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Abstract: Soil nitrogen (N) is a common limiting factor where soil N cycling is a key component of 

agro-ecosystems. Soil N transformation processes are largely mediated by microbes and 

understanding bacteria involvement in soil N cycling in agricultural systems has both agronomic 

and environmental importance. This 2-yr field scale study examined the abundances and spatial 

distributions of total bacterial community (16s RNA), bacterial involved in nitrification (amoA), and 

de-nitrification (narG, nirK, and nosZ) and soil physicochemical properties of winter wheat (Triticum 

aestivum L.) – soybean (Glycene max L.) double cropping with 2-3 weeks of spring grazing (WGS) 

and without grazing (WS) and of tall fescue (Festuca arundinacea (L.) Schreb.) pasture (TF) managed 

to near natural conditions with similar grazing. The TF had a significantly higher abundances of 16S 

rRNA, amoA, narG, nirK, and nosZ genes than the WS and WGS, which had similar levels between 

themselves. Soil organic matter (OM) and soil pH had a stronger effects on the N cycling bacteria 

gene abundance. All bacterial gene concentrations and soil pH showed non-random distribution 

patterns with 141-186 m range autocorrelation. These results indicate that biological N 

transformation processes are more important in natural agricultural systems and the abundance of 

N cycling bacteria can be manipulated by field scale management strategies. 

Keywords: N cycling bacteria genes 2; wheat-soybean cropping 3; tall fescue pasture 4; spatial 

distribution  

 

1. Introduction 

Meeting the rising demand for food through increased productivity with concomitant reduction 

of environmental impacts is always challenging [1]. Sustainable intensification of conventional 

agriculture production systems has been identified as a measure of achieving higher production goals 

while assuring higher environmental quality standards [2]. Greater crop yields and animal 

production attained in recent decades were mainly derived from increasingly specialized and 

decoupled crop and livestock systems. However, this dissociation between crop and animal 

components poses significant threats to the sustainability of the food systems [3]. Integration of 

winter cereal crops for grain production or for dual use (grazing and grain production) into mono 

cropping systems can be a sustainable intensification strategy and an alternative to conventional 

decoupled crop and animal production [3]. Winter cereal crops with forage production capability can 

contribute additional positive agronomic and ecological benefits by providing forage sources for 

livestock and food for human consumption [4].  
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Winter wheat (Triticum aestivum L.) crop has been shown to be compatible with soybean (Glycene 

max L.) and winter wheat-soybean double cropping is a common practice in the southern corn-belt 

states in the United States [5] . Winter wheat as a dual-use crop can provide both grain yield and 

high-quality forage for livestock grazing in the spring [6,7]  with no reduction in wheat grain yield 

compared to the winter wheat grown exclusively for grain production [8] . Winter wheat grown with 

soybean as a double crop did not affect the grain yield of subsequently planted soybean crop as well 

[9]. Winter wheat dual use crop offers unique economic benefits of both grain production and value 

that is added, as weight gain of cattle grazing on wheat crop. Tall fescue (Festuca arundinacea (L.) 

Schreb.) is an important cool-season perennial forage grass that is widely used for turf, forage 

production, and soil conservation [10]. Tall fescue pasture covers a significant area in the United 

States [11] and has the potential for growing on poor fertile soils with light management by occasional 

mowing [12].  

Nitrogen (N) is an essential element for plant growth and is the one most demanded by plants 

[13]. The availability of N in soils is of primary importance in agro ecosystem productivity [14] and 

environmental quality [15]. Shifts in soil N status can be caused by variation in N transformations 

[16] which are largely mediated by the microbiota [17]. The diversity, richness, and composition of 

microbial communities associated with N-cycling affect nitrogen availability to crop and N loss from 

the agricultural ecosystem [18]. The major soil N transformations include mineralization of organic 

N, nitrification, denitrification, NH4 volatilization, and N2 fixation [19]. Mineralization of organic N 

in soils serves as the major source of N to plants for uptake and synthesis of biomass.  

Nitrifying bacteria largely determine N availability in soils in terms of both inorganic N quantity 

and NO3-/ NH4+ balance. Nitrification converts N derived from mineralization of organic matter to 

nitrate which is suitable for plant uptake or further microbial cycling [20] thus is a fundamental 

component of soil N cycling and fertility. The initial step in the nitrification pathway, the oxidation 

of NH4+ to NO3- via NH2OH is completed by ammonia oxidizers, comprising ammonia oxidizing 

bacteria. Denitrifying bacteria are responsible for reducing soluble oxidized nitrogen compounds into 

gaseous N2O or N2 for energy conservation through a series of transformations. The denitrification 

process has received a greater attention because it accounts for significant losses of fertilizer nitrogen 

from agriculture soils. In addition, denitrification is also responsible for the emission of N2O, an 

important greenhouse gas with a global warming potential c.a. 250 times higher than carbon dioxide 

[21]. These effects serve to focus attention on the organisms involved in the biogeochemical 

transformation of nitrogen in the soil. 

The key enzyme for aerobic ammonia oxidizers is ammonia monooxygenase. The gene coding 

for a subunit of this enzyme, amoA, can reflect the phylogeny of the ammonia oxidizers [22]. As this 

step is rate limiting, detection of amoA is widely used as a measure of the biological capacity for the 

entire nitrification process[23].The denitrification pathway consists of the sequential reduction of 

NO3- to N2 via the metalloenzymes nitrate reductase (NO3- to NO2-), nitrite reductase (NO2- to NO), 

nitric oxide reductase (NO to N2O), and nitrous oxide reductase ( N2O to N2) [24] encoded by narG, 

nirK /nirS, norB, and nosZ genes, respectively[25,26]. The concentration of total bacterial community 

can be quantified using 16S rRNA as a molecular marker[27].  

