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ABSTRACT 
	Understanding the relevance of soil and climatic factors, and agronomic practices for the performance of dicyandiamide (DCD) as a nitrification inhibitor (NI) is important for its applications in tropical agriculture. This study investigated the effect of soil type, temperature, and nitrogen (N) source on performance of DCD (at 10 mg kg-1 rate) using tropical soils in laboratory-scale experiments. The percent inhibition of potential nitrification rate (PNR) by DCD was evaluated using eight soil types with contrasting properties. Then two soils (Rhodustalfs and Typic Quartzipsamments) were treated with DCD and urea, and NO3- produced during first 48 h after incubating at 21±1, 24±0 and 29±1 °C was investigated. Further NO3- released from a Typic Quartzipsamments over nine-days after applying urea, compost and poultry-manure, with and without DCD was determined. PNR was significantly different (P = 0.05) among soil types, and DCD inhibited nitrification to different levels (14-70%). The highest suppression of PNR by DCD when urea was not applied was registered at 21 °C and 29 °C for Rhodustalfs (55%) and Typic Quartzipsamments (80%), respectively. But DCD could not hold the same level of suppression at these temperatures when urea was applied. DCD was effective as a NI when applied with urea but not with compost or poultry manure. Results confirmed that the effectiveness of DCD is not consistent in tropical soils, and varied with soil type, temperature and N-source applied to soil. The findings have implications in developing strategies targeting to improve nitrogen use efficiency in crop cultivation in the tropics under changing climate. 
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1. INTRODUCTION 

It has been estimated that the cumulative recovery of nitrogen (N) fertilizer applied to a crop in the first and five subsequent crops is approximately 50%, and part of the remaining N fertilizer is lost to the environment at different degrees depending on soil and environmental characteristics of the cropping system (Singh and Craswell 2021; Martinez-Dalmau et al. 2021; Govindasamy et al. 2023). Rossi et al. (2023) have estimated the social cost per one kilogram of N fertilizer applied in the agricultural fields in Minnesota, considering marginal damage in terms of health effects due to air pollution, global warming, and contamination of groundwater-drinking water sources (Rossi et al. 2023). According to them, the social cost ranged from 0.001 to 50 USD kg-1 of N fertilizer. In the USA alone, about 13 million metric tons of synthetic N fertilizers are used for cropping annually (Rossi et al. 2023), while the global annual consumption is around 108 million metric tons (Singh and Craswell 2021). Thus, improving the use efficiency of N fertilizers (NUE) applied to soil is essential to reduce direct and indirect costs linked with off-site pollution of air, groundwater, and surface water bodies (Singh and Craswell 2021; Mălinaş et al. 2022; Govindasamy et al. 2023).
Using nitrification inhibitors (NI), applying controlled and slow-release N fertilizers, following optimum methods to apply N fertilizers, and using technologies to diagnose crop N status for precision N fertilization are some of the methods available for farmers to increase NUE (Herrera et al. 2016; Mălinaş et al. 2022; Govindasamy et al. 2023). Among these methods, the use of NIs is one of the most widely practiced methods. Biotic transformation of ammonium (NH4+) ions into nitrate (NO3-) ions is known as nitrification, and substances that inhibit this process are known as NIs (Gao et al. 2021). As NO3-  is the most vulnerable form of N for losses, nitrification inhibition can improve N retention in soil (Gao et al. 2021; Tufail et al. 2022). Hence, ideally, the use of NIs with N fertilizers should decrease the fertilizer requirement while increasing the crop yield (Gao et al. 2021; Tufail et al. 2022). There are several commercially available NIs like dicyandiamide (DCD), nitrapyrin, 3,4-dimethylpyrazole phosphate (DMPP), etc. Out of these, DCD is one of the most widely used commercial NI (Yang et al. 2016; Gao et al. 2021; Tufail et al. 2022).
It has been reported that DCD is effective in suppressing the activity of both ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA), the two key groups of organisms involved in the rate-limiting first step of nitrification (Zhang et al. 2012; Lehtovirta-Morley et al. 2013). It has been suggested that DCD inhibits nitrification by binding to the active sites of the copper-containing ammonia monooxygenase metalloenzyme present in ammonia oxidizers, leading to the deactivation of the enzyme (Amberger 1989). Application of DCD along with N fertilizers to soil has been shown to reduce the production and subsequent leaching of NO3- and the emission of N2O (Chaves et al. 2006; McGeough et al. 2016; Gao et al. 2021). However, some studies reported that DCD application has increased the volatilization of NH3 and leaching of NH4+ in soil cropping systems (Elrys et al. 2020; Gao et al. 2021). 
The efficacy of DCD as an NI is known to be affected by soil and climatic factors and agronomic practices. Previous studies indicate that the effectiveness of DCD in nitrification inhibition could vary based on soil characteristics like clay content, pH, temperature, soil organic carbon (SOC) content, and Cu content (Hoeft 1984; Di and Cameron 2004; McGeough et al. 2016; Elrys et al. 2020; Tufail et al. 2022), and the crop type, source N fertilizer, and history of organic manure or crop residue incorporation like agronomic conditions (Chaves et al. 2006; Harty et al. 2017; Fang et al. 2020). However, most of these studies assessed the efficacy of DCD in temperate environments. Moreover, laboratory analyses employed in studies that estimate nitrification, such as potential nitrification assays, are performed at standard temperatures such as 30 °C. McGeough et al. (2016) reported that the inhibition of autotrophic nitrification of nine temperate soils by DCD was significantly lower when soils were incubated at 25 °C compared to 15 °C and 5 °C. Therefore, there could be a profound effect of the temperature used in soil incubation studies on the results observed related to NIs.
The present study hypothesized that application of DCD to soil would retard NO3-  production in soil; however, the magnitude of reduction would vary based on soil types, soil temperature, and the type of N-sources applied to soil. This study was conducted with the objective of investigating the relevance of the soil type, temperature, and source of N fertilizer inputs on the effectiveness of DCD in tropical soils. A series of laboratory-scale experiments, including soil incubation studies and leaching column experiments, were conducted using tropical soils with contrasting properties collected from intensively vegetable-cultivated regions in Sri Lanka.

2. material and methods 

The study consisted of three separate experiments conducted at laboratory scale. The first experiment was conducted to assess the effect of different soil management histories on the efficacy of DCD in suppressing nitrification in soil collected from three regions. The second experiment was conducted to determine the effect of soil temperature on the activity of DCD in two contrasting tropical soils. The third experiment investigated the effectiveness of DCD in suppressing nitrification depending on the type of fertilizer it is applied with. The first two experiments were soil incubation studies, and the third experiment was a leaching column study. 

