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The ratio of denitrification 

endproducts were influenced by soil 

pH and clay content across different 

texture classes in Oklahoma soils 

Shaima Khalifah and Mary E. Foltz* 

School of Civil and Environmental Engineering, Oklahoma State University, Stillwater, OK, United States 

Nitrous oxide (N2O) is a potent greenhouse gas that contributes to stratospheric ozone 

depletion and global climate change. Soil denitrification has two potential end-products, 

N2O and dinitrogen (N2), and the ratio of these end-products (N2O:(N2O+N2) or the N2O 

ratio) is controlled by various factors. This study aims to quantify the influence of soil pH 

on the ratio of denitrification end-products in Oklahoma soils with different soil textures. 

Six natural grassland soils encompassing three distinct soil textures were incubated in the 

laboratory under natural and modified pH with an overall tested pH ranging from 2 to 10. 

Denitrification end-products were measured in the laboratory using the acetylene inhibition 

technique and further estimated using a process-based biogeochemical model. Both the 

laboratory and model results showed that soil pH and texture influenced the ratio of the 

denitrification end-products. Generally, as soil pH increased the N2O ratio decreased, 

although both lab and model results indicated that this relationship was not linear. Soil 

texture may have an indirect effect on the N2O ratio, as two soils of the same texture could 

have different N2O ratios. However, clay percentage of the soil did show a linear positive 

correlation with the N2O ratio, suggesting components of soil texture may be more 

influential than others. Overall, soil pH was a controlling factor in the ratio of denitrification 

end-products and the newly observed nonlinear relationship warrants further study, 

particularly when considering its effects in different soil textures. 

KEYWORDS clay content, denitrification potential, denitrifying enzyme activity, DNDC, nitrous oxide 
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Introduction 

Nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2) 

are three major greenhouse gases, and their increasing atmospheric 

concentrations contribute to global climate change (1). N2O has the 

highest global warming potential, on a molecular basis, compared 

with CO2 and CH4 over a 100-year period (1). Aside from contributing 

to global warming, N2O also contributes to the depletion of the ozone 

layer by reacting with oxygen in the stratosphere and producing nitric 

oxide (NO) (2). 

In natural and agricultural soils, the predominant sources of N2O 

emissions are microbial denitrification and nitrification, with 70% of 

the global N2O emissions sourced from those two processes (3, 4). 

Denitrification occurs by denitrifying bacteria and fungi as a reaction 

to the changes in the oxygen (O2) concentration in the 

microorganism’s immediate environment. Denitrifying bacteria use 

available nitrogen oxide compounds (i.e., nitrate (NO3
-), nitrite (NO2

-

), NO, N2O) as electron acceptors to transfer from aerobic respiration 

to anaerobic respiration when there is a shortage of O2. 

The gases produced during denitrification are NO, N2O, and N2 

depending on the soil conditions and the microbial community. If 

N2O leaves the soil before being further reduced to N2, the 

denitrification process could be considered incomplete. The ratio of 

N2O produced to total denitrification, N2O:(N2O+N2) or the N2O 

ratio, indicates the completion state of denitrification where the value 

near zero means a more complete process (mostly N2) and the value 

near one is more incomplete (more N2O produced than N2) (5). A 

recent meta-analysis of laboratory denitrification experiments 

identified soil texture, soil pH, and experimental nutrient addition as 

the most important factors driving the N2O ratio (5). 

Soil pH can have chemical, physical, and/or biological effects on 

the denitrification process (6). It has been shown that pH has a strong 

negative correlation with the N2O ratio across diverse soil conditions 

(5). A few studies have quantified a statistical relationship between 

pH and N2O ratio (7–9). Most denitrification experiments have been 

conducted across a narrow range of soil pH values (5–8), where 

denitrification activity is expected to occur (10–12). Yet, it has been 

demonstrated that denitrification can hold even at pH below 4 or 

above 10 when the environmental conditions, the availability of 

denitrifying microorganisms, soluble carbon, and oxidized forms of 

nitrogen are achieved (6, 13). 

