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A B S T R A C T   

Nitrogen (N) fertilization in paddy soils decreases arsenic mobility and methane emissions. 
However, it is unknown how quantity and frequency of N fertilization affects the interlinked 
redox reactions of iron(II)-driven denitrification, iron mineral (trans-)formation with subsequent 
arsenic (im-)mobilization, methane and nitrous oxide emissions, and how this links to micro-
biome composition. Thus, we incubated paddy soil from Vercelli, Italy, over 129 days and applied 
nitrate fertilizer at different concentrations (control: 0, low: ~35, medium: ~100, high: ~200 mg 
N kg− 1 soil− 1) once at the beginning and after 49 days. In the high N treatment, nitrate reduction 
was coupled to oxidation of dissolved and solid-phase iron(II), while naturally occurring arsenic 
was retained on iron minerals due to suppression of reductive iron(III) mineral dissolution. In 
the low N treatment, 40 μg L− 1 of arsenic was mobilized into solution after nitrate depletion, 
with 69 % being immobilized after a second nitrate application. In the non-fertilized control, 
concentrations of dissolved arsenic were as high as 76 μg L− 1, driven by mobilization of 36 % of 
the initial mineral-bound arsenic. Generally, N fertilization led to 1.5-fold higher total GHG 
emissions (sum of CO2, CH4 and N2O as CO2 equivalents), 158-fold higher N2O, and 7.5-fold 
lower CH4 emissions compared to non-fertilization. On day 37, Gallionellaceae, Comamonada-
ceae and Rhodospirillales were more abundant in the high N treatment compared to the non- 
fertilized control, indicating their potential role as key players in nitrate reduction coupled to 
iron(II) oxidation. The findings underscore the dual effect of N fertilization, immobilizing arsenic 
in the short-term (low/medium N) or long-term (high N), while simultaneously increasing N2O 
and lowering CH4 emissions. This highlights the significance of both the quantity and frequency 
of N fertilizer application in paddy soils.   
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1. Introduction 

Increases in global rice production are needed to meet the future food demand arising from a growing and developing population 
without simultaneously increasing harmful impacts on the climate [1]. Thus, paddy soil management strategies should balance rice 
yield and greenhouse gas emissions [2,3]. Paddy soils account for only 9 % of the total cropland area [4], but contribute 48 % to total 
cropland greenhouse gas emissions due to high methane (CH4) emissions (global warming potential over 100 years: 27) [5,6]. 
Inorganic nitrogen (N) fertilizer application was found to decrease the global warming potential by 4.2 % per unit rice yield as it 
mitigates CH4 emissions and increases rice yield [2]. Such benefits could be enhanced by using slow release fertilizer or optimized 
timing of N fertilizer addition [2]. However, in waterlogged, anoxic paddy soils, N fertilization stimulates denitrification accompanied 
by increased emissions of nitrous oxide (N2O) (global warming potential over 100 years: 273) [6]. Nitrate reduction is mostly limited 
by the amount, bioavailability, and energy yield of electron donors [7–9]. In addition to organic carbon as electron donor for nitrate 
reduction under anoxic conditions, iron(II) (Fe(II)), which is generated at high concentrations by microbial iron(III) (Fe(III)) reduction, 
can serve as an electron donor for nitrate-reducing, Fe(II)-oxidizing microorganisms (autotrophic denitrification) [10]. Together with 
the abiotic oxidation of Fe(II) by reactive N species via chemodenitrification, both processes contribute to the emission of N2O as well 
as to the formation of Fe(III) minerals [11]. Fe(III) minerals can serve as adsorption matrix for nutrients or contaminants, such as 
arsenic [12,13]. 

Arsenic is ubiquitously and naturally present in paddy soils and often found in groundwater used for irrigation. Thus, it is 
considered as the most important contaminant in paddy soils [14]. Its mobility and bioavailability are greatly influenced by Fe redox 
cycling and sequestration by Fe(III) (oxyhydr)oxide minerals [15]. Owing to waterlogged, anoxic conditions, arsenic is released during 
reductive Fe(III) mineral dissolution [16,17] and is reduced to its more toxic and mobile species arsenite [18]. Besides posing risks for 
humans by dietary uptake, accumulation of arsenic in rice plants also negatively affects plant growth and inhibits grain filling, ulti-
mately reducing grain yield [19]. Arsenic mobility and toxicity is expected to be greatly influenced by the application of N fertilizers to 
paddy soils due to microbial nitrate reduction coupled to Fe(II) oxidation or chemodenitrification. These processes lead to the for-
mation of Fe(III) minerals and provide adsorption sites for arsenic, reducing its mobility. The fate of arsenic can also be influenced by 
nitrate reduction coupled to arsenite oxidation, suppression of reductive dissolution of arsenic-bearing Fe(III) minerals by providing 
nitrate as a more favorable electron acceptor [20] or by the type of N fertilizer. Wang et al. (2023) [21] compared nitrate and 
ammonia-nitrate fertilizers in anoxic paddy soil microcosms and found less As immobilization for ammonia-nitrate fertilizers due to 
the presence of Feammox (ammonium-stimulated Fe(III) mineral reduction). 

Even though the individual effects of N fertilizer addition on either arsenic mobility [20,22,23] or greenhouse gas emissions (i.e., 
N2O and CH4) [24–26] have been studied in paddy soils before, the effects of different quantities and frequencies of N fertilizer 
application on (1) nitrate reduction coupled to Fe(II) oxidation and on greenhouse gas formation and emission, (2) on Fe mineral 
formation and transformation, subsequently (3) on the mobility of arsenic, and (4) the link to microbiome composition and activity 
remain unresolved in paddy soils. Acknowledging the fact that mainly urea or ammonia-based fertilizers are applied to paddy fields, 
we supplied nitrate as a fertilizer to directly couple nitrate reduction to iron(II) oxidation by excluding confounding effects of 
ammonification and nitrification processes. This allows for a mechanistic understanding of the interplay between the N, Fe, As, and C 
cycles. In the following, N fertilization refers to fertilization with nitrate. 