2.1 Experiment 1: The Effectiveness of DCD in Diverse Soil Types
  
2.1.1 Soil Sampling and Characterization  
 
Soil samples were collected from 8 fields with different crop management histories distributed in Marassana, Nuwara-Eliya, Kalpitiya, and Peradeniya regions in Sri Lanka to ensure the representation of diverse soil environments. A composite soil sample was obtained from each location by combining the disturbed surface soil samples collected at 0–15 cm depth from six randomly selected locations in each field. A subsample from the composite sample representing each location was stored at 4 °C for microbiological analyses. The remaining soil was air-dried, passed through a 2 mm sieve, and stored at room temperature until analyzed for pH and SOC.	Comment by Yogendra Rai: Write in word
Soil pH was determined in a soil suspension (soil: distilled water, 1:2.5) using a glass electrode pH meter, and SOC was determined following the Walkley and Black method (Nelson and Sommers, 1996). Analyses were performed in three analytical replicates of each soil sample. 

Table 1.	Details of locations used for collecting soil samples for Experiment 1 and the average pH and organic carbon contents (n = 3) of the soils

	Field ID
	Location, coordinates, land-use details1 and Agroecological region2
	Crop at the time of sampling
	Dominant soil type (Great Soil Group in local classification and soil order in USDA taxonomy)
	Average soil pH
	Average organic carbon content (%)

	MC
	Marassana           07° 13’ 402” N     80° 44’ 487” E Conventional agric. IM3
	Capsicum
	Reddish Brown Earth (Alfisol)
	7.24


	2.24

	MB
	Marassana          07° 13’ 387” N    80° 44’ 476” E Conventional agric. IM3
	Bitter gourd
	Reddish Brown Earth (Alfisol)
	5.24
	0.98

	KC
	Kalpitiya              07° 58’ 717” N    79° 44’ 308” E Conventional agric. DL3
	Chili
	Sandy Regosol (Entisol)
	7.37
	0.39

	WC
	Welimada           06° 59’ 365” N    80° 55’ 102” E Conventional agric. IU3
	Carrot
	Red Yellow Podzolic (Ultisol)
	6.56
	0.99

	NO
	Nuwara Eliya      06° 58’ 903” N    80° 45’ 218” E Organic agric.   WU3
	Leeks

	Immature brown Loam (Ultisol)
	4.73
	2.55

	NF
	Nuwara Eliya      06° 55’ 589” N    80° 47’ 056” E Natural forest   WU3
	Forest
	Red Yellow Podsolic (Ultisol)
	4.22
	2.35

	PC
	Peradeniya         07° 16’ 444” N    80° 36’ 169” E Conventional agric. WM2
	Eggplant
	Reddish Brown Latasoilc (Entisol)
	6.18
	1.58

	PO
	Peradeniya         07° 16’ 641” N    80° 35’ 867” E   Organic agric.  WM2
	Bean
	Reddish Brown Latasoilc (Entisol)
	6.69
	1.25


1Conventional agriculture: the common practices among average farmers in managing crops such as use of synthetic fertilizers, chemical methods of pest management, application of poultry manure like organic inputs once a year or at a lesser frequency, etc. Organic agriculture: the cultivation systems where only organic inputs are being used.
2Agroecological region (Punyawardena et al. 2003): in the notations I – intermediate zone, W – Wet zone, D – Dry zone, U – Up country, M – Mid country, L – Low country.
2.1.1.1 Microbiological Analysis 

The abundance of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in each soil sample was determined following the most probable number (MPN) method in three replicates (Schmidt and Belser 1994). The change in nitrifier activity in response to the application of DCD was assessed using the shaken slurry method for potential nitrification rate (PNR) determination (Schmidt and Belser 1994). In here, each soil was subjected to two treatments as DCD applied at 10 mg kg-1 dry soil (DCD10) and 0 mg kg-1 dry soil (DCD0) rates in three replicates. The method, in brief, DCD (AR grade from Sigma Aldrich) was dissolved in water to prepare a stock solution. DCD treatment was applied to 3 g of soil in a 100 mL conical flask, and 20 mL of P-buffer containing 1.5 mM NH4+ was added. In DCD0, the same volume of water was added in place of the DCD solution. Soil slurry was shaken at 120 rpm for 48 h, and equal volumes of soil suspension were drawn at 3, 24, and 48 h into incubation and analyzed for NO3- content using the rapid colorimetric method (Cataldo et al. 1975).  The PNR of each sample was calculated considering an increase in NO3- content from 3 h to 48 h time points and expressed as mg kg-1 h-1. Inhibition of nitrification was calculated considering NO3- content at a 48 h time point in two treatments.

2.2 Experiment 2: The Effect of Soil Temperature on the Efficacy of DCD

2.2.1 Soil Sampling and Characterization 
Soil samples were collected from the two conventionally vegetable-cultivated fields, each from Marassana (07° 13’ N and 80° 44’ E) and Kalpitiya (07° 58’ N and 79° 44’ E) in Sri Lanka, to conduct laboratory incubation experiments. Marassana belongs to the IM3 agroecological region with Rhodustalfs (Reddish Brown Earth—RBE soil) as the prominent soil type and is situated above 1900 m mean sea level (MSL). Kalpitiya is in the DL3 agroecological region with Typic Quartzipsamments (Regosol soil) as the prominent soil type and located above 17 m MSL. Both fields had been continuously cultivated with crops under intensive farming practices. At the time of sampling, the field in Marassana was cultivated with capsicum and bitter gourd, and the field in Kalpitiya was cultivated with chili. Disturbed soil samples were collected at a depth of 0–15 cm from randomly selected locations in the field to formulate a composite sample representative of the field. Then soil samples were transported to Peradeniya (7° 16’ N and 80° 35’ E) for laboratory analysis. Before starting the analysis, the soil was air-dried and passed through a 2 mm sieve.
Both soils were analyzed for texture, SOC, electrical conductivity (EC), pH, and permanganate oxidizable carbon. The abundance of bacteria, fungi, AOB, NOB, and PNR were determined on re-moistened soil just before subjecting to different temperature treatments in the incubation study explained in the next section. All analyses were performed using methods previously described by Nawarathna et al. (2019).

