and ND mechanisms. An NH3 overload would increase 146 

the NH3 turnover into NH2OH and requires a sudden dissipation of electrons equivalents generated during 147 

NH2OH oxidation, observed to not accumulate to high concentrations. Similarly, in systems with alternate 148 

oxic and anoxic conditions, the onset of anoxia halts NH3 oxidation but not NH2OH oxidation. In both cases, 149 

when the cell could not incorporate the released electrons equivalents into the anabolism from the internal 150 

pool, other available acceptors such as NO2
–
 or NO could be reduced, explaining the increasing N2O 151 

production [44,45]. The proteomic analysis of N. europaea also indicated  that imbalances between anabolic 152 

and catabolic electron fluxes manifested in the production of nitrogenous intermediates [46].  153 

The effect of pH on N2O dynamics is complex. In general, pH can affect observed biological activity at 154 

multiple hierarchical levels (including gene transcription, translation, post-translational, enzyme activity), 155 

that are often not individually discernible. The maximum enzymatic activities are pH-dependent: NH3 156 

oxidation and N2O reduction are favoured at alkaline pH levels, while HNO2 reduction is favoured at slightly 157 

acidic pH [47,48]. In addition, several molecules during N conversion have acid/base properties and their 158 

speciation will be affected across the physiologically-relevant pH range (NH4
+
/NH3, HNO2/NO2

–). NH3 is 159 

considered the substrate of AOB [48], but the substrate/inhibitor effect has not been clearly differentiated 160 

from the pH-effect on the maximum specific activity. Accumulation of the unionized species HNO2, and not 161 

NO2
–
, leads to higher N2O emissions from both autotrophic and heterotrophic pathways. However, it is 162 

unclear whether HNO2 or a low-pH maximum specific nitrite reduction rate govern the higher ND and HD 163 

rates observed at lower pH [49,50]. Within the abiotic N2O-producing reactions, acidification enhanced the 164 
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N2O yield of a Nitrosospira-dominated community due to the higher HNO2 availability of the hybrid N2O-165 

forming reaction of NH2OH and HNO2 [51].  166 

The carbon composition of the water stream shapes the diversity of the microbial community [52,53]. The 167 

metabolic pathways to oxidize organic carbon sources differ: the tricarboxylic acid cycle to oxidize acetate is 168 

common among denitrifying bacteria, but methanol degradation requires other metabolic pathways present in 169 

a small fraction of denitrifiers [54]. Ribera-Guardia et al. observed in lab-scale tests with denitrifying sludge 170 

that individual dosing of acetate, ethanol and methanol lead to different electron consumption and 171 

distribution profiles: ethanol favoured N2O reduction compared to NO3
–
 and NO2

–
 reduction, acetate lead to 172 

N2O accumulation due to relative faster NO3
–
 and NO2

–
 reduction rates, and methanol oxidation was 173 

significantly slower than ethanol or acetate [55].  174 

Microbes with storage metabolism such as Phosphate-Accumulating Organisms (PAO) and Glycogen-175 

Accumulating Organisms (GAO) also possess denitrification capabilities. PAOs show higher denitrifying 176 

rates and lower fractions of N2O accumulation per N-reduced than GAOs [56]. A high N2O yield (60-80%) 177 

benefits novel strategies where energy is recovered through N2O decomposition such as the Coupled 178 

Aerobic–anoxic Nitrous Decomposition Operation (CANDO) [57]. Biomass storing polyhydroxybutyrate 179 

maximized the NO2
–
 to N2O reduction yield, simultaneous reducing the C/N requirement for N-removal [57].   180 

Hence, the N2O production potential of a denitrifying community depends on the COD composition, the 181 

concentration of N-intermediates, and the microbial diversity, which determine the competition between 182 

each denitrifying step for the electron flow. 183 

N2O pathway identification 184 

The N-transformations of electron acceptors from NO2
–
 to NO and to N2O of the ND and HD pathways are 185 

indistinguishable, and in mixed communities the interactions and exchange of substrates difficult the 186 

identification of N2O producers (e.g. cross feeding of NO, NO2
–
 between microorganisms). If only bulk N2O 187 

measurements are made, the relative contribution of different pathways could only be made if target 188 

enzymatic processes are inhibited (e.g. by addition of allylthiourea to inhibit NH4
+
 oxidation, or of acetylene 189 

to inhibit bacterial NH4
+
 oxidation and N2O reduction). However, use of inhibitors is rarely specific, and 190 

would also inhibit other metabolic processes, possibly altering intermediates of N2O production rates. 191 

