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Background and aims

Eastern Denmark’s agricultural landscapes feature numerous topographic depressions that are frequently flooded during late winter and spring. These poorly drained, carbon- and nitrogen-rich depression soils receive eroded material from adjacent slopes. Fertilization and water saturation create N2O emission hotspots. However, the potential legacy effects of these topographic locations on microbial communities involved in N2O production and reduction remain unclear. One approach to mitigating high denitrification rates (as a source of N2O) is to alter microbial pathways by adding nonhazardous levels of copper.





Methods

We conducted an incubation study using upland and depression soils from the same site, incorporating varying Cu levels (0, 130, and 260 mM) and water levels (60% and 90% water holding capacity).





Results

Depression soils emitted eight times more N2O than upland soils at 90% WHC. Cu addition did not reduce cumulative N2O emissions but delayed or lowered the flux peak. Depression soils exhibited 3,000- and 4,000-fold higher 16S rRNA and nosZ clade I abundances, respectively, compared to upland soils. Cu addition significantly decreased 16S rRNA abundance, eliminated AOB amoA in upland soils, and slightly reduced the tested gene abundances in depression soils. The nosZ gene community structure differed significantly between the two soils.





Conclusions

Overall, our study suggests that erosional differentiation of soil properties, together with frequent waterlogging conditions, can result in distinct microbial communities, fostering legacy effects that lead to differences in N2O emissions between upland and depression soils. Adding Cu to these intensively managed soils is unlikely to be an effective strategy for mitigating N2O emission hotspots in arable fields.
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1 Introduction

Nitrous oxide (N2O) is a long-lasting greenhouse gas (~ 120-year lifetime) with approximately 300 times greater global warming potential than carbon dioxide (CO2) (over a 100-year time horizon), and it is also the primary cause of ozone depletion (1, 2). Agricultural activities contribute about 60% of global anthropogenic N2O emissions due to the extensive use of synthetic N fertilizers and manure (3). In countries with intensive agriculture, such as Denmark, farming activities accounted for 89% of national total N2O emissions in 2018 (4). Consequently, atmospheric N2O concentrations have been rising continuously since 1960 (5). Without effective mitigation measures, N2O emissions are projected to double by 2050 (6).

The main sources of N2O production from soils are the two microbial processes of nitrification and denitrification. N2O is a by-product of nitrification during the oxidation of NH4+ to NO3− by ammonia oxidizers and is formed under O2-limiting conditions (7). Ammonia oxidation is considered the rate-determining step of nitrification, catalyzed by the ammonia monooxygenase (AMO) enzyme, specifically its active subunit A gene (amoA), and is performed by ammonia-oxidizing bacteria (AOB) or ammonia-oxidizing archaea (AOA) (8). Nitrification-related N2O emissions are assumed to be the major source under low soil water conditions (9). Under the described soil conditions of landscape depressions, denitrification is considered the dominant microbial process contributing to N2O emissions from soils. Denitrification is favored under oxygen-limited conditions, where NO3− is converted via NO2−, NO, N2O, and eventually N2 (7). This process is governed by substrate availability (NO3−, carbon), soil pH, and soil aeration (7).

It is crucial to understand how factors such as soil type, topography, and plant–microorganism–soil interactions influence the fate of soil inorganic N and its emission as N2O. Therefore, it is important to determine whether certain landscape forms are more prone to high N2O emissions than others. Landscapes with depressions, which can be observed as small-scale, lower-lying areas, are particularly at risk of substantial N2O emissions (10, 11). Eastern Denmark is characterized by a glacial landscape, which has widespread low-lying landscape depressions, dividing the landscape into upland areas and slopes toward depressions. These topographic depressions in Denmark are characterized by temporal waterlogging and high soil moisture conditions, typically from late autumn until early spring of the following growing season. Soil moisture, among other factors, creates spatially distinct patterns and differences in soil redox regimes at the field scale (12). Nonetheless, these topographic reliefs in the typical glacial landscape of Eastern Denmark are mostly located within croplands and are therefore under intensive agricultural use, receiving high nitrogen (N) inputs.

It was recently shown that depressions within agricultural fields in Eastern Denmark have far greater N2O emission potential, presumably from denitrification, than the surrounding upland areas (10). However, the reasons for this discrepancy in emissions along the topographical slopes are still not entirely understood. One possible reason could be distinct soil moisture conditions that determine soil aeration, along with a timely overlap with N fertilizer application. Additionally, soils from the frequently flooded depression areas and from well-drained uplands exhibit significantly different soil chemical and physical properties, as well as differing microbial community compositions (12, 13). For example, soil texture is well known to be greatly affected by soil erosion and deposition, leading to finer-textured soils in the depression area (14). This can result in poor drainage, more frequent anaerobic conditions, and consequently, a potentially higher soil organic carbon (SOC) sequestration and denitrification rate in these depression areas (15). Few studies have clearly shown that topography at the field scale not only affects soil physical and chemical properties but also, consequently, the soil microbial community structure (16, 17). In understanding the factors that determine the properties of specific glacial depression soils, the actual legacy of repeated soil flooding could play a determining role in the biogeochemical regulation of spatially heterogeneous N2O emission at the field scale (12, 18). However, studies on flooding legacy induced by topographic positions at the field scale are scarce, and researchers have mainly focused on pure topographic effects rather than process-level considerations of microbial ecology (17).

The net N2O flux from soils results from the balance between N2O production and N2O consumption by soil microbes. However, the only known N2O sink in the ecosystem is the microbial reduction of N2O to N2, catalyzed by nitrous oxide reductase (N2OR) (19). The N2OR active site is encoded by the Z subunit gene (nosZ), which contains two central Cu atoms, a binuclear CuA center, and a tetranuclear CuZ cluster (20). Therefore, Cu bioavailability in the environment may regulate N2OR synthesis and influence N2O fluxes as well (21). Additionally, in the nitrification pathway, AOA and AOB both require Cu as a cofactor for the AMO active sites (22). A reduction in AOA abundance has been shown to correlate with lower Cu availability (23).