2.2.2 Soil Incubation Study
An incubation experiment under aerobic conditions was conducted to find out the effect of temperature on nitrification inhibition by DCD. Firstly, prepared soil samples were moistened to achieve 60% of water-filled pore space. After that, the soil was incubated at room temperature for a week to stabilize the microbial activity while maintaining moisture levels. After a week, 10 g (fresh weight basis) of soil was added to a 150 mL bottle, and 216 such bottles were prepared. Bottles were separated into three batches, each containing 36 bottles per soil, and were incubated at three different temperatures: 21 ± 1 °C, 24 ± 0 °C, and 29 ± 1 °C at dark conditions for a week. Throughout the incubation, the bottles were lightly capped to facilitate air exchange while preventing water losses. After one week, four treatments were applied to pre-incubated soils: soil only control (S), soil applied with DCD (S+DCD), soil applied with urea fertilizer (S+F), and soil applied with urea fertilizer+DCD (S+F+DCD). Here, DCD was applied at a 10 mg kg-1 dry soil rate and, urea was applied at a 27 mg kg-1 dry soil (equivalent to 65 kg ha-1) rate. The application rate of urea was decided according to the fertilizer recommendations for tomatoes by the Department of Agriculture, Sri Lanka. The DCD application rate was decided according to a previous study (Nawarathna et al. 2021). Each treatment had three replicates in three batches. Both urea and DCD were added, dissolved with water, and mixed with soil using a spatula. After the treatment addition, incubation at respective temperatures under dark conditions continued. At 0-day, 1-day, and 2-day after applying the N-treatment, three bottles per treatment from each soil were removed as batches, and NO3- was extracted with 0.1 M KCl determined using the rapid colorimetric method (Cataldo et al. 1975). Nitrate extraction from 0-day samples was done within 2 h of applying the N-treatment.
2.3 Experiment 3: The Effect of N Source on Nitrification Inhibition by DCD 

A leaching column experiment was conducted to find the effectiveness of DCD in inhibiting nitrification when applied to different sources of N. The same air-dried and sieved Typic Quartzipsamments soil as Experiment 2 was used for this experiment. The soil was moistened to achieve 30% (w/w) gravimetric moisture content and pre-incubated for a week. Then about 53 g (dry basis) of soil was packed into a 60 mL leaching column at 1.03 g cm-3 bulk density. Soils were applied with urea fertilizer at a 27 mg kg-1 dry soil (65 kg ha-1), compost at a 17 mg kg-1 dry soil (41 kg ha-1), and poultry manure at an 8 mg kg-1 dry soil (19 kg ha-1) with and without DCD (0 or 10 mg kg-1 dry soil, respectively) separately as the treatments. Accordingly, there were eight different treatment combinations in this experiment. In applying treatments, the materials were added to the surface soil in the leaching column and mixed into top 2–3 cm soil layer using a spatula. Application rates of N sources were decided according to the fertilizer recommendations for tomatoes by the Department of Agriculture, Sri Lanka. The DCD application rate was decided according to a previous study (Nawarathna et al. 2021). Each treatment had three replicates. Urea and DCD were applied in solution form. To the treatments that did not receive urea or DCD solutions, equivalent volumes of distilled water were added. Then five leaching events were conducted using distilled water at 0, 24, 48, 120, and 216 h after applying the treatments. The amount of distilled water applied to the leaching columns was equal to 1.5 times the pore volume of the leaching columns. Leachates were collected until no drip took place. Finally, leachates were tested for NO3- concentrations using the rapid colorimetric method (Cataldo et al. 1975).

2.4 Data Analysis

The statistical design used for all three experiments was a completely randomized design. All statistical analyses were carried out using PASW Statistics 18 software. Data from all three experiments were tested for normality and homogeneity of variances using the Shapiro-Wilk test and Leven’s test, respectively. Data from Experiment 1 was analyzed in a two-factor factorial design, with soil ID (8 soil types) and DCD treatment (0 and 10 mg kg-1 levels) being the main factors. Data from Experiment 2 was first subjected to three-way ANOVA to test the significance of soil types, time points, and temperature treatments. Since the effect of soil type and time points was significant (P = 0.05), the data of Experiment 2 from the two soils were separated and tested for normality and homogeneity of variance. Then the data from two soils were subjected separately to a three-way ANOVA with temperature, time point, and N-treatment as the main grouping factors. Later, a one-way ANOVA was performed on data corresponding to each soil at each temperature at each time point separately. Mean comparisons were performed with a Tukey post-hoc test (P = 0.05). After that, the correlation among different factors was tested using Spearmen’s correlation test.
In Experiment 3, data were first analyzed in a two-factor factorial ANOVA considering N-treatment and time of leachate analysis as the main grouping factors. Results indicated significant differences in observations among five time points (P = 0.05) at a 95% confidence interval. Then data from each time point were separated and analyzed using one-way ANOVA followed by a Tukey post-hoc test.

3. results and discussion

3.1 The Effectiveness of DCD in Diverse Soil Types

The eight soils used in the present study ranged from strongly acidic to neutral pH, and they had variable SOC levels (Table 1). Soil type and DCD application rate had a significant (P = 0.05) influence on PNR, and the interaction of the grouping factors was not significant (P = 0.05). Application of DCD significantly reduced (P = 0.05) PNR in all except NF soil (Table 2). The degree to which NO3- production has reduced due to DCD application by 48 h in incubation was different among soils; while some soils registered nearly 70% reduction, in some others there was less than 14% reduction (Figure 1). Changes in NO3- concentration with time during the shaken slurry assay indicated that in some soils, the effect of DCD application on nitrifier activity can be seen as early as 24 h into incubation (Figure 1). The percentage suppression of nitrification by DCD showed a significant correlation with soil pH only (r = 0.703 at P=0.05).

Table 2.	The initial population size of nitrifiers and the effect of dicyandiamide on the potential nitrification rate (PNR) of soil collected from eight different fields (MC and MB from Marassana; KC from Kalpitiya; WC from Welimada; NO and NF from Nuwara Eliya; PC and PO from Peradeniya)

	Field ID
	Initial nitrifier population size
(log10 cells g-1)
	PNR1 (mg kg-1 day-1)