In addition to soil pH, soil texture was identified as one of the 

critical parameters to influence the N2O ratio in the meta-analysis (5). 

Soil texture plays a role in water-filled pore space and soil aeration, 

both of which influence nitrogen transformation processes, especially 

denitrification since it is related to the O2 concentration and the 

exchangeable gases between soil and the atmosphere. The 

concentration of the O2 in soils depends on the soil water content and 

the organic matter that is decomposed by soil microorganisms. When 

there is rainfall, the soil becomes temporarily anaerobic. The 

amplitude and duration of anaerobiosis vary between soils based on 

the soil type which affects the emission of N2O (14). A few studies 

have considered the relationship between texture and N2O flux (15), 

denitrification rate (16), or the NO/N2O ratio (17). However, to our 

knowledge, no experimental studies have specifically investigated the 

influence of soil texture on the N2O ratio. 

Investigating the influence of environmental factors (e.g., soil 

pH and texture) on the N2O ratio is key to improving mitigation 

tools for N2O emissions. The aims of the present study are (i) to 

quantify the relationship between soil pH and the N2O ratio, (ii) 

to determine how soil texture influences denitrification and the 

N2O ratio, and (iii) to evaluate a biogeochemical process-based 

model for predictions of these relationships. 

Materials and methods 

Site description 

Six natural grasslands from different parts of Oklahoma state 

were selected based on variations of soil texture and natural soil 

pH that were estimated using the Web Soil Survey (18). At each 

site, soil was collected with at least three replicate cores from 

depth of 020 cm using an auger (~7 cm diameter) and excluded 

from the grass layer. Sites were located in five Oklahoma counties: 

Payne (36.10148 ̊N, 97.02154 ̊W), Woods (36.48580 ̊N,98.67465 ̊

W), Grant (36.95469 ̊ N, 98.0723 ̊ W), Creek (36.04272 ̊ N, 

96.04131 ̊W), and Canadian (35.41260 ̊N, 97.75520 ̊W). Soil type 

by county can be found in the Supplementary Material. 

Soil sampling and analysis 

The collected samples of each site were mixed and stored (<2 

weeks) at 4°C until further analysis at the Advanced Technology 

Research Center (ATRC, Stillwater, OK). The natural soil pH was 

recorded by using pH probe (Oakton pH/Ion 700). Soil pH was 

measured after approximately half an hour of slurry preparation to 

allow the ions to release in solution. Soil moisture content was 

measured as the percent change in mass after oven drying at 105C̊ 

for at least 24-hours. A portion of each soil was also tested at the 

Soil, Water and Forage Analytical Laboratory (SWFAL, 

Stillwater, OK) for soil texture, nitrate (NO3
-) concentration, and 

soil organic matter (OM) (Table 1). Soil texture was reported 

using the United States Department of Agriculture (USDA) soil 

texture classification (texture triangle) based on the percentages 

clay, silt, and sand determined by SWFAL using the hydrometer 

method. Nitrate (as NO3
–-N) was determined at SWFAL after 

nitrate extraction (with potassium chloride) using the cadmium 

reduction method on a flow-injection analyzer. OM was 

determined at SWFAL with a Leco carbon/nitrogen combustion 

analyzer and calculated based on carbon content. All SWFAL 

analysis were done in duplicate with values reported as the 

average of the analytical replicates. 
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Soil pH adjustment determination 

Preliminary experiments were conducted to adjust the soil pH 

from the natural pH value to the range of 2-10. For each soil type, 
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25 g of fresh soil samples are mixed with 25 mL of deionized water 

to prepare the soil slurry. Potassium hydroxide (KOH) was the 

strong base utilized to increase the soil pH, while sulfuric acid 

(H2SO4) was the strong acid utilized to decrease the soil pH. 

