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Abstract

Streams play a critical role in attenuating the excess reactive nitrogen generated from human activities. These systems can

consequently also emit significant amounts of N2O, a potent greenhouse gas. Models and manipulative experiments now

suggest that hydrology regulates the balance between nitrogen removal and N2O production. We aimed to empirically test this

hypothesis by measuring changes in the concentration and isotopic composition of NO3- (δ18O, δ15N) and N2O (δ18O, δ15N,

site preference) in hyporheic sediments and surface water of a 30 m reach over eight days of falling stream discharge (2.7 to

1.8 m3 s-1). The stream was persistently heterotrophic (productivity/respiration: 0.005 - 0.2), while changes in conductivity,

δ18O-H2O, and 222Rn indicated that hyporheic mixing decreased and net groundwater inputs increased as discharge declined.

The shallow groundwater had high inorganic N concentrations (2 – 10 mg l-1), but increased groundwater inputs could not

fully explain the concurrent increases in NO3- (1 – 3 mg N l-1) and N2O (700 to 1000 % saturation) in the surface water.

Biologically, rather than solely hydrologically, regulated stream nitrogen export was confirmed by changes in N2O and NO3-

isotopic composition. However, isotope patterns indicated that nitrification, not denitrification, increased surface water NO3-

and N2O concentrations as hyporheic exchange decreased. These findings empirically demonstrate how flow dynamics regulate

biological NO3- production as well as transport, with implications for predicting aquatic N2O emissions.
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Abstract 26 

Streams play a critical role in attenuating the excess reactive nitrogen generated from 27 

human activities. These systems can consequently also emit significant amounts of N2O, a 28 

potent greenhouse gas. Models and manipulative experiments now suggest that hydrology 29 

regulates the balance between nitrogen removal and N2O production. We aimed to 30 

empirically test this hypothesis by measuring changes in the concentration and isotopic 31 

composition of NO3
- (δ18O, δ15N) and N2O (δ18O, δ15N, site preference) in hyporheic 32 

sediments and surface water of a 30 m reach over eight days of falling stream discharge (2.7 33 

to 1.8 m3 s-1). The stream was persistently heterotrophic (productivity/respiration: 0.005 - 34 

0.2), while changes in conductivity, δ18O-H2O, and 222Rn indicated that hyporheic mixing 35 

decreased and net groundwater inputs increased as discharge declined. The shallow 36 

groundwater had high inorganic N concentrations (2 – 10 mg l-1), but increased groundwater 37 

inputs could not fully explain the concurrent increases in NO3
- (1 – 3 mg N l-1) and N2O (700 38 

to 1000 % saturation) in the surface water. Biologically, rather than solely hydrologically, 39 

regulated stream nitrogen export was confirmed by changes in N2O and NO3
- isotopic 40 

composition. However, isotope patterns indicated that nitrification, not denitrification, 41 

increased surface water NO3
- and N2O concentrations as hyporheic exchange decreased. 42 

These findings empirically demonstrate how flow dynamics regulate biological NO3
- 43 

production as well as transport, with implications for predicting aquatic N2O emissions.  44 

 45 

Keywords: stable isotopes, isotopomers, hyporheic zone, surface water – groundwater 46 

interactions, freshwater tidal zone, sub-tropics  47 

 48 

 49 

 50 
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1. Introduction 51 

Excess reactive nitrogen (N) generated from human activities like agriculture and 52 

fossil fuel combustion causes a range of environmental damages, from biodiversity loss 53 

through to global climate change (Fowler et al., 2013; Galloway et al., 2008). Streams and 54 

rivers play a critical role in regulating these damages as they determine the form and quantity 55 

of N transported from land to sea (Boyer et al., 2006; McCrackin et al., 2014; Tysmans et al., 56 

2013). However, the same conditions that maximise reactive N removal may also promote 57 

the release of nitrous oxide (N2O), an ozone depleting greenhouse gas with 298 times the 58 

warming potential of carbon dioxide (CO2) (Alexander et al., 2009; Quick et al., 2019; Turner 59 

et al., 2015). Evaluations of the biological and hydrological controls on reactive N removal in 60 

streams must therefore be expanded to account for potential trade-offs with N2O emissions.  61 

 At the global scale, waterways with higher surface water nitrate (NO3
-) 62 

concentrations tend to emit more N2O (Hu et al., 2016; Murray et al., 2015). However, it is 63 

not yet clear whether this correlation is causal, as within-reach studies frequently show 64 

decoupling of NO3
- and N2O fluxes (e.g., Comer-Warner et al., 2020b). This disconnect 65 

reflects the complexity of N cycling, which can be both assimilated and/or converted via 66 

dissimilatory microbial pathways through seven redox states. Nitrous oxide is an intermediate 67 

product of both microbial N oxidation (nitrification, NH3 → NO3
-) and reduction 68 

(denitrification, NO3
- → N2), plus other minor microbial processes (Quick et al., 2019). 69 

Positive correlation between NO3
- and N2O can thus be produced by either, 1) nitrification-70 

limited N2O and NO3
- production, or, 2) NO3

--limited denitrification producing N2O. 71 

 Stream N2O emissions are often assumed to come primarily from denitrification 72 

(Beaulieu et al., 2011; Rosamond et al., 2012). Typically O2 saturated surface waters confine 73 

denitrification to anoxic zones in sediments and suspended particles (Reisinger et al., 2016; 74 

Seitzinger et al., 2006; Xia et al., 2017), so stream denitrification depends on both the extent 75 
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of anoxic zone formation (capacity) and efficiency of NO3
- transport to these anoxic zones 76 

(opportunity). Capacity is affected by C availability, sediment composition, and biological 77 

productivity (Christensen et al., 1990; Covino et al., 2018; Eyre and Ferguson, 2009; 78 

Trimmer et al., 2012). Stream hydrology controls the opportunity for N removal: slower flow 79 

velocities increase time for reactions to occur (Alexander et al., 2009; Briggs et al., 2014; 80 

Marcé et al., 2018), while vertical hyporheic zone surface water – groundwater mixing moves 81 

NO3
- through anoxic zones (Gomez-Velez et al., 2015; Krause et al., 2017). However, N2O 82 

fluxes are only inconsistently explained by denitrification capacity factors like NO3
- 83 

concentrations (Hu et al., 2016), NO3
- consumption rates (Comer-Warner et al., 2020b; 84 

Laursen and Seitzinger, 2004), or O2 (Baulch et al., 2012; Clough et al., 2007; Reading et al., 85 

2017; Rosamond et al., 2011; Wu et al., 2018). New models propose overcoming these 86 

inconsistencies by focusing on hydrology (opportunity). These predict that stream N2O is 87 

highest under unstable or intermediate flow conditions, when N2O is stripped from anoxic 88 

NO3
- reduction zones before it can be reduced to N2 (Marzadri et al., 2017; Quick et al., 89 

2016). This fits with growing evidence that both opportunity and capacity must be accounted 90 

for to predict assimilatory stream N removal (Covino et al., 2018). Yet difficulty quantifying 91 

the hyporheic dynamics underpinning redox-dependent N cycling means large uncertainties 92 

persist in estimates of both stream NO3
- removal and N2O emissions (Hampton et al., 2020).  93 

 The aim of this study was to empirically test whether the same mechanisms control 94 

stream export of NO3
- and N2O. Dropping stream flow during a diurnal metabolism study 95 

provided a unique opportunity to test the hypothesis that opportunity (hydrology), more than 96 

capacity (biology), regulates stream N2O emissions and NO3
- removal. We measured changes 97 

in the concentration and natural abundance isotopic composition of NO3
- and N2O in the 98 

surface waters and porewaters (5 cm depth and 20 cm depth) of a stream both during the 99 

night v day (changing capacity) and over time as the stream height fell (changing 100 
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opportunity). This approach is based on evidence that nitrification and denitrification 101 

systematically discriminate against light isotopes (Boshers et al., 2019; Casciotti et al., 2003; 102 

Granger and Wankel, 2016) so that NO3
- isotopic composition (δ18O, δ15N) reflects stream N 103 

cycling (Cohen et al., 2012; Wells et al., 2016). Similarly, N2O isotopes (δ15N, δ18O) and 104 

isotopomers (intramolecular site preference of 15N, SP) help constrain the relative influence 105 

of NO3
- reduction, NH3 oxidation, and N2O reduction on N2O fluxes (Ostrom and Ostrom, 106 

2017; Well et al., 2012). 107 

 108 

2. Materials & Methods 109 

2.1 Site description 110 

 The study was carried out in Monaltrie / Gundurimba Creek, which drains into the 111 

Wilson River in Lismore, New South Wales, Australia (28°50'57"S, 153°16'27"E) (Fig. 1). 112 

The stream is tidal with muddy sediments. The site is underlain by fractured basalt, including 113 

unconfined shallow aquifers, and sharp topography constrains water flow paths (Brodie et al., 114 

2007; Brodie et al., 2003). The region has a semi-tropical climate with warm, wet summers 115 

and cool, dry winters, with mean temperatures ranging from 13°C to 28°C. Mean annual 116 

rainfall is 1,200 mm rain. Effluent from a nearby wastewater treatment plant (WWTP) 117 

discharges into Monaltrie Creek and the shallow groundwater upstream from the study site 118 

(Fig. 1), leading to elevated DIN concentrations in both the surface and groundwater (Table 119 

1). Local shallow groundwater is ~21°C and the surface water between 19 and 27 °C.  120 

