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[bookmark: _Toc39191574]Abstract
Background
Brachiaria humidicola (Bh) has the ability to produce biological nitrification inhibitors (NIs) and release NIs from the root to the soil. 
Aims
To compare the effects of growing Bh with Brachiaria ruziziensis (Br, which is not able to produce NIs) on soil nitrogen (N) dynamics, N gases and carbon dioxide (CO2) emissions, and nitrifiers and denitrifiers following sheep urine application, a laboratory incubation was conducted in a He/O2 continuous flow Denitrification System (DENIS). This incubation was conducted in the absence of light. Hence the measured effects of Bh and Br on N cycling were the residual effect of biological NIs released into the soil prior to the incubation and released via root death.
Methods
The treatments were: 1) Bh with water application (Bh + W); 2) Bh with sheep urine (Bh + U); 3) Br with water application (Br + W); 4) Br with sheep urine (Br + U). 
Results
Results showed that soil NO3- concentration increased significantly in the soil with sheep urine application after the incubation. Soil nitrous oxide (N2O) and nitric oxide (NO) emissions increased immediately after the sheep urine application and peaked twice during the incubation. Cumulative emissions for the first peak were significantly lower from the Bh + U treatment (0.054 kg N ha-1) compared with the Br + U treatment (0.111 kg N ha-1), but no significant differences were observed in the total cumulative N2O and NO emissions between the Bh + U and Br + U treatment at the end of the incubation. Sheep urine addition did not affect the AOA, nirS and nosZ gene copies, but significantly increased the AOB gene copies after the incubation. 
Conclusions
We conclude that the residual effect of Bh to mitigate N2O emissions in a highly nitrifying soil is short-lived. 
[bookmark: _Toc39191575]1. Introduction 
Nitrification and denitrification are key processes of the soil nitrogen (N) cycle. Nitrification is a two-step microbially mediated process carried out by chemo-autotrophic nitrifying bacteria, first oxidising ammonium (NH4+) to nitrite (NO2-) which is further oxidised to nitrate (NO3-) (Firestone and Davidson, 1989). During the nitrification and subsequent denitrification, other gaseous forms of N are produced and lost from agricultural soils, such as nitrous oxide (N2O), nitric oxide (NO) and dinitrogen (N2). N2O has been attributed to nitrification, denitrification and nitrifier denitrification processes depending on the soil environmental conditions, such as water-filled pore space (WFPS), O2 availability, soil pH and temperature (Bateman and Baggs, 2005; Wrage et al. 2005; Loick et al., 2016; Lai et al., 2019). Some studies present NO emitted from soils during nitrification process (Wang et al., 2016; Caranto and Lancaster, 2017; Kang et al., 2020). However, denitrification can also be a major source of NO from soils at high water content and/or under the presence of a carbon (C) source (Loick et al., 2016; Wu et al., 2017; Ji et al., 2020), whilst N2 is the final product of denitrification (Knowles, 1982). 
Synthetic nitrification inhibitors (NIs) have been widely researched and used to inhibit soil nitrification, e.g. dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP) (Weiske et al., 2001; Chen et al., 2014; Chadwick et al., 2018). Following concerns of synthetic NIs passing into human food chains (Study et al., 2014; Lin et al., 2015; Welten et al., 2016), there has been increasing interests in the role of biological NIs to reduce N2O emissions and NO3- leaching. Some grass species (Subbarao et al., 2008; Gopalakrishnan et al., 2009; de Cerqueira Luz et al., 2014) and crop plants (Subbarao et al., 2013; Huérfano et al., 2016; Sun et al., 2016) have the ability to release compounds from their roots to suppress the nitrifier activity which is termed biological nitrification inhibition (BNI) (Subbarao et al., 2006). Brachiaria humidicola (Bh), a typical tropical pasture grass used for grazing livestock, has been reported to release biological NIs from its roots. Active inhibitory compounds have been isolated from the root tissues (e.g. methyl-p-coumarate and methyl ferulate) (Gopalakrishnan et al., 2007), root exudates (e.g. brachialactone) (Subbarao et al., 2009), and shoot tissues (e.g. linoleic acid and linolenic acid) (Subbarao et al., 2008) of Bh. 
Previous studies have focused on the effects of pure inhibitory compounds identified from the pasture grass or the root exudates of Bh on soil NH4+ transformation and N2O emissions (Subbarao et al., 2008; Gopalakrishnan et al., 2009; Meena et al., 2014). Whilst experiments have been conducted to explore nitrification inhibition and N2O emissions from soil planted with Brachiaria grasses, including pasture that receive bovine urine deposition (Byrnes et al., 2017; Simon et al., 2020). Only a few studies have explored the legacy effects of Bh on N cycling and grain yield of subsequent crops, supplied with N fertiliser, e.g. maize (Karwat et al. 2017), and little is known about the residual effect of biological NIs in the rhizosphere after plants like Bh start to die, on N emissions, soil mineral N, and soil nitrifiers and denitrifiers. 
There is strong evidence that other Brachiaria species, e.g. Brachiaria ruziziensis (Br), are not capable to produce NIs (Fernandes et al., 2011). In this study, Br was selected to compare with Bh (which has the ability to release biological NIs from the roots) to: 1) explore the residual effect of Bh and Br on soil NH4+ and NO3- concentrations; 2) quantify the N2O, NO, N2 and CO2 emissions in soil sown with these two Brachiaria varieties; and 3) determine the residual effect of Bh and Br on soil nitrifiers and denitrifiers. Based on current research, we hypothesised that i) soil under Bh retains soil NH4+, and results in lower NO3- concentrations than soil under Br, ii) Bh results in lower N2O and NO emissions than soil under Br due to the higher BNI capacity of Bh, and iii) AOA and/or AOB gene copies may be lower in the soil under Bh treatments than those in the soil under Br treatments.
[bookmark: _Toc39191576]2. Materials and methods
2.1. Soil sampling and physicochemical analysis