Experimental methods based on relative isotopocule abundances (i.e. all isotopic variants) aim at quantifying 192 

the contribution of each pathway. N2O isotopologues differ in the atomic weight (
14

N or 
15

N, 
16

O or 
18

O), 193 

and/or location of the N and O atoms in the asymmetric linear N2O molecule (i.e., isotopomers). No single 194 

isotopic method can elucidate, unambiguously, the contribution of each pathway, but they are 195 

complementary [12].  196 
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Stable isotope methods combine addition of 
15

N and 
18

O tracers (
15

NH4
+
, 

15
NO2

–
, 

15
NO3

–
, 

18
O-O2), and 197 

calculate pathway contributions based on isotopologue abundances. Only dual methods (
15

N/
18

O) distinguish 198 

NN from ND and HD pathways in WWTPs. The isolation of the NN pathway is only possible if the rapid 199 

oxygen exchange between H2O and NO2
–
 is be quantified. In incubations with partial-nitritation/anammox 200 

biomass, after calculating the rapid 
18

O dilution in NO2
–
 formation, 

46
N2O represented the NN contribution 201 

[58]. However, the use of isotopic tracers is limited to lab-scale batch incubations for economic reasons.  202 

Differently from stable isotopic tracers, natural abundance methods quantify the N and O isotopic signature 203 

in the N2O molecule (δ
15

N, δ
18

O). In the N case the difference of the delta (15N/14N isotope ratio relative to 204 

a standard) between central (α) and terminal (β) N atoms, is termed Site Preference (SP). The exact SP 205 

signature values for each N2O production pathway are not elucidated (e.g. ND -1.7‰ – 0.1‰, HD -5.1‰ – -206 

0.5‰) [59], and the similarity in enzymes and molecules between the ND and nitrifying-coupled HD, make 207 

the ND and HD 
15

N isotopic values to not be unambiguously distinguishable [12]. SP measurements with 208 

pure cultures do not guarantee that SP signatures for specific pathways are identified. On the other hand, 209 

assays of purified enzymes, like HAO or NOR, may generate SP signatures of the NN and HD pathways – 210 

provided signatures are enzyme-specific  (HAO N. europaea 36.6‰, HAO N. oceani 36.2‰) [60]. Clearly, 211 

if two pathways possess similar SP signatures the contributions of the two pathways cannot be elucidated. 212 

Ostrom et al. highlighted analytical limitations of SP measurements, where a the lack of isotopically 213 

characterized N2O standards for adequate sample normalization exists, and provided suggestions on best-214 

practices [61]. Moreover, no consensus exist on measurement protocols, that lead to high variability (10‰) 215 

of the SP value of a reference gas measured among analytical laboratories [62]. Although the relative 216 

contribution of ND and HD cannot be distinguished by SP values [12,58], SP-based studies can help identify 217 

N2O pathway dynamics in defined situations: in autotrophic nitrogen removing communities where the HD 218 

contribution is expected to be low [59], or by combining SP and δ
18

O values to calculate N2O reduction to N2 219 

[63], or tracer studies with 
15

N models to contrast individual pathway reactions with the observed molecular 220 

N2/N2O dynamics [64]. 221 

N2O mitigation strategies 222 

The mathematical description of N2O production aims to develop and validate mitigation strategies. In 223 

empirical models N2O emissions are fit to operational factors (e.g. pH value, temperature, feeding and 224 

aeration strategy, etc.) via multivariate statistical techniques, highlighting specific effects and combined 225 

influences to which N2O emissions are most sensitive [65,66]. Polynomial Box-Behnken models found 226 

optimum operating conditions for N2O mitigation from deammonification (pH = 7.8, single feeding, 227 

continuous aeration), or nitrifying granular sludge (pH = 7.1, temperature = 22.3 °C, aeration rate = 0.20 228 

m
3
/h). However, optimum conditions may vary with sludge characteristics or operational configurations, and 229 
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as N2O measurements quantify net rates (i.e. the result of simultaneous production and consumption); black-230 

box models do not distinguish between a lower consumption rate and a higher production rate. The black-231 

box modelling approach is powerful for its simplicity and can help develop mechanistic models.   232 

The engineering design of N2O mitigation strategies for novel N-removing technologies already benefits 233 

from the current knowledge of N2O pathway regulation. Nitritation/Denitritation and Partial-234 