Cu deficiency has been reported in numerous agricultural soils under intensive farming practices, including historically in Denmark, where 25% of arable land was predicted to be Cu deficient in 2008 (24). Conversely, excessive Cu accumulation in soils poses a risk, as Cu is a heavy metal and toxic to a wide range of soil microorganisms. For example, 89 mg Cu kg−1 for clay soils and 26 mg Cu kg−1 for sandy soils have been suggested as the maximum no-effect concentrations in Denmark (25). On average, 14% of the total Cu concentration is bioavailable (26). Due to the high livestock density, some Danish farmland even receives considerable amounts of Cu through large Cu inputs via manure, mainly from pig slurry (25). Both Cu deficiency and excess influence the soil nitrogen cycling by affecting microbial activity and function (27–30). Since microbially available Cu promotes complete denitrification, the mitigation potential of this mechanism has been investigated with the aim of increasing N2O reduction to N2 by enhancing nosZ gene expression through available Cu. For example, low nosZ gene activity has been observed in microbial cultures under Cu-deficient conditions (28). However, in soil systems, Cu effects on nosZ gene abundance remain inconsistent, ranging from no clear impact to increased abundance (27, 29, 31). This clearly suggests that Cu effects on nosZ gene expressions and, thus, on net N2O emissions from the generally very complex soil systems still remain unclear and require further study.

Based on these research gaps, we studied how soil flooding in landscape depressions can foster differences in N2O emissions, with a particular focus on the sustained effects of the legacy of repeated flooding on microbial community structure. Furthermore, we studied whether increased Cu availability could decrease N2O emissions from upland and depression soils as affected by different water saturation levels. We assumed that the soil flooding legacy, water saturation, and Cu amendment control N2O emissions in agricultural soils, and hypothesized that (1) depression soils show higher levels of N2O emissions compared to upland soils at similar soil water saturation; (2) the highest N2O emissions occur when water levels are high with no Cu addition; and (3) the abundance of nosZ genes increases with increased Cu availability in soils.




2 Materials and methods



2.1 Study site and soil sampling

Soils were collected from a long-term monitoring site near Sorø (55.453702 N, 11.519423 E), Denmark, on 25 May 2022. The study site, planted with winter wheat in the year of sampling, is characterized by a gradient along a slope between a glacial depression and an upland area. Corresponding with the field N2O gas monitoring locations, soils from the upland and the depression positions were collected at a depth of 0–5 cm. Both upland and depression sampling areas are located within the same field, separated by a distance of 10 m along the slope. At this site, four replicate subsamples were taken from both the upland and depression areas. Subsamples from each area (upland or depression) were pooled together for later use. Soils were air-dried and sieved to 2 mm, and coarse plant material and stones were removed. The maximum soil water holding capacity was determined to be 27% for upland soils and 41% for depression soils. Soil properties are presented in Table 1.


Table 1 | Soil properties used in the incubation experiment.






2.2 Experimental design and soil preparation

For this experiment, we compared both the effects of Cu addition and water availability on N2O emission from both depression and upland soils. The influence of three factors on N2O emissions was tested: Cu addition (0, 130, and 260 mM), different water saturation levels (60%, 90% maximal water holding capacity [WHC]), and soil locations (upland and depression). Soils were labeled with either 15NH415NO3 or 14NH415NO3 to differentiate between N2O production pathways derived from nitrification (15NH4+) or denitrification (15NO3−). All treatments were incubated in four replicates, with a total of 96 samples.

Soils were prewetted 24 h before the experiment using deionized water. Samples were placed in zip-lock plastic bags (equivalent to 70 g air-dried soil), and 0.5 mL of 0, 130, or 260 mM CuSO4 was applied (corresponding to 0, 4.13, and 8.26 mg Cu). The soil was carefully mixed in the zip-lock bag to ensure a homogeneous distribution of CuSO4. To trace the N2O production pathways, soils were labeled with either 15NH415NO3 or 14NH415NO3 solution (10 atom percent excess) at an application concentration of 5.13 mg N kg−1 soil (equivalent to 10 kg N ha−1). After carefully mixing in a zip-lock bag, soils (equivalent to 70 g air-dried soil, 0.88 g cm−3 bulk density) were weighed into PVC rings and loosely packed by tapping the bottom of the ring to ensure that the soil surface was level with the top of the PVC ring (inner diameter: 4.5 cm; height: 5 cm). The bottom of the PVC rings was covered with a fine mesh, allowing for gas exchange. Maximum water holding capacity was determined separately for upland and depression soils. The targeted soil water content of 60% and 90% WHC was achieved at the start of the experiment by gently pipetting deionized water from the top. Water-filled pore space (WFPS) was equivalent to 32.7% and 49.0% for 60% and 90% WHC depression soil treatments, respectively, and 21.0% and 31.5% for 60% and 90% WHC upland soil treatments, respectively. Each of the PVC rings was then placed into 0.4 L Mason jars, which were covered with Parafilm, with small holes to allow for gas exchange. Soils were maintained at either 60% or 90% WHC by repeatedly weighing the individual jars throughout the course of the experiment and adding water from the top via pipetting when necessary. The incubation experiment began immediately after establishing the two water levels and was carried out in a temperature-controlled room at 20°C for 27 days.




2.3 Gas measurements and soil analysis

N2O production was measured by connecting each incubation jar to an LGR 914–0027 Isotopic N2O Analyzer (Los Gatos Research, Quebec, Canada, CA, USA) for 5 min. N2O concentrations were logged in parts per billion (ppb) every 10 s. Measurements from the first 210 s after closing the incubation jar were discarded, as this period was required to ensure adequate mixing between residual air and the N2O sample within the analyzer. N2O measurements were carried out on days 1, 3, 7, 10, 13, 19, and 27. Simultaneously, 15N2O concentrations were recorded by the analyzer.