Different concentrations of acid/base solution were added to the soil 

gradually and the pH of the solution was recorded for each additive 

to find the exact concentration needed for each desired experimental 

soil pH from 2-10. These recorded additions were used in 

subsequent pH altered assays described below. Although pH 

adjustment using H2SO4 and KOH can have some effects on nutrient 

availability and microbial activity (19), the method has been used 

in similar studies for which these results are compared (7, 20). 

Denitrification potential assays 

The denitrifying enzyme activity (DEA) assay was applied to 

determine the denitrification potential and N2O production potential 

using variations of the acetylene inhibition technique (21), amended 

from (22). Triplicate samples were prepared by adding 25 g of soil 

into each 125 mL Wheaton glass jars sealed with cap and septa. A 

concentrated nutrient solution was prepared by adding 25 g D-

glucose and 3.6 g potassium nitrate (KNO3) to 1000 mL of 

deionized water. A total of 5 mL of this nutrient solution was 

included in each total solution (total volume 25 mL) to be added to 

the soil samples. Separate solutions were prepared for each pH 

adjustment using the amount of acid or base calculated previously 

to adjust the soil pH to the appropriate value. After a short overnight 

incubation period to get the soil to room temperature, the assays 

were initiated by adding 25 mL of the combined nutrient and pH 

adjustment solutions to each bottle with soil. Soil pH was measured 

at the beginning of the assay with the pH probe. The bottles were 

sealed and flushed with N2 gas for two minutes. Acetylene gas (20 

mL) was injected to half of the sample jars to measure the total 

denitrification by blocking the final step of denitrification (N2O to 

N2). The remaining half of sample jars were injected with 20 mL of 

N2 gas to measure N2O production. The initial time was recorded 

after shaking the sealed sample jars for 30 sec. Gas samples were 

collected from the headspace after 2, 3, 4, and 

TABLE 1 Soil sample properties by sample location (county). 

5 hours from the initial time. The gas samples were analyzed using 

a gas chromatograph (Agilent 8890) with electron capture detector 

(ECD) and autosampler (PAL3 Series II Autosampler Systems). 

Using N2O concentration change over time, the ideal gas law, and 

soil moisture, considering the effects of dilution and dissolved N2O, 

the potential denitrification and N2O production potential rates were 

calculated. The N2O production potential was divided by the 

denitrification potential to calculate the N2O ratio, consistent with 

the approach used previously (5). 

Biogeochemical process-based modeling 

The DeNitrification-DeComposition (DNDC) model (version 

9.5) is a process-based model established to simulate carbon (C) and 

nitrogen (N) biogeochemistry in agroecosystems (23, 24). The 

DNDC model combines decomposition, nitrification, 

denitrification, crop growth, and fermentation processes to predict 

C and N movement and transformation in agricultural soils. The 

model utilizes the basic laws of physics, chemistry, and biology in 

addition to some empirical equations obtained from statistical 

analysis of experimental data. The three main input categories are 

climate, soil, and cropping. Outputs of interest in this study were 

soil N2O and N2 fluxes, which together were used to calculate the 

N2O ratio (N2O:(N2O+N2)) for comparison with lab estimates. 

Climate data were extracted from the Mesonet network of 

environmental monitoring stations (25). Data included measured 

values of maximum and minimum air temperature, precipitation, 

wind speed, radiation, and relative humidity for 11 years from 2011 

to 2022 for the weather stations closest to each field site. 