A sandy clay loam textured Eutric Cambisol was collected from a typical sheep-grazed grassland in North Wales (53o24’N, 4o02’W). The soil had not been previously grown with Bh and Br. The soil was selected for its known high nitrification rate (Jones et al., 2004) and not necessarily as a typical tropical soil where Brachiaria species would be grown. Square intact turves of soil (3030 cm, depth of 10 cm) were collected from 3 spatially discrete points (at least 10 m apart), which were retained as 3 replicates. Soil was sieved (2 mm) to remove roots and stones before analysis for a range of chemical properties: 19.4% moisture content (105 °C, 24 h), 6.7% organic matter (450 °C, 16 h) (Ball, 1964), 2.7% total C and 0.25% total N (CHN2000 Analyzer), pH of 5.9, 1.7 mg N kg-1 dry soil as NH4+-N (Mulvaney, 1996) and 30.4 mg N kg-1 dry soil as NO3--N (Miranda et al., 2001).
2.2. Establishment of Brachiaria humidicola and Brachiaria ruziziensis
[bookmark: _Hlk62123675][bookmark: _Hlk62123617]To investigate the residual effect of Bh and Br on soil nitrification, greenhouse gas emissions (GHG, N2O and CO2), NO and N2 emissions, and nitrifiers and denitrifiers after sheep urine application, two varieties of Brachiaria species (Bh and Br) were sown separately in pots containing the field soil. Seeds of Bh and Br were germinated on wetted tissue paper in an incubator (20 °C). 1.7 kg field fresh soil were added to each pot (diameter: 15 cm; depth: 15 cm) at the same bulk density as the soil at the field site (1.6 g cm-3) (Marsden et al., 2016), and 10 geminated seeds were placed onto the soil surface before covering with 100 g soil. There were 12 pots in total, 6 pots were grown with Bh and 6 pots with Br. To stimulate grass growth, the plants were cut to 2 cm above the soil level on day 33 and day 75. At the same time, the equivalent of 25 kg N ha-1 as (NH4)2SO4 was added to each pot 3 days after each cut to promote the release of the inhibitory compounds (Subbarao et al., 2007b).  50 mL of tap water was added to each pot twice per week to maintain plant growth prior to the incubation experiment. The establishment of Bh and Br was from the beginning of July to the end of November. To stimulate the growth of the tropical grasses, the lights above the plots in the greenhouse were on from October until the end of the cultivation. On day 150 after sowing, the plants and soils were harvested for the incubation experiment (described below). 
2.3. Experimental setup
[bookmark: _Hlk34936740][bookmark: _Hlk34937129]The 23 day incubation experiment was conducted in the Denitrification System (DENIS) at Rothamsted Research (North Wyke) (Cárdenas et al., 2003), using the top (0-7.5 cm) of the intact (12 cm deep) soils including plants (obtained from section 2.2). The soil cores were placed into 12 stainless vessels (diameter: 14.1 cm) and sealed with stainless steel lids fitted with double ‘O’ rings. The incubation experiment comprised 4 treatments with 3 replicates: 1) Bh with water application (Bh + W); 2) Bh with sheep urine (Bh + U); 3) Br with water application (Br + W); 4) Br with sheep urine (Br + U). The sheep urine used in this experiment had been collected from 6 Welsh Mountain ewes that had been grazing a permanent pasture at the same site the soil was collected from. The urine had been frozen immediately after collection to avoid N losses during storage. The sheep urine was defrosted the day before application to the soil cores, and the individual urine samples (n=6) were pooled and mixed to generate one urine source (total C, 25.3 g L-1; total N, 11.7 g L-1, NH4+-N, 1.09 mg L-1; NO3--N, 3.09 mg L-1) of which 670 mg N kg-1 dry soil (equivalent to 374 kg N ha-1)were added in the treatments. 
The incubation experiment followed a similar approach to previous experiments using this DENIS (Loick et al., 2016; Wu et al., 2017). Briefly, to remove the native N2 from the soil cores and the headspace, the soil cores were flushed from the base at a flow rate of 30 mL min-1 for 48 hours using a mixture of He: O2 (80: 20), with the outlet flow from each chamber directed to a number of gas detectors. Once the N2, N2O and NO concentrations had reached very low levels, the airflow was decreased to 12 mL min-1 to measure the baseline emissions before being switched from the flow through the base to a flow over the soil surface. The sheep urine and water amendments were contained in sealed stainless steel vessels above the lid of each incubation vessel. In previous protocols, these amendment vessels are usually flushed with He/O2 (80:20) to remove N2 (Cárdenas et al., 2003). However, in this experiment, the vessels containing the urine and water were not flushed with He/O2, to avoid the N losses (via NH3 volatilisation) from the sheep urine. After the urine and water had attained room temperature, the amendments were applied to the soil by opening the ball-valve connecting the 2 vessels. At the start of the soil incubation, the soil moisture content was increased to 65% WFPS to optimize conditions for nitrification (Mosier et al. 1996), taking the volume of the urine or water amendments into account. The temperature of the vessels was maintained at 15 °C during the flushing phase and the 23 day incubation period after the urine and water applications. 
2.4. Soil sampling and analysis
[bookmark: _Hlk494133689]During the incubation, the system was totally sealed, with all the soil gases displaced initially via mix of He:O2 (80:20) passed through the soil from below and the outlet flow from each chamber was directed to a number of gas detectors. Thus, fresh soil samples were only collected for analysis before the sheep urine application and at the end of the incubation period. Soil characteristics before sheep urine application and the after the incubation are presented in Table 1. Soil moisture content was measured after oven drying (105 °C, 24 h), and the soil organic matter was determined by loss on ignition of dried soil in a muffle furnace (450 °C, 16 h) (Ball, 1964). Total soil C and N concentrations were determined on milled oven dried soil samples using a CHN2000 Analyzer (Leco Corp., St. Joseph, MI). Soil pH and electrical conductivity (EC) were measured on fresh soil using standard electrodes (1:2.5 (w/v) soil-to-distilled water). Extractable NH4+-N and NO3--N were analysed in the filtrates after extracting 5 g of fresh soil with 25 ml K2SO4 (0.5 M) using the colorimetric methods of Mulvaney (1996) and Miranda et al., (2001), and total dissolved C and N were analysed with the Multi N/C 2100 (AnalytikJena, Jena, Germany). Data were expressed on a per kg dry soil basis.
[bookmark: _Hlk38753482][bookmark: _Hlk38750395]Table 1 Soil characteristics before sheep urine application (d 0) and after the incubation (d 23).
	Soil property
	