	
	NH4+ oxidizers
	NO2- oxidizers
	DCD0
	DCD10

	MC
	3.36
	3.58
	72.27 ± 9.71a
	14.47 ± 3.91b

	MB
	3.63
	2.96
	14.20 ± 1.94 a
	-3.00 ± 0.54 b

	KC
	2.96
	3.58
	46.14 ± 5.63 a
	6.89 ± 3.32 b

	WC
	NA
	NA
	63.80 ± 9.11 a
	3.32 ± 1.35 b

	NO
	5.36
	3.36
	27.09 ± 5.91 a
	8.37 ± 1.26 b

	NF
	4.63
	4.97
	10.05 ± 1.87 a
	9.67 ± 1.79 a

	PC
	2.36
	3.36
	13.62 ± 3.19 a
	3.40 ± 0.65 b

	PO
	3.97
	3.36
	24.16 ± 3.73 a
	10.77 ± 0.56 b


NA –Not Analyzed
1DCD0 and DCD10 correspond with 0 ppm and 10 ppm application rates of dicyandiamide to the soil. The values are given as mean ± standard deviation (n = 3). The means of DCD0 and DCD10 of a given soil followed by the same letter are not significantly different at P = 0.05.
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Fig. 1. Changes in nitrate (NO3-) concentrations in oxygenated soil slurries at three time points (3 h, 24 h and 48 h) during potential nitrification rate (PNR) assay conducted with soils from eight different fields as affected by the application of DCD at 0 ppm and 10 ppm rates 
Fields: MC (A) and MB (B) from Marassana; KC (C) from Kalpitiya; WC (D) from Welimada; NO (E) and NF (F) from Nuwara Eliya; PC (G) and PO (H) from Peradeniya. The means of two treatments at a given time point followed by * are significantly different (P = 0.05). Error bars represent standard deviation (n = 3).
Previous research reports that the effectiveness of DCD in suppressing nitrification in soils is influenced by the crop type, soil, and environmental characteristics (Di and Cameron 2004; Chaves et al. 2005; McGeough et al. 2016; Harty et al. 2017; Fang et al. 2020; Elrys et al. 2020; Tufail et al. 2022). Differences in soil properties like clay content, SOC, pH, and availability of Cu would affect the functionality and half-life of DCD in soil (McGeough et al. 2016; Elrys et al. 2020). It has been observed that in soils from the UK, the half-life of DCD applied at a 10 mg kg-1 rate changed to 89, 37, and 18 days at 5, 15, and 25 °C, respectively (McGeough et al. 2016). Furthermore, the differences in soil properties lead to structural differences in nitrifying communities. Although DCD is considered a non-selective NI that acts on both AOB and AOA (Zhang et al. 2012; Lehtovirta-Morley et al. 2013), its effectiveness in suppressing a wide spectrum of ammonia oxidizers has not been investigated adequately. In a study conducted in China, Elrys et al. (2020) observed that only AOB but not the AOA in soil were sensitive to DCD application. Therefore, DCD may not be effective equally in all soil types owing to differences in its dynamics based on soil properties as well as the responsiveness of nitrifiers in soils to DCD.
A previous study reported that the inhibitory effect of DCD was reduced when applied to soils having a history of long-term application of organic manures (Fang et al. 2020). Several others noted that the effectiveness of DCD declined with an increase in SOC levels (McGeough et al. 2016; Elrys et al. 2020). McGeough et al. (2016) observed that increases in Cu availability and clay content also had negative correlations with the effectiveness of DCD in suppressing soil nitrification (McGeough et al. 2016). In the soils used in the present study, SOC levels ranged from 0.39 to 2.55%, but a significant correlation between SOC level and retardation of NO3- production due to DCD application was not observed. Instead, the percentage suppression of nitrification by DCD had a significant positive correlation with soil pH (r = 0.703 at P =0.05), while soil pH ranged from 4.22 to 7.37.
Nawarathne et al. (2019) reported that the abundance of AOB and NOB and the potential activity of nitrifying communities in intensively vegetable-cultivated soils in Sri Lanka varied widely. Their study included soils collected from fields managed under conventional and organic agricultural practices in Kalpitiya, Nuwara Eliya, Marassana, and Peradeniya. According to Nawarathne et al. (2019), the potential activity of nitrifiers in those soils ranged from 2.4 to 384.0 NO3--N mg kg-1 of dry soil day-1. They have calculated the expressed efficiency of nitrifying communities under optimum conditions as PNR per unit of ammonia oxidizers, and the values ranged from 1 to 57, NO3--N/ammonia oxidizer cell h-1, which they have attributed to the differences in nitrifying community structures in the studied soils. There was a wide variability in the history of soil management and soil properties (Table 1), as well as in the characters of the nitrifying communities (Table 2) among the soils used in the present study. This may explain the differences in the effectiveness of DCD in suppressing nitrification in these soils (Figure 1). However, further studies should be carried out to elucidate the relative importance of soil properties and the diversity of nitrifying communities in deciding the efficacy of DCD in these tropical soils. Suppression of potential activity of nitrifiers by DCD during PNR assay (Figure 1) suggests that DCD would be effective only in some soils to suppress nitrification under ample supply of NH4+, as happens with N-fertilization.

3.2 The Effect of Soil Temperature on the Efficacy of DCD
The two soils used to test the effect of temperature on the efficacy of DCD in suppressing nitrification had contrasting soil chemical, physical, and biological properties (Table 3). While Rhodustalfs had a sandy clay loam texture, Typic Quartzipsamments had a sandy texture. The abundance of ammonia and nitrite oxidizers, nitrifying ability estimated per cell of ammonia oxidizers, and soil PNR suggest that the two soils should harbor distinctly different nitrifying communities (Table 3).

[bookmark: _Hlk196475821]Table 3.	Basic characteristics of two soils, i.e., Rhodustalfs from Marassana and Typic Quartzipsamments from Kalpitiya collected from conventionally vegetable-cultivated lands. Values are presented as mean ± standard deviation 