On day 27, after the final N2O measurements, soils were sampled from the PVC rings. Soil mineral N (SMN: NO3− and NH4+) was extracted from fresh soil using a 1-M KCl solution (1:5, w:v). The extraction suspension was shaken for 1 h at room temperature, then centrifuged and filtered using 0.45 µm syringe filters (LLG Labware syringe filters, pore size: 0.45 µM). SMN concentrations were measured with a flow-injection analyzer (Tecator 5000 FIAStar, Höganäs, Sweden). Soil pH was measured using a pH meter in a water extract (1:5, w:v). Soil bioavailable Cu was extracted using a DTPA extraction solution (1:2, w:v), shaken for 2 h, filtered with 0.45 µm syringe filters, and then measured by ICP-MS (iCAP-Qc, Thermo Scientific, UAS, UK). Additional subsamples of the incubated soils (around 5 g) for DNA extraction were collected in zip-lock plastic bags and immediately frozen at − 20°C until analysis.




2.4 Molecular analyses



2.4.1 Soil DNA extractions

Only soil samples receiving either 0 or 260 mM Cu were further analyzed due to budget constraints. The total community DNA was extracted from soil using the NucleoSpin® Soil Kit (Machery-Nagel, Düren, Germany), following the manufacturer’s instructions. In brief, a 300-mg homogenized soil sample was added to a Bead Tube containing buffer and enhancer solution. Cell lysis was performed by bead-beating using a FastPrep FP120 device (Thermo Savant, USA, USA), for 30 s at 5 m s−1, followed by vortexing at maximum speed for 5 min. After precipitation, the binding buffer was added to the solution, followed by centrifugation. The silica membrane was then washed four times with a kit-derived solution. DNA was eluted to a final volume of 50 µL. The quality and quantity of the extracted DNA were checked and estimated using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, USA) and a Qubit 1.0 Fluorometer (Invitrogen, USA), respectively. DNA extracts were diluted to approximately 1 ng µL−1 before quantitative PCR (qPCR). The effect of the inhibitory compounds was assessed by testing the diluted samples. Based on the tested dilutions, no inhibitory effects were observed.




2.4.2 Quantification of 16S rRNA, amoA genes, and nosZ genes

Bacterial 16S rRNA, ammonia-oxidizing archaea (AOA amoA), ammonia-oxidizing bacteria (AOB amoA), and nosZ clade I and clade II genes were quantified using qPCR. Quantification of AOB and AOA was based on standard control solutions containing 103–107 copies µL−1 of amoA fragments amplified from the genomic DNA of Nitrosospira multiformis or Nitrososphaera viennensis EN76, respectively. Standard control solutions for nosZ clades I and II contained 104–108 copies µL−1 of nosZ fragments from Pseudomonas stutzeri and Dyanobacter fermentas genomic DNA, respectively. For 16S rRNA, standard solutions contained 101–108 copies µL−1 of 16S rRNA fragments from Escherichia coli genomic DNA. Amplifications were performed in different reaction volumes (Supplementary Table S1) using a BioRad CFX Connect system (BioRad, USA, CA, USA) with GoTaq DNA polymerase (Promega, UK, USA). For the primers and thermocycling conditions used, see Supplementary Tables S2, S3. The qPCR efficiency was 67% for bacterial 16S rRNA. For amoA genes, the qPCR efficiency was 70% for archaeal amoA and 75% for bacterial amoA. For nosZ clades I and II, the qPCR efficiencies were 76% and 62%, respectively. Melting curve analysis and gel electrophoresis were performed to verify the specificity of the qPCR products.




2.4.3 Sequencing and identification of nosZ genes

The nosZ clade I and II gene fragments, 267 and 300 base pairs (bp) in length (20, 32), respectively, were amplified using specific primers (Supplementary Table S3). A second, shorter amplification was then performed using primers that included TruSeq sequencing adaptors. Indexing was carried out at the Eurofins laboratory. Sequencing was performed on an Illumina MiSeq sequencer platform using 2 bp × 300 bp paired-end chemistry.

Each sample generated an average of 3 million raw paired-end reads. The quality of the raw reads was assessed using FastQC (33), and high-quality sequences (Q > 30) were selected using Trimmomatic (34). The high-quality forward and reverse reads were combined and used for further analysis. The nosZ clade I and clade II analysis was carried out using graftM (35), followed by the Gappa tool (36), and aligned against nosZ-specific databases (37).





2.5 Calculations and statistics

All calculations and statistical analyses were performed using R (38). The δ15N of the N2O for each measurement was calculated using the Keeling plot method (39), by applying a linear regression model to the reciprocal N2O concentration and δ15N values. The δ15N was derived from the intercept of 1/N2O = 0. Regression models with p-values > 0.05 and r2 > 0.20 were selected. Only 29% of all models met these criteria, among which only the depression soils under the 90% WHC treatment had sufficient data points for further comparison. N2O fluxes were calculated using the R package “gasflux” (40), employing a robust linear regression model. Briefly, the N2O molar fraction was converted to mass fraction according to ideal gas law. Cumulative N2O emissions were calculated by linear interpolation between measurement dates over the entire incubation period using the gasflux package.

Differences in soil properties of upland and depression soils (soil texture, pH, total C, and N) were compared using a t-test. Treatment effects on cumulative fluxes over 27 days were tested by fitting linear models for upland and depression soils separately using the R package “stats”. To account for variance heterogeneity, cumulative N2O emissions were log10-transformed. Post-hoc comparisons were performed using the R package “emmeans”. The effects of Cu and water content on functional gene abundance were analyzed using linear regression models. Functional gene abundances were log10-transformed to meet the normality assumption before analysis.

The community structure of nosZ clades I and II differed distinctly between upland and depression soils. Therefore, sequencing data were analyzed separately for depression and upland soils at the genus level. Statistical analyses were conducted using the “vegan” package (41) in R. Taxa with relative abundances smaller than 3% were grouped as “Other”. The effects of water level and Cu on nosZ community diversity were assessed using permutational analysis of variance (PERMANOVA) with the “adonis2” function in R, employing 9,000 permutations. Similarity percentages analysis (SIMPER) was performed to evaluate the dissimilarities between treatments in terms of nosZ gene community structure. Nonmetric multidimensional scaling analysis (NMDS) was conducted separately for depression and upland soils to describe the nosZ community structure. To assess the effects of environmental continuous factors (soil properties) and cumulative N2O flux on nosZ community structure, the “envfit” function was used, and results were plotted onto NMDS plots as vectors.