The abundances of N cycling genes are related to process rate and substrate availability and 

microbial population concentration in some environments [17,28,29]. Different agricultural practices 

have shown impacting many microbial driven natural biogeochemical processes in soil including 

nitrogen cycling [30] and plant community [9], such that alterations in microbial community 

composition or in the abundance or activity of specific groups can alter nitrogen availability and 

nitrogen losses from the soil. In agricultural systems, the ecology of N geochemistry at a molecular 

level may be closely linked to soil factors. Previous studies have shown that shifts in structure of 

bacterial communities can be associated with soil properties including texture [31], soil pH [32]and 

soil N availability [33]. The ammonia oxidizing bacteria populations have greater abundance in 

agricultural soils (soils with N fertilizer inputs, higher soil disturbance) than in less disturbed systems 

[34]. Increase of soil pH by liming increased the abundance of amoA genes in pasture soils by 26% but 

did not affect narG copy numbers [17]. Environmental factors affecting denitrification, such as O2, 
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pH, C availability, NO3- pools, etc., all act through the soil biological community[35]. Grazing can 

affect soil physical properties (e.g., compaction driven decreases in macro-porosity and pore space) 

which in turn influences habitat for soil microbiota and conditions affecting microbial processes (e.g., 

O2 limitation, REDOX, water filled pore spaces etc.). In addition, land management practices linked 

with agricultural production systems have shown affecting soil chemical, physical and biological 

parameters [36–38]. 

Evidence from several studies has shown that microbial communities can exhibit non-random 

spatial distribution patterns from centimeter to meter scale in terrestrial ecosystems [39–41]. 

Understanding distribution patterns of microbial communities and environmental determinants at 

field scale is important for assessing relative importance of local factors and land management 

practices on microbial communities and soil nutrient cycling processes that they are responsible for. 

Thus, characterizing spatial distribution patterns of N cycling bacteria in agricultural systems enables 

to better understand the ecology of N cycling bacteria communities at a scale compatible with land 

management strategies focusing on transformation related production improvement and mitigating 

negative environmental impacts of N transformations. 

There exists a great opportunity for expanding productivity gains while achieving 

environmental goals of agricultural ecosystems by manipulating biological cycling of soil nutrients 

such as C, N, and P [15,42]. Thus, assessments conducted at microbial community level focusing on 

the microbial ecology of N cycling bacteria would facilitate realizing higher productivity gains while 

mitigating negative environmental effects through field scale management strategies. The overall 

objective of this experiment was to examine the N cycling bacteria gene concentrations in wheat-

soybean cropping and in near natural tall fescue pasture systems. The specific objectives were 1. to 

investigate the effects of winter wheat grain-soybean cropping with (WGS) and without grazing (WS) 

and of tall fescue pasturing system (TF) managed to near natural conditions on the abundance of total 

soil bacteria (16S rRNA) and N cycling bacteria marker genes amoA , narG , nirK, and nosZ, and soil 

physicochemical properties. 2. to define field scale spatial distribution patterns of total bacteria and 

soil N cycling bacteria gene concentrations and soil properties. 3. to describe relationships between 

soil N cycling bacteria gene concentrations and soil properties. 

2. Materials and Methods 

2.1. Site management and experimental setup 

The experiment was conducted at Western Kentucky University Agriculture Research and 

Education Complex, Bowling Green, Kentucky, USA (36055′42″ N, 86028″6″ W) during 2016–2018 

cropping seasons in three experimental fields each with 3.6 ha extent (Figure 1). The soils of the 

experimental fields were dominated by Crider silt loam (fine-silty, mixed, active, mesic Typic 

Paleudalf) with Nolin silt loam (Fine-silty, mixed, active, mesic Dystric Fluventic Eutrudepts), and 

vertrees silty clay loam (Fine, mixed, semiactive, mesic Typic Paleudalfs) soils. The climatic 

conditions of the experimental site are presented in Figure S1 (a-b). Before initiating the experiment, 

the entire field area had been planted to tall fescue pasture for beef cattle grazing. Detailed 

description of the experimental fields and management practices were previously reported [8]. 

Briefly, two experimental fields were converted to winter wheat and summer soybean double 

cropping. In fall 2016 and 2017, soft red winter wheat cultivar (cv. Branson) was planted on those two 

fields as wheat grain crop (WS) and wheat (forage grazing + grain) dual use crop (WGS). The wheat 

crop fields were fertilized with 250 kg N ha-1 (di ammonium phosphate) as spilt application in the 

spring. The original tall fescue (Festuca arundinacea; cv. Kentucky 31) pasture stand in the 3rd field 

was managed to near natural condition (TF) with 2-3 mow downs, stockpiling, and light grazing for 

2-3 weeks in spring seasons. Two different sets of cow/calf pairs of Angus breed (each consisted of 

eight pairs with similar body weights) grazed the TF or WGS fields for 2-3 weeks in the spring seasons 

of 2017 and 2018. The WS and WGS fields produced similar wheat grain yield (4.6 and 4.1 MG ha-1) 

and soybean grain yield (4.3 and 4.2 MG ha-1) with no significant differences between the WGS and 

WS systems [8]. 
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Twelve georeferenced locations spaced at 40 m within TF and WGS experimental fields and 

eleven georeferenced locations spaced similarly from the WS field were used for soil sampling 

(Figure 1). The measurements of total bacteria, abundance of nitrogen cycling bacteria genes, and soil 

physicochemical properties of each sampling location were considered as an independent replication 

(pseudo replicates) for statistical purpose [43,44]. Six soil samples were collected around each 

georeferenced location to 10 cm depth using a 19 mm diameter soil probe (Oakfield Apparatus Co., 

Fond du Lac, Wisconsin) and were then combined into a single composite sample to represent each 

location. The composite soil samples were divided into two sub-samples where one was stored at -

80 °C until bacterial DNA extraction and the other portion was air dried at 250C and used for chemical 

analysis.  