	Parameter
	Rhodustalfs
	Typic Quartzipsamments

	pH
	6.93±0.130
	7.42±0.064

	Electrical conductivity (dS m-1)
	0.25±0.002
	0.16±0.009

	Organic carbon (%)
	2.2±0.16
	0.4±0.07

	Permanganate oxidizable carbon (mg kg-1)
	307±15.3
	245±196.3

	Total bacteria (log10 CFU g-1)
	8.2±0.11
	8.7±0.07

	Total fungi (log10 CFU g-1)
	3.4±0.09
	4.7±0.05

	Ammonia oxidizers (log10 CFU g-1)
	3.77±0.71
	5.12±0.35

	Nitrite oxidizers (10 CFU g-1)
	2.90±0.64
	3.50±0.19

	PNR per cell of ammonia oxidizers (ng of N kg-1 h-1 cell-1)
	1121±492.6
	13±13.7

	Potential nitrification rate (mg N kg-1 day-1)
	191.8±7.90
	30.48±9.74



Significant differences in soil nitrate levels were observed among two soil types (P = 0.01) and three time points (P = 0.05). Three-way ANOVA revealed that temperature treatment did not have a significant effect on NO3- production in soil, but the duration of incubation (time) and N-treatment (i.e., DCD and fertilizer application) significantly affected NO3- production in both soils (Table 4). The interaction effect of time, temperature, and N-treatment was significant in both soils; thus, a one-way ANOVA was performed to further analyze the N-treatment effect on NO3- production separately at each time point and each temperature for the two soils (Supplementary Tables S1 and S2). In Rhodustalfs soil, the effect of N-treatment on NO3- production at 24 h and 48 h into incubation was significant only at 24 °C, whereas in Typic Quartzipsamments this effect was significant at both 24 °C and 29 °C but not at 21 °C (Supplementary Tables S1 and S2). According to publicly available information from the nearest weather stations from the 2011 to 2018 period, the regions with Rhodustalfs and Typic Quartzipsamments registered mean annual temperatures of 25.1 ± 0.19 °C and 28.1 ± 0.25 °C, respectively (Department of Census and Statistics, 2019). 
The change in NO3- content in soil with time across treatments did not follow similar trends at different temperature levels (Figure 2). Although DCD applications had decreased NO3- production in soil, application of urea fertilizer did not result in a significant increase in NO3- levels except on two occasions (Figure 2). Moreover, the reduction in NO3- production due to DCD application by 48 h into incubation was not consistent in the two soils, and the pattern changed depending on whether urea fertilizer was applied to soil or not (Figure 3). The effectiveness of DCD in reducing NO3- production /in the absence of fertilizer application was highest at 21 °C for Rhodustalfs and 29 °C for Typic Quartzipsamments (Figure 3). However, when urea fertilizer was applied, DCD was not effective in suppressing nitrification at the same temperatures, which registered the best performance for the soils previously.

Table 4.	Summary statistics of three-way ANOVA performed on nitrate concentrations in the soil incubation experiment for Rhodustalfs soil from Marassana and Typic Quartzipsamments soil from Kalpitiya separately using incubation temperature, sampling time points, and nitrogen treatments as the main grouping factors   


	Grouping factors
	Mean NO3- concentration (mg kg-1 dry soil) ± SD

	
	Rhodustalfs
	Typic Quartzipsamments

	Temperature
	
	21±1 °C
	31.1±4.2
	21.6±3.97

	
	
	24±0 °C
	28.7±3.7
	22.7±3.81

	
	
	29±1 °C
	34.4±2.1
	16.0±3.64

	
	Df
	
	2
	2

	
	P value
	
	Ns
	Ns

	
	
	
	
	

	Time
	
	0 day
	25.5±3.47
	16.7±3.35

	
	
	1 day
	35.4±2.74
	16.6±3.23

	
	
	2 days
	33.4±3.50
	26.9±4.22

	
	Df
	
	2
	2

	
	P value
	
	†
	†

	
	
	
	
	

	N-treatment
	
	S
	38.7±3.97
	30.5±4.86

	
	
	S+D
	28.6±2.82
	11.7±5.65

	
	
	S+F
	33.5±4.16
	24.3±4.70

	
	
	S+F+D
	24.9±3.58
	13.8±2.32

	
	Df
	
	3
	3

	
	P value
	
	*
	 **

	Significance of interaction effects

	Temperature*Time
	Ns
	Ns

	Temperature*Treatment
	Ns
	Ns

	Time*Treatment
	Ns
	Ns

	Temperature*Time*Treatment
	*
	*


†, * and ** corresponds to significance of effects tested at P =0.10, P = 0.05 and P = 0.01 respectively. ‘Ns’ indicates tested effects are not significant (P = 0.10)
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Fig. 2. The effect of three different soil temperatures (A – 21 °C, B – 24 °C, and C – 29 °C) on nitrate production in two soil types (Rhodustalfs and Typic Quartzipsamments) subjected to four treatments: untreated soil (S), soil+DCD (S+D), soil+urea fertilizer (S+F), and soil+urea fertilizer+DCD in a static soil incubation experiment
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Fig. 3. Percent reduction in nitrate production as a result of adding dicyandiamide to (A) unfertilized soil and (B) soil treated with urea for two soil types (Rhodustalfs and Typic Quartzipsamments) at the end of 48 h of incubation