3 Results



3.1 Soil properties

Soil pH was significantly higher in depression soils than in upland soils before incubation, averaging 6.24 and 5.51, respectively (p < 0.001; Table 1). Soil total C and total N were also significantly higher in depression soils than in upland soils (total C: 3.18% and 1.04%, respectively; total N: 0.34% and 0.12%, respectively) (p < 0.001; Table 1). Depression soils had a C/N ratio of 9.4, while upland soils had a ratio of 8.7. Depression soils had a finer texture than upland soils, with 68% sand and 6.2% clay compared to 72% sand and 4.7% clay in upland soils. The initial bioavailable Cu content of depression soils was twofold higher than that of upland soils before the incubation (Table 1; p = 0.01). However, the soil bioavailable Cu content from each Cu treatment was comparable between the soils after incubation (Table 2). Bioavailable Cu increased significantly with increasing Cu addition (Table 2).


Table 2 | Bioavailable Cu concentrations (mg kg−1) at the end of the experiment in upland and depression soils at 60% and 90% WHC (mean ± 1 standard deviation, n = 8).



SMN (NH4+ + NO3−) concentration differed significantly between depression and upland soils before incubation (p < 0.001; Table 1). Depression soils at 90% WHC had a significantly lower SMN content at the end of the incubation (p < 0.001), averaging 97 mg N kg−1 soil, compared to 60% WHC depression soils, which averaged 118 mg N kg−1 soil. For upland soils after incubation, SMN content did not differ significantly between water treatments (p = 0.66; Table 2). There was no significant difference in soil mineral nitrogen content after incubation with different Cu additions in either depression or upland soils. The NO3−/SMN ratio was 0.97 and 0.93 for depression and upland soils, respectively, at the beginning of the experiment. The decrease in NO3−/SMN ratio was significantly more pronounced (p < 0.001) in depression soils at 90% WHC compared to those at 60% WHC (Supplementary Figure S1). The decrease in the NO3−/SMN ratio was marginally lower in upland soils at 90% WHC compared to 60% WHC (Supplementary Figure S1). The increase in the NO3−/SMN ratio was greater in depression soils with 260 mM Cu compared to 0 mM (p = 0.14). However, the NO3−/SMN ratio of upland soils was not affected by Cu addition (p = 0.69).




3.2 Effect of soil moisture and Cu on N2O flux

For the incubated depression soils, high N2O production was measured on day 1, immediately after the start of the experiment (Figure 1A). The N2O flux rate in depression soils was significantly higher at 90% compared to 60% WHC during the first 7 days of incubation (p < 0.001). However, after 3 days, the N2O flux from depression soils at 90% WHC decreased rapidly. In contrast, for depression soils at 60% WHC, after the initial peak in N2O flux on day 1 (ranging from 6.3 to 12.6 µg N2O-N kg−1 soil h−1 across the three Cu levels), the N2O production rate was low and continued to decline for the rest of the incubation period. Surprisingly, the lowest cumulative N2O flux (80.6 µg N2O-N kg−1 soil) was observed in depression soils at 60% WHC. Increased soil moisture in depression soils at 90% WHC resulted in significantly higher cumulative N2O emissions compared to those at 60% WHC (p < 0.001, Figure 1C), ranging from 80.6 to 187.6 µg N2O-N kg−1 soil at 60% WHC and from 2,947.3 to 3,507.6 µg N2O-N kg−1 soil at 90% WHC. The addition of copper to depression soils at 90% WHC delayed and amplified the maximum N2O fluxes, shifting from days 1 to 3 (Figure 1A). In contrast, the addition of copper had no effects on the N2O flux rates of depression soils at 60% WHC or on the cumulative N2O emissions at either soil moisture level. The addition of 260 mM Cu tended to decrease the cumulative N2O flux from depression soils at 60% WHC (p = 0.19) compared to the same soil under the same WHC (Figure 1C).




Figure 1 | (A) N2O flux over the 27-day incubation period from upland and depression soils at 60% WHC and 90% WHC, with three levels of Cu addition (µg N2O-N kg−1 soil h−1). Note the different y-axis scales. (B) Cumulative N2O flux for the 27-day incubation period for upland soils, and (C) depression soils, under different WHC conditions and Cu additions (µg N2O-N kg−1 soil). Lowercase letters indicate significant differences across treatments (mean ± 1 standard deviation, n = 8).



In contrast to the depression soils, no N2O emissions were observed from upland soils on day 1 regardless of the soil water level (Figure 1A). Water level also played an important role in regulating cumulative N2O fluxes in upland soils (p < 0.001, Figure 1B). Emissions from incubated upland soils at 90% WHC peaked on day 3 (ranging from 0.76 to 2.5 µg N2O-N kg−1 soil h−1 across the three Cu levels), whereas emissions from upland soils at 60% WHC peaked on day 10 (ranging from 0.43 to 0.58 µg N2O-N kg−1 soil h−1). Unlike depression soils, upland soils at both water levels showed a gradual decrease in N2O production rate following the peak on either day 3 or 10, continuing until the end of the incubation. Cu effects on upland soils varied between the water treatments. In contrast to depression soils, both 130 and 260 mM Cu additions significantly reduced the maximum N2O flux rate from upland soils at 90% WHC on day 3 and tended to decrease the cumulative N2O flux (p < 0.34). However, the 130- and 260-mM Cu upland treatments slightly stimulated the maximum N2O flux rate at 60% WHC on day 10, and 260 mM Cu addition significantly increased cumulative N2O flux (p < 0.05).

Soil type significantly influenced the cumulative N2O flux in this study (p < 0.001, Figures 1B, C). Depression soils at 90% WHC exhibited significantly higher fluxes (more than 3,000 µg N2O-N kg−1 soil) compared to all other treatments. Additionally, N2O fluxes from depression soils at 90% WHC were at least 10 times higher than those from the upland soils at 90% WHC during the first 7 days of incubation (Figure 1A).