 121 

2.2 Experimental design 122 

Surface water (SW), surface sediment porewaters (S), and hyporheic zone water (HZ) 123 

were sampled at nine locations across a 30 m stream reach over five 24 h periods spanning 124 

eight days in April 2017 (late summer). We logged changes in N2O, as well as supporting 125 
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chemical (O2, CO2, CH4, conductivity) and hydrologic (radon, 222Rn, as a proxy for 126 

groundwater inputs, as well as temperature, flow velocity, and stream height) parameters 127 

every 1 s-1 – 30 min-1 in the centre of the sampled reach. This intensive local sampling design 128 

enabled us to identify ‘hot spot’ zones of surface water -groundwater interactions and directly 129 

relate subsurface processes to temporal surface dynamics. Discrete samplings were timed to 130 

the O2 maxima and minima of each day in order to fully capture stream N variability (Baulch 131 

et al., 2012; Christensen et al., 1990): samples were collected at 02:00 and 14:00 on D1, D2, 132 

and D4, then at low and high tides for D6 and D8 after reviewing O2 data. Climate data (wind 133 

speed, air temperature, rainfall) was downloaded from the Bureau of Meteorology station 134 

(http://www.bom.gov.au/climate/dwo/IDCJDW2074.latest.shtml, accessed 16/06/2017). 135 

 136 

2.2.1 Discrete samples  137 

Surface water samples were collected by filling a 1 L bottle and then sub-sampling 138 

into vials using a 20 ml syringe (Fig. 1). For the surface sediments (S), diffusive equilibration 139 

in thin-film (DET) probes were degassed for 8 hr in a 0.01M NaCl solution purged with N2, 140 

then installed to 5 cm depth six hours prior to sampling (Huang et al., 2016; Huang et al., 141 

2019). Probes were collected prior to the surface grab samples and stored wrapped in 142 

cellophane. Hyporheic samples were collected from piezometers (20 cm internal diameter) 143 

installed 20 cm below the sediment surface. A 50 ml syringe was used to collect HZ water, 144 

with the first 50 ml discarded to purge the well. The SW and HZ samples were either passed 145 

through 0.22 µm syringe tip filters (polyethersulfone, Minisart) for inorganic nutrient (PO4
3-, 146 

NO3
-, and NH4

+) and NO3
- dual isotope analyses, or passed through a 0.45 µm syringe tip 147 

filter (polyethersulfone, Minisart) into a pre-combusted 40 ml glass vial sealed with a Teflon 148 

septa for organic carbon (DOC) analysis. Samples were frozen at -20°C until analysis. 149 

Additional surface water samples for δ15N-N2O, δ18O-N2O, and SP-N2O were collected in 150 

http://www.bom.gov.au/climate/dwo/IDCJDW2074.latest.shtml
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500 ml glass crimp-top bottles (Wheaton). These were stored in the dark at 4°C, and analysed 151 

within one month of collection. Conductivity (Eutech Instruments) in HZ and SW samples, 152 

and temperature and O2 (Hach LDO) in HZ samples, were measured in the field prior to 153 

filtering. The DET probes were cut along the sediment – surface water line, placed into a 154 

sterile plastic vial, and frozen at -20°C until analysis. 155 

 156 

2.2.2 Continuous measurements  157 

Loggers were installed at B2 (Fig. 1). Flow velocity (v) and water depth (h) were 158 

logged every 10 min using an ultrasonic Doppler instrument (Starflow, Unidata) placed on 159 

the sediment surface, and water chemistry, including DO, logged every 30 minutes using a 160 

Hydrolab HL4 installed 20 cm below the water surface. Other dissolved gasses (222Rn, CO2, 161 

CH4, and N2O) were measured by continuously pumping water from 20 cm below the surface 162 

through a showerhead exchanger (Durridge). Air from the exchanger was pumped through a 163 

Drierite column to remove moisture, and then to either a Picarro G2308 (N2O, CH4), LI-COR 164 

LI-820 (CO2), or a Durridge RAD7 (222Rn). Carbon dioxide and N2O concentrations were 165 

logged ~1 s-1 and 222Rn every 10 min. Measurement precision was 0.05% for N2O. Picarro 166 

stability was confirmed prior to use using N2 (0 ppm N2O) and N2O (28 ppm) gasses. The LI-167 

COR was calibrated prior to deployment (0 ppm, 1000 ppm), and had 1 ppm precision.  168 

 169 

2.3 Sample analyses  170 

 Inorganic nutrient concentrations were measured using a Lachat Flow Injection 171 

Analyser, see Eyre and Pont (2003) for details. Note NO3
- was measured as NO3

-+NO2
- and 172 

NH4
+ as NH3+NH4

+. DOC concentrations were measured via continuous flow wet oxidation 173 

on an Aurora 1030W TOC analyser. For S samples, DET gels were extracted overnight using 174 
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10 ml deionised water, which was then analysed for NO3
- and NH4

+ concentrations and NO3
- 175 

dual isotope composition (Comer-Warner et al., 2017; Huang et al., 2016).  176 

Water isotopes (δ18O-H2O) in SW and HZ samples was measured on a High 177 

Temperature Conversion Elemental Analyzer (Thermo-Fisher TC-EA) coupled to an IRMS 178 

(Thermo-Fisher Delta-V plus) via a Thermo-Fisher ConFlo IV. Samples were measured 5x (1 179 

µL injection) to account for carryover, and calibrated using VSMOW2 (δ18O = 0.0‰) and 180 

SLAP2 (δ18O = -55.5‰) standards. Dual NO3
- + NO2

- isotopes (δ15N and δ18O) were 181 

measured using a Pseudomonas aureofaciens culture genetically modified to block N2O 182 

reduction to quantitatively convert NOx
- to N2O (McIlvin and Casciotti, 2011). Sample 183 

batches were prepared along with triplicate culture blanks and the internationally certified 184 

standards USGS34, USGS32, and USGS35. The produced δ15N and δ18O composition of the 185 

produced N2O was measured using a Thermo Fisher Delta V Plus IRMS fitted with a custom 186 

gas bench (Thermo Fisher Gasbench II). The isotopic composition of SW N2O (δ15N-N2O, 187 

δ18O-N2O, and SP, where SP = αN - βN) was measured after injecting a 50 ml helium 188 

headspace into the 500 ml sample bottles, allowing samples to equilibrate for >2 hr, and 189 

adjusting the gas bench for manual injection (Murray et al., 2018). Data were corrected 190 

offline as described in Toyoda and Yoshida (1999), and calibrated from triplicate 191 

measurements of three internationally-verified N2O isotope standards (Mohn et al., 2014).  192 

  193 

2.4 Data analysis 194 

Analyses were carried out in R v 4.0 / R Studio v 1.3.959. Stream discharge (Q, m3 s-195 

1) was calculated from the logged flow velocity (v, in m s-1) and reach cross-sectional area 196 

(width × h). Downstream discharge of DOC and NO3
- was calculated as the measured 197 

concentration (g m-3) × Q (m3 s-1) for the 3 h around sample collection. Water chemistry 198 

differences were determined using mixed models, with sample locations as repeated 199 
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measures, time and depth as continuous variables, and width and length locations as fixed 200 

factors, using lmer4 and merTools (Bates et al., 2015; Knowles and Frederick, 2019). Due to 201 

sample numbers, tests were run separately for each depth layer. Figures were generated with 202 

ggplot2, patchwork, and ggpubr (Kassambara, 2020; Pedersen, 2019; Wickham, 2016). 203 

 204 

2.4.1 Biogenic gasses 205 

Gross primary productivity (GPP) and ecosystem respiration (ER) were estimated as 206 

functions of light using a maximum likelihood estimation model from streamMetabolizer R 207 

(Appling et al., 2018). Estimates were based on measured O2 concentrations, water 208 

temperatures, Q, h, and the estimated solar radiation for the location × time.  209 

N2O, CO2, and CH4 data were block-averaged at 1 min-1 intervals, and dissolved 210 

concentrations calculated based on the partial pressure (µatm) and solubility (K0, in mol atm-1 211 

l-1) calculated for each gas for a given temperature and conductivity. Dissolved 222Rn 212 

concentrations (dpm l-1) were calculated as per Santos et al. (2012), dissolved N2O (µg N l-1) 213 

using the K0 defined in Weiss and Price (1980), and CO2 (mg l-1) as per Wanninkhof (2014). 214 

Time-lags created by variable gas equilibration times were applied to the data using values 215 

previously calculated for this sampling set-up (15 min for N2O and CO2, 30 min for 222Rn) 216 

(Erler et al., 2015; Maher et al., 2013; Santos et al., 2012). The transfer velocity between the 217 

surface water and air (k), which is regulated by v and h (Hall and Ulseth, 2019), was 218 

calculated for each 1 min of data using three of the empirical equations outlined in (Raymond 219 

et al., 2012) and used to calculate mean daily water-to-air N2O fluxes (Suppl. Mat. 1). 220 

Dissolved N2O isotope and isotopomer values were corrected for mixing with 221 

atmospheric N2O to ensure that variations in concentrations did not bias the data, as 222 

suggested by (Thuss et al., 2014). This was done using a two-pool mixing model (Eq. 1):  223 

(Eq. 1)  𝛿𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑓𝑎𝑖𝑟𝛿𝑎𝑖𝑟 + 𝑓𝑠𝑡𝑟𝑒𝑎𝑚𝛿𝑠𝑡𝑟𝑒𝑎𝑚 224 
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   1 = 𝑓𝑎𝑖𝑟 + 𝑓𝑠𝑡𝑟𝑒𝑎𝑚 225 

where fair is defined based on N2O saturation, making this a conservative estimate of two-way 226 

air-water mixing (Eq. 2):  227 

(Eq. 2)  𝑓𝑎𝑖𝑟 =
0.32×𝐾0

𝑁2𝑂𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 228 

where 0.32 is the partial pressure of N2O in the air and N2Omeasured is the measured partial 229 

pressure dissolved in the surface water. We then solved Eq. 1 assuming that ‘air’ N2O had the 230 

concentration and isotopic composition of tropospheric N2O: δ15N-N2O = 7.0 ‰, δ18O-N2O = 231 

43.7 ‰, SP = 18.7 ‰ (Yoshida and Toyoda, 2000). Dissolved δ18O-N2O values were 232 

normalised to surface water δ18O-H2O values (Lewicka-Szczebak et al., 2017), to correct for 233 