The efficacy of DCD in suppressing soil nitrification under different temperatures when applied with and without urea fertilizer was assessed in a static soil incubation study. Since the duration of the static incubation was only 2 days, it is expected that the population size of nitrifiers may not have changed significantly during this short period (Schmidt and Belser 1994). Therefore, the change in NO3- production in response to different N-treatments would reflect the capacity of residing members to nitrify. Since the soils were pre-incubated at the three temperature levels before introducing N-treatment, we expected that there could be differences in NO3- levels in soils at 0-day (on the day that N-treatment was applied) as influenced by soil temperature due to differences that might be there in SOC mineralization under different temperatures. However, 0-day NO3- concentrations in soils were not influenced by temperature, but interestingly, significant differences were observed based on N-treatment (Figure 2, Supplementary Tables S1 and S2). We could not find a plausible explanation on why the NO3- levels on 0-day were significantly affected by N-treatment, given that there was no consistency in N-treatment behavior and also because NO3- determination was done within 2 h after applying N-treatment. There was no consistent pattern for the influence of incubation temperature on NO3- production in soil in response to the treatments. However, the percentage inhibition of NO3- production at 48 h into incubation (2-day time point) due to DCD application registered different trends for the two soils (Figure 3, Supplementary Tables S1 and S2).  
Nitrification inhibition due to DCD was significantly higher (P = 0.05) in Typic Quartzipsamments soil than the Rhodustalfs soil. Further, the effectiveness of DCD in suppressing nitrification when applied without urea fertilizer to soil at three different temperatures was relatively more consistent in Typic Quartzipsamments soil than in Rhodustalfs soil (Figure 3). Guardia and team (2018) observed that the effect of temperature on DCD is highly dependent on soil type. The lower amount of physical and chemical interactions in sand-textured soil causes minimum interference for DCD activity (Barth et al. 2019). In addition, Pain et al. (1994) also observed that DCD was consistently effective only in sandy soils. Hence, in Typic Quartzipsamments soil with sandy texture, the activity of DCD may have been less disturbed by the soil properties and temperature variations compared to that in Rhodustalfs soil that had a sandy clay loam texture and relatively high SOC. When temperature increased in Rhodustalfs soil, the effectiveness of DCD in reducing production declined. In Typic Quartzipsamments soil, reduction of temperature resulted in a slight decrease in the effectiveness of DCD. However, when urea fertilizer was applied to Typic Quartzipsamments, the population of nitrifiers responsive to the increased input of NH4+ at 29 °C was not suppressed by DCD. The same trend was seen with the Rhodustalfs soil at 21 °C when soil was fertilized with urea. Irigoyen et al. (2003) reported that DCD effectively suppresses nitrification at temperatures below 15 °C, but any increase in temperature results in decreasing efficacy. In addition, numerous research observations prove that DCD efficiency decreases along with increasing temperatures (Di and Cameron 2004; McGeough et al. 2016; Guardia et al. 2018; Venterea et al. 2021). This can be partially due to the increase in DCD mineralization or decomposition rates under the differences in nitrification inhibition when DCD was applied in combination with or without urea to Rhodustalfs and NO3-. Typic Quartzipsamments soils indicate that the group of nitrifiers that drive the nitrification process in the presence and absence of urea in these soils should be different. Further, the temperature responsiveness of nitrifying populations of the two soils also seems to be different. 
The temperature of Marassana (the region used to collect Rhodustalfs soil) is relatively low compared to Kalpitiya (the region used to collect Typic Quartzipsamments). Nitrifiers who live in Rhodustalfs soil might have well adapted to cool conditions in Marassana (~24 °C) and nitrifiers in Typic Quartzipsamments to warm conditions in Kalpitiya (~28 °C). Therefore, better nitrification and high NO3- concentration can be expected in temperatures where nitrifiers are well adapted, as observed by the results (Supplementary Tables S1 and S2). The best performance of DCD in retarding nitrification also corresponds with the temperatures with the highest activity of nitrifiers for the two soils (Figure 3). These observations have implications for the effectiveness of DCD under a changing climate scenario. McGeough et al. (2016) observed that increasing soil temperature reduced the efficacy of DCD in suppressing nitrification in eight out of the nine soils they studied in the UK. It has been predicted that the number of warmer days and mean annual temperature in the central highlands of Sri Lanka, where Marassana is located (location of soil), would increase with future climate change scenarios (Selvarajah et al. 2021). Based on the present study, it can be predicted that the effectiveness of DCD would reduce in intensively vegetable-cultivated lands with Rhodustalfs soils in this region if it experiences a warmer climate. But how the N fertilizer application is going to affect this scenario needs further investigation (McGeough et al. 2016).
It was expected that the application of urea fertilizer would increase the NO3- content in soil (Elrys et al. 2020). In Experiment-3, urea application has significantly increased (P = 0.05) NO3- production in soil, but not in Experiment 2 (P = 0.05). Although the incubation period was limited only to two days in Experiment 2, results from Experiment 3 (leaching column study) indicated that most of the NO3- will be produced during the first two days after fertilizer application (Figure 4). Experiment 2 employed static soil incubation, and Experiment 3 was a leaching column study. In both experiments, DCD and urea were applied as solutions to the surface and mixed with surface soil. There may have been inconsistencies in the distribution of urea and DCD in Experiment 2 compared to Experiment 3, because of the impact of unsaturated soil conditions on the diffusivity of ions in the soil (Schmidt and Belser 1994; Drury et al. 2007). Less production of NO3- in Experiment -2 could be due to the low activity of nitrifiers. The activity of lithoautotrophic nitrifiers, the dominant group in nitrifying communities in agricultural soils, could be limited when the supply of NH4+ is low and/or when oxygen diffusivity in the soil is low (Monteiro et al. 2014; Zhang et al. 2017). Therefore, there may have been a urea-fertilizer-induced condition that limited the nitrifiers’ activity in both soils.
Urea was applied after dissolving in water while maintaining the water-filled pore space at 60%. Urea hydrolysis into ammonia increases soil pH in the vicinity of fertilizer, contributing to ammonia volatilization (Fan and Mackenzie, 1993), while potential losses would be high in soils at neutral to alkaline pH. Since the pH of the two soils was already in the near neutral to slightly alkaline range (Table 3), the application of urea may have increased soil pH, leading to increased ammonia volatilization from the soil. In a previous soil incubation study, the application of urea with or without DCD was associated with increasing the pH of soil from 6.5 to 9.0 (Clay et al. 1990). Ernfors et al. (2014) observed that soil pH significantly increased within 5 h after the application of DCD and remained higher than the pH of soil without DCD application for the remaining 20 days of soil incubation. Several studies reported that DCD application increases NH4+ availability in the soil while reducing NO3- production and N2O emissions, but at the same time it may increase NH3 volatilization (Clay et al. 1990; Elrys et al. 2020; Gao et al. 2021). Increasing soil temperature is known to increase ammonia volatilization from urea-applied soils (Clay et al. 1990). Therefore, in Experiment 2, the availability of NH4+ to nitrifiers may have been limited in soils treated with urea with and without DCD due to static incubation of small soil volumes (~10 g) under unsaturated conditions. Further, N fertilizer-induced microbial activities may have increased oxygen consumption, causing hypoxia, which would discourage lithoautotrophic nitrifiers, who have an aerobic lifestyle (Schmidt and Belser 1994; Drury et al. 2007). It has been noted that oxygen diffusivity is limited by the presence of anaerobic microsites in unsaturated soil during static incubation (Schmidt and Belser 1994; Drury et al. 2007) leading to lower estimations of nitrification than when using kinetic soil incubations like PNR assay (Konara and Dandeniya 2024). Moreover, some amounts of NO3- produced may have been lost from the soil due to denitrification and got immobilized due to diffusional constraints (Chen et al. 2000).

3.3 The Effect of N Source on Nitrification Inhibition by DCD 
Results from the leaching column experiment indicated that the effectiveness of DCD in suppressing nitrification was significantly influenced by the source of N fertilizer applied to soil (Figure 4, Supplementary Table S3). At the first leaching event, i.e., just after the application of N-source, soil NO3- concentrations were significantly different (P = 0.01) among eight treatments. The same trend was observed in the leachate collected at 24 h (P = 0.01) but not beyond that time point (P = 0.05) (Supplementary Table S3). The first 24 h contributed to most of the NO3- released from soil during the study period of 9 days (Figure 4). From the fifth day onwards, NO3- content leached from the soil remained at zero in almost every treatment. DCD application to urea-fertilized soil has significantly reduced NO3- release from soil. Interestingly, NO3- release from compost-applied soil has increased while there has been no change in NO3- release from poultry manure-applied soil with the application of DCD (Figure 4).
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Fig. 4. The effect of applying dicyandiamide (DCD) on cumulative nitrate (NO3-) release from (A) untreated soil and soil treated with (B) urea, (C) compost, and (D) poultry manure in a leaching column experiment conducted with Typic Quartzipsamments soil. The significant effect of DCD on NO3- production is indicated by the * mark (P = 0.05)