2. Materials & methods 

2.1. Soil sampling and characterization 

Paddy soil samples were collected in October 2020 in Vercelli, Italy, located in the Po river plain of Piedmont. The sampled paddy 
field is located on the Cascina Boraso research farm (45◦19′26.0″ N 8◦22′24.6″ E) at the international rice research institute (CREA-CI). 
It is intensively managed with LUNA-CL, a Long A grain rice cultivar (Clearfield®) under waterlogged conditions. Fertilizers are 
applied in excess in the region of Piedmont [27]. In 2020, a total of 279 kg N ha− 1 (~105 mg N kg− 1 soil− 1) were applied as urea at 
pre-sowing (24 %), as 1st (24 %) and 2nd (52 %) top dressing. Paddy soil samples were taken with a shovel after removal of the plant 
layer from the upper 20 cm and stored at 4 ◦C in the dark until further processing. Soil characterization comprised analyses of soil 
texture, bulk density, water content, pH, cation exchange capacity, total elemental content, total organic carbon and total N content, 
water-extractable organic carbon and inorganic N species and sequentially extractable Fe and arsenic (1 M sodium acetate, 0.5 M HCl, 
6 M HCl) (Supporting methods S1, Table SI 1). 

2.2. Incubation experiment 

2.2.1. Setup and pre-incubation 
For microcosm experiments, serum bottles (245 mL total volume) were washed with 1 M HCl (10 min), rinsed three times with 

deionized water and sterilized at 180 ◦C for 4.5 h. Fresh paddy soil (25 ± 0.05 g) was weighed into each serum bottle (in total 15 
bottles) under sterile conditions and degassed with N2 (for our experiments, no arsenic was added; only the naturally occurring arsenic 
content was considered). Sub-samples were taken in triplicates during filling of serum bottles and dried at 70 ◦C for 72 h to determine 
the soil moisture content. Artificial irrigation water (200 mL, Table SI 2) was added under N2 atmosphere to each serum bottle and 
microcosms were pre-incubated without any addition of N fertilizer for 18 days at 25 ◦C in the dark to acclimate the paddy soil, to 
deplete soil-borne nitrate, and to build up dissolved Fe(II) (Fig. SI 1). To prevent accumulation of produced gases in the microcosms, 
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the headspace was continuously flushed through a sterile 0.22 μm filter (polyethersulfone membrane, Carl Roth GmbH + Co. KG, 
Germany) with pre-moistened N2 gas to minimize evaporation and water loss (Fig. SI 1). Three serum bottles were sampled during the 
course of the pre-incubation, while the others were not disturbed. 

2.2.2. Fertilization and re-fertilization 
After 18 days of pre-incubation, microcosms were subjected to different N fertilization regimes in triplicates (control: no N 

addition, low: ~35 mg N kg− 1 soil− 1, medium: ~100 mg N kg− 1 soil− 1, high: ~200 mg N kg− 1 soil− 1) by the addition of potassium 
nitrate (KNO3, quality level: MQ300, Merck KGaA, Germany) and incubated under the same conditions as described earlier (Table SI 
3). After 49 days of incubation, all microcosms were re-fertilized with KNO3. Levels and timing of N fertilization reflect common 
practices in paddy soil management simulating single events of N fertilizer addition and total N fertilizer concentrations [28]. 

2.2.3. Sampling 
The microcosms were sampled for greenhouse gas emissions (CO2, N2O, CH4), aqueous geochemistry (N species, Fe species, arsenic 

species, dissolved organic carbon (DOC), pH), mineralogy (sequential chemical extractions), and microbial community analyses 
(Fig. SI 2). For gas sampling, the gas flow was stopped and 2–5 mL of headspace was collected in the beginning (t0) and after a 0.5–3 h 
period (t1). This was repeated two times. The gas samples were injected into helium-flushed exetainer® vials (12 mL, Labco Limited, 
United Kingdom). Sample volume and incubation time was adjusted within the course of the experiment to account for changes 
in headspace volume. For geochemical analyses, 2 mL of soil slurry were sampled under N2 atmosphere and centrifuged (5 min, 
13,400 rpm). The supernatant was diluted in anoxic 1 M HCl/40 mM sulfamic acid (to prevent oxidation of Fe(II) by nitrite) [29] for Fe 
and arsenic species analysis and in anoxic MQ water for N species analysis. The soil pellet was dried under anoxic conditions and used 
for sequential chemical extractions as described below. At several timepoints, samples were taken for pH, DOC, and microbial com-
munity analyses. 

2.2.4. Sequential extraction 
To quantify different Fe mineral phases and the associated arsenic, dried soil pellets were extracted using 0.5 M HCl, targeting 

poorly crystalline Fe(III) (oxyhydr)oxides and 6 M HCl to determine crystalline Fe minerals [30–32]. In contrast to the general soil 
characterization, a sodium acetate extraction was not performed, however, adsorbed Fe, Fe in amorphous sulfides and carbonates (as 
targeted by sodium acetate extraction), and associated arsenic were also extracted by 0.5 M HCl. Therefore, the 0.5 M HCl extraction 
used in the experiment is comparable to the sum of sodium acetate extractable and 0.5 M HCl extractable Fe and arsenic of the soil 
characterization. First, 2 mL of 0.5 M HCl/40 mM sulfamic acid were added to the dried soil pellet, the sample was well mixed and 
extracted under anoxic conditions for 2 h in the dark at room temperature. Sulfamic acid was added to eliminate the abiotic reaction of 
nitrite with Fe(II) during acidification [29]. Afterwards, the sample was centrifuged (5 min, 13,400 rpm), the supernatant diluted in 
1 M HCl, and transferred and stored anoxically in the dark at 5 ◦C. Subsequently, 2 mL of 6 M HCl was added to the soil pellet and 
extracted anoxically for 24 h in the dark at room temperature. Finally, the sample was centrifuged (5 min, 13,400 rpm), the super-
natant diluted in 1 M HCl, transferred and stored anoxically in the dark at 5 ◦C. 