O exchange during N2O production (Snider et al., 2009; Snider et al., 2013). 234 

 235 

2.4.2 Surface water – groundwater interactions 236 

Two approaches helped constrain surface water – groundwater mixing. First, the 237 

proportion of surface water in the hyporheic zone was estimated from conductivity (Eq. 3):  238 

(Eq. 3): 𝑓𝑠𝑤 =
𝐶𝐺𝑊−𝐶𝐻𝑍

𝐶𝐺𝑊−𝐶𝑆𝑊
 239 

where conductivity measured in sub-surface wells (CHZ) is compared to the range of 240 

conductivity range reported for shallow site groundwater (CGW; Table 1) and measured in the 241 

surface water (CSW). Eq. 3 was solved for each sampling point using the mean ± SD of each 242 

parameter. Second, the measured diurnal 222Rn fluctuations were used to approximate 243 

groundwater inputs to the surface water. This approach is based on the knowledge that 244 

relatively short surface water 222Rn residence times mean that measured concentrations must 245 

come from subsurface inputs (Burnett et al., 2010; Khadka et al., 2017). The groundwater 246 

flux into the surface water (QGW, in m3 s-1) was estimated by mass balance (Eq. 4):  247 

(Eq. 4):  𝑄𝐺𝑊 =
𝐹𝑑𝑒𝑐𝑎𝑦+𝐹𝑎𝑖𝑟+𝑄𝑙𝑜𝑤𝑅𝑛𝑙𝑜𝑤−𝑄ℎ𝑖𝑔ℎ𝑅𝑛ℎ𝑖𝑔ℎ

𝑅𝑛𝐺𝑊
 248 
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where Fdecay is 222Rn removal due to radioactive decay and Fair is the 222Rn water-air flux, 249 

calculated using constants and parameterisations from Burnett et al. (2010), and the measured 250 

differences between 222Rn fluxes at low (Qlow × Rnlow, in m3 s-1 × dpm m-3) and high (Qhigh × 251 

Rnhigh) tides approximate upstream 222Rn inputs v. downstream exports, respectively. This 252 

defines QGW as the 222Rn flux not explained by hydrology. Eq. 4 was solved for each 24 h 253 

sampling period using the maximum and minimum 222Rn concentrations (230,000 dpm m-3 254 

and 20,000 dpm m-3 for local shallow groundwater (Atkins et al., 2013; Gatland et al., 2014). 255 

Note that end-member uncertainty means that Eq. 3 and Eq. 4 help constrain, but do not 256 

precisely quantify, changes in surface water – groundwater interactions over time.  257 

  258 

3. Results 259 

3.1 Hydrology 260 

Stream height fluctuated tidally by ~0.1 m. Daily v peaks (up to ~2 m s-1) coincided 261 

dips in h minima (Fig. 2) and conductivity (r = 0.4 – 0.7, p<0.001). Surface water was 21 ± 262 

0.5 °C. Over time k600 values ranged from 1.3 ± 0.3 m d-1 to 0.73 ± 0.3 m d-1 (Suppl. Mat. 263 

Table S1). Over time h declined from 1.1 to 0.86 m (p<0.001), Q decreased from 3 m3 s-1 to 264 

~2 m3 s-1 (p<0.001), and conductivity increased (p<0.001; Suppl. Mat. Table S3). Surface 265 

water δ18O-H2O decreased over time (F = 17, p<0.001) (Table 2, Fig. 2). The 222Rn × 266 

conductivity relationship differed between days (F = 83, p<0.001), with the slope becoming 267 

more negative from D1 (x = -0.008, p<0.001, r2 = 0.19) to D6 (x = -0.07, p<0.001, r2 = 0.34), 268 

and the estimated marginal mean increased from 3.7 dpm l-1 (D1, D2) to 4.1 dpm l-1 (Fig. 2). 269 

Solving Eq. 4 for the daily 222Rn and Q fluctuations indicated that groundwater contributions 270 

to surface water increased from 35 ± 30 % on D1 to 61 ± 50 % on D8 (Table 3).  271 

Temperature in HZ (22°C) did not differ significantly from SW, nor between night 272 

and day (Table 1). The δ18O-H2O values differed between surface and subsurface waters (F = 273 
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4, p<0.05). Subsurface δ18O-H2O values decreased over time (F = 3.3, p<0.01), particularly 274 

along the north bank, where values tended to be most negative (location: F = 7.8, p<0.05; 275 

date × location: F = 3.4, p = 0.06) (Table 2). Conductivity was greater in HZ than SW (F = 276 

300, p<0.001; Table 2). HZ conductivity increased over time (680 ± 50 µS cm-1 to 1,200 µS 277 

cm-1; F = 160, p<0.001), particularly along the north bank (F = 9.3, p<0.05; date × location: 278 

F = 30, p<0.001). Mass balances based on HZ and SW conductivity (Eq. 3) show surface 279 

water contributions to the subsurface decreased from 83 % on D1 to 62 % on D8 (Table 3).  280 

 281 

3.2 Biogenic gasses (O2, CO2, N2O) 282 

Surface water O2 concentrations varied diurnally from 1.6 ± 0.2 mg l-1 (20% 283 

saturation) to 1.4 ± 0.2 mg l-1 (15% saturation) (p<0.001), and decreased from 1.5 ± 0.4 on 284 

D1 to 1.4 ± 0.1 mg O2 l
-1 on D8 (p<0.001; Fig. 2). Best-fit metabolism models accounted for 285 

between 60% (D4) and 90% (D6) of diurnal O2 fluctuations (Suppl. Mat. Fig. S1). Model 286 

estimated GPP was 1.3 (0.7 – 3) g O2 m
-2 d-1 and ER was -28 (-60 - -3) g O2 m

-2 d-1, 287 

producing a GPP/ER ratio of 0.08 (0.03 – 0.1) over the study period (Table 3).  288 

Daily dissolved CO2 negatively correlated with O2 fluctuations (r = -0.36, p<0.001; 289 

Fig. 2). Over time CO2 increased from 3.1 ± 0.06 mg C l-1 to 3.2 ± 0.03 mg C l-1 (p<0.001; 290 

Fig. 2) and the CH4:CO2 concentration ratio decreased from 0.013 to 0.0088 (p<0.001; 291 

Suppl. Mat Fig. S2). Daily N2O fluctuations negatively correlated with h (r = -0.79, 292 

p<0.001), 222Rn (r = -0.067, p<0.05), and O2 (r = -0.39, p<0.001), and positively correlated 293 

with conductivity (r = 0.89, p<0.001). Concentrations increased over time from 1.4 µg N2O-294 

N l-1 on D1 to 2.6 µg N2O-N l-1 on D8 (p<0.001; Fig. 2), as did estimated marginal means 295 

relative to conductivity (690 ± 2 % saturation on D2, 930 ± 3 % saturation on D8). The 296 

relationship between N2O and O2 saturations changed over time (F = 280, p<0.001) from 297 

negative on D1 and D2 (r = -0.6) to positive on D4 – D8 (r = 0.1). 298 



13 

 

  299 

3.3 Stream nutrients 300 

Nutrient (DOC, PO4
3-, NO3

-, NH4
+) concentrations did not differ significantly 301 

between ‘low O2’ and ‘high O2’ sampling points in either the SW, S, or HZ samples. Data are 302 

therefore presented as the daily mean for each 24 h period. Surface waters NO3
- 303 

concentrations increased over time (Suppl. Mat. Table S8), while DOC, and NH4
+ 304 

concentrations decreased (Table 2). Nitrate was 50% of SW inorganic N on D1 v. 80% on D8. 305 

Nitrate concentrations tended to be highest along the south bank, both in absolute terms and 306 

relative to conductivity (Table 2). Ammonium tended to be highest along the north bank and 307 

towards the top of the reach (Fig. 3). Nitrate was always higher in SW than  308 

 Surface sediment (S) NO3
- concentrations decreased from 0.62 mg N l-1 on D1 to 0.39 309 

mg N l-1 on D8 (F = 6.6, p<0.05), while S NH4
+ concentrations remained relatively consistent 310 

over time (Fig. 3; Suppl. Mat. Table S8). This zone had the highest NH4
+ concentrations (S > 311 

HZ > SW) and lowest NO3
- concentrations (S < HZ < SW) (Fig. 3). Spatially, S NH4

+ was 312 

highest in the centre, while NO3
- increased from the north bank (0.34 ± 0.3 mg N l-1) to centre 313 

(0.39 ± 0.3 mg N l-1) to south bank (0.57 ± 0.4 mg N l-1) (F = 4.0, p<0.05; Fig. 3).  314 

Deeper sediment (HZ) NO3
- concentrations increased over time along the south bank 315 

and downstream, while NH4
+ increased upstream along the north bank (Fig. 3). Over time 316 

NO3
-:conductivity ratios and DOC concentrations increased at all HZ sites (Table 2). 317 

Ammonium concentrations were highest along the north bank (2.3 ± 2 mg N l-1), where NO3
- 318 

concentrations were lowest (0.12 ± 0.2 mg N l-1). The HZ NO3
- concentrations were lower 319 

upstream (0.48 ± 0.5 mg N l-1) than downstream (1.1 ± 0.8 mg N l-1) (p<0.01, Fig. 3), while 320 

DOC concentrations were highest along the north bank (Table 2).  321 

   322 

3.4. Isotopic composition of inorganic N species 323 
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3.4.1 Nitrate (δ18O, δ15N) 324 

Nitrate isotopes did not differ significantly night v day / high v low tide in either SW, 325 

S, or HZ, so data is presented as the mean for each 24 h period. The δ15N-NO3
- and δ18O-NO3

- 326 

values varied significantly over the reach width in S and HZ (not SW), but did not vary over 327 

reach length at any depth (Suppl. Mat. Table S8). δ15N-NO3
- and δ18O-NO3

- had distinct 328 

patterns over time (Fig. 4). On D1 near-bank δ15N-NO3
- was +7 ‰ higher in HZ than S, but 329 

this reversed on D4 – D8 with values 0.6 ‰ higher in S than HZ (Fig. 4). In contrast, S δ18O-330 