Nitritation/Anammox systems are cost-effective alternatives to nitrification/denitrification, but are also 235 

hotspots for N2O production due to higher NO2
–
 and lower DO concentrations. Steadier ammonium removal 236 

rates are assumed to avoid imbalances in the internal electron pool two strategies and their implementation 237 

have proven successful: by intermittent-feeding the NH3 shock-loads decrease [67], and increasing the 238 

aeration frequency leads to both lower aerobic removal rates and lower NO2
–
 accumulation [41]. Increasing 239 

DO levels decreased the contribution from denitrifying pathways, and external carbon dosage successfully 240 

consumed N2O produced from the onset of anoxia [67]. The newly classified N2O reducers (nosZ clade II) 241 

were enriched on a biofilter by feeding the gaseous N2O stream from a WWTP, substantially decreasing N2O 242 

emissions [68]. 243 

Mitigation strategies validated with mechanistic models will be more robust than based on empirical 244 

correlation models. Mechanistic models describe a complex process such as N2O production via a 245 

combination of variables through mathematical equations. N2O models differ on the number of processes 246 

and/or variables described, and the complexity of their mathematical rates.   247 

Metabolic network models for single-species incorporate all the electron transport reactions known, and are 248 

substantiated by the increasing genomic information. The complex parameterization of metabolic models is 249 

still a drawback, and for AOBs only the N. europaea exists [45]. Integrative modelling combined with 250 

dynamic flux balance analysis allows for dynamic simulations [69], which was previously limited to only 251 

steady-state estimations [45].  252 

ASM-based grey-box models are widely used in water treatment technologies. Microbial guilds are grouped 253 

by functionalities and N2O production is implemented as an extension of N-removing models of AOB and 254 

HB. Several N2O models consider the three biological pathways (NN, ND, HD) but differ on the number of 255 

variables and processes described [43]: some structures simplify the N2O-producing reactions by not 256 

including intermediates such as NO or NH2OH, or by shortening denitrifying pathways (NO2
–
 reduction to 257 

N2O over NO) [70]. N2O models are calibrated with TN datasets and additional N2O measurements, 258 

however, the direct precursors of N2O are typically not validated. While NH2OH levels in N-removing 259 

systems are low (< 0.2 mgN/L) N2O models have overestimated accumulation of 27% of the NH3 oxidized as 260 

NH2OH in a biofilm [9], or up to 6 mgN/L in the effluent [71]. A model considering the ND and HD 261 

pathways predicted N2O dynamics from nitrifying batch tests. However, for the same overall N2O fit the NO 262 
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emissions and N2O pathway contributions varied greatly when NO affinities were varied within literature 263 

range (NO = 0.2 – 4.0% NO/N2O, ND = 1 – 56%) [72]. The simultaneous calibration of intermediates such 264 

as NO or NH2OH will increase the reliability of N2O simulations and pathway contributions [43,70]. Due to 265 

the overparameterized nature of ASM-based N2O models during model calibrations not all parameters are 266 

identifiable, and pathway contributions can only be validated in lab-scale systems. N2O models for full-scale 267 

WWTP rely on bulk N2O measurements or ex-situ isotopic tests [73]. Hence, the precision of best-fit N2O 268 

simulations and pathway contributions should be treated cautiously.  269 

The accuracy of N2O model predictions is addressed in WWTP models, but only few studies have applied 270 

analysed the uncertainty (e.g. confidence intervals) [43,74], which is a severe weakness. We suggest that 271 

N2O precision analysis together with systematic calibration protocols (e.g. analysis of residuals, parameter 272 

identifiability, parameter subset selection) will increase the confidence of future control-based mitigation 273 

strategies.  274 

Conclusions 275 

Recent pure-culture studies have focused on deciphering the metabolic pathways for N2O production; yet, 276 

under the same environmental conditions members of the same guild display different NO and N2O 277 

production rates. Biologically-driven abiotic N2O production should not be overlooked, but its kinetics 278 

remain to be described. N2O mitigation strategies informed by knowledge of biological mechanisms are 279 

being implemented. Novel mechanistic N2O models considering three biological pathways can predict bulk 280 

emissions from WWT units accurately, but quantifying model precision needs further research. Recent 281 

studies have benefited from combining model predictions and isotopocule datasets, which can be used to 282 

validate the modelled predictions of pathway contributions and bulk emissions. 283 

Thus, the combination of molecular ecological, computational and isotopic analysis approaches seems 284 

essential to improving our understanding of N2O pathways in water treatment systems, and knowledge 285 

gleaned from other environmental systems (e.g. soils) should be incorporated. 286 
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