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Abstract

Nitrogen (N) is a critical nutrient for plant growth and essential for synthesizing amino
acids, proteins, and nucleic acids, which are fundamental for crop yield and quality. The
introduction of N fertilizers in the early 20™ century significantly boosted agricultural
productivity, meeting the demands of a growing global population. However, the widespread use
of N fertilizers has led to environmental concerns, particularly the emission of nitrous oxide
(N20), a potent greenhouse gas with a global warming potential approximately 300 times greater
than carbon dioxide (COz). Our comprehensive research study integrates three related
investigations, each exploring different aspects of N management in corn cropping systems,
including the efficacy of N-fixing microbial inoculants in mitigating N>O emissions, enhancing
fertilizer N recovery, and modeling N dynamics using the Denitrification-Decomposition
(DNDC) model.

The first study assessed the effectiveness of N-fixing microbial inoculants in reducing
N20 emissions and improving N recovery in corn production. Conducted from 2021 to 2023 at
the Agronomy North Farm at Kansas State University, the experiment employed a randomized
complete block design with N application rates of 0, 56, 112, and 168 kg N ha’!, both with and
without bioinoculants. N>O fluxes were measured bi-weekly using the static chamber technique.
N20 emissions increased significantly with higher N fertilizer rates, with the highest cumulative
emissions reaching 1.13 kg N>O-N ha'! in 2022. Most emissions occurred within the first 40 days
after planting, particularly in 2022, when precipitation events were more frequent. In 2023, N>O
emissions were lower and more evenly distributed throughout the growing season. Bioinoculant-
treated plots consistently exhibited lower N>O emissions than untreated plots, although these

reductions were not statistically significant. Emission factors (EF%) remained below the IPCC



default emission factor value of 1% across all treatments in 2022 and 2023. N>O emission-yield
curves had a significant linear trend with yield without bioinoculant application. However, there
was no apparent trend with bioinoculant application. These findings highlight the significant role
of N fertilizer rates in driving N>O emissions. The effect of bioinoculant on N>O flux was not
clear and non-significant.

The second study focused on N recovery in above-ground biomass and soil N dynamics
using a stable isotope '’N technique, which explored the effects of N-fixing microbial inoculant
across different growth stages and N application rates. Conducted over the same period and
location as the previous study, this study used micro-plots to accommodate >N fertilizer
treatments. In 2022, fertilizer N recovery ranged from 6.7% to 11.62% at R6 corn growth stage,
with the bioinoculant having minimal impact. However, in 2023, N recovery in biomass
increased significantly, ranging from 17% to 30.9%, with the greatest recovery observed at the
168 kg N ha'! rate with bioinoculant application. The lower N recovery in 2022 might be due to
significant early-season precipitation, which can potentially increase N losses by way of leaching
and denitrification. N2O emissions were higher in 2022, and more fertilizer N was recovered at
the 15-30 cm soil layer. Well-distributed precipitation in 2023 facilitated better N recovery in
above-ground biomass. Nitrogen immobilization was profoundly greater at 15-30 cm compared
to 0-5cm and 5-15cm, especially at lower N rates. Fertilizer N recovery as organic N ranged
from 8.7% to 28.3% at the harvest stage in 2023. Overall fertilizer N recoveries for both above-
ground biomass and below-ground soil pools were lower than most other N research studies.
The effect of N-fixing bioinoculant in N recovery was not clear. Long-term field trials need to be
implemented to investigate the impact of N-fixing microbial inoculant on N recovery in corn

biomass and soil profiles.



The third study employed the Denitrification-Decomposition (DNDC) model to simulate
cumulative N>O emissions under no-till, continuous corn management without bioinoculants.
The objective was to evaluate the model's accuracy in predicting N2O emissions and to assess its
sensitivity to varying environmental conditions, particularly precipitation. The model was
calibrated using 2022 data, incorporating daily precipitation and temperature inputs and fine-
tuning soil parameters such as bulk density, pH, and soil organic carbon obtained from the Web
Soil Survey database. The calibration process demonstrated strong accuracy, with a Mean
Absolute Error (MAE) of 0.016, Root Mean Squared Error (RMSE) of 0.023, Mean Bias Error
(MBE) of 0.016, and a Coefficient of Determination (R?) of 0.997. Validation using 2023 data
showed a slight decline in accuracy, with MAE of 0.056, RMSE of 0.067, MBE of -0.051, and
R? 0f 0.934, indicating a minor underprediction bias. The model effectively captured the
influence of precipitation on N>O emissions, accurately reflecting emission peaks during periods
of high rainfall. These findings validate the DNDC model's reliability in predicting N>O
emissions under specified agricultural practices and highlight the need for continuous evaluation
and recalibration to maintain predictive accuracy across different growing seasons.