NO3
- values were consistently higher than both SW and HZ (Fig. 4). Over time S δ18O-NO3

- 331 

increased, especially along the north bank (F = 8.6, p<0.01), so the difference between S and 332 

SW δ18O-NO3
- went from 9.8 ‰ (D1, D2) to 11 ‰ (D6, D8) (Fig. 5).  333 

Surface water NO3
- concentrations correlated with δ15N-NO3- (r = 0.63, p<0.001), but 334 

not δ18O-NO3
-. Over time SW δ15N-NO3

- increased (12 ± 0.5 ‰ to 13 ± 0.2 ‰) while δ18O-335 

NO3
- decreased (3.9 ± 3 ‰ to 0.35 ± 2 ‰) (Fig. 4). Surface sediment δ18O-NO3

- values were 336 

highest along the north bank (13 ± 4 ‰) and δ15N-NO3
- values highest in the centre (16 ± 7 337 

‰). Over time south bank S δ15N-NO3
- increased (7.7 ± 2 ‰ to 20 ± 6 ‰) and δ18O-NO3

- 338 

decreased (16 ± 5 ‰ to 10 ± 2 ‰; Fig. 4). In HZ the δ18O-NO3
-, but not δ15N-NO3

-, decreased 339 

from the north bank (9.2 ± 6 ‰) to centre (4.9 ± 6 ‰) to south bank (4.0 ± 2 ‰). Over time 340 

HZ δ15N-NO3
- decreased from 15 ± 10 ‰ on D1 to 13 ± 1 ‰ on D6 (Fig. 5). Accordingly, 341 

the linear relationship between δ18O-NO3
- v δ15N-NO3

- was never strong, but shifted from 342 

weakly negative in SW (slope = -0.7, p<0.001, r2 = 0.04) to more clearly negative in S (slope 343 

= -0.3, p<0.001, r2 = 0.14), to positive in HZ (slope = 0.5, p<0.001, r2 = 0.19). 344 

 345 

3.4.2 N2O (δ18O, δ15N, SP) 346 

Nitrous oxide isotopes (δ18O, δ15N, and SP), measured at the nine SW sampling 347 

locations, differed neither between day/night samplings nor between locations (Suppl. Mat. 348 
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Fig. S3). Over time δ15N-N2O values decreased from 1.5 ± 2 ‰ to -0.99 ± 0.9 ‰ (F = 26, 349 

p<0.001; Fig. 6). The δ18O-N2O values were lower on D1 (52 ± 6 ‰) than D2 – D8 (57 ± 4 350 

‰) (F = 20, p<0.001), while SP increased from 15‰ on D1 to 31‰ on D8 (F = 200, 351 

p<0.001). Changes in δ18O-N2O related inversely to δ15N-N2O (y = 16 – 0.26x, p<0.001, r2 = 352 

0.45) and positively to SP (y = -56 + 1.3x, p<0.001, r2 = 0.61) (Fig. 6). Consequently, the 353 

difference between δ18O-N2O and δ18O-NO3
- at each site increased over time from 49‰ to 354 

58‰ (F = 15, p<0.001), while δ15N-N2O decreased relative to the corresponding δ15N-NO3
- 355 

from -10‰ on D1 to -14‰ on D8 (F = 90, p<0.001). 356 

 357 

4. Discussion 358 

4.1 Hydrologic setting 359 

Tides often dominant daily water chemistry fluctuations at the marine end of estuaries 360 

(Call et al., 2015), but were expected to be secondary to internal productivity in this nutrient-361 

rich freshwater zone ~100 km inland (Knights et al., 2017). The distinctly tidal fluctuations in 362 

depth, v and conductivity (Fig. 2) are likely made more apparent due turbidity masking any 363 

diurnal metabolism. The fact that daily 222Rn fluctuated with v and h also suggests the tidal 364 

shifts in hydraulic pressure could be ‘pumping’ the subsurface and influence hyporheic 365 

exchange (Barnes et al., 2019; Bianchin et al., 2011). However, these daily fluctuations are 366 

overprinted by continuous declines in h and Q (Fig. 2, Table 2). Decreasing Q, which could 367 

promote internal N reactions over downstream discharge (Ocampo et al., 2006; Raymond et 368 

al., 2016; Wollheim et al., 2018), is clear. Yet the h and v shifts could also alter microbial N 369 

transformations vis-à-vis subsurface exchange (Hester et al., 2019; Krause et al., 2017; 370 

Lewandowski et al., 2019; Singh et al., 2019). 371 

Multiple lines of evidence suggest that the connection between surface water and 372 

groundwater changed over the study period. The increased surface water 222Rn (Table 3) fits 373 
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expectations that groundwater inputs decrease during high flow events and then increase as 374 

the system returns to baseflow (Looman et al., 2016; Schubert and Paschke, 2015; Webb et 375 

al., 2017). However, this is complicated by the concurrent dampening tidal 222Rn fluctuations, 376 

which suggest weakening tide-driven pumping, and thus vertical mixing (Call et al., 2015). 377 

Decreased vertical mixing during the return to baseflow conditions is supported by, first, the 378 

growing spatial variability in subsurface δ18O-H2O, as incomplete mixing is needed for 379 

isotopically distinct pools to develop (Dudley-Southern and Binley, 2015), and, second, 380 

increased difference between surface and subsurface conductivities (Table 3). Thus falling v 381 

and h led to both more groundwater dominated surface waters and dampened vertical 382 

exchange within the channel. This provides a strong framework for empirically evaluating 383 

hydrologic regulations of stream NO3
- and N2O processing.   384 

 385 

4.2 Biological setting (metabolism) 386 

 Diurnal light variations that shift streams from net respiration (O2 consuming) at night 387 

to net photosynthesis (O2 producing) during the day (Bernhardt et al., 2018; Parker et al., 388 

2005) can impact N cycling (Martí et al., 2020; Yang et al., 2019). Previous work shows that 389 

NO3
- concentrations similar to those measured here can fuel biological growth to the extent 390 

that O2 fluctuates >100% between night and day (Clough et al., 2007; Harrison et al., 2005). 391 

Yet despite the warm temperatures and high nutrient concentrations, daily O2 varied by only 392 

5% (Fig. 2). Notably, unlike other systems where muted diurnal O2 signals reflected low 393 

biological activity (e.g., Baulch et al., 2012), here the low O2 (~ 20% saturation) and high 394 

CH4:CO2 ratios instead indicate strong heterotrophy (Stanley et al., 2016). This fits with 395 

metabolism model estimates that reach respiration was 5 – 20 times higher than productivity 396 

(Table 3). A strongly heterotrophic system is reasonable given the observed low water clarity 397 

that would inhibit photoautotrophic activity (see photos in Fig. 1, Fig. 7) and high nutrient 398 
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loads to fuel respiration. This contradicts the expectation that increased nutrients + light fuel 399 

plant growth in highly impacted waterways (Tank et al., 2010). However, we observed a 400 

similar turbidity-driven productivity drop in other highly modified subtropical waterways 401 

(Wells and Eyre, 2019; Wells et al., 2020). The markedly low productivity here thus provides 402 

a critical contrast to previous metabolism × N investigations, which found light fluctuations 403 

drove N uptake vis-à-vis primary productivity (Fork and Heffernan, 2014; Hall and Tank, 404 

2003; Reisinger et al., 2019). For our purposes the key implications of the apparently light-405 

limited metabolic regimen are that, 1) assimilatory phototrophic N demand will be minimal, 406 

and, 2) low O2 and high C create favourable denitrification conditions.  407 

 408 

4.3 Nitrate  409 

The increasing surface water NO3
- concentrations over time contradict the hypothesis 410 

that Q regulates solute export by decreasing in-stream processing (Alexander et al., 2009; 411 

Raymond et al., 2016; Wollheim et al., 2018). Downstream NO3
- export actually increased 412 

from 250 to 410 kg N d-1 despite Q decreasing by 30% (Fig. 7). Similar NO3
- increases 413 

following hydrologic ‘pulses’ were previously observed (Chen et al., 2020; McKee et al., 414 

2000; Ocampo et al., 2006), but it is unclear whether this is due to either new NO3
- sources 415 

entering the system or changing internal N cycling.  416 

 417 

4.3.1. Hydrologic NO3
- sources 418 

Increased solute export following high-flow events can come from either overland 419 

flow or increased groundwater inputs (Ocampo et al., 2006; Webb et al., 2017). A new 420 

upstream source emerging during this study’s narrow sampling window can be reasonably 421 

ruled out due to the magnitude of the established WWTP source and lack of branching 422 

tributaries (Fig. 1). However, infiltration of shallow, N-rich groundwater (Table 1) could 423 
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affect surface water NO3
-. Significant groundwater NO3

- inputs aligns with evidence that 424 

groundwaters comprised a greater proportion of stream flow over time (Table 3), and is 425 

supported by the spatial distribution of streambed N. The highest sediment N concentrations 426 

cluster along the north bank near the groundwater plume (Fig. 1, Fig. 3) and NO3
- depth 427 

profiles are inverted relative to what is created when surface water is the sole NO3
- source 428 

(Kessler et al., 2013; Schutte et al., 2015). However, the significance of groundwater N to the 429 

measured surface water concentrations would depend on the extent of denitrification during 430 

transport through the sediments (Trauth and Fleckenstein, 2017; Trauth et al., 2014). Changes 431 

in NO3
- isotopic composition constrain this factor: conservative groundwater-to-surface water 432 

transport (no sediment denitrification) would cause SW NO3
- to become isotopically similar 433 