Due to low N2O fluxes from upland soils, both at 60% and 90% WHC, and depression soils at 60% WHC, δ15N derived from these fluxes could not be obtained. Therefore, only the 15N2O results from depression soils at 90% WHC are presented in Supplementary Table S4. No significant difference was observed in the cumulative 15N2O flux for different 15N-labeled treatments. However, soils receiving only 15NO3 emitted a higher amount of 15N2O overall. There was no significant difference in cumulative 15N2O emissions between Cu treatments.




3.3 Soil microbial community



3.3.1 Gene abundance

Overall, bacterial 16S rRNA abundance was over 3,000 times higher in depression soils than in upland soils (Figure 2A, p< 0.01). Both Cu and water treatments had significant effects on bacterial 16S rRNA gene abundance (p < 0.01 and p < 0.05, respectively). In both upland and depression soils, increased water content and Cu addition reduced bacterial 16S gene abundance. These effects were more pronounced in upland soil than in depression soils (Figure 2A). The largest difference was observed between upland soils at 60% WHC without Cu and those at 90% WHC with 260 mM Cu, with the latter showing a 12-fold higher bacterial 16S rRNA gene abundance (p = 0.11).




Figure 2 | Abundance of (A) bacterial 16S rRNA, (B) archaeal amoA genes, (C) bacterial amoA genes, (D) nosZ clade I genes, and (E) nosZ clade II genes in upland soils (circles) and depression soils (triangles) at 60% and 90% WHC, with no Cu and 260 mM Cu addition. Each symbol represents an individual sample. Lowercase letters indicate significant differences within each gene. A cross indicates the mean ± 1 standard deviation. ns, non significant.



In depression soils, AOA amoA abundance was slightly suppressed by 90% WHC and Cu addition (Figure 2B). No AOA amoA was detected in upland soils. The abundance of AOB amoA in depression soils was 4,000 times higher than in upland soils (Figure 2C). Neither water level nor Cu content affected AOB amoA abundance in depression soils. However, both copper content and water treatment tended to influence AOB amoA abundance in upland soils, similar to their effects on bacterial 16S rRNA abundance. AOB amoA was detected in only one replicate of upland soils at 60% WHC with 260 mM Cu.

The abundance of nosZ clade I genes was over 4,000 times higher in depression soils than in upland soils (Figure 2D). In depression soil, nosZ clade I abundance was slightly higher under 90% WHC compared to 60% WHC (Figure 2D). The addition of Cu reduced nosZ clade I gene abundance by 1.4-fold in depression soils. In upland soils, nosZ clade I gene abundance was inhibited by both Cu addition and the 90% WHC treatment. Specifically, Cu addition resulted in a 10-fold decrease, and 90% WHC caused a threefold decrease in nosZ clade I gene abundance in upland soils. No nosZ clade II genes were detected in upland soils (Figure 2E). In depression soils, the abundance of nosZ clade II genes did not differ significantly among treatments (Figure 2E).

In general, the ratios of AOA, AOB, and nosZ clades I and II to bacterial 16S rRNA decreased with the addition of 260 mM Cu and increased under the 90% WHC treatment in depression soils (Supplementary Figure S2). In upland soils, the ratios of AOB and nosZ clade I to bacterial 16S rRNA exhibited a similar pattern to that observed in depression soils, although the decrease in nosZ clade I was more pronounced (Supplementary Figure S2).




3.3.2 Sequencing of nosZ genes

After quality filtering the sequence data, there were 59,677 to 109,817 reads and 54,960 to 94,012 reads of nosZ clade I for depression and upland soil samples, respectively, and 50,398 to 91,287 reads of nosZ clade II for depression soil samples. The sequencing results showed that the nosZ clade I community from both depression and upland soils was dominated by Bradyrhizobium and Afipia (Figure 3), while the nosZ clade II community from depression soils was dominated by Cytophagaceae bacterium (50.6%) and Flavisolibacter (17.6%) (Supplementary Figure S3). For depression soils, the nosZ clade I community was significantly affected by Cu addition (PERMANOVA p = 0.02; Supplementary Table S5), while for upland soils, the nosZ clade I community was significantly influenced by water level (PERMANOVA p = 0.02; Supplementary Table S5). Water treatment on depression soils tended to impact the community structure of nosZ clade II (PERMANOVA p = 0.06; Supplementary Table S5). However, no interaction was found between Cu and water level for the nosZ community in either depression soils or upland soils.




Figure 3 | Average relative abundance of nosZ clade I sequences affiliated with taxonomic groups at the genus level in upland and depression soils at 60% and 90% WHC, with no Cu and 260 mM Cu addition. Taxonomic groups with < 3% relative abundance were grouped into “Other”. n = 4.



SIMPER showed that the 90% WHC treatment in upland soils significantly decreased the relative abundance of Afipia (p = 0.006; Supplementary Table S6, Figure 3) and Hyphomicrobium (p = 0.50; Supplementary Table S6, Figure 3). In contrast, the 90% WHC treatment only marginally altered the nosZ clade I community structure in depression soils (Supplementary Table S7, Figure 3). Cu addition significantly decreased the relative abundance of the Rhizobium/Agrobacterium group in the nosZ clade I communities from both depression and upland soils (p = 0.012 and 0.033, respectively; Supplementary Tables S8, S9, Figure 3). The relative abundance of Afipia in depression soils with 260 mM Cu was significantly reduced (p = 0.028; Supplementary Table S8, Figure 3), whereas in upland soils, the decrease was not significant (p = 0.12; Supplementary Table S9, Figure 3). For the nosZ clade II community structure in depression soils, the 90% WHC treatment significantly increased Chitinophaga (p = 0.023; Supplementary Table S10, Supplementary Figure S3) but significantly decreased Flavisolibacter and Pedobacter (p = 0.035 and p = 0.015, respectively; Supplementary Table S10, Supplementary Figure S3). These findings are linked to the significant effect observed in the envfit test of the clade II community on N2O flux in depression soils (Table 3). However, Cu did not alter the composition of the nosZ clade II community structure in depression soils (Supplementary Table S11, Supplementary Figure S3).


Table 3 | Correlation of environmental variables and N2O flux with NMDS ordination of nosZ clade I and II communities, with significance based on the envfit test (permutation = 999).