In conclusion, these studies provide comprehensive insights into N management in corn
cropping systems, emphasizing the critical role of N application rates, the potential benefits and
limitations of bioinoculants, and the utility of modeling tools like the DNDC model in predicting
greenhouse gas emissions. The findings underscore the importance of integrating N-fixing
bioinoculants with precise N management strategies to enhance N use efficiency, improve crop
yields, and mitigate environmental impacts. However, the stage-specific and N rate-dependent

effectiveness of bioinoculants and the need for continuous model recalibration highlight the



complexity of N dynamics in agricultural systems and the necessity for ongoing targeted

research to optimize these practices for sustainable agriculture.
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(N20), a potent greenhouse gas with a global warming potential approximately 300 times greater
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(DNDC) model.
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N20 emissions and improving N recovery in corn production. Conducted from 2021 to 2023 at
the Agronomy North Farm at Kansas State University, the experiment employed a randomized
complete block design with N application rates of 0, 56, 112, and 168 kg N ha’!, both with and
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default emission factor value of 1% across all treatments in 2022 and 2023. N>O emission-yield
curves had a significant linear trend with yield without bioinoculant application. However, there
was no apparent trend with bioinoculant application. These findings highlight the significant role
of N fertilizer rates in driving N>O emissions. The effect of bioinoculant on N>O flux was not
clear and non-significant.

The second study focused on N recovery in above-ground biomass and soil N dynamics
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across different growth stages and N application rates. Conducted over the same period and
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treatments. In 2022, fertilizer N recovery ranged from 6.7% to 11.62% at R6 corn growth stage,
with the bioinoculant having minimal impact. However, in 2023, N recovery in biomass
increased significantly, ranging from 17% to 30.9%, with the greatest recovery observed at the
168 kg N ha'! rate with bioinoculant application. The lower N recovery in 2022 might be due to
significant early-season precipitation, which can potentially increase N losses by way of leaching
and denitrification. N2O emissions were higher in 2022, and more fertilizer N was recovered at
the 15-30 cm soil layer. Well-distributed precipitation in 2023 facilitated better N recovery in
above-ground biomass. Nitrogen immobilization was profoundly greater at 15-30 cm compared
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The third study employed the Denitrification-Decomposition (DNDC) model to simulate
cumulative N>O emissions under no-till, continuous corn management without bioinoculants.
The objective was to evaluate the model's accuracy in predicting N2O emissions and to assess its
sensitivity to varying environmental conditions, particularly precipitation. The model was
calibrated using 2022 data, incorporating daily precipitation and temperature inputs and fine-
tuning soil parameters such as bulk density, pH, and soil organic carbon obtained from the Web
Soil Survey database. The calibration process demonstrated strong accuracy, with a Mean
Absolute Error (MAE) of 0.016, Root Mean Squared Error (RMSE) of 0.023, Mean Bias Error
(MBE) of 0.016, and a Coefficient of Determination (R?) of 0.997. Validation using 2023 data
showed a slight decline in accuracy, with MAE of 0.056, RMSE of 0.067, MBE of -0.051, and
R? 0f 0.934, indicating a minor underprediction bias. The model effectively captured the
influence of precipitation on N>O emissions, accurately reflecting emission peaks during periods
of high rainfall. These findings validate the DNDC model's reliability in predicting N,O
emissions under specified agricultural practices and highlight the need for continuous evaluation
and recalibration to maintain predictive accuracy across different growing seasons.

In conclusion, these studies provide comprehensive insights into N management in corn
cropping systems, emphasizing the critical role of N application rates, the potential benefits and
limitations of bioinoculants, and the utility of modeling tools like the DNDC model in predicting
greenhouse gas emissions. The findings underscore the importance of integrating N-fixing
bioinoculants with precise N management strategies to enhance N use efficiency, improve crop
yields, and mitigate environmental impacts. However, the stage-specific and N rate-dependent
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complexity of N dynamics in agricultural systems and the necessity for ongoing targeted

research to optimize these practices for sustainable agriculture.



Table of Contents

LSt OF FIGUIES ..ttt ettt ettt et e st e e bt e s b e esbeesabeenbeessseenseesnseenseannnas Xiv
LISt OF TADIES ..ottt et sttt sttt et Xvil
ACKNOWICAZIMENES. ..ottt ettt ettt e e et e st e e bt esabeenbeesaseenseesaseenseesnseenne Xix
DIEAICALION ...ttt ettt et h et h ettt h et et be et saeens Xxil
Chapter 1 - INtrOQUCHION.........uiiiiieiieiie ettt ettt ettt et e st e e bt e saaeesbeessaeenseesnseenseeenns 1
1.1 NIFOZEN FIXALION ....eeiuiieiieeiiieiie ettt ettt ettt e et e et e e s aeebeesateesseaesbeenseessseenseessneenseas 3
1.2 Soil biological nitrogen fIXAtiON ..........c.eevieriieriieniieiie ettt ettt sae e e seaeeneees 4
1.3 Nitrous OXide EMISSIONS ...c..eeviruieriiriiniieiieientteieeitescete sttt sttt sttt st 5
1.4 Biological denitrification inhibition.........cceevuieriieriieriieiiieiiece e 7
1.5 The fate of nitrogen in terrestrial €COSYSIEMS .. ...ccuvieriieriieriieeieeiie ettt 8
1.6 Bioinoculants: potential benefits and ecological cONCerns..........cocevveveevienienernienienieenne. 11
RETETEICES ...ttt ettt sttt ettt et st e b enees 16