 

Figure 1. The three experimental fields (tall fescue, winter wheat plus soybeans double cropping 

without grazing, and winter wheat plus soybeans double cropping with grazing) and geo-referenced 

soil sampling locations. 

2.2. Soil physicochemical analysis 

Soil pH, soil organic matter (OM), total C, total N, ammonium N (NH4–N), and nitrate N (NO3–
N) contents were measured on twelve soil samples collected from  the TF and WGS fields and eleven 

soil samples collected from the WS field . Soil pH was measured using a glass electrode with a 1:1 

soil/water ratio. Soil organic matter content was approximated by loss on ignition (LOI) method [45]. 

High-temperature combustion in a Vario MAX C-N analyzer (Elementar America Inc.) with 2-g soil 

sample [46] was used to measure total soil C and N contents. The NH4–N and NO3–N concentrations 

were determined by potassium chloride extraction and flow-injection colorimetric analysis with 

cadmium reduction [47] on a Lachat Quickchem FIA+ 8000 analyzer (USA Hach Co.). Dry soil bulk 

density was measured [48] at each georeferenced soil sampling location using a 173.4 cm3 compact 

slide hammer corer (AMS Samplers, American Falls, Idaho).  

2.3. Quantification of total bacteria and N Cycling bacteria genes in soil samples 
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Metagenomic DNA was extracted from 500 mg of soil using the FastDNA Spin kit for soils (MP 

Biomedical, Santa Ana, CA) according to the manufacturer’s instructions. Real time quantitative PCR 
(qPCR) was run on Bio-Rad CFX 96 real-time PCR detection system (BioRad, Hercules, CA) to 

quantify the concentrations of the targeted genes by using published primers, probes, and protocols 

(Table S1) as previously described [49]. The primers and probes were obtained from Integrated DNA 

Technologies, Inc. (Coralville, Iowa). The qPCR assay was performed with Qiagen HotStarTaq master 

mix (Qiagen, Valencia, CA) in a total reaction volume of 25 μL. The assay consisted of 3 mM MgCl2, 

600 nm each of the forward and reverse primers, 200 nm of probe, and 10 ng of sample DNA or the 

standard (ranging from 102 to 108 copies). Sample DNA was diluted in 1:200 ratio to reduce the effect 

of potential PCR inhibitors in the soil. A total 5 μL of standard DNA for the standard and 5 μL of the 
diluted sample DNA were used as a template in the qPCR reaction. Total bacterial concentration (16S 

rRNA gene), NH3–oxidizing bacteria (amoA), and NO3-reducing bacteria (narG), NO2- reducing 

bacteria (nirK), and N2O reducing bacteria (nosZ) gene copy numbers were quantified at all sampling 

locations in each experimental field.  

2.4. Statistical analysis, geostatistical modeling, and spatial mapping 

The gene copy numbers determined per gram of soil were transformed to log10 scale before 

statistical analysis. The statistical ANOVA model accounted four repeated measurements (spring and 

fall, 2017 and 2018) of log gene copy numbers g-1 soil and soil physicochemical properties measured 

at the twelve sampling locations of TF, WWGS and eleven locations of the WS field. The cropping 

system treatment was considered as the between subject factor for the analysis. The log gene copy 

numbers g-1 and soil properties were considered as dependent variables. To quantify the relationship 

between soil properties, and bacteria and N cycling bacterial genes, Pearson’s correlation coefficients 
were calculated. Step up (P = 0.02) multiple regression analysis (Table S2) was performed to describe 

the variation of bacterial gene abundances explained by soil properties. Statistical analyses were 

performed by SPSS 28 (IBM Corporation, Armonk, NY, USA). Post-hoc pair-wise multiple 

comparisons were performed by Bonferoni’s method at 5% level of significance. The present study 

used a pseudo-replicated experimental design [43,44] .  

The spatial distribution patterns of total bacteria and N cycling bacterial gene concentrations 

and soil pH in the three experimental fields were examined together. Moran’s I index [50] was used 

to assess the presence of spatial autocorrelation for the abundance of total and different N cycling 

bacterial genes. The variables were modeled geostatistically [51] and variogram analysis was 

performed by GS+ version 9 software (Gamma Design Software, Plainwell, MI, USA). The variogram 

parameters (Table S3) were then used to calculate linear unbiased estimates at un-sampled locations 

as a weighted average of neighboring sampled points. Ordinary kriging in ArcGIS 10.1 

(Environmental Systems Research Institute; Redlands, CA) and Geostatistical Analyst extension were 

used to interpolate and map the gene copy numbers g-1 (log) and soil pH across the experimental 

fields. 

3. Results 

Repeated measure ANOVA procedure revealed that cropping systems and time (season) had 

significant (P < 0.05) interaction effect on soil properties except for NH4-N content and soil bulk 

density. Significant interaction between cropping systems and time dynamics has not been detected 

for the abundance of total and N cycling bacterial genes. Both cropping systems and time (season) 

factors significantly influenced the abundances of total bacteria and N cycling bacterial genes.  