Environmental factors explaining the variance in the nosZ gene community structure are presented in Table 3. Soil pH was significantly correlated with the nosZ clade I community structure in depression soils (p = 0.033; Table 3; Figure 4). No significant correlation was found between the environmental factors and the nosZ clade I community structure in upland soils (Figure 5). However, patterns in community composition are visible, such as the negative correlation between N2O flux and the Afipia genus (Supplementary Table S6) and the higher abundance of Hyphomicrobium and Rhizobium/Agrobacterium genus under lower Cu concentrations (Figure 5; Supplementary Table S9). Soil NH4+ (p = 0.043; Table 3; Figure 6) and soil N2O flux (p = 0.0080; Table 3; Figure 6) were significantly associated with the nosZ clade II community structure in depression soils.




Figure 4 | Nonmetric multidimensional scaling (NMDS) based on relative abundance illustrating nosZ clade I community structure across treatments in depression soils. Treatment centroids are shown as four colored dots. Taxa are represented by black arrows. Environmental variables and cumulative N2O emissions were overlaid onto the two-dimensional Bray–Curtis distance ordination using the envfit function and are shown as red arrows. Arrow directions indicate an increasing correlation of taxa with the respective variables.






Figure 5 | Nonmetric multidimensional scaling (NMDS) based on relative abundance depicting nosZ clade I community structure across treatments in upland soils. Treatment centroids are shown as four colored dots. Taxa are shown as black arrows. Environmental variables and cumulative N2O emissions were added onto the two-dimensional Bray–Curtis distance ordination using the envfit function and are shown as red arrows. Arrow directions indicate an increasing correlation of taxa with the corresponding variable.






Figure 6 | Nonmetric multidimensional scaling (NMDS) based on relative abundance illustrating nosZ clade II community structure across treatments in depression soils. Treatment centroids are shown as four colored dots. Taxa are represented by black arrows. Environmental variables and cumulative N2O emissions were overlaid onto the two-dimensional Bray–Curtis distance ordination using the envfit function and are shown as red arrows. Arrow directions indicate an increasing correlation of taxa with the respective variables.








4 Discussion



4.1 Effects of soil properties on N2O emissions in depression and upland soils

In this study, depression soils (mean across treatments: 1,677 µg N2O-N kg−1) emitted significantly more cumulative N2O than upland soils (mean across treatments: 213 µg N2O-N kg−1). This pattern aligns with field observations by Elberling et al. (10), who reported N2O fluxes from depression areas up to times higher than those from upland areas following fertilization.

The specific properties of soils in landscape depressions develop through the continuous deposition of nutrients and soil particles eroded from surrounding slopes. These processes are likely the primary drivers of the differences observed between upland and depression soils, which are located within just 10 m of each other. These specific properties include significant differences in total C and N content, soil pH, and texture (Table 1). The variation in soil physical and chemical properties between upland and depression soils appears to contribute substantially to the observed discrepancy in N2O emissions along the slope. Lee et al. (42) reported that denitrification is the primary N2O production pathway in soils originating from depression areas. This finding aligns well with the high emissions of 15N2O observed from the 15NO3-labeled depression soil at high water saturation in this study (Supplementary Table S4; depression soils at 90% WHC). However, the extent to which denitrification dominated the N2O fluxes in treatments exhibiting low N2O emissions remains unclear due to weak 15N signals in this study.

On a global scale, denitrification rates are positively correlated with SOC and total N (43). Higher N and C levels—particularly labile C—as found in depression soils, enhance N2O formation by providing substrates for both nitrification and denitrification (11). At the end of the incubation, NO3− contents averaged 41 mg kg−1 in upland soils and 100 mg kg−1 in depression soils, suggesting that NO3− availability did not limit denitrification in either soil. Moreover, although not significantly different, the depression soil in this study had higher silt and clay contents, likely due to erosion from the upland soil (Table 1). Higher silt and clay contents are associated with greater nutrient content and availability, as well as higher water retention, which can prolong periods of low soil gas diffusivity, thereby favoring N2O formation (44).

Another substantial difference between depression and upland soils is that depression soils are frequently exposed to waterlogging or extremely high soil moisture. Frequent and prolonged waterlogging can alter N transformation processes, which may be directly or indirectly linked to N2O emissions. Suriyavirun et al. (16) reported legacy effects on microbial community compositions, which may represent distinct microbial functional differences in biogeochemical processes between depression and upland soils. For example, anaerobic metabolizing taxa were found to be more abundant in depression soils than in upland soils (16), leading to entirely different N cycling processes (17). In line with these findings, the significantly higher N2O emissions observed in incubated depression soils in our study may be directly linked to the functional composition of the microbial community, which was distinctly different from that in upland soils (Figure 3, Supplementary Figure S3). This diverse N-cycling microbial community has been shown to significantly contribute to the variation in N2O emissions between upland and depression soils (Krichels et al., 2025). This highlights that landscape depressions are strong sources of N2O not only due to substrate (C and N) availability and soil aeration but also because of the long-term conditions associated with their topographic location.




4.2 Effects of water and Cu treatments on N2O



4.2.1 Water levels strongly affect soil N2O emissions

The cumulative N2O production from soils increased with higher water content in both upland and depression areas (Figures 1B, C). However, this tendency was much more pronounced in depression soils, where cumulative N2O emissions exhibited a substantially greater increase than in upland soils. Depression soils at 90% WHC had a 22-fold higher cumulative N2O flux (3,211 µg ± 282 µg N2O-N kg−1) compared to depression soils at 60% WHC (144 µg ± 56 µg N2O-N kg−1). In contrast, the cumulative N2O flux in upland soils at 90% WHC (282 µg ± 91 µg N2O-N kg−1) was only two times higher than upland soils at 60% WHC (145 µg ± 23 µg N2O-N kg−1). Although 60%—and especially 90%—WHC cannot, of course, be considered low soil moisture, the low soil bulk density in the incubation vessels (0.88 g cm−3) resulted in WFPS values of only 32.7% and 49.0% for the 60% and 90% WHC depression soil treatments, and 21.0% and 31.5% for the 60% and 90% WHC upland soil treatments, respectively. This highlights that the inherent differences in soil properties between the two soils—despite being collected from the same field—lead to substantially different maximal WHC (45, 46).