HZ NO3
- as the groundwater contribution increased, while reactive transport (incomplete 434 

sediment denitrification) would fractionate upwelling NO3
- and cause SW NO3

- to become 435 

isotopically heavier than HZ NO3
- (Wells et al., 2019). Neither scenario is reflected in the 436 

relatively low SW δ15N-NO3
- and δ18O-NO3

- values that persisted throughout the study (Fig. 437 

5). Instead, the increasing isotopic depletion, rather than enrichment or equivalence, of SW 438 

NO3
- relative to subsurface NO3

- shows that the net increase in upwelling groundwater was 439 

not the main driver of increasing surface water NO3
-. This indicates that changing within-440 

stream cycling, rather than external inputs, regulated NO3
- concentrations. 441 

 442 

4.3.2. Biological NO3
- cycling 443 

Relatively warm water temperatures and high substrate concentrations would provide 444 

ample ‘capacity’ for a range of N transformations within the sampled reach. However, the 445 

apparently light-limited stream productivity also negated the photoautotrophic nutrient 446 

demand, which would cause diel surface water NO3
- concentration fluctuations (Appling and 447 

Heffernan, 2014; Chamberlin et al., 2019; Cohen et al., 2012). This finding is important as it 448 
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suggests that dissimilatory microbial pathways, rather than assimilation and mineralisation by 449 

algae and plants, are the likely drivers of stream N dynamics.  450 

Increasing surface water NO3
- export could come from either decreased removal 451 

(denitrification) or increased production (nitrification). The changed flow dynamics and 452 

hyporheic exchange would affect the opportunity for both to occur (Azizian et al., 2017; 453 

Briggs et al., 2014; Harvey et al., 2013; Naranjo et al., 2015). Denitrification can be limited 454 

under high flows when there is insufficient time for anoxic zones to form (Kessler et al., 455 

2013; Zarnetske et al., 2012). Nitrification is maximised under ‘intermediate’ flows that limit 456 

the extent of anoxic sites (Azizian et al., 2017; Zarnetske et al., 2012). Declining hyporheic 457 

exchange, which regulates stream denitrification by transporting NO3
- to denitrifying zones 458 

(Gomez-Velez et al., 2015), could also shift the nitrification-denitrification balance.  459 

Nitrate isotopes help tease apart the relative importance of decreasing denitrification v 460 

increasing nitrification on surface water NO3
- fluxes. First, denitrification causes a 461 

characteristic parallel enrichment in δ15N-NO3
- v δ18O-NO3

- (Granger and Wankel, 2016; 462 

Wells et al., 2019), which was not evident here (Fig. 4). Second, nitrification can be 463 

constrained based on δ18O-NO3
- values because nitrifiers incorporate O from the surrounding 464 

water and dissolved O2. Assuming these are incorporated at a ratio of 2×O-H2O to 1 x O-O2 465 

(Kendall, 1998), and using measured δ18O-H2O values and 23.5‰ for δ18O-O2 (Kroopnick 466 

and Craig, 1972), here nitrification-produced δ18O-NO3
- values would be ~5‰ (Fig. 5). 467 

However, this common parameterisation likely over-estimates δ18O-NO3
- as it does not 468 

account for fractionation during incorporation or exchange with surrounding H2O (Buchwald 469 

et al., 2012). Thus any within-stream nitrification here likely produced δ18O-NO3
- values 470 

between -10‰ (Fang et al., 2012) and -4‰ (Boshers et al., 2019). Although admittedly 471 

broad, surface water δ18O-NO3
- clearly shifted to this ‘nitrification’ range over time while 472 
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sediment δ18O-NO3
- values remained relatively enriched (Fig. 5). In-situ production, rather 473 

than decreased removal, thus likely increased surface water NO3
- export over time. 474 

Increasing nitrification as hyporheic exchange declined is reasonable in this setting. 475 

First, the low light conditions would favour nitrification. Aquatic nitrification is generally 476 

highest when turbidity or depth inhibit phytoplankton growth, removing competition for any 477 

available NH4
+ (Smith et al., 2014; Stephens et al., 2019; Xu et al., 2019). Second, stream 478 

sediments would provide an ample NH4
+ supply to the overlying water (Fig. 3), regardless of 479 

the potential ~10% bias associated with the S DET probes (Briggs et al., 2015; Comer-480 

Warner et al., 2020a). While very high, the porewater concentrations fit within the ~30 – 100 481 

mg NH4
+-N l-1 range of other sewage-impacted (Gupta and Karuppiah, 1996; Palmer-Felgate 482 

et al., 2010) and hypereutrophic (Morgan et al., 2012) systems. We therefore proposed that 483 

decreased hyporheic mixing increased NO3
- release into the surface water (net nitrification) 484 

by minimising transport between oxic (NO3
- rich) and anoxic (denitrifying) microsites in the 485 

subsurface (Harvey et al., 2013; Kessler et al., 2013).  486 

 487 

4.4 Surface water N2O cycling  488 

Increasing N2O emissions could result from decreased reduction or increased 489 

production via either denitrifying or nitrifying pathways. However, like NO3
- export, stream 490 

N2O emissions are often assumed to be regulated by denitrification (Beaulieu et al., 2011; 491 

Hampton et al., 2020). This is partially based on inverse O2:N2O relationships observed 492 

between days, seasons, and systems (Ji et al., 2018; Laursen and Seitzinger, 2004; Rosamond 493 

et al., 2012; Venkiteswaran et al., 2014). Here a similar negative O2:N2O relationship was 494 

found on the first two sampling dates (Fig. 2). This relationship could reflect stream biology, 495 

with sediment oxygenation at high tide inhibiting denitrification (Barnes et al., 2019; Knights 496 

et al., 2017)). Alternatively, tidal flushing of N2O rich, O2 poor porewaters at low tide would 497 
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produce the same pattern (Reading et al., 2017). It then follows that the shift towards a 498 

positive O2:N2O relationship that emerged on the subsequent three sampling dates (Fig. 2) 499 

was due to either a shift away from denitrification-driven (O2-limited) N2O production or 500 

tidal flushing decreasing along with hyporheic exchange.  501 

The N2O isotope data confirmed that in-stream biological production changed over 502 

time as N2O emissions increased (Fig. 6, Fig. 7). Increasingly negative δ15N-N2O values over 503 

time could be caused by either increasing nitrification (15N enrichment factor, 15ε, of -56‰ 504 

for NH2OH → N2O) relative to bacterial denitrification (15ε = -20‰ for NO2
- → N2O) or a 505 

decline in N2O reduction to N2, which progressively enriches the residual N2O pool (15ε = -6 506 

– 7 ‰) (Denk et al., 2017; Lewicka-Szczebak et al., 2017). Yet here the simultaneous 507 

increases in SP and δ18O-N2O clearly confirm that increased N2O over time was produced by 508 

net nitrification increasing, not denitrification or N2O reduction (Fig. 5). This is because, 1) 509 

nitrification produces N2O with higher SP (~30, (Frame and Casciotti, 2010)) than microbial 510 

denitrification (SP ~0, (Haslun et al., 2018)), 2) the SP v. δ18O-N2O slope of ~2 is greater 511 

than the ~0.5 produced by N2O reduction (Lewicka-Szczebak et al., 2017), and, 3) the 512 

inverse, rather than parallel, relationship between δ15N-N2O and δ18O-N2O rules out N2O 513 

reduction (Snider et al., 2013). Denitrification (or flushing N2O from denitrifying sediment 514 

zones) controlled surface water N2O when Q and hyporheic exchange were high, but as water 515 

levels dropped nitrification became the dominant N2O source. The importance of nitrification 516 

was surprising given the high C, low O2, and high NO3
- conditions, but adds to similar 517 

findings from a hypoxic lake (Salk et al., 2016) to suggest that nitrification-driven N2O 518 

emissions may be more widespread in low O2 aquatic systems than previously assumed.  519 

 520 

4.5 Implications for understanding stream N2O emissions 521 
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Nitrous oxide emissions from the sampled reach were relatively high. Yet the 522 

calculated fluxes were between ~ 200% to <50% of those reported from streams with 523 

comparable surface water NO3
- concentrations (Clough et al., 2007; Harrison and Matson, 524 

2003; McMahon and Dennehy, 1999). Notably, the two sites with relatively low N2O 525 

emissions (Clough et al., 2007; Harrison and Matson, 2003) had strong diurnal O2 and N2O 526 

fluctuations. Turbid and low O2 waterways like Monaltrie Creek are ubiquitous across the 527 

global tropics (Julian et al., 2013) and the Australian continent (Bormans et al., 2004; Oliver 528 

et al., 2010). Yet surveying the literature collated here indicates that scientific understanding 529 

of stream N2O (and N) dynamics is primarily based on clear, temperate, northern hemisphere 530 

streams < 1 m deep. The role of photoautotrophic N substrate competition in regulating N2O 531 

emissions should be more carefully constrained.  532 

The data here provides direct confirmation of the hypothesis that stream hydrology 533 

(opportunity) controls biogenic N2O emissions (Marzadri et al., 2017; Quick et al., 2016). 534 

While many models have been used to assess how flow fluctuations affect stream N cycling 535 

(e.g., Azizian et al., 2017; Hester et al., 2019; Rahimi et al., 2015), this study provides one of 536 

the first in-situ validations of these interactions. However, while we confirmed that lower 537 

flows can make stream reaches become more ‘transforming’ and less ‘transporting’ 538 

(O'Donnell and Hotchkiss, 2019), we found this shift enhanced NO3
- and N2O production 539 

rather than removal. Such nitrification-driven N2O and NO3
- fluxes has implications for 540 

aquatic N2O modelling: it suggests that the frequently observed positive correlations between 541 

NO3
- and N2O could reflect microbial coproduction during in-stream nitrification rather than 542 

an ‘emissions factor’ of downstream NO3
- transport (Kroeze et al., 2005).  543 

 544 

 545 

 546 
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Tables 572 

Table 1 Summary of water chemistry recorded during routine monitoring of, 1) surface water at the study site, and, 2) eight groundwater wells 573 

installed at either shallow (0.05 m) or deep (0.2 m) depths in the unconfined aquifer between the WWTP and the study site (Fig. 1). Values 574 

represent the mean (± SD) of samples collected quarterly over the four years prior to the present study. 575 
 

DO 

mg l-1 

Conductivity 

μS cm-1 

DOC 

mg l-1 

NH4
+ 

mg N l-1 

NO3
- 

mg N l-1 

Surface water 4.9 (1) 510 (200) 8.4 (5) 0.45 (0.3) 1.4 (1) 

Shallow groundwater 2.8 (1) 4,400 (3,000) 17 (10) 0.99 (1) 0.20 (0.4) 

Deep groundwater 1.9 (1) 2,700 (1,000) 8.0 (7) 6.7 (6) 0.78 (3) 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 
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Table 2 Changes in the δ18O-H2O composition, temperature (T), conductivity (Cond.), mass ratio of NO3
- to conductivity (NO3

-:Cond.), and 591 

dissolved organic carbon (DOC) in surface water and hyporheic water collected over three locations along the north bank, centre, and south bank 592 

of a stream reach (Fig. 1). Samples were collected at the surface water O2 maxima and minima* over five days (D1, D2, D4, D6, D8) as stream 593 

discharge fell; reported values represent the mean (SD) of six unique samples.  594 
 

Surface water Hyporheic Zone 

δ18O-H2O  

‰ v. VSMOW 

T 

ºC 

Cond. 