3.1. The initial soil physicochemical properties 

The initial (i.e., after preparing the fields for the experiment and before sowing the winter wheat 

in fall 2016) soil physicochemical properties are shown in Table 1. The initial levels of soil pH, OM, 

TN were similar among the cropping systems, but the soil NO3 -N (4.2 vs. 1.8 mg kg-1) and NH4-N 

(27.3 vs. 21.8-22.6 mg kg-1) levels were significantly higher in the TF than the two fields subsequently 
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planted to winter wheat crop. On the other hand, the soil bulk density in the WS and WGS were 

significantly (P < 0.05) higher than the TF (1.38 - 1.42 vs. 1.29 g cm-3). However, all bacterial gene 

concentrations were not different among the cropping systems at the beginning of the experiment. 

Table 1. Mean initial (Fall 2016) levels of soil physicochemical properties, total bacteria, and N cycling 

bacterial gene concentrations at the experimental sites. 

 TF WS WGS 

n 12 11 12 

Soil properties    

Bulk density (g cm-3) 1.29 ± 0.03a 1.38 ± 0.04ab 1.42 ± 0.02b 

pH 6.62± 0.16a 5.76 ± 0.29a 5.81 ± 0.25a 

 ------------------------------- g kg-1------------------------------- 

OM 27.4 ± 1.62a 24.9 ± 1.38a 24.55 ± 0.86a 

TN 2.85 ± 0.09a 2.96 ± 0.09a 2.72 ± 0.08a 

 ------------------------------ mg kg-1------------------------------ 

NO3-N 4.19 ± 0.51a 1.77 ± 0.24b 1.82 ± 0.29b 

NH4-N 27.35 ± 1.77a 22.6 ± 0.77b 21.78 ± 1.01b 

Bacterial genes ----------------------- log10 gene copies ----------------------- 

16S rRNA 10.07 ± 0.04a 9.95 ± 0.04a 9.94 ± 0.04a 

amoA 7.13 ± 0.10a 6.64 ± 0.18a 6.64 ± 0.11a 

narG 7.57 ± 0.12a 7.13 ± 0.17a 7.23 ± 0.06a 

nirk 7.74 ± 0.05a 7.60 ± 0.08a 7.52 ± 0.02a 

nosZ 8.21 ± 0.05a 8.09 ± 0.09a 7.94 ± 0.05a 

OM: soil organic matter, TN: total soil N, Mean ± SE, Numbers with different letters for each soil variable within 

rows are significantly different (P<0.05). 

3.2. Effect of cropping systems on soil physicochemical properties 

Mean soil physicochemical properties of cropping systems for the experimental period are 

presented in Tables 2 & 3. In this experiment, both WS and WGS soils planted to winter wheat-

summer soybean double cropping with and without grazing in spring had significantly  

(P<0.05)higher soil bulk density than the TF soil. However, there was no difference for soil bulk 

density between the WS and WGS soils (Table 2).  

Table 2. Mean soil bulk densities of the cropping systems during 2017-2018  . 

 TF WS WGS 

n 24 22 24 

 -------------------------------- g cm-3 -------------------------------- 

Bulk Density 1.22± 0.02a 1.34± 0.02b 1.39± 0.02b 

Mean ± SE, Numbers with different letters within the row are significantly different (P < 0.05). 

During the spring 2017 season soil pH did not vary significantly among the cropping systems 

but significant difference appeared with the advancement of the growing period. The TF soils 

reported consistently higher soil pH > 6.0 whereas the soil pH in the WS and WGS dropped to < 6.0 

from the fall 2017. Most of the time the TF had significantly higher soil pH than the WS and WGS 

soils while both the WS and WGS soils exhibited similar pH values. Soil OM and total C contents 

among the cropping systems followed similar within season distribution patterns. In general, the TF 

soils were rich in soil OM (24.7 -33.4 g kg-1) and total C (20.5-36.5 gkg-1) contents than the WS and 

WGS soils (OM, 20.3-31.5 g kg-1; total C, 17.6-31.5 g kg-1). The OM and total C levels remained similar 

in the wheat- soybean soils; WS and WGS. The total N contents of cropping system varied (1.92- 4.46 

gkg-1) with no clear trend for the within season variability. Soil NH4-N content was not different 

among the cropping systems and mean content ranged 9.5 -10.1 mg kg-1. There were mixed responses 
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for the soil NO3-N concentrations among the cropping systems. The WS and WGS soils contained 

NO3-N levels similar (spring/fall 2017) to, or higher than (spring 2018) or lower than (fall 2018) the 

TF. The overall NO3-N content during the experimental period ranged 3.3 -11.5 mg kg-1.  

Table 3. Mean soil chemical properties of the cropping systems. 

 n Spring 2017 Fall 2017 Spring 2018 Fall 2018 Mean 

pH       

TF 12 6.33 ± 0.14 a 6.37 ± 0.14a 6.28± 0.13a 6.51 ± 0.15a  

WS 11 6.06 ± 0.13a 5.80 ± 0.14b 5.75 ± 0.13b 5.66 ± 0.16b  

WGS 12 6.05 ± 0.14a 5.83 ± 0.14b 5.83 ± 0.13b 5.77 ± 0.15b  

  ------------------------------------  g kg-1------------------------------------  

OM       

TF 12 26.40 ± 1.00a 24.78 ± 1.02a 32.13 ± 1.14a 33.47 ± 1.06a  

WS 11 27.65 ± 1.03a 23.32 ± 1.07ab 31.54 ± 1.19a 30.30 ± 1.10ab  

WGS 12 23.15 ± 0.99b 20.30 ± 1.03b 26.66 ± 1.14b 27.12 ± 1.06b  

TC       

TF 12 20.50 ± 0.98a 36.50 ± 1.63a 33.80 ± 1.4a 28.68 ± 1.07a  

WS 11 22.09 ± 1.02a 30.96 ± 1.70ab 31.99 ± 1.02a 27.17 ± 1.12a  

WGS 12 17.60 ± 0.98b 28.32 ± 0.95b 29.95 ± 1.83a 25.24 ± 1.07a  

TN       

TF 12 2.36 ± 0.09a 3.45 ± 0.14a 3.67 ± 0.19b 2.59 ± 0.07a  

WS 11 2.34 ± 0.09a 2.92 ± 0.15ab 4.46 ± 0.20a 2.59 ± 0.07a  

WGS 12 1.92 ± 0.09b 2.82 ± 0.15b 4.19 ± 0.19ab 2.22 ± 0.07b  

  ------------------------------------  mg kg-1------------------------------------  