	Bh + W
	
	
	Bh + U
	
	
	Br + W
	
	
	Br + U
	

	
	d 0
	d 23
	d 0
	d 23
	d 0
	d 23
	d 0
	d 23

	Moisture content (%)
	30.3±0.23a
	27.7±0.78B
	30.6±0.11a
	30.1±0.54A
	29.4±0.60a
	29.4±0.79AB
	30.2±0.36a
	28.0±0.34AB

	Organic matter (%)
	6.5±0.15a
	6.4±0.06AB
	6.4±0.21a
	6.6±0.05A
	6.3±0.05a
	6.3±0.07B
	6.3±0.13a
	6.5±0.03A

	pH
	6.6±0.03a
	6.0±0.02A
	6.6±0.04a
	5.3±0.05B
	6.3±0.08b
	6.0±0.05A
	6.5±0.04ab
	5.2±0.04B

	Electrical conductivity
 (µS cm-1)
	116.8±16.7a
	147.8±6.84B
	109.3±1.84a
	802.3±21.8A
	111.0±4.63a
	158.3±11.0B
	104.5±6.02a
	755.3±22.0A

	Total carbon 
(g kg-1 dry soil)
	21.4±0.43a
	23.3±0.50A
	23.2±1.00a
	24.9±1.79A
	23.5±0.49a
	24.1±0.06A
	23.0±0.49a
	25.1±0.81A

	Total nitrogen 
(g kg-1 dry soil)
	2.6±0.04b
	2.8±0.09B
	2.7±0.05ab
	3.1±0.04AB
	2.8±0.10a
	2.8±0.08B
	2.7±0.02ab
	3.2±0.14A

	NH4+-N 
(mg N kg-1 dry soil)
	3.3±0.17a
	1.3±0.36B
	2.7±0.13a
	3.2±0.43A
	3.1±0.39a
	0.15±0.05B
	3.3±0.46a
	3.6±0.97A

	NO3--N
 (mg N kg-1 dry soil)
	3.7±0.20a
	16.0±2.61B
	1.8±0.41a
	235.7±15.8A
	2.8±0.65a
	17.3±3.48B
	2.6±0.99a
	213.9±9.63A


Values represent means ± SEM. Different letters indicate the significant differences between treatments at d 0 (lower case) and d 23 (upper case) respectively (n=3, P<0.05)
At the same time, 5 g fresh soil from each vessel were collected and stored at -80 °C prior to DNA extraction. Soil (0.25 g) was extracted by the the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. After extraction, the purity and concentration of extracted soil DNA were determined by the Nanodrop spectrophotometer ND-1000 (Labtech, UK). Polymerase chain reaction (PCR) was carried out on real-time quantitative PCR (QPCR) using the QuantStudioTM 6 flex real-time PCR system (Thermo Fisher Scientific, UK). Three independent QPCR were performed for each gene and each soil replicate. The 20 µL reaction mixture comprised 10 µL TB Green Premix Ex Taq (TaKaRa, Tokyo, Japan), 0.3 µL of each primer, 0.4 µL ROX Reference dye, 7 µL of sterilized deionised water and 2 µL template DNA. The primers for quantifying nitrification and denitrification function genes were presented in Table 2. The thermal conditions for the AOA, AOB, nirK, nirS and nosZ were the same as those used in previous studies (Henry et al. 2006; Bei et al. 2021). The standard curves for QPCR were generated by 10-fold serial dilutions of linearized plasmids containing cloned AOA, AOB, nirK, nirS, and nosZ genes. The PCR amplification efficiencies of standard curves were 93 to 98% with R2 value of 0.990 to 0.999. 
Table 2 Primer sets used for the real-time PCR.
	Targeting gene
	Primer set
	Sequence (5'-3')
	Reference

	AOA
	Arch-amoAF
	STAATGGTCTGGCTTAGACG
	(Robinson et al. 2014)

	
	Arch-amoAR
	GCGGCCATCCATCTGTATGT
	

	AOB
	amoA-1F
	GGGGTTTCTACTGGTGGT
	(Robinson et al. 2014)

	
	amoA-2R
	CCCCTCKGSAAAGCCTTCTTC
	

	nirK
	FlaCu
	ATCATGGTSCTGCCGCG
	(Zulkarnaen et al. 2019)

	
	R3Cu
	GCCTCGATCAGRTTGTGGTT
	

	nirS
	cd3aF
	GTSAACGTSAAGGARACSGG
	(Zulkarnaen et al. 2019)

	
	R3cd
	GASTTCGGRTGSGTCTTGA
	

	nosZ
	2F
	CGCRACGGCAASAAGGTSMSSGT
	(Zulkarnaen et al. 2019)