Atmospheric CO2 concentrations were obtained from the National 

Oceanic and Atmospheric Administration (NOAA) Global 

Monitoring Laboratory (26). Nitrogen concentration in rainfall was 

estimated as the average total nitrogen deposition divided by annual 

precipitation, both obtained from the National Atmospheric 

Deposition Program (27). Many soil input parameters were obtained 

directly from the laboratory measurements (Table 1) of the soil 

samples such as soil texture, pH, organic matter, and clay 

percentage. Soil parameters with direct measurements unavailable 

(e.g., bulk density, slope) were obtained from the Web Soil Survey 

(18). Published data were used for soil conductivity, wilting point, 

County 
Soil 

Textureb Natural pHa 
NO3

–-N (mg/kg)b 
OM (%)b 

Water content 

(%)a 

Payne Loam 1 7.7 0.080 2.95 13.4 

Grant 1 Loam 2 7.8 0.170 1.8 13.2 

Woods Sand 5.4 0.027 0.53 5.4 

Grant 2 Sandy loam 1 6.3 0.509 NA 12.6 

Canadian Sandy loam 2 8.1 0.018 0.33 12.6 

Creek Sandy loam 3 6.5 0.071 3.26 34.7 

a determined in our lab (ATRC, Stillwater, OK). 
b 
determined at external testing lab (SWFAL, Stillwater, OK). 
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and field capacity specific to each site (28). Land management was 

kept constant between all systems as a continuous perennial grass 

crop without harvesting. 

To estimate the relationship between soil pH and N2O ratio, the 

only variable of each site-specific model run modified was the soil 

pH from 2-10 to match that of the laboratory measurements. The 

effect of soil texture on the N2O ratio was estimated by the same 

technique, where all factors except soil texture were kept constant. 

Modifying soil texture in the model automatically modified related 

parameters (i.e., clay percentage, conductivity, porosity, field 

capacity). From each model run, the values of N2O and N2 on the 

specific soil sampling date were used to calculate the N2O ratio 

(N2O:(N2O+N2)) for comparison with lab measurements. Model 

performance was assessed using graphical analysis of modeled 

versus measured N2O ratios. 

Statistical analysis 

Triplicate samples were used in all experiments (except those 

done at SWFAL) so the mean and standard deviation could be 

calculated for reported data and figures. Raw data, including 

replicates, were used in statistical analysis in R version 4.2.2 (29). 

Analysis of Variance (ANOVA) was used to model variability in 

data, followed by mean separation with Fisher’s Least Significant 

Difference (LSD) test (a=0.05). Data normality was assessed 

visually via the histogram of ANOVA model residuals and Shapiro-

Wilk normality test. The relationship between pH and the N2O ratio 

was assessed by first fitting linear and polynomial models in R. Then 

lack of fit was applied to compare full and reduced models and 

identify the best model fit for the data. 

Results 

Denitrification potential assays 

The denitrification potential was measured under natural and 

modified pH for four of the sites (Figure 1). The highest 

denitrification rate was found at the natural soil pH, with values 

ranging from 136-640 ng N g-1 dry soil h-1. Of the four soils, the 

loam from Payne County had significantly higher denitrification 

potential than the other three soils (ANOVA & LSD, P<0.001), 

although the higher rate there could not be linked to pH or texture, 

as a similar natural pH and texture soil (Grant County) had 

significantly lower denitrification. Instead, the higher denitrification 

rate observed in the Payne County loam may be related to organic 

matter, as it had almost twice as much organic matter of the similar 

texture and pH soil from Grant County. Considering potential for 

N2O emissions, the N2O production rates were significantly higher 

from pH 5 to 7 regardless of the differences in the natural pH of 

each soil (ANOVA & LSD, P<0.001). 

To better explore the relationship between N2O production and 

denitrification potentials and their variability with pH, we fit 

regression models for the N2O ratio across the tested pH range. An 

overall negative relationship was found between soil pH and the 

N2O ratio, although the trend did not appear linear (Figure 2). The 

linear model was compared to polynomial models with the lack of 

fit test, and overall the third order polynomial model fit the data best 

(P<0.01, improvement from linear to polynomial; P<0.001, 

improvement from 2nd order to 3rd order polynomial; P=0.2, no 

additional improvement with 4th order polynomial). The 

relationship was most tightly clustered and more linear when the 

range of soil pH was between 4-8, such that increases in pH would 

linearly decrease the N2O ratio. When considering the lower (<4) 

and higher (>8) pH ranges, the relationship is instead positive, 
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showing that increases in pH in these ranges would increase the N2O 

ratio rather than decrease it. 