Chapter 2 - Nitrous oxide (N20) flux in maize cropping systems with a nitrogen-fixing microbial

TIOCULANE ..ttt et b ettt b e et s bt et et e sbe e bt eaaesaeenee 30
2.1 TEEOAUCTION. ...ttt ettt ettt et st e bt et e e bt e s bt et eaeenbeenees 32
2.2 Materials and MEthOdS .......cc.uevuiriiiiiiiiieeec e 36

2.2.1 SEUAY SIE...evieuieiieiieieteste ettt ettt ettt ettt ettt s et e et st e e bttt eneent et et e tenbenbenaea 36

2.2.2 Nitrous 0Xide MEASUTECINENLS ........evueeueriiertieteritenteetesitesteeteettesteestesseesseeseesresieensesaeens 38

2.2.3 StatistiCal ANALYSIS ...cc.eeiiieiiieeiiecie ettt et aeeneas 40
2.3 RESUILS ..ttt ettt sttt b et nae e 41

2.3.4 Growing season precipitation and water-filled pore spaces (WFPS%) .........ccccevuene. 41

2.3.5 Daily N2O flux for the growing season, 2022-2023 .........ccccooeerierenieneeienreneerenens 42

2.3.6 Cumulative N2O @MISSIONS ..c..verureriiiieriieniieteetenteete sttt e sttt e st et eseesaeeaesanens 43

2.3.7 EMISSION FACLOT ..c.vviniiiiiiiiiiietecitesie ettt ettt sttt et sae e saee 45

2.3.8 N2O emiSsiONS-YIEld CUIVE ......ccciiiiiiiiiieiieieeieece et 45
2.4 DISCUSSION ...ttt stt ettt sttt et s bt e bt eatesb e et e s st e s bt et e e st e sbeenbesatenbeenbeeutenbeennesneenseenees 46
2.5 CONCIUSION ...ttt ettt ettt b et s at e bt et e eatenbeenbeeaeenbeenees 52
RETETEICES ...ttt ettt sttt ettt et st e b enees 53

xii



Chapter 3 - Denitrification and decomposition model simulation for continuous corn inoculated

with a nitrogen-fixing microbial inoculant.............ccoocceeviiiiiiiiieiien e 71
3.1 INEEOAUCHION. ...ttt ettt et b e et ebe et e e sae e b enees 72
3.2 MEthOAOIOZY ...ttt ettt ettt e et e snb e e bt e sabeensaeenbeenbeennne 77
3.3 Calibration and validation............ccceriiriiriiiieniieeiesceeee ettt 78
3.4 Model performance MELIICS .......c.ueeuieriierieeriieeieeiteeteeieeeteeaeesreeteesateebeesabeeseesnseenseenens 80
3.5 RESUILS .ttt ettt et b ettt et nbe s 81

3.5.1 Use of microbial activity index as a calibration optimization tool in DNDC model... 87
3.6 CONCIUSION ...ttt ettt st sae bt et sbt e bt eatesaeenbeenees 89
RETETEICES ...ttt ettt sttt ettt et e b enees 90

Chapter 4 - Nitrogen fertilizer in corn cropping system inoculated with N-fixing microbial

bacteria: "N iS0tope fertilizer StUAY ..........ccvovevieverieeieiiceeeeeee e 104

4.1 TEOAUCTION. ...ttt ettt ettt b et e b e st e et satesbe et eseenbeeneeseens 105
4.2 METHOAOLOZY ...ttt ettt ettt e et e st e et e e e st e esbeeesbeenseeenbeenseassseenseas 109
4.2.1 Study site and experimental deSIZN.........ccueevuieriiiiieriiieiierie et 109
4.2.2 Microplot establishment and N 1abeling ..............ccceveevirveiereieeieieieeeeeeeeeeene, 110
4.2.3 Plant and S01l SAMPING .....c.eeviiiiiiiiiieiieeiieeee et e 110
4.2.4 5N enrichment analySis ...........cccovveveieierieeerieeteeeeeteee ettt s 111
4.2.5 Data and statistical analysis ..........cccieriieriiieniiniieiecie e 111