	
	2R
	CAKRTGCAKSGCRTGGCAGAA
	


2.5. Gas sampling and analysis
The airflow from each vessel was automatically directed to a valve that directed the sample to different gas detectors, resulting in one sample being analysed every 8 minutes from each of the 12 vessels. Thus, one measurement was made every 1.5 hours from each vessel. The N2O and CO2 concentrations were determined using a gas chromatograph equipped with an electron capture detector (ECD), and a second GC with a helium ionization detector (HID, VICI AG International, Schenkon, Switzerland) was used to analyse N2 concentrations. For NO concentrations, a chemiluminescence analyser was used (Sievers NOA280i, GE Instruments, Colorado, USA). The gas flow rate through each vessel was measured daily to calculate the volume of gas required for the flux calculation. The gaseous fluxes were corrected for the surface area and flow rate through the vessels and are presented in the unit of kg N or C ha-1 d-1. Cumulative gaseous fluxes were calculated by the area under the curve after linear interpolation between sampling points using the Genstat 19th edition (VSN International Ltd) (Meijide et al., 2010).
2.6. Statistical analysis
[bookmark: _Toc39191577]One-way analysis of variance (ANOVA) followed by the LSD test at 5% confidence was used to determine the effect of Bh and Br on soil NH4+ and NO3- concentrations, cumulative gas emissions (N2O, NO, N2 and CO2) and gene abundance (AOA, AOB, nirK, nirS, nosZ) at the start (day 0) and end (day 23) of the incubation respectively. All statistical analyses were performed in SPSS Statistics 25.0 (IBM Inc., Armonk, NY).
3. Results 
[bookmark: _Hlk38819315]3.1. Soil ammonium and nitrate concentrations
At the start of the incubation, there were no significant differences between all the treatments (Bh + W, Bh + U, Br + W, Br + U) for the soil NH4+ and NO3- concentrations, with average concentrations of 3.1 (ranging from 2.7 to 3.3 mg kg-1 soil) and 2.7 (ranging from 1.8 to 3.7 mg kg-1 soil) mg kg-1 soil, respectively (Table 1). In the Bh + W and Br + W treatments, after the 23 day incubation the NH4+ concentration decreased (Bh + W, 3.3 to 1.3 mg kg-1 soil; Br + W, 3.1 to 0.15 mg kg-1 soil) and NO3- increased (Bh + W, 3.7 to 16.0 mg kg-1 soil; Br + W, 2.8 to 17.3 mg kg-1 soil). 23 days after the sheep urine application, there was a small increase in the NH4+ concentration in the urine treatments (Bh + U, from 2.7 to 3.2 mg kg-1 soil; Br + U, from 3.3 to 3.6 mg kg-1 soil) and a large increase in the NO3- concentration in the same treatments (Bh + U, from 1.8 to 235.7 mg kg-1 soil; Br + U, from 2.6 to 213.9 mg kg-1 soil).
3.2. Gas emissions
[bookmark: _Hlk34937677]Nitrous oxide: N2O emissions increased immediately after the sheep urine application, with maximum fluxes of 0.12 and 0.22 kg N ha-1 d-1 in the Bh + U and Br + U treatments, respectively (Fig. 1a). These fluxes decreased rapidly within the following 23 h and then reached another peak after day 13, with what seem to be broad peaks lasting up to 9 days (day 10 to 19). Fluxes, however, remained high until the end of the incubation. N2O emissions in the Bh + W and Br + W treatments were much lower than that in the treatments with sheep urine application, with average fluxes of 0.009 and 0.006 kg N ha-1 d-1, respectively. The cumulative N2O emission for the first peak in the Br + U treatment (0.11 kg N ha-1) was significantly higher than that in the Bh + U (0.05 kg ha-1) treatment, although no significant differences were observed in the cumulative N2O emissions for the entire 23 days incubation between the Bh + U and Br + U treatments (Table 3). The cumulative N2O emissions in the Bh + W and Br + W treatments were significantly lower than that from both urine treatments during both the first peak period and the whole incubation period.
Nitric oxide: the pattern of NO emissions was similar to the N2O emissions for all treatments during the 23 days incubation, with the exception that the maximum NO fluxes in the sheep urine application treatments occurred during the second peak on day 14-16 (Fig. 1b). The first peak of NO emissions appeared 7.0 h and 10.6 h after the urine application in the Bh + U and Br + U treatments, respectively, which was a little later than the peak time of maximum N2O emissions (3.6 and 5.3 h, respectively) reaching values up to 3 g N ha-1 d-1. Cumulative NO emissions in the treatments with the sheep urine application including the two peaks (Bh + U, 0.114 kg N ha-1; Br + U, 0.103 kg N ha-1) were significantly higher than those in the water only treatments (Bh + W, 0.007 kg N ha-1; Br + W, 0.003 kg N ha-1). Nevertheless, no significant differences in NO emissions were observed between the Bh + U and Br + U treatments, or the Bh + W and Br + W treatments during the first peak period or for the whole incubation period. The second NO peak was broader than the initial one (reaching up to ~8 g N ha-1 d-1) and had not reached background values at the end of the incubation, but clearly showed fluxes were decreasing from d 16 onwards. 
Nitrogen gas: Fluxes of N2 were low and decreased continuously from the start of the incubation (data not shown), indicating incomplete flushing of the vessels with contribution of the N2 that entered the DENIS when non-flushed (He/O2) urine and water were applied to the soil. Soil-borne N2 emissions were not observed during the incubation, as expected, as soil moisture conditions were managed to favour nitrification (65% WFPS) (Loick et al. 2021).
Carbon dioxide: in the Bh + U and Br + U treatments, the CO2 emissions increased rapidly and peaked at 10.8 h after the urine application (similar to the NO peak in the urine treatments), with the maximum fluxes of 207.2 and 198.9 kg C ha-1 d-1, respectively (Fig. 1c). The CO2 emissions decreased afterwards and remained stable (less than ca. 30 kg C ha-1 h-1) from day 3.5 to end of the incubation in the Bh + U and Br + U treatments. After the incubation, the cumulative CO2 emissions in the soil under Br treatments were significantly lower than those in the soil under Bh treatments, following the series: Br + W < Bh + W < Br + U < Bh + U, with the cumulative fluxes of 333.5, 428.5, 654.6, 768.5 kg C ha-1, respectively (Table 3). 
[image: ]
[bookmark: _Hlk45187292]Fig. 1 Gaseous emissions (average) of N2O (panel a), NO (panel b) and CO2 (panel c) during the incubation (urine and water were applied on day 0). Error bars represent standard error of the mean (n=3).
[bookmark: _Hlk38753508]Table 3 Cumulative emissions of N2O and NO (in kg N ha-1) and CO2 (in kg C ha-1) after 23 days incubation and during the first peak period.
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Gas
	Bh + W
	Bh + U
	Br + W
	Br + U

	N2O (23 d)
	0.216 ± 0.026 b
	1.73 ± 0.316 a
	0.128 ± 0.068 b
	1.72 ± 0.324 a

	N2O (first peak)
	0.003 ± 0.000 c
	0.054 ± 0.010 b
	0.004 ± 0.001 c
	0.111 ± 0.017 a

	NO (23 d)
	0.007 ± 0.001 b
	0.114 ± 0.009 a
	0.003 ± 0.001 b
	0.103 ± 0.015 a

	NO (first peak)
	0.0003 ± 0.0001 b
	0.0015 ± 0.0001 ab
	0.0003 ± 0.0001 b
	0.0025 ± 0.0007 a

	CO2 (23 d)
	422.0 ± 10.5 c
	761.9 ± 15.7 a
	328.5 ± 13.4 d
	649.0 ± 7.4 b

	CO2 (first peak)
	97.83 ± 3.34 b
	350.0 ± 10.28 a
	84.56 ± 3.26 b
	328.6 ± 12.59 a


Values represent means ± SEM. Different letters indicate a significant difference between treatments (n=3, P<0.05).
3.3. Nitrifiers and denitrifiers gene copies
At the start of the incubation (day 0), there were no significant differences in the AOA, AOB, nirK, nirS and nosZ gene copies between the different treatments (Fig. 2). After the incubation (day 23), no significant differences were observed in the AOA, nirS and nosZ gene abundance between the treatments with the sheep urine application and without urine application (Fig. 2a, d, e). The sheep urine application increased the soil AOB and nirK gene copies at the end of the incubation (Fig. 2b, c). The AOB gene copies in the Bh + U treatment (7.7×106 copies g-1 soil) were significantly higher than that in the Br + U treatment (4.7×106 copies g-1 soil). The nirK gene copies in the Br + W (2.1×104 copies g-1 soil) was significantly lower than other treatments, but no significant differences were observed in the nirK gene copies between the Bh + W, Bh + U and Br + U treatments (3.3×104, 5.0×104, 3.7×104 copies g-1 soil, respectively).
[image: 图片包含 游戏机, 钢琴