The dominant groups in the nitrifying communities shift with the change in the supply of NH4+, the most limiting substrate to the autotrophic nitrifiers in soil (Zhang et al. 2017; Elrys et al. 2020). Therefore, we can expect to see differences in the response of nitrifying communities to DCD based on the presence or absence of N fertilization events. Since the supply of NH4+ to soil would be different among different types of N-sources, the performance of DCD in suppressing nitrification would vary based on the type of N-source it is applied with (Harty et al. 2017; Barth et al. 2019). Observations of the present study confirmed that the N-source affected the effectiveness of DCD in suppressing nitrification. The effectiveness of DCD as a NI when applied with chemical fertilizers like urea and sulfate of ammonia has been well established (Di and Cameron 2004; McGeough et al. 2016; Barth et al. 2019; Elrys et al. 2020; Tufail et al. 2022). However, the results in relation to organic fertilizers are not consistent (Chaves et al. 2006; Ernfors et al. 2014; Fang et al. 2020). In the present study, it was interesting to note that DCD application has increased NO3- formation in soil when applied to compost-amended soil, and there was no significant effect of DCD when applied with poultry manure. Probably increased organic compounds coming from organic N sources might have reduced the DCD activity in soil (McGeough et al. 2016; Elrys et al. 2020). This may partly explain not observing significant differences in NO3- formation due to DCD when applied with organic N sources. An increase in N mineralization in soils amended with cattle slurry due to DCD application had been observed previously (Ernfors et al. 2014). However, there are mixed reports on the non-target effects of DCD in the soil environment (Chaves et al. 2006; Guo et al. 2013; Ernfors et al. 2014). Guo et al. (2013) observed that seven years of application of DCD to pasture-cultivated soils in New Zealand had no significant impact on microbial biomass, protease, and deaminase enzyme activities, or the abundance of bacteria and archaea in soils. In an incubation study conducted using three soil types collected from grasslands in Ireland, N mineralization and microbial activity have significantly increased with DCD application (Ernfors et al. 2014). Chaves et al. (2006) noted that NO3- production in soil amended with cauliflower crop residue following DCD application retarded initially, but after 35 days NO3- production exceeded that of the control treatment (crop residue only). 
This study used DCD at 10 mg kg-1dry soil application rate, in the range of the DCD rates used in previous studies (McGeough et al. 2016). In general, the reduction of nitrification observed with DCD application in the present study was less than 66% in all three experiments. However, others have reported that DCD could suppress nitrification up to 90% (Ernfors et al. 2014; McGeough et al. 2016; Elrys et al. 2020). The low efficacy of DCD in retarding nitrification (as low as 5%) has been reported previously (McGeough et al. 2016). Chaves et al. (2006) observed that the magnitude and duration of suppression of nitrification by DCD depend on the rate of application. When DCD was applied with cauliflower crop residues at the rates of 8.93 and 17.9 mg kg-1, nitrification was suppressed by an average of 24% for 35 days and 45% for 49 days, respectively. Most of these studies have been conducted in temperate regions. Suppressing nitrification helps to increase the use of NUE in a crop while decreasing N losses in air and water (Singh and Craswell 2021; Martinez-Dalmau et al. 2021; Govindasamy et al. 2023). Reducing N losses from agricultural lands can bring economic and environmental benefits (Martinez-Dalmau et al. 2021). 
Nitrification inhibitors have been used in the formulation of ‘Enhanced Efficiency Fertilizers’ (EEF) that help to increase NUE and reduce N-related pollution while increasing crop yield (Trenkel 2010; Dimpka et al. 2020; Prasad and Shivay 2021; Sun et al. 2023). The value of the EEF market in 2019 was 2345.60 million USD, and it is expected to have an annual growth of 6.11% across the globe from 2020 to 2028 (Prasad and Shivay 2021). The EEFs are produced with slow-release or controlled-release characters and with or without the use of NIs and/or urease inhibitors (Trenkel 2010; Dimpka et al. 2020; Prasad and Shivay 2021). DCD has been a frequently used NI in EEF formulations (Trenkel 2010; Prasad and Shivay 2021; Sun et al. 2023). Compared to traditional urea fertilizers, EEF N fertilizers or DCD-coated urea-like specialty products are costly. Considering the variability in the effectiveness of DCD based on soil type, N source, and warming temperatures, it is important to investigate the effectiveness of EEFs and specialty N fertilizers that contain DCD for cropping under variable agro-climatic conditions. Further, the fixed rate of DCD that would be added through EEF or a specialty fertilizer may not be effective at suppressing nitrification to the desired level; thus, an additional dose of DCD might have to be applied (Yaru et al. 2024), which will introduce an extra cost component to farmers. Therefore, the large investments the governments might extend to import EEFs and specialty N fertilizers containing DCD might not bring the expected level of economic or environmental benefits. 

4. Conclusion

The present study was conducted with the objectives of investigating the relevance of soil type, temperature and source of N on the effectiveness of DCD in tropical soils. The results revealed that the effectiveness of DCD in suppressing nitrification was not consistent across the studied soil types, while average percent inhibition ranging from 14 to 70 %. Further the effectiveness of DCD in suppressing NO3- formation in soil was influenced by the temperature to different degree depending on soil type, which may be attributed to the differences in eco-physiological adaptations of the nitrifying communities in the soils. Here the effectiveness of DCD was evaluated using Rhodustalfs soil collected from a comparatively cooler agro climatic area and a Typic Quartzipsamments collected from a comparatively warmer agro-climatic area. As revealed by the NO3- produced in soil, the change in soil incubation temperature altered the responsiveness of nitrifying communities to the input of urea and DCD. Moreover, NO3- formation in soil was significantly affected by the source of N with which DCD was applied. DCD effectively suppressed nitrification only when applied with urea but not with compost or poultry manure. The inconsistency in the performance of DCD based on soil type, change in temperature and nature of N-inputs suggest that application of DCD may not necessarily provide the expected benefits related to NUE in cropping systems in the tropics, especially with changing temperatures as anticipated with climate change. 	Comment by Yogendra Rai: Minimize it under 200 words if possible
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Definitions, Acronyms, Abbreviations