NH4-N       

TF 48 - - - - 9.56 ± 0.94a 

WS 44 - - - - 10.1 ± 1.05a 

WGS 48 - - - - 9.54 ± 1.0a 

NO3-N       

TF 12 5.79 ± 1.13a 8.49 ± 1.1a 5.77 ± 0.94b 6.56 ± 0.45a  

WS 11 3.33 ± 1.18a 9.47 ± 1.14a 11.51 ± 0.94a 4.72 ± 0.45b  

WGS 12 4.06 ± 1.13a 8.74 ± 1.10a 10.35 ± 0.9a 4.17 ± 0.47b  

Mean ± SE, Numbers with different letters for each soil variable within columns (seasons) are significantly 

different (P < 0.05). 

3.3. Effect of cropping systems on the abundance of total and soil nitrogen cycling bacterial marker genes.  

The abundances of 16S rRNA, amoA, narG, nirK, and nosZ gene copy numbers of WS, WGS, and 

TF treatments are presented in the Table 4. The total bacterial gene abundances among the cropping 

systems demarcated at > log 9.0 level. The nitrification and denitrification gene levels ranged 6.4 –7.9 

log level. In general, tall fescue soils carried significantly higher abundances of total bacteria and all 

N cycling bacterial genes compared to the wheat-soybean cropping soils. Of the denitrification genes, 

nosZ gene reported the highest concentration for all cropping systems but with statistically similar 

levels. 

Table 4. Mean bacterial gene copy numbers of cropping system treatments. 

 TF WS WGS 

n 12 11 12 

16S rRNA 9.87 ± 0.06a 9.78 ± 0.06ab 9.63 ± 0.06b 

amoA 7.01 ± 0.1a 6.49 ± 0.1b 6.42 ± 0.1b 

narG 7.25 ± 0.06a 7.17 ± 0.06a 6.88 ± 0.06b 
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nirK 7.52 ± 0.04a 7.35 ± 0.04b 7.25 ± 0.04b 

nosZ 7.98 ± 0.05a 7.89 ± 0.05a 7.82 ± 0.05a 
Mean ± SE, Numbers with different letters for each bacterial gene within rows are significantly different (P<0.05). 

3.4. Relationship between total and soil nitrogen cycling bacterial gene abundances and soil chemical 

properties. 

Several soil chemical properties established significant correlations with the abundances of total 

and N cycling genes in the TF and wheat-soybean cropping systems (Table 5). In the TF system, soil 

OM emerged as the key factor controlling the abundances of all bacterial genes (r = 0.32 - 0.46) and 

the secondary factors were soil pH (amoA and narG; r = 0.37-0.46), NO3-N (amoA and narG; r = 0.30-

0.39), and the NH4-N (16S rRNA, nirK, and nosZ; r = 0.31-0.53). Soil pH dominated as the key factor 

controlling the abundances of all bacterial genes (r = 0.25 - 0.59) in the WS and WGS systems. The 

other soil factors that established significant correlations with the abundances of bacterial genes in 

the WS and WGS soils were soil OM (16S rRNA, amoA, and narG; r = 0.25 – 0.32) and NH4-N (nirK 

and nosZ: r = 0.35 – 0.42).  

Step-up multiple regression analysis (Table S2) revealed that in the wheat-soybean systems, 12% 

of the variation in 16S rRNA gene abundance and 25 – 40% variation in the N cycling bacterial genes 

were explained by the soil properties. The soil properties in the TF explained 15% variation in the 

total bacteria and 22%- 35% of variation in the N cycling bacterial genes (Supplementary Table S2).  

Table 5. Correlations between soil properties and the abundances of bacterial genes in the three 

cropping systems. 

Cropping system/ 

bacterial gene 
n pH OM NO3-N NH4-N 

TF 48     

16S rRNA  0.20 0.34** 0.18 0.31* 

amoA  0.37**  0.32* 0.39** 0.14 

narG  0.46** 0.46** 0.30* 0.17 

nirK  0.18 0.37** 0.18 0.53** 

nosZ  0.20 0.35* 0.13 0.52** 

WS/WGS 92     

16S rRNA  0.25* 0.30** 0.13 0.17 

amoA  0.59* 0.25* 0.16 0.12 

narG  0.46** 0.32** 0.14 0.18 

nirK  0.50** 0.12 0.03 0.42** 

nosZ  0.59** 0.06 0.04 0.35** 

Pearson’s correlation coefficients significant * P < 0.05 and ** P < 0.00. 

3.5. Spatial distribution of total and N cycling bacterial genes and soil chemical properties  

The spatial variability of total bacterial and N cycling bacterial gene abundances comprised over 

one order of magnitude (Figures 2b – 2f). The distribution of total bacteria (16SrRNA), nitrification 

(amoA) and denitrification (narG, nirK, and nosZ) genes described by different variogram models 

showed 141-187 m range spatial dependence (Table S.3). The kriged maps in Figures 2b-2f showed a 

south-east and north-west directional gradient for the distribution of all bacterial gene abundances. 