描述已自动生成]
Fig. 2 Average AOA (panel a), AOB (panel b), nirK (panel c), nirS (panel d) and nosZ (panel e) gene abundance at d 0 and d 23. Error bars represent standard error of the mean (n=3). Different letters indicate significant differences between treatments at d 0 (lower case) and d 23 (upper case), respectively (P<0.05).
[bookmark: _Toc39191578]4. Discussion
4.1. Effect of Bh and Br on soil NH4+-N and NO3--N concentrations  
The decrease of NH4+ and increase of NO3- in the treatments without sheep urine application was caused by the nitrification of residual soil NH4+. In the treatments with sheep urine application, the slight increase of NH4+ and marked increase in NO3- (over 200 mg N kg soil-1) were caused by the hydrolysis of urea and further nitrification of the NH4+ from the urine-N applied (Byrnes et al., 2017). It was excepted that soil with Bh retained significantly higher NH4+ and lower NO3-concentrations than soil with Br after the incubation, due to the biological NIs released from its (Bh) root to suppress the transformation of NH4+ to NO3- (Subbarao et al., 2007a; Gopalakrishnan et al., 2009; Nuñez et al., 2018). However, no significant differences were observed in the soil NH4+ and lower NO3-concentrations between the Bh and Br treatments in this study (Table 1). 
Previous studies reported that soil applied with different amount of root exudates or compounds (which have been identified as biological NIs) from Bh retained higher soil NH4+ and lower NO3-concentrations compared with the bare soil treatments (Subbarao et al. 2006, 2008; Nuñez et al. 2018). Ma et al. (2021) found that soil applied with different concentrations of biological NIs (linoleic acid and linolenic acid) only decreased soil NO3- concentration but did not affect the soil NH4+ concentration due to the nitrification inhibition and/or N immobilization. As for the effects of different Brachiaria species on soil nitrification, Castoldi et al. (2013) suggested that the levels of NH4+ and NO3- determined in the soil were similar among the Brachiaria species. This is consistent with the results in this study and also supported by the study by Castoldi et al. (2017), in which no significant differences were observed in the soil NH4+ and NO3- concentrations between Brachiaria species. Because of the need to retain air-tight seals throughout the incubation for the measurement of soil derived N2 emissions, it was impossible to collect soil samples during the incubation period. A greater number of time points to explore the dynamics of soil NH4+ and NO3- during the incubation, would have helped to explain the effects of Bh and Br on the transformation of soil NH4+ to NO3-. Previous studies reported that the rates of nitrification inhibition increased with increasing concentrations of the biological NIs (Gopalakrishnan et al. 2009; Sun et al. 2016; Ma et al. 2021). The low stability of biological NIs released from Bh may be also one reason for the unexcepted results in this study. Ma et al. (2021) confirmed that biological NIs (linoleic acid and linolenic acid) identified from the shoot tissue of Bh were much more rapidly mineralized than synthetic NIs (such as DCD, less than 5% of mineralization rate even after 40 days incubation) in a highly nitrifying soil, reaching 40% in about 10 days incubation.    
4.2. Effect of Bh and Br on soil N-gas and CO2 emissions 
N2O and NO are known products of both nitrification and denitrification processes, which dominate under different optimal soil environment conditions such as soil moisture (Loick et al., 2016; Wu et al., 2017), pH (Robinson et al., 2014), temperature (Lai et al., 2019), O2 availability (Zhu et al., 2013; Senbayram et al., 2019) and C availability (Miller et al., 2008; O’Neill et al., 2020). At the beginning of the incubation experiment, the initial soil water content was set as 65% WFPS which would have favoured nitrification of the NH4+ from the hydrolysed urea in the urine treatments causing the initial observed N2O and NO emission peaks (first smaller peak).  It is also supported by the study of Loick et al. (2021), in which nitrification was contributing the most to N2O emissions at 70% WFPS. In addition, the initial CO2 peak coincided with those of N2O and NO, as a result of the amendment application, and provides evidence of aerobic respiration (Lee et al., 2011). The duration of this peak is similar to the first N2O and NO peaks. 
[bookmark: _Hlk39240707][bookmark: _Hlk39240937][bookmark: _Hlk69068725]Soil grown with Bh is assumed to have lower cumulative N2O and NO emissions than that with Br due to the high BNI capacity in Bh (Gopalakrishnan et al., 2007; Subbarao et al., 2008). In this study, the cumulative N2O in the Bh + U treatment during the first peak was significantly lower than that in the Br + U treatment, which may be due to the nitrification inhibition caused by the biological NIs released from the Bh as previously reported (Subbarao et al., 2006, 2007a; Meena et al., 2014). In addition, N2O emissions factors (EFs) from sheep urine in the soil grown with Bh and Br were 0.41% and 0.43%, respectively, which is consistent with the literature review conducted by López-Aizpún et al. (2020) (with mean value of 0.39%, range from 0.04% to 1.80%). However, there was no significant difference in the cumulative N2O and NO emissions during the whole soil incubation between the Bh + U treatment and Br + U treatment. It is possible that a reason for the short-lived effect of the Bh may have been the death of the grasses in the DENIS (there were no lights present in the incubation vessels). The residual biological NIs produced by the living plants prior to the incubation may have inhibited nitrification temporarily, but may not have remained effective after the death of the grasses. 
4.3. Effect of Bh and Br on Nitrifiers and denitrifiers
Synthetic NIs, such as DCD and DMPP, have been confirmed to inhibit the AOA and/or AOB genes copies, which play an important role in controlling the nitrification rates and dominate at different conditions (Chen et al., 2014; Shi et al., 2016; Li et al., 2019). NIs have also been shown to inhibit denitrifying microbes, nirS and/or nirK and/or nosZ and/ narG (Shi et al., 2017; Zhou et al., 2018; Li et al., 2019). The biological NI, 1,9-decanediol (identified from rice), has also been shown to suppress the nitrification through impeding both AOA and AOB, when applied at high concentrations (≥500 mg kg-1 soil) (Lu et al., 2019). A study conducted by Gopalakrishnan et al. (2009) also suggested that biological NIs released by the roots of Bh inhibited nitrifying bacteria, but did not negatively affect other major soil microorganisms. In this study, the controls (Bh + W and Br + W), did not influence the AOA, nirS and nosZ gene copies, but soil with Bh (with high BNI capacity) with sheep urine application significantly increased the AOB gene copies (responsible for the oxidation of NH4+) compared with Br (Fig. 2). The AOA and AOB gene copies were not lower in the Bh treatments than Br treatments as excepted, which may be because biological NIs inhibit nitrification rates by reducing the cell-specific activity of AOA and/or AOB, rather than affecting ammonia oxidiser populations, as well as non-target soil microorganisms or functions (Kong et al., 2016). 