Studies investigating the relationship between soil water content and N2O emissions, such as the one conducted by Davidson (47), have demonstrated a general relationship between N2O emissions and WFPS, with net N2O production occurring between 30% and 90% WFPS and peaking at 65% WFPS. The increased N2O production from soils with 35% WFPS compared to 20% WFPS is often attributed to limited substrate diffusion and reduced water availability for microbes (45). However, the most important explanation for increased N2O production with rising WFPS in arable soil is the drastically reduced gas diffusivity in water, which favors anaerobic conditions in the soil. The greater effect of increasing water content on N2O emissions in depressed soils is likely due to their higher susceptibility to hypoxia (48). This supports the assumption that, under nonsubstrate-limiting conditions, high denitrification rates can be expected even at relatively low WFPS, as demonstrated by the high N2O emissions from the 90% WHC depression soil treatment. In loosely structured soils, a large fraction of the soil volume may remain air-filled at 90% WHC, potentially leading to the formation of anoxic microsites at the aggregate surface, in small pores, or concentrated around organic material. Therefore, hysteresis, or the sponge-like effect of organic material combined with high microbial activity, may lead to oxygen-depleted hotspots with high rates of N2O formation, even at low WFPS (49, 50). Similar observations have been made in other incubation studies, as well as in studies on N2O emissions from mixed and disrupted (tillaged) soils (51, 52). However, due to the low bulk density, WFPS remained relatively low, minimizing restrictions on gas diffusivity and the exchange of N2O at the soil-atmosphere interface. As a result, only a small proportion of N2O may have been further reduced to N2, due to the short residence time of N2O in the soil, especially given the shallow soil depth in our setup. This could explain the sharp response of N2O fluxes to even minor changes in soil moisture levels, particularly in the more biologically active depression soils.




4.2.2 Cu addition altered soil N2O flux peak

In our study, the upland and depression soils responded differently to Cu addition in terms of N2O emissions. Overall, Cu effects on cumulative N2O emissions in both soils were not significant, which corroborates previous findings (31, 53). Two key observations were that the addition of Cu delayed the peak N2O flux in depression soils at 90% WHC from days 1 to 3, and significantly lowered the peak N2O flux on day 3 for upland soils at 90% WHC (Figure 1A).

We did not observe a consistent decreasing trend in N2O emissions with Cu addition (Figure 1A). The Cu addition in our study resulted in a bioavailable Cu concentration of up to 85 mg kg−1, which exceeded the toxicity threshold of 25.6 mg kg−1 (25), and had a stronger effect on the microbial community, particularly in upland soils (see Section 4.3). However, the impact of Cu addition on soil N2O emissions remained minimal. The absence of a significant and clear effect of the Cu addition on N2O emissions in both soils suggests that the additional Cu did not inhibit the microbial processes involved in N2O formation or reduction in the analyzed Danish soils (54), despite the facts that Danish agricultural soils generally have a soil Cu content of around 8 mg kg−1 (55). While there is strong evidence that Cu availability affects the reduction of N2O to N2 (54, 56, 57), the effects of the tested Cu levels on the N2O reduction cannot be fully assessed with our data, as N2 emissions were not quantified, and cumulative N2O emissions were not significantly affected. Therefore, quantifying both N2 and N2O in future studies would provide a more complete understanding of the potential role of Cu amendments in regulating N2O emissions.





4.3 Water and copper treatment effects on microbial community

We found more than a 100-fold higher nosZ clade I abundance in depression soils compared to upland soils, and even an absence of nosZ clade II in upland soils (Figure 2). To our surprise, Cu addition did not increase the abundance of nosZ genes; instead, it inhibited nosZ clade I genes and certain genera within the community in upland soils or had no effects in depression soils. Other studies have also reported no clear impact of Cu on nosZ genes in soil systems (27) or demonstrated enhanced nosZ gene expression (28, 54, 58, 59). These inconsistent results suggest that denitrifying bacteria respond differently to Cu addition at the genus level (54). Furthermore, the initial Cu concentration in the depression soil samples was twofold higher than in the upland soil (p = 0.01), suggesting that the microbial community, including denitrifying bacteria, in depression soils is generally adapted to higher Cu availability (e.g., NOR). However, the incubation experiment lasted only 27 days, which was not sufficient to alter the legacy effects of repeated annual flooding from the field, though it was long enough to observe microbial responses to the treatments (60). Due to budget constraints, soils from the 130-mM Cu treatment were not included in the DNA analyses. As a result, potential changes in microbial abundance and community composition under this moderate Cu addition cannot be evaluated. Many studies have reported nosZ clade II-dominated soil systems, although approximately half of the nosZ clade II variants often lack nitrite reductase and are therefore incapable of complete denitrification (61, 62). This contrasts with our findings, which reveal a nosZ clade I-dominated soil system. Due to its low substrate affinity and higher maximum utilization rate, nosZ clade I often tends to dominate in environments characterized by high N2O emissions (63). Furthermore, nosZ clade II was found to be more sensitive to environmental factors than nosZ clade I (64), which is particularly relevant to our study and also suggests that these two clades exhibit niche differentiation under different soil conditions (20, 65, 66). High water content stimulated both nosZ clade I and clade II in depression soils but did not stimulate nosZ clade I in upland soils. Depression soils that are occasionally flooded may therefore be more favorable for bacteria harboring nosZ genes (67). Flooding at the sampling site played an important role in regulating soil microbial communities. As Ligi et al. (67) showed, soils from areas that were occasionally flooded contained more nosZ genes than soils from permanently flooded areas. Higher pH might be another reason why depression soils contained significantly more nosZ genes than upland soils (68). The combination of these environmental factors (soil moisture, soil NO3−, and soil pH) has been shown to drive the high abundance of nosZ genes at the field scale (69), which is consistent with our study.

