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through inhibition of nitrification, elimination of aerobic superoxide production, or insufficient 

heterotrophic biomass respectively. 

 

These findings have important implications for understanding previous measurements of soil NOx 

budgets and the persistent discrepancies between satellite observations and bottom-up models. Current 

biogeochemical models do not include this pathway, potentially leading to systematic underestimation of 

soil NOx emissions. Our results extend previous observations that some forest soils emit NO2 rather than 

acting exclusively as sinks,19 providing a mechanistic framework explaining why emission versus 

deposition depends on soil biogeochemical conditions. Soils with high organic matter, supporting 

heterotrophic superoxide production, combined with active nitrogen cycling would favour NO2 production 

and potential emission. Soil emissions of NO2 have been previously reported; for example, Williams et 

al. using chambers in the field estimated that NO2 fluxes were 10% those of NO.20 However, the origin 

of the emissions was not clear at the time. More recently, Shah et al. confirmed positive NO2 fluxes from 

agricultural soils under realistic moisture conditions using a validated dynamic chamber system, while 

noting that the scarcity of such measurements reflects methodological limitations rather than the absence 

of the process21. Our work also implies that some of the HONO(g) soil emissions reported could stem 

from NO2-to-HONO conversion on soil surfaces as previously described.14,15 Thus, it is possible that NO2 

formation in soil has been underreported due to its rapid conversion into HONO on soil surfaces. Further, 

recent updates to NOx dry deposition parameterisations confirm that NO2 heterogeneous hydrolysis on 

soil and canopy surfaces is substantially underrepresented in current models, with nocturnal deposition 

velocities underestimated by approximately 80%.22 Canopy reduction factors of 47-59% calculated for 

forest ecosystems suggest that a substantial fraction of soil-emitted NO is intercepted before reaching 

above-canopy measurement heights22; biogenic NO2 would be intercepted even more efficiently given 

its greater surface reactivity. Furthermore, direct measurements of soil pore-space NO concentrations in 

fertilised agricultural systems have reported average growing-season values of up to 3,300 ppb following 

N fertilisation,23 with surface ambient NO concentrations of 170 ppb recorded over fertilised soils 

representing a substantial underestimate of subsurface pore-space concentrations due to diffusion and 

dilution,24 demonstrating that soil pore-space NO concentrations under field conditions can substantially 

exceed the 45 ppb used in our experiments, making our experimental design conservative rather than 

extreme. 

 

These findings, that heterotrophic activity directly influences reactive nitrogen emissions, identify 

a link between terrestrial carbon and nitrogen cycling. Current process-based biogeochemical models 

that simulate soil NOx emissions, from plot-scale frameworks to the land surface components of Earth 

system models including CLM5 and ELM, treat NO production as the exclusive output of nitrification and 

denitrification, with NO2:NO ratios at the soil-atmosphere interface determined by assumed atmospheric 
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chemistry rather than soil biological activity 2,25,26. As a result, modelled NO2:NO ratios are insensitive to 

organic matter availability and heterotrophic community activity, meaning that management practices 

known to alter decomposer biomass and activity, including tillage, organic matter amendments, and 

cover cropping, have no representation in current model frameworks with respect to reactive nitrogen 

gas speciation. Incorporating the mechanism described here would require representing extracellular 

superoxide production as a function of heterotrophic respiration rate and organic matter availability, 

parameters already tracked by most process-based models, making implementation tractable without 

the addition of new state variables. Furthermore, because NO2 produced in soil is subject to rapid surface 

conversion to HONO via iron mineral and phenol chemistry, Earth system models that currently treat soil-

atmosphere HONO exchange as exclusively abiotic may be missing a biologically mediated source term 

that scales with organic matter decomposition and would therefore respond to land-use change and soil 

management in ways that purely abiotic parameterisations cannot capture. While direct incorporation 

into empirically parameterised NOx inventories will require further field-scale quantification, this 

mechanism warrants representation in process-based Earth system models and may account for a 

component of the HONO emissions increasingly reported from soil surfaces globally. 

 

METHODS 

Soil Collection and Characterisation 

Soils were collected in September 2024 from two contrasting land-use types at the University of 

Warwick's Stratford Innovation Campus (52.205°N, 1.602°W). The agricultural site was under continuous 

winter wheat cultivation (cv. Skyfall) with conventional tillage and fertilisation practices (120 kg N ha-1 y-

1 as urea). The woodland site was a mature mixed deciduous woodland dominated by Quercus robur 

and Fraxinus excelsior with no management intervention for >30 years. At each site, five replicate 

sampling points were established along a 30 m transect with 5 m spacing. At each point, surface litter 

was removed and soil cores (5 cm diameter x 15 cm depth) were collected using sterile PVC corers. 

Cores were immediately placed in sterile polyethylene bags, stored on ice, and transported to the 

laboratory within 2 hours of collection. Soils were homogenised by passing through a 2 mm stainless 

steel sieve. Sieved soils were stored at 4°C until use. Soil physicochemical properties were determined 

using standard methods. Soil texture was analysed using the hydrometer method. Soil pH was measured 

in a 1:2 (w/v) soil:deionised water suspension using a calibrated glass electrode (Mettler Toledo). Organic 

matter content was determined by loss-on-ignition at 550°C for 4 hours. Total carbon and nitrogen were 

quantified by dry combustion (Elementar vario PYRO cube). Gravimetric water content was determined 

by oven-drying at 100°C for 24 hours, and water holding capacity (WHC) was measured using the funnel 

method with 24-hour drainage. All soil physicochemical data are shown in Supplementary Table S1. 

 

Soil Sterilisation 
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