[bookmark: _Hlk69112560]In order to retain air-tight seals throughout the incubation for the measurement of soil derived N2 emissions, soil samples were not collected during the incubation period. A greater number of time points to explore the dynamics of soil NH4+ and NO3-, as well as gene copies data during the incubation, or specific stable isotope approaches (such as 15N labelling) would have helped to confirm the sources of gaseous N from soil grown with these two grasses, and nitrification inhibition mechanism of Bh. Gopalakrishnan et al. (2009) suggested that BNI by roots of Bh varies with soil type. In addition, soil moisture content is an important factor related to the release of N-gas emissions (Loick et al. 2016; Wu et al. 2017). The effects of Bh on soil nitrification and GHG emissions under different soil moisture levels and soil types could be explored in the future studies.    
[bookmark: _Toc39191579]5. Conclusion
[bookmark: _Hlk44317176][bookmark: _Hlk34938093]In this highly nitrifying soil, N2O emissions dominated rather than NO emissions, from the soil sown with Bh and Br after the sheep urine application. Bh inhibited N2O emissions during the first peak compared with Br, however, no significant differences were observed in the cumulative N2O and NO emissions between the Bh + U and Br + U treatments over the entire 23 days incubation period. And there were also no significant differences in the soil NH4+ and NO3- concentrations between the Bh and Br treatments. We conclude that the residual biological NIs may inhibit the nitrification temporarily, but not last long enough in a highly nitrifying soil.    
[bookmark: _Toc39191580]Acknowledgment
We would like to express sincere thanks to the technicians in Rothamsted research (North Wyke) for technical support during the study. This study is funded by the Bangor-CSC scholarship (Bangor University and China Scholarship Council). Rothamsted is supported by the BBSRC (BBS/E/C/000I0310 and BBS/E/C/000I0320).
[bookmark: _Toc39191581]References
Ball DF (1964) Loss‐on‐ignition as an estimate of organic matter and organic carbon in non-calcareous soils. J Soil Sci 15:84–92. https://doi.org/10.1111/j.1365-2389.1964.tb00247.x
Bateman EJ, Baggs EM (2005) Contributions of nitrification and denitrification to N2O emissions from soils at different water-filled pore space. Biol Fertil Soils 41:379–388. https://doi.org/10.1007/s00374-005-0858-3
Bei S, Tian Y, Zhao J, et al (2021) Temperature-dependent changes in active nitrifying communities in response to field fertilization legacy. Biol Fertil Soils 57:. https://doi.org/10.1007/s00374-020-01500-w
Byrnes RC, Nùñez J, Arenas L, et al (2017) Biological nitrification inhibition by Brachiaria grasses mitigates soil nitrous oxide emissions from bovine urine patches. Soil Biol Biochem 107:156–163. https://doi.org/10.1016/j.soilbio.2016.12.029
Caranto JD, Lancaster KM (2017) Nitric oxide is an obligate bacterial nitrification intermediate produced by hydroxylamine oxidoreductase. Proc Natl Acad Sci USA 114:8217–8222. https://doi.org/10.1073/pnas.1704504114
Cárdenas LM, Hawkins JMB, Chadwick D, Scholefield D (2003) Biogenic gas emissions from soils measured using a new automated laboratory incubation system. Soil Biol Biochem 35:867–870. https://doi.org/10.1016/S0038-0717(03)00092-0
Castoldi G, dos Reis JG, Freiberger MB, et al (2017) Soil dynamic alterations and use efficiency of nitrogen by Brachiaria species. Aust J Crop Sci 11:1221–1227. https://doi.org/10.21475/ajcs.17.11.09.pne604
Castoldi G, Reis JG dos, Pivetta LA, Rosolem CA (2013) Soil nitrogen dynamics after Brachiaria desiccation. Rev Bras Ciência do Solo 37:1620–1627. https://doi.org/10.1590/s0100-06832013000600018
Chadwick DR, Cardenas LM, Dhanoa MS, et al (2018) The contribution of cattle urine and dung to nitrous oxide emissions: Quantification of country specific emission factors and implications for national inventories. Sci Total Environ 635:607–617. https://doi.org/10.1016/j.scitotenv.2018.04.152
Chen Q, Qi L, Bi Q, et al (2014) Comparative effects of 3,4-dimethylpyrazole phosphate (DMPP) and dicyandiamide (DCD) on ammonia-oxidizing bacteria and archaea in a vegetable soil. Appl Microbiol Biotechnol 99:477–487. https://doi.org/10.1007/s00253-014-6026-7
de Cerqueira Luz PH, Romualdo LM, da Silva NR, et al (2014) Brachiaria species identification using imaging techniques based on fractal descriptors. Comput Electron Agric 103:48–54. https://doi.org/10.1016/j.compag.2014.02.005
Fernandes AM, Andrade GJM de, Souza E de FC de, Rosolem CA (2011) Brachiaria species affecting soil nitrification. Rev Bras Ciência do Solo 35:1699–1706. https://doi.org/10.1590/s0100-06832011000500024
Firestone MK, Davidson EA (1989) Microbiologial Basis of NO and N2O production and consumption in soil. Exch Trace Gases between Terr Ecosyst Atmos 7–21. https://doi.org/10.1017/CBO9781107415324.004
Gopalakrishnan S, Subbarao G V., Nakahara K, et al (2007) Nitrification inhibitors from the root tissues of Brachiaria humidicola, a tropical grass. J Agric Food Chem 55:1385–1388. https://doi.org/10.1021/jf062593o
Gopalakrishnan S, Watanabe T, Pearse SJ, et al (2009) Biological nitrification inhibition by Brachiaria humidicola roots varies with soil type and inhibits nitrifying bacteria, but not other major soil microorganisms. Soil Sci Plant Nutr 55:725–733. https://doi.org/10.1111/j.1747-0765.2009.00398.x
Henry S, Bru D, Stres B, et al (2006) Quantitative detection of the nosZ gene, encoding nitrous oxide reductase, and comparison of the abundances of 16S rRNA, narG, nirK, and nosZ genes in soils. Appl Environ Microbiol 72:5181–5189. https://doi.org/10.1128/AEM.00231-06
Huérfano X, Fuertes-Mendizábal T, Fernández-Diez K, et al (2016) The new nitrification inhibitor 3,4-dimethylpyrazole succinic (DMPSA) as an alternative to DMPP for reducing N2O emissions from wheat crops under humid Mediterranean conditions. Eur J Agron 80:78–87. https://doi.org/10.1016/j.eja.2016.07.001
Ji C, Li S, Geng Y, et al (2020) Decreased N2O and NO emissions associated with stimulated denitrification following biochar amendment in subtropical tea plantations. Geoderma 365:114223. https://doi.org/10.1016/j.geoderma.2020.114223
Jones DL, Shannon D, Murphy D V, Farrar J (2004) Role of dissolved organic nitrogen (DON) in soil N cycling in grassland soils. Soil Biol Biochem 36:749–756. https://doi.org/10.1016/j.soilbio.2004.01.003
Kang R, Yu L, Dörsch P, Mulder J (2020) Nitrification is the primary source for NO in N-saturated subtropical forest soils: Results from in situ 15N labeling. Rapid Commun Mass Spectrom 34:1–7. https://doi.org/10.1002/rcm.8700
Karwat H, Moreta D, Arango J, et al (2017) Residual effect of BNI by Brachiaria humidicola pasture on nitrogen recovery and grain yield of subsequent maize. Plant Soil 420:389–406. https://doi.org/10.1007/s11104-017-3381-z
Knowles R (1982) Denitrification. Microbiol Rev 46:43–70. https://doi.org/10.1128/CMR.5.4.356.Updated
Kong X, Duan Y, Schramm A, et al (2016) 3,4-Dimethylpyrazole phosphate (DMPP) reduces activity of ammonia oxidizers without adverse effects on non-target soil microorganisms and functions. Appl Soil Ecol 105:67–75. https://doi.org/10.1016/j.apsoil.2016.03.018
Lai T V., Farquharson R, Denton MD (2019) High soil temperatures alter the rates of nitrification, denitrification and associated N2O emissions. J Soils Sediments 19:2176–2189. https://doi.org/10.1007/s11368-018-02238-7
Lee S-I, Lim S-S, Lee K-S, et al (2011) Kinetic Responses of Soil Carbon Dioxide Emission to Increasing Urea Application Rate. Korean J Environ Agric 30:99–104. https://doi.org/10.5338/kjea.2011.30.2.99
Li J, Shi Y, Luo J, et al (2019) Effects of 3,4-dimethylpyrazole phosphate (DMPP) on the abundance of ammonia oxidizers and denitrifiers in two different intensive vegetable cultivation soils. J Soils Sediments 19:1250–1259. https://doi.org/10.1007/s11368-018-2155-4
Lin X, Hasi WLJ, Lou XT, et al (2015) Direct and quantitative detection of dicyandiamide (DCD) in milk using surface-enhanced Raman spectroscopy. Anal Methods 7:3869–3875. https://doi.org/10.1039/c5ay00313j