2.3. Geochemical analyses 

Nitrate (NO3
− ), nitrite (NO2

− ), and ammonium (NH4
+) were analyzed in the supernatant of the sampled and centrifuged soil slurry by 

a segmented flow analyzer (AutoAnalyzer3, SEAL Analytical, Germany), equipped with a dialysis membrane for Fe removal to prevent 
side reactions during analysis. 

Total Fe and Fe(II) were determined in the supernatant of the sampled soil slurry and after sequential extractions using the ferrozine 
assay [33], following a revised protocol for nitrite-containing samples [29]. Samples were analyzed in triplicates at 562 nm on a 
spectrophotometer (Thermo Scientific™ Multiskan™ Go Microplate Spectrophotometer). 

Samples for total arsenic after sequential extractions were analyzed by ICP-MS (Agilent 7900, USA) in argon with a helium flow of 
1–3 mL min− 1 (Table SI 4). The Agilent internal standard mix (product #5188–6525, 100 ± 5 %) and the Agilent Environmental 
Calibration Set (product #5183-4688) were used. Arsenic speciation in the supernatant was analyzed by ICP-MS/MS (Agilent 8900) as 
AsO+ (m/z 91) using oxygen as reaction cell gas. Arsenic species were separated in a high-pressure liquid chromatograph (Agilent 1260 
Infinity II) equipped with a PRP-X100 column (Hamilton, 20 mM NH4H2PO4, flow rate 1 mL min− 1). Quantification was done via 
calibration with commercial standards for arsenite and arsenate (Honeywell Fluka™, USA) and quality was verified by recovery of 
certified reference material (TMDA 54.6, Environment Canada 100 ± 6 %). Arsenite and arsenate concentrations made up 94.8 ±23.9 % 
of the total arsenic concentrations, methylated arsenic species (monomethylarsonic acid and dimethylarsinic acid) were not detected 
and thiolated arsenic species could not be analyzed due to sample acidification (Table SI 5). 

The pH was measured in the soil slurry using a benchtop pH meter (SG2, Mettler-Toledo GmbH, Germany) equipped with a pH 
electrode (InLab Easy DIN, Mettler-Toledo GmbH, Germany). DOC from the sampled, centrifuged soil slurry was analyzed by com-
bustion at 750 ◦C (Elemental analyzer, multi N/C 2100S, Analytik Jena GmbH, Germany). 

2.4. Greenhouse gas analysis 

Gas samples were analyzed on a TraceGC1300 (ThermoFisher Scientific, modified by S + HA analytics), in which the sample is split 
into two different column configurations each connected to a pulsed discharge detector (first configuration: 30 m long, 0.53 mm ID 
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TGBondQ column and 30 m long, 0.53 mm ID Molsieve column; second configuration: 30 m long, 0.53 mm ID TGBondQ column and a 
30 m long 0.25 mm ID TGBondQ+ column (all ThermoFisher Scientific)) (Table SI 6). Gas emission rates were determined by per-
forming linear regression analysis between gas concentrations and incubation times at three specific time points. The initial time point, 
t0, was calculated as the average of two initial gas measurements. The second time point, t1, corresponded to the end of the first 
incubation period. The third time point, t2, was derived by summing the end point measurements of both incubation periods. Cu-
mulative emissions were then calculated from individual gas fluxes and the time intervals between measurements [34]. 

2.5. DNA- and RNA-based microbial community analysis 

Soil samples were frozen in liquid N2 and stored at − 80 ◦C prior to extraction. Total RNA and DNA were co-extracted from soil 
samples using a phenol-chloroform extraction protocol [35]. Quality and quantity of extracted DNA and RNA were determined using 
NanoDrop (NanoDrop 1000, Thermo Scientific, Waltham, MA, USA), gel electrophoresis (8 out of 78 samples randomly selected), and 
Qubit (Life Technologies, Carlsbad, CA, USA), respectively. DNA was digested using the TURBO DNA-free™ Kit to obtain pure RNA 
samples with subsequent reverse transcription using SuperScript™ III Reverse Transcriptase to obtain complementary DNA (cDNA). 
Quantitative PCR for DNA and cDNA was performed for bacterial 16S rRNA genes and different marker and functional genes using 
SybrGreen® Supermix (5 μL per qPCR reaction, Bio-Rad Laboratories GmbH, Munich, Germany) in addition to dimethylsulfoxide 
(DMSO, 0.5 μL per qPCR reaction, Carl Roth) on the C1000 Touch thermal cycler (CFX96TM real time system). For 16S rRNA gene 
amplicon sequencing, the 16S rRNA gene was amplified using primers 515f (GTGYCAGCMGCCGCGGTAA) [36] and 806r (GGAC-
TACNVGGGTWTCTAAT) [37] targeting the V4 region. Sequencing data was analyzed using the nf-core/ampliseq pipeline (v2.3.1), 
which encompasses all necessary analysis steps and software. The pipeline is publicly available [38,39], and was executed with 
Nextflow (v21.10.3) [40] and Singularity (v3.8.7) [41]. Details of quantitative PCR analysis and Illumina sequencing can be found in 
the Supporting methods S2 and Table SI 7. 

2.6. Data analysis 

A non-parametric Kruskal-Wallis test was applied using R (4.3.3) and its interface RStudio (2023.12.1 + 402) to estimate differ-
ences in total GWP, CO2, CH4 and N2O emissions between treatments. A one-way analysis of variance (ANOVA) combined with a post- 
hoc test (Tukey test) was applied to identify differences in microbial community composition between soil treatments. 