All bacterial genes were highly concentrated in the North and Northwest part of the landscape. 

Similarly soil pH also showed a spatial distribution pattern with high soil pH levels in the North and 

Northwest part of the landscape. 
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Figure 2. Kriged maps for the spatial distributions of soil pH and bacterial genes across the three 

cropping systems. (a) soil pH, (b) 16S rRNA, (c) amoA, (d) narG, (e) nirK, (f) nosZ. 

4. Discussion 

Various management practices can have distinct influences on soil microbial communities in 

agricultural systems and their ecological functioning. Understanding ecology of bacterial 

communities responsible for nutrient cycling and their relationships with local soil physicochemical 

properties is beneficial for improving productivity while enhancing the sustainability of agricultural 

systems. This 2 yr. study examined the abundances and distribution of total bacteria(16S rRNA)  and 

N cycling bacteria (amoA, narG, nirK, and nosZ) and soil properties of wheat– soybean cropping 

systems with 2-3 weeks of spring grazing (WGS) and without grazing (WS) and of tall fescue pasture 

system (TF) managed to near natural condition with similar grazing practice.  

Before initiating the experiment, all the three experimental fields had same land use history of 

tall fescue pasturing for beef cattle grazing. The WS and WGS fields were grown to summer soybean 

crop before planting the first winter wheat crop for the experiment in fall 2016. We conclude that 

similar initial soil pH, OM, and TN contents among the WS, WGS, and the TF reflected the effects of 

uniform management history of the experimental fields. The more frequent use of farm machinery 

for various field operations of summer soybean cropping resulted in significantly higher soil bulk 

density[52] in the WS and WGS soils. In addition, active uptake of soil NH4-N and NO3-N by the 

summer soybean crop and low mineralization of organic N induced by high soil compaction[53]  

may have caused the depletion of pre experimental NH4-N and NO3-N levels in the WS and WGS 

compared to the TF. The similar initial fertility levels that existed in the cropping systems offered an 

equally favorable conditions for microbial growth, thus no difference was detected for the initial 

abundances of total bacteria and N cycling bacterial gene among the cropping systems.  

The effects of different management disturbances of cropping systems were evident in this 

experiment. The TF soils that were managed to near natural conditions experienced with least 

disturbances (cultivation, fertilization, etc.) compared to the wheat-soybean cropping. Soil 

compaction, because of frequent cultivation is known to be an important problem that agriculture is 

facing [53]. Compaction disrupts soil’s physical integrity by modifying porosity and impeding gas, 
water, and nutrient movement and root growth in the soil profile [54]. In this experiment, both the 

WS and WGS soils that were planted to winter wheat-summer soybean double cropping were more 
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exposed to farm machinery for cultivation compared to the near naturally managed TF soils. In the 

wheat-soybean cropping, the WGS soils experienced 2-3 weeks of cattle grazing on wheat in the 

spring seasons compared to the WS. The higher mean soil bulk density in the wheat-soybean 

cropping soils compared to the TF supported the effects of higher soil compaction by the extensive 

use of farm machinery for wheat-soybean cropping [52]. However, the additional exposure to cattle 

grazing for 2 -3 weeks in spring did not significantly increase soil bulk density of the WGS compared 

to the WS without grazing component. However, there was slightly higher soil bulk density in the 

WGS. The shorter duration (2-3 weeks) of the grazing period and the short lifespan for the effects of 

soil compaction[52] could have attributed the similar soil bulk density of the WS and WGS soils.  

Different cropping and land use systems can pose significant effects on soil carbon and other 

soil nutrient contents, soil texture, and soil pH[55,56]  arising mainly from differences in plant 

species and associated management practices. The winter wheat- summer soybean cropping 

especially the WGS had significantly different soil biogeochemical properties from the tall fescue 

pasturing (TF). The soil pH in the TF consistently remained > 6.0 throughout, most likely was due to 

the undisturbed and consistent near natural management practice. The drop in the soil pH in the WS 

and WGS to < 6.0 could be a result of ammonia-based fertilization to wheat-soybean cropping and to 

the soil acidification by ammonia fertilization[52]. The range of soil pH observed in the winter wheat-

summer soybean soils was comparable to the levels (5.3 – 5.4) reported by  [57] for wheat-soybean 

double crop soil. Low level of nitrification and release of small number of protons can elevate soil pH 

in more compacted than in less compacted soils [52]. Results for soil pH did not agree with[52]  

where more compacted WS and WGS soils (higher soil bulk density) were more acidic than the TF 

soils with lower soil bulk density. We suggest that soil compaction may not be a significant factor 

influencing soil pH in the WS and WGS systems, but it could be the ammonia-based N fertilization 

and resulting soil acidification[52].  

Under the light near natural management, TF pasture growth before stockpiling was mow down 

to the soil. In the WS and WGS, winter wheat crop residues were removed from the fields in the form 

of bails and summer soybean crop residues were returned back to the soil. Thus there had been 

greater chance for higher input of crop residues to the TF soils compared to the WS and WGS. It has 

been shown that chemical composition of crop tissues influenced the decomposition rate of litter 

material [58,59]. The decomposition rate of plant residue is negatively correlated with the C: N ratio 

and hemicellulose content of plant tissues[58,60]. Soybean plant tissue has <15:1 C: N ratio and 100 g 

kg-1 DM hemicellulose content [59,60]. Analysis of crop residues from this study revealed (data not 

presented) that soybean crop residue contained 102-113 g kg-1 DM hemicellulose and tall fescue 

pasture tissue had 200-226 g kg-1 DM hemicellulose content. Based on the hemicellulose contents we 

expect higher decomposition potential for soybean crop residue than the TF pasture plant parts. 