Loick N, Dixon E, Matthews GP, et al (2021) Application of a triple 15N tracing technique to elucidate N transformations in a UK grassland soil. Geoderma 385:. https://doi.org/10.1016/j.geoderma.2020.114844
Loick N, Dixon ER, Abalos D, et al (2016) Denitrification as a source of nitric oxide emissions from incubated soil cores from a UK grassland soil. Soil Biol Biochem 95:1–7. https://doi.org/10.1016/j.soilbio.2015.12.009
López-Aizpún M, Horrocks CA, Charteris AF, et al (2020) Meta-analysis of global livestock urine-derived nitrous oxide emissions from agricultural soils. Glob Chang Biol 26:2002–2013. https://doi.org/10.1111/gcb.15012
Lu Y, Zhang X, Jiang J, et al (2019) Effects of the biological nitrification inhibitor 1,9-decanediol on nitrification and ammonia oxidizers in three agricultural soils. Soil Biol Biochem 129:48–59. https://doi.org/10.1016/j.soilbio.2018.11.008
Ma Y, Jones DL, Wang J, et al (2021) Relative efficacy and stability of biological and synthetic nitrification inhibitors in a highly nitrifying soil: Evidence of apparent nitrification inhibition by linoleic acid and linolenic acid. Eur J Soil Sci 1–16. https://doi.org/10.1111/ejss.13096
Marsden KA, Jones DL, Chadwick DR (2016) The urine patch diffusional area: An important N2O source? Soil Biol Biochem 92:161–170. https://doi.org/10.1016/j.soilbio.2015.10.011
Meena HM, Sachdev MS, Manjaiah KM, Dotaniya ML (2014) Nitrification Inhibition Potential of Brachiaria humidicola. Natl Acad Sci Lett 37:113–116. https://doi.org/10.1007/s40009-013-0216-1
Meijide A, Cardenas LM, Bol R, et al (2010) Dual isotope and isotopomer measurements for the understanding of N2O production and consumption during denitrification in an arable soil. Eur J Soil Sci 61:364–374. https://doi.org/10.1111/j.1365-2389.2010.01233.x
Miller MN, Zebarth BJ, Dandie CE, et al (2008) Crop residue influence on denitrification, N2O emissions and denitrifier community abundance in soil. Soil Biol Biochem 40:2553–2562. https://doi.org/10.1016/j.soilbio.2008.06.024
Miranda KM, Espey MG, Wink DA (2001) A Rapid, Simple Spectrophotometric Method for Simultaneous Detection of Nitrate and Nitrite. Nitric Oxide 5:62–71. https://doi.org/10.1006/NIOX.2000.0319
Mosier AR, Duxbury JM, Freney JR, et al (1996) Nitrous Oxide Emissions from Agricultural Fields: Assessment, Measurement and Mitigation. In: Progress in Nitrogen Cycling Studies. Springer Netherlands, Dordrecht, pp 589–602
Mulvaney RL (1996) Nitrogen—Inorganic Forms. In: Methods of Soil Analysis Part 3—Chemical Methods. Soil Science Society of America, American Society of Agronomy, pp 1123–1184
Nuñez J, Arevalo A, Karwat H, et al (2018) Biological nitrification inhibition activity in a soil-grown biparental population of the forage grass, Brachiaria humidicola. Plant Soil 426:401–411. https://doi.org/10.1007/s11104-018-3626-5
O’Neill RM, Girkin NT, Krol DJ, et al (2020) The effect of carbon availability on N2O emissions is moderated by soil phosphorus. Soil Biol Biochem 142:107726. https://doi.org/10.1016/j.soilbio.2020.107726
Robinson A, Di HJ, Cameron KC, et al (2014) The effect of soil pH and dicyandiamide (DCD) on N2O emissions and ammonia oxidiser abundance in a stimulated grazed pasture soil. J Soils Sediments 14:1434–1444. https://doi.org/10.1007/s11368-014-0888-2
Senbayram M, Budai A, Bol R, et al (2019) Soil NO3− level and O2 availability are key factors in controlling N2O reduction to N2 following long-term liming of an acidic sandy soil. Soil Biol. Biochem. 132:165–173
Shi X, Hu H, He J, et al (2016) Effects of 3,4-dimethylpyrazole phosphate (DMPP) on nitrification and the abundance and community composition of soil ammonia oxidizers in three land uses. Biol Fertil Soils 52:927–939. https://doi.org/10.1007/s00374-016-1131-7
Shi X, Hu HW, Kelly K, et al (2017) Response of ammonia oxidizers and denitrifiers to repeated applications of a nitrification inhibitor and a urease inhibitor in two pasture soils. J Soils Sediments 17:974–984. https://doi.org/10.1007/s11368-016-1588-x
Simon PL, Dieckow J, Zanatta JA, et al (2020) Does Brachiaria humidicola and dicyandiamide reduce nitrous oxide and ammonia emissions from cattle urine patches in the subtropics? Sci Total Environ 720:137692. https://doi.org/10.1016/j.scitotenv.2020.137692
Study C, Lankan S, Powder M (2014) DCD , a Potential Shield to Uplift Local Milk. II:20–25
Subbarao G V., Ishikawa T, Ito O, et al (2006) A bioluminescence assay to detect nitrification inhibitors released from plant roots: A case study with Brachiaria humidicola. Plant Soil 288:101–112. https://doi.org/10.1007/s11104-006-9094-3
Subbarao G V., Rondon M, Ito O, et al (2007a) Biological nitrification inhibition (BNI) - Is it a widespread phenomenon? Plant Soil 294:5–18. https://doi.org/10.1007/s11104-006-9159-3
Subbarao G V., Wang HY, Ito O, et al (2007b) NH4+ triggers the synthesis and release of biological nitrification inhibition compounds in Brachiaria humidicola roots. Plant Soil 290:245–257. https://doi.org/10.1007/s11104-006-9156-6
Subbarao G V, Nakahara K, Ishikawa T, et al (2008) Free fatty acids from the pasture grass Brachiaria humidicola and one of their methyl esters as inhibitors of nitrification. Plant Soil 313:89–99. https://doi.org/10.1007/s11104-008-9682-5
Subbarao G V, Nakahara K, Ishikawa T, et al (2013) Biological nitrification inhibition (BNI) activity in sorghum and its characterization. Plant Soil 366:243–259. https://doi.org/10.1007/s11104-012-1419-9
Sun L, Lu Y, Yu F, et al (2016) Biological nitrification inhibition by rice root exudates and its relationship with nitrogen-use efficiency. New Phytol 212:646–656. https://doi.org/10.1111/nph.14057
Wang Y, Fang H, Zhou D, et al (2016) Characterization of nitrous oxide and nitric oxide emissions from a full-scale biological aerated filter for secondary nitrification. Chem Eng J 299:304–313. https://doi.org/10.1016/j.cej.2016.04.050
Weiske A, Benckiser G, Herbert T, Ottow JCG (2001) Influence of the nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) in comparison to dicyandiamide (DCD) on nitrous oxide emissions, carbon dioxide fluxes and methane oxidation during 3 years of repeated application in field experiments. Biol Fertil Soils 34:109–117. https://doi.org/10.1007/s003740100386
Welten BG, Ledgard SF, Balvert SF, et al (2016) Effects of oral administration of dicyandiamide to lactating dairy cows on residues in milk and the efficacy of delivery via a supplementary feed source. Agric Ecosyst Environ 217:111–118. https://doi.org/10.1016/j.agee.2015.10.013
Wrage N, Van Groenigen JW, Oenema O, Baggs EM (2005) A novel dual-isotope labelling method for distinguishing between soil sources of N2O. Rapid Commun Mass Spectrom 19:3298–3306. https://doi.org/10.1002/rcm.2191
Wu D, Cárdenas LM, Calvet S, et al (2017) The effect of nitrification inhibitor on N2O, NO and N2 emissions under different soil moisture levels in a permanent grassland soil. Soil Biol Biochem 113:153–160. https://doi.org/10.1016/j.soilbio.2017.06.007
Zhou ZF, Zhang ZY, Wang MX, et al (2018) Effect of the nitrification inhibitor (3, 4-dimethylpyrazole phosphate) on the activities and abundances of ammonia-oxidizers and denitrifiers in a phenanthrene polluted and waterlogged soil. Ecotoxicol Environ Saf 161:474–481. https://doi.org/10.1016/j.ecoenv.2018.06.030
Zhu X, Burger M, Doane TA, Horwath WR (2013) Ammonia oxidation pathways and nitrifier denitrification are significant sources of N2O and NO under low oxygen availability. Proc Natl Acad Sci U S A 110:6328–6333. https://doi.org/10.1073/pnas.1219993110
Zulkarnaen N, Zhang Y, Zhang P, et al (2019)  Abundance of AOA, AOB, nirS, nirK, and nosZ in red soil of China under different land use . IOP Conf Ser Earth Environ Sci 393:012007. https://doi.org/10.1088/1755-1315/393/1/012007