At the end of the incubation, both upland and depression soils were dominated by AOB (with the absence of AOA in upland soils) (Figure 2), which is consistent with findings from nitrogen-rich agricultural soil systems (70–72). In contrast, AOA tends to dominate in low-nitrogen input ecosystems, such as grasslands and peatlands (73, 74). Soil pH plays a significant role in shaping the ammonia-oxidizing microbe communities (75). The abundance of nitrifying bacteria (AOB) and denitrifiers (nosZ) in depression soils increased slightly under the 90% WHC treatment, while the abundance of bacterial 16S rRNA genes in depression and upland soils showed opposite trends (Figure 2). Studies have shown that seasonal changes, such as temperature and soil water content, do not result in significant shifts in soil bacterial communities in C-rich soil systems (e.g., total C > 10%) (76, 77). The high amount of bioavailable SOC is sufficient to maintain bacterial community structure despite fluctuations in soil water content (78, 79). The only significant microbial abundance response to Cu treatment was the reduced bacterial 16S rRNA gene abundance and the elimination of AOB amoA from upland soils. Thus, the toxic effects of Cu were more pronounced in upland soils than in depression soils. Normally, heavy metal availability in soils is negatively correlated with SOC and soil clay content (80). However, the bioavailable Cu in upland and depression soils did not differ significantly among the Cu treatments. This suggests that the preconditioned soil properties—such as the higher background soil Cu content—and soil moisture history played important roles in influencing the physiological status of microbes and, consequently, their ability to tolerate the addition of heavy metals (30, 81). Our results suggest that microbial abundance in depression soils is more stable in response to abiotic changes compared to upland soils.

Depression and upland soils differ significantly not only in 16S rRNA, AOA, AOB, and nosZ gene abundance but also in the nosZ gene community structure. The nosZ clade I community structure of upland soils was more widely spread compared to that of depression soils (Figure 3). Our results suggest that long-term flooding regimes in the field can shape the nosZ community structure and affect its activity differently in upland and depression soils (82). Numerous studies have shown that microbial composition and function are largely shaped by topography (83–86). Bacterial community diversity and richness are higher in the poorly drained lower slope compared to the erosional upslope (85, 86). This alteration in the bacterial community was shaped by both abiotic and biotic soil properties, most notably by soil nutrients (e.g., SOC, NO3−, and NH4+) (86). Spatial-temporal variation in denitrification has been found to be driven by the legacy effects of complex interactions between soil properties and topography at the field scale (87). Water level and Cu addition altered the nosZ clade I community differently in the two soil types (Supplementary Table S5, Figure 3), with the nosZ clade I community in depression soils being more sensitive to Cu addition (p = 0.02), and the nosZ clade I community in the upland soils being more sensitive to high water levels (p = 0.02). As previously described, the depression soils were collected from a temporally flooded depression area in the field; thus, the denitrifying microbes can be assumed to be more adapted to fluctuations in soil moisture. Cu addition in depression soils altered the nosZ clade I community structure rather than gene abundance, a finding consistent with other studies (88). The Rhizobium/Agrobacterium group was significantly suppressed within the nosZ clade I community in both soils by Cu addition, and Hyphomicrobium was suppressed in upland soils (p < 0.05; Figure 3; Supplementary Tables S8, S9). Moreover, these groups were positively positioned in the NDMS plot at lower Cu concentrations (Figures 5, 4). The Rhizobium/Agrobacterium group was found to be Cu-sensitive and is considered an indicator of heavy metal pollution (89). Bradyrhizobium dominated the nosZ clade I community in upland soils at 90% WHC. Bradyrhizobium has been shown to adapt to a wide range of soil moisture conditions but thrives best at higher moisture levels (90).

In our study, the two most abundant genera (Bradyrhizobium and Afipia) of the nosZ clade I community were negatively positioned with the N2O flux in the NMDS plot (Figures 5, 4), suggesting that these two genera from upland and depression soils were mainly responsible for N2O reduction (91, 92). Environmental factors contributed to shifts in the nosZ community structure. Soil pH (p = 0.033; Table 3) was significantly associated with the nosZ clade I community in depression soils, while soil NH4+ and N2O flux were found to influence the nosZ clade II community structure in depression soils (p = 0.043 and p = 0.008, respectively; Table 3). It can be assumed that the nosZ clade I and II communities responded differently to soil properties (93, 94). An increased diversity or abundance of the nosZ clade II community, which correlated with either decreased N2O production or increased N2O consumption, has been reported in other studies (64, 93). The nosZ clade I community in upland soil was not affected by environmental factors. Overall, other studies have also found that soil moisture and soil pH are positively associated with changes in the nosZ gene community (82).





5 Conclusion

Based on our incubation experiment, we clearly demonstrate that soils from landscape depressions pose a higher risk of elevated N2O emissions compared to upland soils. In addition, increased soil moisture significantly stimulated N2O emissions in both upland and depression soils. This effect was particularly pronounced in depression zone soils, which are characterized by colluvic properties, enriched in clay and silt content, limiting soil aeration under increased moisture. These soils also contain higher levels of presumably more labile C and N, which are important precursors for denitrification. Hence, the distinct chemical and physical properties of the soils contribute to the greater N2O emission potential in depression soils compared to upland soils. Furthermore, depression soils exhibited a distinct abundance and composition of the microbial community associated with N cycling, including a higher abundance of denitrifying bacteria compared to the upland soils. The increased presence of the facultative anaerobic genera Afipia and Hyphomicrobium suggests that, in addition to the chemical and physical soil properties, frequent soil water saturation likely shapes a distinct denitrifier community in depression soils, contrasting with the microbial community in upland soils. We thus demonstrate a legacy effect of the frequent seasonal waterlogging, which leads to the development of a distinct denitrifier community in the soils of these landscape depressions. These specific microbial communities may promote more complete denitrification under waterlogged conditions. Although we expected a reduction in N2O emissions with Cu addition, no significant effect of Cu on cumulative N2O emissions was observed under the tested conditions. This suggests that Cu amendments to intensively managed soils, which already contain moderate levels of Cu, may not be an effective strategy for mitigating N2O emission hot spots in arable lands. Instead, our findings highlight the adaptability of the microbial community shaped by waterlogging conditions in the field, which drive N2O emissions, particularly in depression soils. This study enhances our understanding of how a history of regular flooding influences soil properties and microbial processes, shaping N-cycling microbes and resulting in substantially different N2O emissions.
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