3. Results and discussion 

3.1. Nitrogen fertilization stimulates nitrate reduction coupled to iron(II) oxidation 

After pre-incubation of the paddy soil microcosms for 18 days, all initial soil-borne nitrate was depleted and dissolved Fe(II) was 
generated (Fig. SI 3 a, b). After applying nitrate at low, medium, and high N concentrations at the beginning of the incubation, 2.6 ±
0.1, 8.0 ± 0.2 and 15.6 ± 0.1 mg N L− 1 were completely consumed (≤0.2 mg N L− 1) within 10, 16 and 37 days, respectively (Fig. 1a). 
In the second fertilization period (49–129 days), dissolved nitrate concentrations were generally higher compared to the first fertil-
ization period (0–49 days) and declined within 6, 22 and 80 days (after the second fertilization at day 49) to below 0.1 mg N L− 1 in the 
low, medium and high N treatment, respectively (Fig. 1a). In the non-fertilized control, dissolved nitrate concentrations stayed 
constantly below 0.2 ± 0.2 mg L− 1 over the 129 days of incubation (Fig. 1a). We applied a pseudo-first-order kinetic model to the N 
fertilized treatments (Supporting methods S3, Table SI 8) and observed that at least the low and medium N treatment adhere to this 
model. The half-lives for nitrate reduction were higher in the medium N (0–16 days: t1/2 = 2.98 days, 49–71 days: t1/2 = 2.91 days) 
compared to the low N treatment (0–10 days: t1/2 = 1.73 days, 49–55 days: t1/2 = 0.92 days). A lower half-life time in the second 
fertilization period observed in the low N treatment likely indicates differences in for example Fe(II) concentrations and availability or 
microbial composition and activity compared to the first fertilization period. However, nitrate reduction in the high N treatment did 
not visually follow a pseudo-first-order kinetic model, indicating that nitrate is not the sole rate-determining factor at higher N 
application rates. This suggests that other factors, such as Fe(II) concentrations, organic carbon availability, or specific microbial 
activities, significantly influence the nitrate reduction process. These factors may interact in complex ways, leading to non-linear 
kinetics that a simple first-order model cannot capture. 

Dissolved Fe(II) concentrations decreased simultaneously with nitrate concentrations. Within the first fertilization period, the 
greatest decrease in dissolved Fe(II) concentrations was observed in the medium N treatment (6.9 ± 0.8 mg L− 1, between days 
0 and 13) and in the high N treatment (7.9 ± 0.8 mg L− 1, between days 0 and 30) and to a smaller extent in the low N treatment 
(1.8 ± 0.3 mg L− 1, 0–6 days) (Fig. 1b). In the second fertilization period, the decrease in dissolved Fe(II) was higher in the low and 
medium N treatment, but lower for the high N treatment compared to the first fertilization period, due to generally low con-
centrations of dissolved Fe(II) in the high N treatment (Fig. 1b). In the non-fertilized control, dissolved Fe(II) concentrations 
increased to a maximum of 33.6 ± 5.5 mg L− 1 on day 85 and stayed relatively constant until the end of incubation (Fig. 1b). 
Generally, dissolved Fe(II) concentrations increased in all fertilized treatments as soon as nitrate was depleted, indicating mi-
crobial Fe(III) reduction. In the first fertilization period, dissolved Fe(II) concentrations increased to a similar extent in the low 
(12.1 ± 0 mg L− 1, 6–49 days) and medium (13.4 ± 0.4 mg L− 1, 13–49 days) N treatment and to a lower extent in the high N 
treatment (3.9 ± 1 mg L− 1, 30–49 days) (Fig. 1b). In the second fertilization period, the increase in dissolved Fe(II) concen-
trations after nitrate consumption was similar for the low and medium N treatment, but only minor for the high N treatment 
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(0.8 ± 0.1 mg L− 1, 85–125 days). 
To capture Fe mineral dynamics, sequential extractions of the paddy soil were performed. In the poorly crystalline Fe mineral 

fraction, the Fe(II)/Fe(tot) ratio increased from 8.7 ± 1.8 % to 28.4 ± 4.5 % within 18 days of pre-incubation (Fig. SI 4). In the first 
fertilization period, the Fe(II)/Fe(tot) ratios generally decreased in the poorly crystalline Fe mineral fraction for all fertilized treat-
ments, to the greatest extent for the high N treatment from 19.2 ± 3.2 to 11.2 ± 0.6 % (Fig. 1c). Increasing Fe(II)/Fe(tot) ratios were 
observed after nitrate depletion, resulting in Fe(II)/Fe(tot) ratios of 72.7 ± 2.1 % (low N), 48.2 ± 22.9 % (medium N) and 17.5 ± 1.5 % 
(high N) at the end of the first fertilization period (49 days). In the second fertilization period, Fe(II)/Fe(tot) ratios first decreased, 
followed by an increase again after nitrate consumption leading to high Fe(II)/Fe(tot) ratios in the low (90.1 ± 1.4 %) and medium N 
treatment (78 ± 14.4 %) at the end of incubation (129 days). Increasing Fe(II)/Fe(tot) ratios point towards new, highly reactive, and 
bioavailable Fe(II) minerals formed by Fe(III) reduction. For the high N treatment, Fe(II)/Fe(tot) ratios stayed relatively constant at 
13–17 % throughout the second fertilization period, which is likely caused by the lack of bioavailable Fe(II) minerals, as they had 
already been oxidized during the first phase of fertilization and were not recycled by Fe(III) reduction as in the other fertilized 
treatments. Fe(II)/Fe(tot) ratios in the poorly crystalline Fe mineral fraction of the non-fertilized control increased continuously from 
22.8 ± 3.4 % to 90.5 ± 13.9 % over the 129 days of incubation (Fig. 1c). In the crystalline Fe mineral fraction, Fe(II)/Fe(tot) ratios 
stayed constant at ~35 % over 18 days of pre-incubation (Fig. SI 4). Within the first and second fertilization period, Fe(II)/Fe(tot) 
ratios in the crystalline mineral fraction were less prone to large changes compared to the poorly crystalline Fe mineral fraction 
(Fig. 1d). Yet, the ratio slowly increased constantly for the non-fertilized control (34.8 ± 4.3 % to 43.2 ± 8.6 %) as well as for the low 
(34.9 ± 3.6 % to 41.9 ± 9.3) and medium (34.2 ± 1.5 % to 40.5 ± 13 %) N treatment within 129 days of incubation, generating more 
crystalline Fe(II) minerals in the long-term. The constant level of Fe(II)/Fe(tot) ratios in the crystalline Fe mineral fraction might be 
attributed to less bioavailable Fe minerals, such as magnetite, Fe(II)-bearing silicates or sulfides [32], that are stable even under redox 
fluctuations [42,43]. In contrast to the medium and low N treatment, the Fe(II)/Fe(tot) ratio remained relatively stable for the high N 
treatment at 32–33 %. 