AOA: Ammonia Oxidizing Archaea
AOB: Ammonia Oxidizing Bacteria 
DCD: Dicyandiamide
DCD0: Dicyandiamide applied at 0 mg kg-1 
DCD10: Dicyandiamide applied at 10 mg kg-1 
DMPP: 3,4-Dimethylpyrazole Phosphate 
EEF: Enhanced Efficiency Fertilizers
MPN: Most Probable Number Method 
N: Nitrogen
NH4+: Ammonia
NI: Nitrification Inhibitors 
NO2-: Nitrite
NO3-: Nitrate
NOB: Nitrite Oxidizing Bacteria
P-Buffer: Phosphate Buffer 
PNR: Potential Nitrification Rate 
SOC: Soil Organic Carbon
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Supplementary Table S1   Mean NO3- concentration of Rhodustalfs soils as affected by the application of DCD and urea to soil in a static soil incubation at three different temperatures 

	Treatment
	Mean NO3- concentration ± SD 
(mg kg-1 dry soil) 
	P value2

	
	0 days
	1 day
	2 days
	

	21±1 oC
	
	
	
	

	Soil only
	33.9±1.05aA
	41.7±5.25aA
	65.5±8.68aA
	0.05

	Soil+ DCD
	27.9±3.62aA
	27.6±7.30aA
	27.6±2.10bA
	1.00

	Soil+ urea
	9.0±3.61aC
	40.5±5.78aA
	26.5±5.55bB
	0.02

	Soil+ urea+ DCD
	18.3±9.57 aA
	37.3±0.35aA
	18.0±0.33bA
	0.26

	P value1
	.14
	.36
	.01
	

	24±0 oC
	
	
	
	

	Soil only
	41.7±3.96aA
	37.3±0.90aAB
	29.9±0.10bB
	0.03

	Soil+ DCD
	36.9±1.78abA
	9.3±0.93bC
	25.6±0.78bB
	0.00

	Soil+ urea
	18.9±6.83bcB
	41.2±2.88aA
	43.7±1.75aA
	0.03

	Soil+ urea+ DCD
	4.5±1.32cB
	29.7±4.72aA
	26.1±1.21bA
	0.01

	P value1
	.00
	.00
	.00
	

	29±1 oC
	
	
	
	

	Soil only
	21.8±5.42aB
	40.6±2.80aA
	36.2±1.96aA
	0.05

	Soil+ DCD
	32.8±2.86aA
	38.6±3.95aA
	30.8±1.38aA
	0.30

	Soil+ urea
	40.1±3.09aA
	43.8±2.00aA
	37.8±7.86aA
	0.62

	Soil+ urea+ DCD
	20.1±8.08aA
	37.4±0.43aA
	32.5±0.62aA
	0.16

	P value1
	.15
	.35
	.58
	


1Means under one temperature followed by the same simple letter within the same column are not significantly differ from each other according to Tukey post-Hoc test at P=0.05.
2Means followed by the same capital letter within the same row are not significantly differ from each other according to Tukey post-Hoc test at P=0.05.






Supplementary Table S2 Mean NO3- concentration of Typic Quartzipsamments soils as affected by the application of DCD and urea to soil in a static soil incubation at three different temperatures 

	Treatment
	Mean NO3- concentration ±SD
(mg kg-1 dry soil)
	P value2

	
	0 days
	1 day
	2 days
	

	21±1 oC
	
	
	
	

	Soil only
	7.2±2.37aB
	27.4±12.38aAB
	36.8±2.16aA
	0.002

	Soil+ DCD
	6.0±0.46aA
	13.9±3.73aA
	14.9±6.39aA
	0.353

	Soil+ urea
	15.8±4.10aB
	18.9±6.12aB
	56.1±1.70aA
	0.042

	Soil+ urea+ DCD
	16.9±14.18aA
	21.4±8.60aA
	23.7±11.58aA
	0.868

	P value1
	0.406
	0.678
	0.083
	

	24±0 oC
	
	
	
	

	Soil only
	41.8±2.89aA
	40.6±1.47aA
	37.2±2.04aA
	0.499

	Soil+ DCD
	17.4±0.79aA
	7.6±0.95bA
	21.9+8.10abA
	0.116

	Soil+ urea
	33.84±3.05aA
	10.5±3.50bB
	28.3±3.12abAB
	0.029

	Soil+ urea+ DCD
	16.1±8.55aA
	5.6±0.70bA
	11.3±1.20bA
	0.532

	P value1
	0.044
	<0.001
	0.024
	

	29±1 oC
	
	
	
	

	Soil only
	6.9±1.97aA
	29.5±5.21aB
	47.2±3.41aB
	0.009

	Soil+ DCD
	9.4±0.00aA
	5.0±0.93bA
	9.4±0.63bA
	0.072

	Soil+ urea
	24.3±10.99aA
	12.2±7.33abA
	18.8±2.50bA
	0.603

	Soil+ urea+ DCD
	4.6±1.85aB
	7.1±0.57bB
	17.8±1.35bA
	0.010

	P value1
	0.197
	0.023
	<0.001
	


1Means under one temperature followed by the same simple letter within the same column are not significantly differ from each other according to Tukey post-Hoc test at P=0.05
2Means followed by the same capital letter within the same row are not significantly differ from each other according to Tukey post-Hoc test at P=0.05














Supplementary Table S3.  Mean NO3- concentration leached from soil during leaching column experiment after Typic Quartzipsamments soil was applied with nine different fertilizer treatments

	Treatment*
	Mean NO3- concentration (mg kg-1 dry soil)

	
	Day 0
	Day 1
	Day 2
	Day 5
	Day 9

	T1
	93.8±5.61bcd
	37.5±3.54bd
	0.2±0.21
	n.d.
	n.d.

	T2
	79.0±5.94d
	38.2±1.47bd
	1.2±0.72
	n.d.
	n.d.

	T3
	74.5±4.03d
	77.3±3.67a
	0.7±0.22
	n.d.
	n.d.

	T4
	83.5±3.42d
	40.3±0.28bcd
	1.4±0.74
	n.d.
	n.d.

	T5
	94.5±1.02bcd
	37.5±0.98bcd
	0.1±0.06
	0.1±0.12
	n.d.

	T6
	108.5±2.32bac
	49.8±3.94abcd
	0.8±0.43
	n.d.
	n.d.

	T7
	124.0±0.71a
	56.9±0.92bac
	0.6±0.64
	n.d.
	n.d.

	T8
	129.6±6.88a
	49.9±10.87cab
	4.5±2.55
	n.d.
	n.d.

	P value
	0.000
	0.001
	0.147
	0.429
	-


*T1=soil only, T2=soil+DCD, T3=soil+urea, T4= soil+urea+DCD, T5=soil+compost, T6=soil+compost+DCD, T7=soil+poultry manure, T8=soil+poultry manure+DCD, n.d.=not detected, Values are presented as mean±standard error.
Means followed by the same superscript letter within a given column are not significantly differ from each other (P=0.05)
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