µS cm-1 

NO3
-:Cond. 

μg N μS-1 

DOC 

mg l-1 

δ18O-H2O (c) 

‰ v. VSMOW 

T 

ºC 

Cond. 

µS cm-1 

NO3
-:Cond. 

μg N μS-1 

DOC 

mg l-1 

D1 North bank -3.6 (0.06) 
 
 

21 (0.9)  

270 (30) 3.7 (0.9) 1.0 (0.01) -3.7 (0.7) 23 (1) 710 (70) 0.52 (0.4) 5.9 (2) 
 

Centre -3.7 (0.02) 260 (20) 4.7 (0.5) 0.98 (0.07) -3.6 (0.6) 22 (0.6) 670 (20) 1.2 (0.7) 3.6 (2) 
 

South bank -3.7 (0.02) 260 (4) 4.9 (0.2) 0.95 (0.07) -3.5 (1) 21 (0.1) 670 (20) 1.4 (0.3) 3.3 (2) 

D2 North bank -3.7 (1) 
 
 

21 (0.3)  

270 (10) 5.8 (0.3) 0.94 (0.1) -4.2 (0.3) 22 (3) 600 (100) 0.25 (0.3) 3.6 (1) 
 

Centre -3.7 (0.7) 270 (10) 6.0 (0.3) 0.95 (0.2) -3.1 (0.9) 23 (0.4) 620 (100) 2.2 (1) 2.2 (0.7) 
 

South bank -3.3 (0.8) 280 (6) 6.3 (0.3) 0.89 (0.1) -3.6 (0.5) 23 (0.4) 600 (70) 2.5 (0.6) 2.0 (1) 

D4 North bank -3.8 (0.5) 

22 (0.3)  

300 (20) 5.5 (0.5) 0.75 (0.08) -4.3 (1) 21 (2) 680 (100) 0.08 (0.1) 3.1 (0.7) 
 

Centre -3.6 (0.4) 290 (20) 5.6 (0.4) 0.77 (0.05) -3.8 (0.4) 21 (2) 650 (60) 1.7 (1) 2.0 (0.3) 
 

South bank -3.9 (0.3) 280 (60) 7.0 (3) 0.77 (0.02) -3.9 (0.9) 21 (2) 620 (60) 2.6 (0.7) 2.1 (0.9) 

D6 North bank -4.8 (0.5) 

21 (0.5) 

300 (9) 6.4 (0.4) 0.78 (0.08) -5.6 (0.6) 23 (0.9) 1,100 (200) 0.05 (0.03) 9.5 (5) 
 

Centre -4.4 (1) 290 (7) 6.4 (0.3) 0.75 (0.03) -4.9 (0.5) 23 (2) 930 (50) 1.4 (0.9) 2.9 (1) 
 

South bank -5.0 (0.7) 300 (10) 6.5 (0.2) 0.75 (0.05) -4.1 (1) 23 (0.4) 910 (20) 1.7 (0.4) 2.7 (1) 

D8 North bank -4.8 (1) 

21 (0.6)  

350 (6) 7.1 (0.2) 0.73 (0.05) -4.4 (0.7) 22 (0.9) 1,700 (200) 0.02 (0.02) 8.9 (2) 
 

Centre -4.8 (2) 350 (8) 7.1 (0.2) 0.71 (0.05) -3.9 (1) 22 (0.7) 1,000 (200) 1.5 (1) 3.5 (2) 
 

South bank -4.6 (0.8) 350 (4) 7.1 (0.1) 0.72 (0.05) -3.0 (2) 22 (1) 1,000 (200) 1.8 (1) 3.5 (3) 

*Samples were targeted at night v day (D1 – D4) and low v high tides (D6 – D8) 595 

 596 
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Table 3: Summary of stream metabolism (productivity / respiration ratio, P/R), the fractional contribution to groundwater to surface water (fGW), 597 

and fractional contribution of surface water back into the hyporheic zone (fsw). The P/R ratio was modelled based on surface water O2 598 

concentrations measured in the centre of the reach (see Suppl. Mat. 2). Values of fGW were calculated using surface water 222Rn concentrations 599 

logged in the reach centre, and fsw by comparing conductivity measured twice per sampling date at nine locations in the surface water and 20 cm 600 

below the sediment surface (HZ) to that of local groundwater, where uncertainty ranges are based on maximum and minimum end-member 601 

values (see Suppl. Mat. 3).  602 

 603 
Date P/R fGW fsw 

D1 0.05 0.35 (0.05 – 0.65) 0.83 (0.73 – 0.87) 

D2 0.2 0.32 (0.02 – 0.62) 0.86 (0.75 – 0.92)  

D4 0.1 0.54 (0.14 – 0.94) 0.86 (0.75 – 0.91) 

D6 0.005 0.58 (0.08 – 1.1) 0.72 (0.51 – 0.82) 

D8 0.03 0.61 (0.11 – 1.1) 0.62 (0.24 – 0.82) 

 604 
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Figure captions 605 

Fig. 1 Samples were collected from Monaltrie Creek (b), a tributary of the Wilson River near 606 

Lismore, NSW (a). The sampled reach (red box) is downstream of a wastewater treatment 607 

plant (WWTP) that discharges inorganic N (DIN) into the surface and groundwater. Samples 608 

were collected from the surface water (SW), surface sediments (S), and deeper hyporheic 609 

zone (HZ) from the north bank, centre, and south bank of the channel at three locations (b). 610 

Shading in (a) represents mean NH4
+ + NO3

- concentrations measured during routine 611 

monitoring of the shallow groundwater (black triangles) and creek (circles) the year prior to 612 

the study; the arrow indicates the groundwater flow direction. 613 

 614 

Fig. 2 Changes in surface water conditions over eight days in a highly eutrophic stream in 615 

sub-tropical NSW, Australia: (a) stream height and flow velocity, v; (b) 222Rn and 616 

conductivity; (c) dissolved O2 (DO) and CO2; (d) N2O and NO3
- concentrations. Parameters 617 

were measured over five diurnal cycles (D1, D2, D4, D6, D8). Stream height, v, and 222Rn 618 

were recorded every 5 min, CO2 and N2O every 1 sec, and DO every 15 min. Nitrate 619 

concentrations were measured in samples collected from nine locations across the reach twice 620 

every 24 h. Gaussian smoothing (black lines) was applied to the v and 222Rn data (black 621 

points; a, b). Dashed red lines indicate water sampling times.   622 

 623 

Fig. 3 Changes the NH4
+ (a, b, c) and NO3

- (d, e, f) concentrations of the surface water (SW), 624 

top 5 cm of the sediments (S), and hyporheic zone (HZ; 30 cm below the sediment surface) 625 

on over an eight-day sampling period (D1 - D8) in a stream reach during falling discharge 626 

conditions. Samples were collected from near the north bank, centre, and south bank of the 627 

stream at three locations along the reach (water flows A → C). Shaded areas are interpolated 628 

between sampling points (black circles; n = 2). Note different scale for S NH4
+ concentrations 629 
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(*), and the exaggerated vertical scale. See Suppl. Mat. Tables S5 – S7 for D2 and D6 data 630 

and Suppl. Mat Table S8 for outputs from statistical tests.   631 

 632 

Fig. 4 The NO3
- isotopic composition (δ15N-NO3

- v. δ18O-NO3
-) in the surface water (SW: a, 633 

b, c), surface sediments (S: d, e, f) and hyporheic zone (HZ: g, h, i) of a subtropical stream 634 

over eight days of falling water levels (from D1, black circles, to D8, light grey circles). 635 

Samples were collected near the north bank (a, d, g), centre (b, e, h), and south bank (c, f, i). 636 

Points represent the mean (± SD) of samples from three locations along the length of the 30 637 

m reach, which were collected twice over each 24 h period (n = 6). Coloured rectangles show 638 

the mean ± SD range for the whole sampling period. Mixed model analysis (F and p values) 639 

for δ18O-NO3
- and δ15N-NO3

- variations over the stream width and time are shown.   640 

 641 

Fig. 5 The δ15N-NO3
- (a), δ18O-NO3

- (b), and NO3
- concentrations (c) at 5 cm and 20 cm 642 

depth in the sediments (brown) and in the surface water (blue), as measured during high flow 643 

conditions (D1) and then eight days later after water levels fell (D8). Dashed lines in (b) 644 

indicate the theoretical δ18O-NO3
- composition produced from in-situ nitrification (S1: 645 

mixing 2×O-H2O and 1×O-O2; S2: mixing + kinetic fractionation; outputs from S3, mixing + 646 

kinetic fractionation + exchange fell below the scale of the plot). Surface water N2O 647 

concentrations (mean ± SD over three hours around each sampling point) are also shown (c). 648 