Fig. 1. Dissolved nitrate concentrations in mg N L− 1 (a), dissolved Fe(II) concentrations in mg L− 1 (b), Fe(II)/Fe(tot) ratio in % in poorly crys-
talline Fe mineral phases (0.5 M HCl extraction) (c) and Fe(II)/Fe(tot) ratio in % in crystalline Fe mineral phases (6 M HCl extraction) (d) for three 
different levels of nitrogen fertilizer applications and a non-fertilized control (control: white circles, low N: triangles, medium N: diamonds, high 
N: squares) over 129 days of incubation. Mean ± standard deviation is shown for biological triplicates and the mean ± range for the low N 
treatment in the second fertilization for biological duplicates. The white background illustrates the first (0–49 days) and the grey background the 
second (49–129 days) nitrate fertilization period. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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Overall, nitrate fertilization led to a microbial coupling of nitrate reduction to Fe(II) oxidation [20,44–47], evidenced by the 
simultaneous decrease of nitrate and dissolved Fe(II) concentrations, as well as the decrease of the Fe(II)/Fe(tot) ratios in the poorly 
crystalline Fe mineral fraction after applying nitrate fertilizer. Based on the concentrations of dissolved nitrate and Fe(II), we 
calculated that the oxidation of dissolved Fe(II) was responsible for a maximum of 5.6 % of reduced nitrate (Table SI 9). The remainder 
was most likely caused by solid-phase Fe(II) pools, accounting for the larger proportion of Fe(II). Due to soil heterogeneity and the 
resulting variations in the total Fe and Fe(II) concentrations, calculations based on absolute values of oxidized solid-phase Fe(II) are not 
applicable. The decrease in Fe(II)/Fe(tot) ratio was likely caused by the oxidation of dissolved Fe(II), leading to the formation of Fe(III) 
minerals, and by the oxidation of solid-phase Fe(II) minerals coupled to nitrate reduction. The oxidation of solid-phase Fe(II) minerals 
(e.g., siderite, pyrite, green rust, reduced goethite, biotite) by nitrate-reducing, Fe(II)-oxidizers was also observed in other studies 
before [48–51]. Fe(II) was likely the major electron donor responsible for nitrate reduction as no other potential electron donor (e.g., 
organic carbon [52], ammonium [53], CH4 [54], etc.) showed a clear relationship with nitrate concentrations (Fig. SI 5, 6, 7). Even 
though heterotrophic and autotrophic Fe(II)-driven denitrification can co-occur in paddy soils, we suggest that autotrophic Fe 
(II)-driven denitrification is the dominant process in our study, which is supported by decreasing dissolved Fe(II) concentrations, 
0.5 M HCl extractable Fe(II)/Fe(tot) ratio, nitrate concentrations, and the lack of bioavailable fatty acids (representative samples 
analyzed by HPLC). Our data shows that as long as nitrate was present in solution, microbial Fe(III) mineral reduction was inhibited as 
nitrate is the thermodynamically more favorable electron acceptor relative to Fe(III) minerals [11,55,56]. Only after nitrate was 
completely consumed, Fe(III) reduction dominated and resulted in increasing dissolved Fe(II) concentrations and increasing Fe(II)/Fe 
(tot) ratios in the poorly crystalline Fe mineral fraction. Poorly crystalline Fe minerals were identified to be highly susceptible to redox 
changes induced by the application of N fertilizer, highlighting that crystallinity and bioavailability of Fe minerals impact the extent of 
Fe(II) oxidation. 

3.2. Arsenic immobilization by iron minerals formed by nitrogen fertilization 

We analyzed naturally occurring arsenic in the paddy soil to evaluate changes in arsenic mobility over the course of incubation. 
Total dissolved arsenic concentrations (calculated as the sum of arsenite and arsenate) stayed constantly low in the high N treatment 
between 0.4 ± 0.1 and 6 ± 3.7 μg L− 1 over the 129 days of incubation (Fig. 2a). In the low and medium N treatment, total dissolved 
arsenic concentrations started to increase in both fertilization periods after nitrate was completely consumed. Dissolved arsenic 
concentrations reached 40.6 ± 3.1 μg L− 1 (low N) and 26.5 ± 7.7 μg L− 1 (medium N) at the end of the first fertilization period 
(after 49 days) and decreased by 27.8 ± 3.3 μg L− 1 (low N) and by 21.1 ± 7.7 μg L− 1 (medium N) within 3 days after the second N 
fertilizer application. At the end of incubation after 129 days, dissolved arsenic concentrations were lower in the medium N 
treatment (16 ± 7.4 μg L− 1) compared to the low N treatment (67 ± 12.5 μg L− 1). Total dissolved arsenic concentrations increased 
continuously in the non-fertilized control from 3.8 ± 0.5 μg L− 1 to 62.6 ± 8.9 μg L− 1 over the 129 days of incubation. 