Accordingly, we would expect that soils of WS and WGS to contain higher amounts of soil OM than 

the TF. In addition, soil compaction by farm machinery and grazing cattle resulted in poor aeration 

and hampered the mineralization of soil OM [53]. All the above facts suggest that wheat-soybean 

crop soils to contain higher soil OM than the TF soils. However, contrasting result from this study 

revealed that TF soils have higher soil OM levels than the WS and WGS soils. We postulate that loss 

of soil organic matter by cultivation [14] may have attributed the lower levels of soil OM detected in 

the WS and WGS soils. Thus, adoption of soil management practices with minimal disturbances 

would be beneficial to improve the soil OM levels in the wheat- soybean cropping systems.  

Total soil C content among the cropping systems within seasons varied in a manner similar to 

the soil OM content. In general, the TF soils were rich in total C than the WS and WGS soils. The 

higher total C level in TF could be explained by the associated higher soil OM levels. the lower levels 

of total soil C in the WS and WGS soils could be explained by the potential microbial burning of soil 

C induced by N fertilization [61]. However, the levels of total C (25.2 – 31.5 g kg-1) reported in the 

wheat-soybean cropping soils of this experiment was 3-4 times higher than the 8.08-8.34 g kg-1 

reported for winter wheat and soybean summer rotations [57]. 

The seasonal total soil N concentration variability was inconsistent among the cropping systems. 

In general, total N levels were similar between the TF and WS soils, but the levels in the TF was 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 April 2023                   doi:10.20944/preprints202304.0951.v1

https://doi.org/10.20944/preprints202304.0951.v1


 12 

 

significantly (P>0.05) higher than the WGS soils, especially during the fall seasons. There is a greater 

potential for denitrification in the more compacted soil [62]. The slightly higher soil bulk density of 

the WGS soils and potentially higher denitrification losses could support the consistently lower total 

soil N concentration in the WGS soil compared to the WS soils. The concentration of total soil N 

observed in this experiment (0.5-0.94  g kg-1) was 1-2 times higher than the  2.22-2.92 g kg-1 

previously reported for wheat-soybean crop rotations [57]. In general oxidation of ammonia is 

reduced in acidic soil condition [23]  because of the exponential reduction in NH3 availability with 

decreasing pH, through ionization to NH4+ [63]. On the other hand, mineralization of organic N to 

NH4+ is less favored in compacted soils [53]. We suggest that soil pH and soil compaction collectively 

attributed the similar levels of soil NH4-N detected in all the cropping systems. The levels of soil NH4-

N (9.5 -10.1  g kg-1) detected in the WS and WGS were comparable to the 8.0 g kg-1  reported by [57] 

for wheat-soybean crop rotations.  

Soil compaction can affect denitrification mainly through limited supply of soil aeration and by 

the indirect effects on N and C transformation. Soil compaction reduces soil pore diameter, increases 

water-filled pore space which in turn restricts oxygen diffusion within the soil leading to 

denitrification [62]. Because of higher soil bulk density, we would expect higher denitrification and 

lower level of NO3- N in the WS and WGS soils compared to the TF soils. However, this scenario was 

evident only in the fall 2018 season. There had been mixed responses during rest of the seasons, where 

the WS and WGS soils contained NO3 level similar to (spring/fall 2017) or higher than (fall 2018) the 

TF. These mixed responses could have resulted from the seasonal climatic differences, management 

practices (N fertilization), and the crops that occupied. In this experiment we noticed 3.3-11.5 mg kg-

1 soil NO3-N in the WS and WGS that was comparable to the levels (6.5-11.3 mg kg-1) reported by [57] 

for same crop rotation. Altogether tall fescue pasture system managed to near natural management 

conditions had higher soil pH, OM, and C concentration compared to the wheat-soybean cropping 

systems either with or without light spring grazing. However, the soil N dynamics in the tall fescue 

and wheat- soybean cropping systems are complex, unpredictable, and more likely be affected by 

management practices and local environmental factors. 

Greater heterogeneity of above ground crop residues, senescent roots, and root exudates in 

agriculture systems along with other management practices can create more variable habitable 

resource niches in soil [60] , thus agriculture systems can have different soil microbial properties 

[64,65]. The similarity of cropping history (under tall fescue pasturing) resulted in similar initial levels 

of 16S rRNA, amoA, narG, nirK, and nosZ gene copies among the cropping systems. Although 

previous research [66,67]  has shown higher microbial abundance in frequently disturbed soils than 

in weakly disturbed, it was noted that the TF soils with least disturbances (due to near natural 

management) had comparatively higher abundances of total and N cycling bacteria compared to the 

WS and WGS systems. The abundance of N cycling bacteria in some environments can be related to 

substrate availability [28]. Higher soil C storage provide a benign dwelling while supplying 

substrates for soil microbes [68] . Organic C compounds are suitable electron donors for biological 

metabolism and increase of organic C can stimulate the abundance of ammonia oxidizing and 

denitrifying bacteria [17,69]. We suspect that higher availability of labile organic substrate [70,71] 

from the OM in the TF system might have resulted in higher abundance of all bacteria. The mean 16S 

rRNA gene abundance observed in this experiment is consistent with the levels (108 -109) reported by 

[26] for agricultural soils.  