 649 

Fig. 6 The isotopic composition of surface water N2O, measured five times over eight days as 650 

stream flow declined (D1 → D8). Each δ15N-N2O, δ18O-N2O and 15N site preference (SP) 651 

value represent the mean ± SD of samples collected at nine locations across the width and 652 

length of a stream reach; measurements were carried out twice during each 24-hr period. The 653 

δ18O-N2O values are corrected for mixing with atmospheric N2O (Eq. 1); crosses represent 654 
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uncorrected values. Solid lines represent the best-fit of the linear regression between δ18O-655 

N2O and SP (a; y = -56 + 1.3x, p<0.001, r2 = 0.61) and δ15N-N2O and δ18O-N2O (b; y = 16 – 656 

0.26x, p<0.001, r2 = 0.45), with grey shading over the 95% CI. Dashed lines indicate the SP 657 

v δ18O-N2O (a) and δ15N-N2O v δ18O-N2O (b) relationships produced during N2O reduction 658 

to N2 (Lewicka-Szczebak et al., 2017; Ostrom et al., 2007). The mean surface water N2O 659 

saturation for the three hours around each sampling point is shown (blue points and line). 660 

 661 

Fig. 7 Over eight days the surface water depth and discharge (Q) decreased, causing surface 662 

waters to become more groundwater (yellow) dominated as it returned toward baseflow, and 663 

less surface water (brown) reached the hyporheic sediment zone (orange). The combination 664 

of decreased exchange and increased residence time enhanced biological oxidation of the 665 

large sediment NH4
+ pool, increasing water-air N2O emissions and downstream NO3

- 666 

discharge. Photos are from two days prior to D1 (left) and on D6 (right), credit: N.S. Wells.  667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 
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Figures  680 

Figure 1:  681 

 682 

Fig. 1 Samples were collected from Monaltrie Creek (b), a tributary of the Wilson River near 683 

Lismore, NSW (a). The sampled reach (red box) is downstream of a wastewater treatment 684 

plant (WWTP) that discharges inorganic N (DIN) into the surface and groundwater. Samples 685 

were collected from the surface water (SW), surface sediments (S), and deeper hyporheic 686 

zone (HZ) from the north bank, centre, and south bank of the channel at three locations (b). 687 

Shading in (a) represents mean NH4
+ + NO3

- concentrations measured during routine 688 

monitoring of the shallow groundwater (black triangles) and creek (circles) the year prior to 689 

the study; the arrow indicates the groundwater flow direction.  690 

 691 

 692 

 693 

 694 
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Figure 2 695 

 696 

Fig. 2 Changes in surface water conditions over eight days in a highly eutrophic stream in 697 

sub-tropical NSW, Australia: (a) stream height and flow velocity, v; (b) 222Rn and 698 

conductivity; (c) dissolved O2 (DO) and CO2; (d) N2O and NO3
- concentrations. Parameters 699 

were measured over five diurnal cycles (D1, D2, D4, D6, D8). Stream height, v, and 222Rn 700 

were recorded every 5 min, CO2 and N2O every 1 sec, and DO every 15 min. Nitrate 701 

concentrations were measured in samples collected from nine locations across the reach twice 702 

every 24 h. Gaussian smoothing (black lines) was applied to the v and 222Rn data (black 703 

points; a, b). Dashed red lines indicate water sampling times.   704 
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Figure 3  705 

 706 

Fig. 3 Changes in NH4
+ (a, b, c) and NO3

- (d, e, f) concentrations of the surface water (SW), top 5 cm of the sediments (S), and hyporheic zone 707 

(HZ; 30 cm below the sediment surface) on over an eight-day sampling period (D1 - D8) in a stream reach during falling discharge conditions. 708 

Samples were collected from near the north bank, centre, and south bank of the stream at three locations along the reach (water flows A → C). 709 

Shaded areas are interpolated between sampling points (black circles; n = 2). Note the difference in scale for S NH4
+ concentrations (*), and the 710 

exaggerated vertical scale. See Suppl. Mat. Tables S5 – S7 for D2 and D6 data and Suppl. Mat Table S8 for outputs from statistical tests.711 
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Figure 4 712 

 713 

Fig. 4 The NO3
- isotopic composition (δ15N-NO3

- v. δ18O-NO3
-) in the surface water (1 m: a, 714 

b, c), surface sediments (-0.05 m: d, e, f) and hyporheic zone (-0.2 m: g, h, i) of a stream 715 

reach over eight days (D1, black circles, to D8, light grey circles) of falling Q. Points 716 

represent the mean (± SE) of samples collected twice over each 24 h period from three 717 

locations along the 30 m reach, which were (n = 6) across the width of the stream: along the 718 

north bank closest to the pollution source (a, d, g), centre (b, e, h), and south bank (c, f, i). 719 

Coloured rectangles show the mean ± SD range for the whole sampling period. See Suppl. 720 

Mat Table S8 for associated mixed model results.   721 

 722 
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Figure 5 723 

 724 

Fig. 5 The δ15N-NO3
- (a), δ18O-NO3

- (b), and NO3
- concentrations (c) at 5 cm and 20 cm 725 

depth in the sediments (brown) and in the surface water (blue), as measured during high flow 726 

conditions (D1) and then eight days later after water levels fell (D8). Dashed lines in (b) 727 

indicate theoretical δ18O-NO3
- composition produced from in-situ nitrification (S1: mixing 728 

2×O-H2O and 1×O-O2; S2: mixing + kinetic fractionation; S3: mixing + kinetic fractionation 729 

+ exchange produce δ18O-NO3
- equal to surrounding δ18O-H2O). Surface water N2O 730 

concentrations (mean ± SD over three hours around each sampling point) are also shown (c). 731 

 732 

 733 

 734 

 735 

 736 

 737 
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Figure 6  738 

 739 

Fig. 6 The isotopic composition of surface water N2O, measured over eight days as stream 740 

flow declined (D1 → D8). Each δ15N-N2O, δ18O-N2O and 15N site preference (SP) value 741 

represent the mean ± SD of samples collected at nine locations across the width and length of 742 

a stream reach; measurements were carried out twice during each 24-hr period. The δ18O-743 

N2O values are corrected for mixing with atmospheric N2O (Eq. 1); crosses represent 744 

uncorrected values. Solid lines represent the best-fit of the linear regression between δ18O-745 

N2O and SP (a; y = -56 + 1.3x, p<0.001, r2 = 0.61) and δ15N-N2O and δ18O-N2O (b; y = 16 – 746 

0.26x, p<0.001, r2 = 0.45), with grey shading over the 95% CI. Dashed lines indicate the SP 747 

v δ18O-N2O (a) and δ15N-N2O v δ18O-N2O (b) relationships produced during N2O reduction 748 

to N2 (Lewicka-Szczebak et al., 2017; Ostrom et al., 2007). The mean surface water N2O 749 

saturation for the three hours around each sampling point is shown (blue points and line). 750 

 751 

 752 
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Figure 7 753 

 754 

Fig. 7 Over eight days the surface water depth and discharge (Q) decreased, causing surface 755 

waters to become more groundwater (yellow) dominated as it returned toward baseflow, and 756 

less surface water (brown) reached the hyporheic sediment zone (orange). The combination 757 

of decreased exchange and increased residence time enhanced biological oxidation of the 758 

large sediment NH4
+ pool, increasing water-air N2O emissions and downstream NO3

- 759 

discharge. Photos are from two days prior to D1 (left) and on D6 (right), credit: N.S. Wells.  760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 
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1. Gas transfer velocity

We calculated the gas transfer velocity of N2O (k600, in m d-1) between the surface water and the air 

using three empirical parameterisations from (Raymond et al., 2012): 

(1) k600=(v×S)0.89×h0.54×5037

(2) k600=929×(v×S)0.75×Q0.011

(3) k600=4725×(v×S)0.86×Q−0.14×h0.66

where v is the current velocity (m s-1), h is the water depth (m), S is the streambed slope (unitless), 

and Q is discharge (m3 s-1). These equations were used to calculate the net flux of N2O between the 

air and the water column in . 

Table S1 Stream gas transfer velocity (k600) and N2O flux over five 24 hr periods. Fluxes were 

calculated as both the arithmetic mean and the sum of values measured every 1 min-1 for each 24 hr 

period, based on the mean of the three k600 calculations (outlined above) and the measured dissolved

N2O concentrations relative to air. 

Sampling date
k600

m d-1
mean N2O flux

mg N m-2 d1
total N2O flux
mg N m-2 d1

D1 (11/04/2017) 1.0 ± 0.8 0.58 ± 0.8 0.21

D2 (12/04/2017) 0.66 ± 0.3 0.77 ± 0.5 0.67

D4 (14/04/2017) 1.3 ± 0.3 1.9 ± 0.5 1.6

D6 (16/04/2017) 0.82 ± 0.1 1.6 ± 0.5 1.3

D8 (18/04/2017) 0.73 ± 0.3 1.8 0.9 1.6
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2. Stream metabolism calculations

Fig. S1 The measured (black lines) and predicted (red dashed lines) dissolved O2 concentrations in 

the surface water at the centre of the sampled reach. Predicted values are based on the best-fit mle 

solutions in the streamMetabolizer model (Appling et al., 2018). Agreement between measured and 

modelled values are shown for each 24 h period, based on Kendall correlation analysis. 

Table S2 Stream gross primary productivity (GPP) and ecosystem respiration (ER) estimated using 

the streamMetabolizer R package, using a MLE model for a light saturation effect for GPP and 

constant ER. Positive fluxes indicate O2 production, negative fluxes O2 consumption. The ratio 

between GPP and ER (P/R) fluxes is also shown. 