Arsenite initially constituted approximately 15–30 % of the total dissolved arsenic (70–85 % arsenate) and was removed 
completely from solution within 1 or 2 days after firstly applying N fertilizer (Fig. SI 8 a-d, Fig. SI 9). Even though absolute arsenate 
concentrations also decreased, arsenate accounted for 100 % of the remaining dissolved arsenic. After 10, 16 and 37 days, dissolved 
arsenite and arsenate concentrations started to increase in the low, medium and high N treatment, respectively, which correlated with 
the time of nitrate depletion. At the end of incubation (129 days), arsenite made up 48–67 % of total dissolved arsenic in the N fertilized 
treatments (33–52 % arsenate), with the highest proportion of arsenite observed in the high N treatment. After the second fertilizer 
application, the proportion of arsenite did not decline to the same extent as observed 1 or 2 days after the first fertilizer application. 

Fig. 2. Dissolved arsenic concentrations in μg L− 1 (a), and difference in arsenic content associated with Fe mineral phases between day 0 and 129 in 
mg kg− 1 DW-soil− 1 (b) in paddy soil with three different levels of nitrogen fertilizer applications (low, medium, high) compared to the non-fertilized 
control over 129 days of incubation. Mean ± standard deviation is shown for biological triplicates and the mean ± range for the low N treatment in 
the second fertilization for biological duplicates. The white background in (a) illustrates the first (0–49 days), and the grey background the second 
(49–129 days) nitrate fertilization period. 
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The non-fertilized control showed a gradual increase of dissolved arsenite and arsenate, with arsenite accounting for 30–40 % within 
the 129 days of incubation. 

To investigate the role of Fe mineral phases for the mobility of arsenic, total arsenic concentrations associated with the poorly 
crystalline and crystalline Fe mineral phases were quantified (Fig. 2b). Over the 129 days of incubation, arsenic was lost for all 
treatments from the poorly crystalline Fe mineral phases in comparison to initial mineral-bound arsenic contents. The decline in 
bound arsenic was the greatest for the non-fertilized control (0.5 ± 0.1 mg kg− 1 DW-soil− 1), low (0.4 ± 0.1 mg kg− 1 DW-soil− 1) and 
medium N treatment (0.4 ± 0.1 mg kg− 1 DW-soil− 1). The least arsenic was lost from poorly crystalline Fe minerals in the high N 
treatment (0.2 ± 0.1 mg kg− 1 DW-soil− 1). The loss of arsenic from the crystalline Fe mineral fraction was about 2-fold greater for the 
non-fertilized control (0.7 ± 0.4 mg kg− 1 DW-soil− 1), low (1.1 ± 0.1 mg kg− 1 DW-soil− 1) and medium (0.7 ± 0.8 mg kg− 1 DW-soil− 1) 
N treatment in comparison to the loss from the poorly crystalline phase. The high N treatment even exhibited an increase of 
0.3 ± 0.7 mg kg− 1 DW-soil− 1 in arsenic content in the crystalline Fe mineral phase. 

These results illustrate that arsenic mobility is tightly linked to the fate of Fe minerals, and thus, susceptible to Fe redox changes 
[57]. When nitrate reduction coupled to Fe(II) oxidation dominates after N fertilizer application, dissolved arsenic can be scavenged 
within only a few days and retained on Fe mineral phases, even though only for a short time under low and medium N fertilizer 
applications. Liu et al. (2022) [20] observed that the retention of arsenic by Fe minerals is only of short-term duration (1–3 days) when 
applying KNO3 as fertilizer. In contrast, the high N treatment successfully retained arsenic on Fe mineral phases limiting mobilization 
also over long term (129 days). When no nitrogen fertilizer was applied, 36 % of the total arsenic was mobilized from Fe mineral phases 
to the solution, which co-occurred with Fe(III) reduction. Even though the poorly crystalline Fe mineral phase was influenced to a 
greater extent by nitrogen fertilization, more arsenic was released from the crystalline Fe mineral phase. This might be due to the larger 
pool of Fe minerals in the crystalline fraction compared to the poorly crystalline fraction and generally higher amounts of arsenic being 
asssociated with the crystalline Fe mineral phase (Table SI 1). 

Other mechanisms affecting arsenic mobility include nitrate reduction coupled to arsenite oxidation, which could be occurring 
under N fertilization [58]. This likely caused the strong decrease of the arsenite share on the total dissolved arsenic pool after N 
fertilization, pointing towards a greater removal of arsenite, especially in the first fertilization period. Dissolved arsenate concen-
trations decreased due to the preferential adsorption of arsenate to the newly formed Fe(III) (oxyhydr)oxides under given pH’s (Fig. SI 
10) [13,59]. In the second fertilization phase, a less pronounced oxidation effect of arsenite may be associated with generally elevated 
concentrations of both arsenite and arsenate, or it could be influenced by potential toxicity effects, thereby impeding microbial 
processes. As the binding of As to Fe(III) (oxyhydr)oxides is dependent on various parameters, such as mineral identity, properties, and 
structure, or pH, additional analysis would be required to elucidate the binding environment of As and Fe more in detail [59,60]. 

In summary, N fertilization successfully removed arsenite from solution and immobilized arsenic by adsorption onto newly formed 
Fe(III) minerals, even though the extent and efficiency depends on the amount of N fertilizer added. Reductive dissolution of Fe(III) 
minerals was responsible for arsenic mobilization, especially of arsenite, mainly from the crystalline mineral phase. However, redox 
cycling or type of binding of arsenic species also likely play a role for the mobilization of arsenic [61]. 

3.3. Greenhouse gas emissions depend on nitrogen fertilizer concentrations 

To evaluate climate-related effects of N fertilizer application, CO2, CH4, and N2O emissions were quantified over the course of 
incubation as CO2 equivalents [6]. Total greenhouse gas emissions were similar for the low, medium and high N treatment 
(5.2 ± 0.2, 4.6 ± 0.4, 5.0 ± 0.1 g CO2 eq. kg− 1 DW-soil− 1 125 days− 1, respectively) and higher than the non-fertilized control 
(3.2 ± 0.1 g CO2 eq. kg− 1 DW-soil− 1 125 days− 1) (Fig. 3), although not significantly (p = 0.06, non-parametric Kruskal-Wallis 
test, Table SI 10). 