Autotropic ammonia-oxidizing bacteria have shown growing faster in neutral or slightly 

alkaline media [23]. The TF field managed to near natural condition had comparatively higher soil 

pH close to neutral; reported higher abundances of amoA gene (log 7.01; 1.0 x 107) than the more 

acidic WS/WGS wheat-soybean systems. The level of amoA genes found in the TF was comparable to 

those previously reported by [72] for unfertilized arable soils. Some studies have shown that chemical 

fertilization increased abundance of ammonia-oxidizing bacteria [73], while negative impacts of 

chemical fertilization have also been observed [74,75] . The lower levels of amoA gene detected in the 

WS and WGS could have been derived from the low soil pH resultant from NH4 based N fertilization. 

The lower levels of amoA gene copies in the WS and WGS further indicate the low dependency of 
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wheat-soybean cropping on biological nitrification. Both WS and WGS systems harbored similar 

concentrations of amoA genes and the levels were consistent with the concentrations found in 

fertilized soils [72].  

Although, some of the between group differences were not significant abundance of all 

denitrification genes followed a general trend TF > WS > WGS and mimicked the trend observed for 

soil OM and total C variations [76].  Recent studies [77,78] have shown that some denitrifiers can 

have a truncated denitrification pathway and lack the nosZ gene encoding nitrous oxide reductase. 

However, in this experiment the nosZ gene accounted for the highest abundance among the 

denitrifiers. The nirK and nosZ gene levels detected in this experiment were consistent with the levels 

for agricultural soils planted to winter wheat, wheat, and corn crops [26]. There is evidence that cattle 

grazing can alter soil physical properties and conditions affecting the size of communities and 

microbial processes [54]. In addition, cattle grazing can modify nutrient availability through the 

deposition of urine and feces and stimulate denitrification. However, the effect of change of soil 

properties by cattle grazing on the abundance of denitrifying bacterial communities was not evident 

in this experiment. Both WS and WGS harbored similar concentrations of denitrifying bacteria. We 

presume that 2-3 weeks of grazing period did not alter soil physical or chemical properties in the 

WGS considerably to show any significant change in the levels of the denitrifying bacterial 

concentrations.  

The significant correlations that existed for soil pH in the WS and WGS and soil OM contents in 

the WS and WGS with the abundance of all N cycling bacteria genes [17,73,76,79]  suggests that 

different management practices in the cropping systems had influenced the abundance of N cycling 

bacteria gene concentrations. Frequent mow down of tall fescue pasture in the TF that added more 

soil organic matter and N fertilization (ammonium fertilizer) to wheat-soybean cropping that 

reduced soil pH could be identified as such management practices. 

Characterization of bacterial distribution patterns at field-scale is important for understanding 

the ecology of bacterial communities at a scale compatible with land management strategies. The 

spatial variability of total and N cycling bacterial concentrations comprised over one order of 

magnitude with 141-187 m range spatial dependence and low nugget effects were consistent with the 

previous work by [39,41]. The range of spatial dependence observed for N cycling bacterial genes in 

this experiment was similar to the 130-140m range spatial auto correlation reported for ammonia 

oxidizing bacteria  across a 44 ha field [80]. The similar spatial distribution patterns of total and N 

cycling bacteria indicates that the abundances of all bacterial genes were controlled by same edaphic 

factor/s. The significant correlation and similarity of kriged maps for N cycling bacterial 

concentration and soil pH further confirmed soil pH as one of the influential factors controlling the 

abundance of bacteria at field scale. There may exist consistent favorable niches for bacteria growth 

in the North and Northwest part of the landscape to harbor higher bacterial concentrations. The 

management history of experimental fields showed that regular placement of supplementary feeders 

for grazing cattle occurred in the north- northeast parts. The more frequent animal roaming, higher 

animal congregation, and intensive manure and urine input to soils would have favored the bacterial 

growth in those areas. These results altogether indicated that the abundance of bacteria involved in 

soil N cycling are driven mainly by local environmental gradients that can be controlled by local 

management practices. 

5. Conclusions 

Quantification of bacteria involved in soil N transformations in agricultural systems helps 

expand our understanding on response of N- cycling microbial population to respective 

environmental disturbances. This study quantified soil physicochemical properties and abundance 

of 16S rRNA gene, N cycling bacterial genes, amoA, narG, nirK, and nosZ in wheat – soybean crop 

rotations with 2-3 weeks of spring grazing (WGS) and without grazing (WS) and in tall fescue 

pasturing system managed to near natural condition with similar grazing (TF). We explored the 

influence of three cropping systems on the abundance of total and N cycling bacteria and soil 

physicochemical properties. In addition, we examined the relationships between soil properties and 
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the abundance of bacteria and described field scale spatial distribution patterns. There existed a 

marked contrast of abundance of total and N cycling bacteria and soil properties between the 

cropping systems with higher abundances in the tall fescue pasture soils managed to near natural 

conditions. Soil OM and soil pH emerged as key factors to influence total soil bacteria and targeted 

N cycling gene abundances in the wheat-soybean and tall fescue pasture systems. Abundances of all 

bacteria genes of tall fescue and wheat-soybean cropping system soils were controlled by same 

edaphic factor/s which includes soil pH. There exists a potential to manipulate the abundance of N 

cycling bacteria by devising field scale management strategies targeting influential soil properties.  

Supplementary Materials: Table S1: Quantitative real-time PCR assays; Table S2: Summary of step-up multiple 

linear regression between abundance of nitrogen cycling bacterial genes and soil properties (n=48); Table S3: 

Semi-variogram parameters of total and nitrogen cycling bacteria and mean soil pH ; Figure S1 (a-b): Climatic 

conditions of the site during the experimental period. 
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