To estimate the effect of soil texture on the N2O ratio, three 

different soil textures (i.e., loam, sand, sandy loam) from six 

different locations were considered. The N2O ratio varied for each 

soil, with variations found even for soils with identical textures 

(Figure 3). To further investigate the texture relationship, clay 

percentage was considered as it varied across all soils, even those 

with the same soil texture class. As the clay percentage increased, 

the laboratory measured N2O ratio also increased (Figure 4). The 

measured N2O ratio was highest (ANOVA & LSD, P<0.01) for the 

sandy loam with the highest clay percentage (17.5%). 

Modeled relationships and evaluation 

To test the DNDC model formulation under variable pH, we 

predicted the N2O ratio under the same varied range of pH. Similar 

to lab measurements, the relationship between soil pH and the N2O 

ratio appeared nonlinear with more closely clustered data in the pH 

range 5-8 (Figure 5). The linear model was compared to polynomial 

models with the lack of fit test, and overall the second order 

polynomial model fit the data best (P<0.001, improvement from 

linear to 1st order polynomial; P=0.97, no additional improvement 

with 3rd order polynomial). However, unlike measurements, acidic 

soils always had low N2O ratios. For the soil texture, the model 

results indicated distinct variations in the N2O ratio for each soil 

type, albeit at a much higher predicted N2O ratio for all soil types 

(Figure 6). Beyond their general overestimated N2O ratios, the 

predicted trends did not align with laboratory results. However, the 

model was able to replicate the laboratory measured positive 

relationship associated with clay content and the N2O ratio (data not 

shown). 

The DNDC model was evaluated for its ability to predict the 

N2O ratio across the variable soil pH and texture considered in this 

study (Figure 6). Generally, the model overpredicted the N2O ratio, 

although in some cases it had good predictions or underestimated 

the ratio. The over- or under-predictions were not consistent for 

simulations based on soil texture or pH, so it was difficult to 

determine the source of this error. For instance, the highest N2O 

ratio in the laboratory measurement occurred at soil pH of 5, while 

the model provides the highest N2O ratio at soil pH of 7. 
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Discussion 

This research stemmed from the overall conclusion of a recent 

meta-analysis of laboratory denitrification studies—soil texture and 

pH drive the N2O ratio (5). Therefore, we simultaneously 

considered these two soil properties across Oklahoma soils with 

different texture classes and natural and modified pH using 

laboratory and modeling methods. We found that the highest 

denitrification potential in all tested soils were under the natural pH 

of soil. Higher rates at natural soil pH has been observed in other 

studies, which suggested this may be tied to the adaptation of the 

microbial community to the natural soil pH (6, 30). Even between 

soils of similar texture and natural pH, there could be major 

differences in their overall denitrification rates, which could not be 

isolated to the influence of soil texture or pH alone. For example, 

the two loams with similar pH had significantly different 

denitrification potentials. Although total denitrification rates are 

related to the N2O ratio in its calculation (total denitrification is the 

denominator), the N2O production (numerator in the N2O ratio) 

under identical conditions is equally important. So while 

denitrification rates are higher at natural pH, N2O production tended 

to be highest at lower pH. Therefore, the N2O ratio should be higher 

at lower pH, where N2O production is highest and total 

denitrification rates are lower. However, we observed that this 

relationship was not as straightforward when considering a larger 

pH range. 