14

image1.emf



0



50



100



150



200



250



300
N 2
O	
flu
xe
s	(
g	
N	
ha



-1
d-



1 )
Bh	+	W Bh	+	U 
Br	+	W Br	+	U 



(a)



(c)



(d)



0



2



4



6



8



10



NO
	fl
ux
es
	(g



	N
	h
a-



1
d-



1 )



(b)



0



50



100



150



200



250



-2 3 8 13 18 23



CO
2
flu
xe
s	(
kg
	C
	h
a-



1
d-



1 )



Time/days



(c)











image2.png
nirS gene copies g dry soil nirK gene copies g dry soil AOB gene copies g dry soil AOA gene copies g1 dry soil

nosZ gene copies g dry soil

6.0E+06

5.0E+06

4.0E+06

3.0E+06

2.0E+06

1.0E+06

0.0E+00
9.0E+06

8.0E+06
7.0E+06
6.0E+06
5.0E+06
4.0E+06
3.0E+06
2.0E+06
1.0E+06

0.0E+00
6.0E+04

5.0E+04

4.0E+04

3.0E+04

2.0E+04

1.0E+04

0.0E+00
1.6E+06

1.4E+06

1.2E+06

1.0E+06

8.0E+05

6.0E+05

4.0E+05

2.0E+05

0.0E+00
1.6E+05

1.4E+05

1.2E+05

1.0E+05

8.0E+04

6.0E+04

4.0E+04

2.0E+04

0.0E+00

mdopd23
a
1 A
a
A a
A A
| rh
(b) -T_
4 < ¢ a H
()
A
4 ]
1 AB H
| I I
(d)
a
| I
(e) ,
1 A
& I H
Bh+W Bh+U Br+w Br+U