The contributions of the individual greenhouse gases to the total emissions varied between the different treatments. CO2 emissions 
were significantly different between the treatments (p = 0.04, non-parametric Kruskal-Wallis test, Table SI 10) and accounted for the 
largest proportion of total greenhouse gas emissions in the non-fertilized control (70.5 ± 3.4 %) compared to the N fertilized treat-
ments (low: 50.1 ± 2.5 %, medium: 56 ± 6.3 %, high: 47.1 ± 1.6 %) (Fig. SI 11). CH4 emissions were significantly different between 
treatments (p = 0.02, non-parametric Kruskal-Wallis test, Table SI 10) and only observed for the non-fertilized control and low N 
treatment, contributing 29 ± 4.7 % and 7.2 ± 0.5 % to the total greenhouse gas emissions, respectively (Fig. SI 12). CH4 emissions 
were absent in the medium and high N treatment, even after nitrate was depleted. N2O emissions were also significantly different 
between treatments (p = 0.03, non-parametric Kruskal-Wallis test, Table SI 10) and mainly observed for the fertilized treatments as 
long as nitrate was present in the soil (Fig. SI 13), without great differences between the amount of nitrate fertilizer added. In total, N2O 
made up for 42.8 ± 4.1 % (low N), 44.0 ± 8.1 % (medium N) and 52.9 ± 3.1 % (high N) of the total greenhouse gas emissions. In 
contrast, only 0.5 ± 0.5 % were emitted as N2O in the non-fertilized control (Fig. SI 13). However, it has to be noted that only gaseous 
N2O concentrations are considered and might be underestimated as we left microcosms undisturbed before gas sampling. 

N2O and CH4 emissions showed an inverse relationship, supporting prior studies that N fertilization suppresses methanogenesis 
[62,63]. In the control treatment, CH4 emissions occurred after around 50 days of incubation. The timing likely represents conditions 
in the soil favoring methanogenesis, meaning that the soil was depleted in other, more favorable electron acceptors, i.e. nitrate, Fe(III), 
and sulfate. Due to the absence of nitrate, N2O emissions were generally low. In contrast, N2O was produced when nitrate was applied 
to the paddy soil, due to nitrate reduction coupled to Fe(II) or As(III) oxidation and other labile organic carbon sources or abiotic 
processes, i.e. chemodenitrification. CH4 emissions were suppressed under N fertilization likely due to thermodynamic constraints 
(nitrate reduction being more favorable over methanogenesis), yet, nitrate reduction coupled to methane oxidation could have also 
limited CH4 emissions [64]. It was estimated that methane oxidation coupled to nitrate reduction could offset 10–20 % of the global 
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CH4 emissions [65]. Vaksmaa et al. (2016) [66] showed that this process is contributing substantially to methane oxidation in an 
Italian paddy soil, from where our paddy soil also originates from. Together with relative abundances (based on 16S rRNA gene 
amplicon sequencing) of Candidatus Methanoperedens that are significantly higher (Welch t-test, p = 0.005, df = 2.93, t = − 7.63, 95 % 
confidence interval = − 0.31;-0.13) in the high N treatment (0.57 ± 0.04 %) compared to the control (0.35 ± 0.02 %) on day 37, 
methane oxidation coupled to nitrate reduction might have also limited CH4 emissions in the N fertilized treatments in our study. 

In general, N fertilization led to 1.5-fold greater total greenhouse gas emissions compared to the non-fertilized control, mainly due 
to overall greater N2O emission. However, the extent of emissions was independent of the concentration of N fertilizer added, which 
might be due to the limited supply or bioavailability of electron donors [67] or in general the abundance and metabolic activity of the 
microorganisms present. When comparing different levels of N fertilization, we conclude that lower application quantities, but higher 
frequencies could even enhance total greenhouse gas emission (e.g., low compared to high N treatment), especially due to short-term 
peak emissions of N2O [68]. 

3.4. Change in microbial community composition by nitrogen fertilization 

In order to identify impacts of N fertilization on the microbiome, we quantified microbial community abundance, activity and 
composition. The 16S rRNA gene and transcript copy numbers generally varied between different timepoints during the incubation 
(Fig. SI 14, 15). The greatest differences between treatments were found on day 37 between the non-fertilized control and the high N 
treatment, when the greatest differences in geochemistry (i.e., dissolved Fe(II) and arsenic, solid-phase Fe) could also be observed. 16S 
rRNA transcript copy numbers were significantly lower for the non-fertilized control compared to the high N treatment on day 37 (p =
0.0167, Table SI 11, ANOVA). Abundances of functional and marker genes seemed to be similar to the general trends of 16S rRNA gene 
copy numbers. No significant differences in the abundances were found between the different N treatments on day 0, 16, 37, 49 or 129 
for the marker and functional genes narG, nosZ, aioA, arrA and Geobacter spp. (Fig. SI 16 to 21). However, copies of genes involved in Fe 
or N cycling were generally higher for the medium and high N treatment compared to the low N treatment and the control on day 37, 
especially for narG, nosZ and Geobacter spp. Feng et al. (2023) [69] reported a higher abundance of the arsenite oxidase gene aioA in N 
fertilized paddy soils, yet, the similarity in aioA abundances between the non-fertilized control and N fertilized treatments suggests a 
minor role of microbial arsenite oxidation in our study. Stable trends in functional and marker genes suggest that the microbial 
community is resilient to nitrate fertilization, likely due to its composition being established over years of nitrogen fertilization. 
However, 16S rRNA gene amplicon sequencing on day 37 revealed differences in the microbial community composition on the phylum 
level between the non-fertilized control and the high N treatment (Fig. 4). The relative 16S rRNA gene sequence abundance of Ver-
rucomicrobiota was significantly higher for the non-fertilized control (5.5 ± 0.5 %) compared to the high N treatment (4.5 ± 0.3 %) 
(p = 0.044, Table SI 11, one-way ANOVA), whereas Proteobacteria were present in greater relative abundance in the high N treatment 
(18.6 ± 0.1 %) compared to the non-fertilized control (14.1 ± 0.8 %) (p = 1.5⋅10− 6, Table SI 11, one-way ANOVA). At the family level, 
Pedosphaeraceae belonging to Verrucomicrobiota were enriched in the non-fertilized control and have been found to be involved in the 