Sampling date
GPP 

g O2 m-2 d-1
ER

g O2 m-2 d-1
P/R

D1 (11/04/2017) 2.8 -60 (-65 - -55) 0.05

D2 (12/04/2017) 0.65 -3.3 (-3.3 - -3.3) 0.2

D4 (14/04/2017) 0.32 -2.7 (-2.7 - -2.6) 0.1

D6 (16/04/2017) 0.18 -39 (-38 - -39) 0.005

D8 (18/04/2017) 3.0 -110 0.03
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3. Groundwater – surface water mixing calculations

Table S3 The relative contribution of surface water at 20 cm below the streambed surface (fsw) was 

calculated for each sampled day (D1 – D8) based on the measured conductivity (μS cm-1) in the 

surface water (SW) and hyporheic zone (HZ) and range of previously reported local groundwater 

conductivity (1000 – 5000 μS cm-1). 

D1 D2 D4 D6 D8

Conductivity SW 250 270 300 320 350

Conductivity HZ 680 (50) 610 (100) 650 (80) 990 (100) 1200 (300)

fsw (mean) 0.83 0.86 0.86 0.72 0.62

fsw (high) 0.87 0.92 0.91 0.82 0.82

fsw (low) 0.73 0.75 0.75 0.51 0.24

Table S4 Inputs and outputs from the 222Rn mass balance used to estimate the flux (QGW) and 

fraction (fGW) of groundwater in the reach surface water. Losses from radioactive decay (Fdecay) and 

water-air evasion (Fair) were calculated as dpm reach-1, based on h (m) and the stream reach surface 

area (m2), using equations from Khadka et al. (2017). Values are reported as mean (min – max) 

based the minimum and maximum local groundwater 222Rn concentrations for the range of 

parameters observed over 200 min around daily high (Qhigh, Rnhigh) and low (Qlow, Rnlow) tides.  

D1 D2 D4 D6 D8

Fdecay 1.5 1.5 1.3 1.4 1.3

Fair 57,000 51,000 92,000 76,000 66,000

Qlow 0.05 
(-0.2 – 0.51)

2.2 
(1.9 – 2.6) 

5.5
(5.3 – 5.6)

2.0 
(1.6 – 2.5)

0.96
(-0.034 – 1.6)

Rnlow 4.7
(4.6 – 4.8)

4.1
(4.0 – 4.2)

4.0
(3.9 – 4.0)

4.5
(4.4 – 4.8)

4.1
(4.1 – 4.3)

Qhigh 3.3
(0.29 – 6.5)

3.3
(3.1 – 3.4)

3.7 
(2.5 – 4.7)

2.8 
(2.7 – 2.9)

2.3
(1.6 – 3.1)

Rnhigh 2.9
(1.9 – 3.3)

2.7
(2.1 – 3.2)

3.5
(3.2 – 3.7)

3.8
(3.7 – 3.8)

3.6 
(3.6 – 3.7)

QGW 1.1 
(0.25 – 3.0)

1.0 
(0.21 – 2.0)

1.9 
(0.36 – 3.5)

1.6
(0.33 – 3.2)

1.4 
(0.3 – 2.9) 

fGW 0.35 ± 0.3 0.32 ± 0.3 0.54 ± 0.4 0.58 ± 0.5 0.61 ± 0.5
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4. Additional water chemistry figures and tables

Fig. S2 Changes in surface water temperature (a) and CH4 (b) over eight days of falling water 

levels. 

4



Fig. S3 Differences in the site preference (SP, a), δ15N (b), and δ18O (c) composition of surface 

water N2O. Boxplots show the mean range of values measured for 10 sampling times over five 

days. Samples were collected across the width (north bank, centre, and south bank) at three 

locations along the length of a 50 m stream reach (A, B, C). Values are not corrected for 

atmospheric mixing.  
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Table S5 Surface water chemistry, measured at nine locations over the length (A, B, C) and width (north, centre, south) of a stream reach (SW). Data 

shown is the mean (standard deviation) for each sampling location measured 10 times over an eight day period. See Table S8 for statistical tests for the 

NO3
- and NH4

+ data.   

Location
NH4

+

mg N l-1
NO3

-

mg N l-1
DOC

mg C l-1
PO4

3-

mg P l-1

A North 0.98 (0.8) 1.7 (0.6) 9.4 (2) 0.19 (0.2)

Centre 0.66 (0.2) 1.7 (0.6) 9.5 (2) 0.18 (0.3)

South 0.72 (0.03) 1.9 (0.4) 9.5 (1) 0.12 (0.09)

B North 0.67 (0.07) 1.7 (0.5) 11 (2) 0.10 (0.04)

Centre 0.69 (0.06) 1.8 (0.5) 9.9 (1) 0.095 (0.01)

South 0.71 (0.04) 1.9 (0.4) 9.9 (1) 0.091 (0.01)

C North 0.86 (0.6) 1.8 (0.5) 10 (2) 0.13 (0.1)

Centre 0.69 (0.05) 1.9 (0.4) 10 (3) 0.094 (0.01)

South 0.70 (0.04) 1.9 (0.4) 9.9 (1) 0.096 (0.02)
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Table S6 Subsurface water chemistry, measured using DET probes inserted to 5 cm below the streambed surface (S). Data shown is the mean (standard

deviation) for each sampling location measured 10 times over eight days. Note neither DOC nor PO4
3- could be measured in the DET probes. 

Location
NH4

+

mg N l-1
NO3

-

mg N l-1

A North 110 (70) 0.32 (0.2)

Centre 130 (80) 0.23 (0.08)

South 53 (30) 0.38 (0.2)

B North 51 (40) 0.42 (0.5)

Centre 120 (100) 0.51 (0.5)

South 61 (70) 0.53 (0.3)

C North 42 (20) 0.31 (0.2)

Centre 110 (50) 0.38 (0.2)

South 79 (30) 0.82 (0.5)
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Table S7 Subsurface water chemistry, measured in peizometers at 20 cm below the streambed surface (HZ). Data shown is the mean (standard 

deviation) for each sampling location measured 10 times over an eight day period; see Table S8 for statistical analyses of spatial and temporal patterns. 

Location
NH4

+

mg N l-1
NO3

-

mg N l-1
DOC

mg C l-1
PO4

3-

mg P l-1

A North 4.7 (0.9) 0.047 (0.03) 92 (60) 0.066 (0.05)

Centre 1.1 (0.8) 0.27 (0.2) 53 (20) 0.073 (0.04)

South 1.0 (0.3) 1.1 (0.4) 51 (20) 0.21 (0.1)

B North 1.5 (0.7) 0.17 (0.2) 60 (30) 0.37 (0.2)

Centre 0.78 (0.08) 1.6 (0.4) 27 (5) 0.099 (0.03)

South 0.73 (0.05) 1.8 (0.4) 20 (4) 0.097 (0.03)

C North 0.74 (0.4) 0.14 (0.2) 70 (30) 0.23 (0.2)

Centre 0.75 (0.07) 1.7 (0.5) 23 (9) 0.17 (0.2)

South 1.3 (0.6) 1.5 (0.4) 27 (20) 0.26 (0.05)
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Table S8 Mixed model results (as Type II Wald F tests and 95% confidence intervals) for changes in NO3
- concentrations, δ15N-NO3

-, and δ18O-NO3
- 

over time. Sampling locations are treated as repeated measures within each (SW, S, HZ), which were evaluated separately. Specific sample locations are

treated as random effects, and time (continuous) and locations, either width-wise (north, centre, south) and length-wise (A, B, C), as fixed factors. Bold

text indicates significant differences (* = p<0.05, ** = p<0.01, *** = p<0.001).

Depth Parameter Time Width Time*Width Length Time*Length

SW NO3
- 410***    (7 – 9) 4.6      (-80 – 400) 1.3        (-3 – 1) 0.60        (-70 – 300) 0.40        (-3 – 1) 

NH4
+ 3.3         (-5 - -1) 1.7       (-700 - -90) 3.5*       (0.3 – 6) 0.54         (-500 – 300) 0.86        (-3 – 5) 

δ18O-NO3
- 24***      (-0.05 - -0.1) 0.18     (-3 – 2) 0.39      (-0.01 – 0.03) 0.48        (-2 – 3) 0.77         (-0.03 – 0.02)

δ15N-NO3
- 93***     (0.008, 0.02) 0.75     (-0.08 – 0.9) 0.79      (-0.006 – 0.004) 1.9           (-1 – 0.3) 0.62          (-0.005 – 0.005)

S NO3
- 1.9        (-2 – 2) 2.2       (-200 – 700) 0.83       (-5 – 2) 1.2          (-10 – 600) 0.78        (-5 – 3)

NH4
+ 3.3        (-5 - -1) 1.7       (-700 - -90) 3.5*        (0.3 – 7) 0.54        (-500 – 300) 0.86         (-3 – 5) 

δ18O-NO3
- 0.43      (-0.02 – 0.03) 0.91      (-6 – 6) 2.8*       (-0.08 – -0.004) 0.32         (-8 – 3) 0.82         (-0.02 – 0.06)

δ15N-NO3
- 9.6**     (-0.02 – 0.04) 1.1        (-8 – 6) 2.3          (-0.03 – 0.1) 0.47         (-4 – 8) 0.71          (-0.08 – 0.02)

HZ NO3
- 17***     (-3 – 0.2) 5.8*       (200 – 1000) 12***       (3 – 8) 0.78        (-800 – 2000) 4.98**      (1 – 6) 

NH4
+ 24***    (4 – 10) 1.3       (-3000 – 800) 2.6           (-8 – 0.1) 1.0        (-3000 – 800) 1.8         (-8 – 0.7)

δ18O-NO3
- 1.1      (-0.005 – 0.06) 5.4*      (-8 – 3) 1.6          (-0.08 – 0.03) 0.31      (-7 – 5) 0.11        (-0.05 – 0.04)

δ15N-NO3
- 0.33     (-0.07 – -0.02) 4.5       (-11 – -3) 5.0**          (0.02 – 0.1) 1.0        (-10 – 0.8) 1.9          (-0.02 – 0.08)
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