 

06 

 
       

   

FIGURE 4 
   

   



Khalifah and Foltz 10.3389/fsoil.2024.1342986 

Frontiers in Soil Science frontiersin.org 

 

Soil pH was modified over a larger range (2–10) than previously 

considered in laboratory assays and for soils of different texture class, 

allowing for a broader assessment of the relationship between pH and 

the N2O ratio. Overall, across all texture classes, soil pH was 

inversely related to the N2O ratio. This result was expected based on 

the similar conclusion of the recent meta-analysis (5) and the 

understanding of how soil pH affects the activity of the denitrifying 

microorganisms, potentially by modifying (i.e., inhibit, enhance) 

steps in the denitrification process. For example, the assembly of 

functional N2O reductase, necessary for N2O reduction, is prevented 

at low pH (31). Previous studies have also reported the importance of 

soil pH for microbial diversity, likely through its effect on 

maintaining the pH within the microbial cell or by controlling the 

amount of accessible nutrients in the soil (32–34). Although the 

general negative correlation between pH and the N2O ratio is broadly 

accepted, the statistical nature of that relationship (e.g., linear, non-

linear) has not been as commonly reported, especially for a variety of 

soil textures simultaneously. Some previous studies have identified a 

negative linear relationship between pH and the N2O ratio (8, 9, 35), 

although they considered a more narrow range of pH than in this 

study. When considering the smaller range (4–8), this study similarly 

observed a strong negative linear relationship between pH and the 

N2O ratio. It is when considering the larger range, which had not 

previously been tested, that the relationship becomes complicated and 

nonlinear such that increasing pH only has environmental benefit 

(lower N2O ratio) in neutral pH soils. In highly acidic (<4) or basic 

(>8) soils, increasing pH may increase the N2O ratio and result in 

higher overall N2O emissions. Based on this newly identified 

relationship, soil pH effects on N2O production and denitrification 

may need to be revisited in process-based models like DNDC which 

incorporate pH in model formulation. Although the more extreme low 

or high pH soils be less relevant in agricultural settings most 

commonly modeled with DNDC, expanded use to contaminated soils 

(e.g., abandoned mine lands) would make the expanded pH range 

important to investigate further. 

The recent meta-analysis also identified soil texture class as a 

critical factor for driving the N2O ratio in laboratory denitrification 

experiments, despite the disruption of some texture properties 

(e.g., structure) in laboratory setup (5). By testing soils with 

similar and different textures within the same region, we aimed to 

uncover the relationship between soil texture class and the N2O 

ratio. However, the variability in N2O ratio between soils of 

similar texture class suggests that there are other factors related to 

texture that led to observed variation in the N2O ratio. To 

understand the soil texture effect further, we considered the clay 

percentage, which varied across all soils, even those with the same 

texture. In both the lab and model results, there was a positive 

relationship observed between clay content and the N2O ratio. As 

the clay content relationship was not the original focus of this 

study, we only considered six different clay percentages in 

generating the data for this observed relationship, so it needs to be 

verified in more regions and for more soil types. To our 

knowledge, this is the first laboratory study to specifically identify 

the connection between clay percent and the N2O ratio using 

denitrification assays. Despite limited observations available at 

the lab-scale, there is some evidence from field studies that N2O 

emissions may be related to clay fraction. One study documented 

higher N2O emissions from a soil with high clay content than a 

freely drained soil (36). Another study similarly associated field 

emissions of N2O to both clay percentage and bulk density of the 

soil (17). Interestingly, the connection between clay content and 

soil moisture or drainage is controlled for in the lab by using soil 

slurries. So the field-observed relationship may not give the 

complete story as clay content had influence despite drainage 

conditions. Further investigation into this relationship using 

different clay percentages is recommended to gain a better 

understanding of the complex link between soil texture and the 

N2O ratio. Alternatively, it is recommended that more detailed soil 

data (i.e., percentage clay/silt/sand) is published or compiled to 

allow for statistical testing based on experiments from diverse 

soils. As the importance of soil texture, and potentially clay 

percentage, had not been previously highlighted in laboratory 

denitrification experiments, the collection and publication of these 

data alongside experimental setup was not commonplace. The 

outcomes of this study, driven largely from the findings of the 

recent meta-analysis (5), highlight the importance of consistent 

and detailed soil texture measurement and reporting. 
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