Fig. 3. Total greenhouse gas emissions in g CO2 eq. kg− 1 DW-soil− 1 125 days− 1 from CO2 (dark blue), CH4 (blue), N2O (light blue) emissions for the 
three different levels of nitrogen fertilizer application (low, medium, and high N) compared to the non-fertilized control. CO2 equivalents of CH4 and 
N2O emissions were calculated by multiplication with the factors 27 and 273, respectively, which represent the global warming potential over 100 
years [6]. Asterisks (*) represent significant differences (p < 0.05) of total CO2, CH4 and N2O emissions between treatments. Mean ± standard 
deviation is shown for biological triplicates taking the mean ± range for the low N treatment in the second fertilization for biological duplicates into 
account. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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CH4-, N- and Fe-cycle (Fig. SI 22) [70]. They were also found in arsenic-contaminated soils, potentially involved in toxic metal 
resistance [71]. Moreover, Pedosphaeraceae likely play a role in methane oxidation, which could be coupled to Fe(III) reduction [72], 
impacting arsenic mobility and greenhouse gas emissions. Ratering and Schnell [44] revealed a widespread metabolic potential for 
nitrate reduction coupled to iron(II) oxidation among Proteobacteria in paddy soils. The families Gallionellaceae, Comamonadaceae and 
the order Rhodospirillales belonging to the Proteobacteria were enriched in the high N treatment on day 37 (Fig. SI 23). Gallionellaceae 
are typical microaerophilic Fe(II)-oxidizing microorganisms [73], yet some members are related to lithoautotrophic nitrate-reducing, 
Fe(II)-oxidizing microorganisms that have been successfully enriched in microbial cultures [74–78]. In paddy soils, members of the 
family Gallionellaceae were identified as potential key players for microbial nitrate reduction coupled to Fe(II) oxidation [79,80]. 
Comamonadaceae were found to be important decomposers in paddy soils [81] and are typically involved in the N-cycle mainly 
performing denitrification, which could potentially be linked to arsenite or Fe(II) oxidation [82–84]. Rhodospirillales are considered to 
play a role in N2O reduction [85]. These results highlight that N fertilization changes the microbial community and favors N-cycling 
microorganisms. 

3.5. Implications of nitrogen fertilization in paddy soils for arsenic mobility and greenhouse gas emissions 

Our results showed that nitrate reduction coupled to Fe(II) oxidation was stimulated by the addition of N fertilizer to the paddy soil. 
This (1) led to the formation of Fe(III) minerals immobilizing a maximum of 28 μg L− 1 of dissolved arsenic and (2) prevented the 
reductive dissolution of Fe(III) minerals and the simultaneous release of arsenic from Fe mineral phases into solution, which was most 
successful under the highest N fertilizer application. The formation of Fe(III) (oxyhydr)oxides was likely more important for arsenic 
immobilization than As(III) oxidation. This is supported by increasing Fe(III) levels, decreasing As(III) levels, a higher abundance of Fe 
(II)-oxidizers, and the lack of a significant increase in aioA gene abundance in the high N treatment. Although such high concentrations 
may not be directly applied to paddy soils as the common drinking water limit (50 mg L− 1) [86] for nitrate would be mostly exceeded, 
our data shows that constant nitrate concentrations, which could also be achieved by other methods such as applying slow release N 
fertilizer or different fertilization frequencies and quantities, could suppress Fe(III) reduction and prevent the mobilization of arsenic 
and limit methane emissions by suppression of methanogenesis. Whether the same mechanisms hold true if other common fertilizers, 
e.g., urea, ammonia, are applied to different paddy fields has to be investigated. 

Minimizing arsenic concentrations in the porewater, in the rice plant and in the rice grain might become even more important in the 
future to counteract decreases in rice yield [19]. As it was shown that arsenic sequestration by Fe plaque or minerals is dependent on 
the growth stage of the rice plant, which is also critical for arsenic uptake by rice plants [57], our results could provide guidance for 
practical application. We showed that arsenic immobilization can occur quickly within just a few days and even long-term over 129 
days, when KNO3 was applied at higher concentrations. Thus, the frequency and amount of N fertilizer application becomes more 
important in future rice cultivation as it has a great potential in minimizing arsenic concentrations. Furthermore, the cultivation of 
microbial key players, such as Gallionellaceae, from paddy soils would enable us to study nitrate reduction coupled to Fe(II) oxidation 
in more detail with the goal to identify parameters that control rates of Fe(II) oxidation and nitrate reduction, and as a consequence, 
N2O emissions and arsenic mobility. 

In summary, our results showed that the highest N fertilizer application rate was most effective in retaining arsenic on Fe mineral 
phases and preventing the mobilization into solution, without increasing total greenhouse gas emissions compared to lower fertilizer 
application rates. These findings have enhanced our insight into how N fertilizer application influences the interconnected processes of 
the microbial Fe, N, and As cycles in paddy soils. 

Fig. 4. Relative 16S rRNA gene sequence abundance in % on phylum level for the non-fertilized control and high N treatment on day 37. “Others” 
represent phyla with abundances below 3 % on average. Significant differences between non-fertilized control and high N treatment are indicated 
with a and b (Verrucomicrobiota: p = 0.044, Proteobacteria: p = 1.5⋅10− 6, one-way ANOVA). Mean ± standard deviation is shown for biological 
triplicates. 
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