4.3 RESUILS ...ttt ettt ettt sttt et b et eaten 112
4.3.1 Nitrogen fertilizer recovery in above-ground biomass ...........cceevveevierieenieenieenieenne 112
4.3.2 Fertilizer N recovery (kg N ha'!) in the soil profile as organic N...........c..cocoeveueneenee. 113
4.3.3 Fertilizer N recovery in the soil profile as inorganic N ...........ccccceeviiniiienieniiienieenne, 118

4.4 DISCUSSION ...ttt ettt ettt ste et e sat e s bt et eatesbe et e ebeesbeenbeestesbeenbesatesbeenbeestenbeensesneens 122
4.5 CONCIUSION ...ttt ettt ettt a et e b e sb e et sat e s bt et e eatenbeeseeaeens 126
RETETEICES ...ttt ettt et sttt et beeae it 127
Chapter 5 - Conclusions and Future Work ...........cccccoociiiiiiiiiniiiccecceee e 144
5.1 FULUIE TESCATCH....uiiiiiiiiiciieciie ettt sttt sttt s 147
APPENAIX A = CRAPLET 2 ..ottt ettt ettt et e et e st e et e e s sbeebeesabeesseessneeseesasaens 149

xiii



List of Figures

Figure 1.1. The nitrogen cycle in agricultural SyStems. .........cceeueeriierieiiieiierieeee e 29
Figure 2.1. Precipitation (2022). Daily precipitation totals were measured from the Mesonet
tower managed by the Department of Agronomy at Kansas State University. Corn planting
and fertilizer application on June 19, 2022. ........cccueeiieiiiriieiieeie et 60
Figure 2.2. Precipitation (2023). Daily precipitation totals were measured from the Mesonet
tower managed by the Department of Agronomy at Kansas State University. Corn planting
and fertilizer application on April 26, 2022, ........cccociivieiiniiniiieceeeee e 60
Figure 2.3. Daily N>O flux measurements in kg N>O-N ha"! for the 2022 growing season. ....... 61
Figure 2.4. Daily N>O flux measurements in kg N>O-N ha™! for the 2023 growing season. ....... 61

Figure 2.5. Cumulative N2O flux measurement 2022..........ccceveevieriinienienienieienieseee e 62
Figure 2.6. Cumulative N2O flux measurement 2023..........cccevieviiriinienenieneeenee e 63
Figure 2.7. Cumulative N2O flux measurements for 2022. .........cccooouevieniniinieneniieneeeeieneenne 64
Figure 2.8. Cumulative N2O flux measurements for 2023. .........cccevviiniiiiniienieneneneeeee e 64
Figure 2.9. Water-filled pore spaces percnt for 2022 ..........cocveviiiiniinieninieneeenesceeeee e 65
Figure 2.10. Water-filled pore spaces percent for 2023........cc.coiiviriinieiiniienieeneeneeeeee e 65
Figure 2.11. Emission factors for 2022 and 2023 ..........cccoviiiinienienienieneeieeeerieee et 66
Figure 2.12. N>O emission-yield curve -2022 (LiN€Ar) ........cccueevuierieeiieniieiieeieeiie e eiee e 67
Figure 2.13. N>O emission-yield curve — 2023 (LiN€ar) ........cceeceerieeiieenieeiieeieeiee e eiee e 68
Figure 2.14. N2O emission-yield curve -2022 (quadratic and linear).........c.cccoceevervvenveneniennne. 69
Figure 2.15. N2O emission-yield curve 2023 (quadratic and linear) ..........cccceveevereenveneniennne. 70
Figure 3.1. DNDC model key parameter flow framework (DNDC 9.5 Scientific basis and
PTOCESS) t.nutteeitieeiteeeriteeeatteeetteeeateeesatteeeaseeesabaeeeabaeeaaseeeaaseeenasaeensseeensseeennseesnsseesaneeesnseeennseeenns 98
Figure 3.2. Denitrification and decomposition model (Li et al., 2006) .........cccceevverrrenreennennnen. 99

Figure 3.3. Growing season precipitation and N>O flux measured and simulated in June 2022 to
September 2023. Daily-scale modeled and measured N>O fluxes (kg NoO-N ha ') (A, B, C,
D) and precipitation (mm) (E, F) for the years 2022 and 2023 continuous no-tilled corn.
Panel (A, B) shows the modeled and measured daily flux at 168 N rate, where arrows

indicate fertilization dates. Panel (C, D) shows the modeled and measured daily flux at 0 N

X1V



rate or control plots. Panel (E, F) shows the precipitation from the growing season on June
20™, 2022, to the end of the growing season on September 4", 2023. ..........c.cocvevevevrnrnnnne. 100
Figure 3.4 Measured vs. modeled data (2022 calibrated & default), The scatter plot compares
measured data with modeled data for the year 2022 using both calibrated and default model
settings. Blue circles represent the calibrated model data points, while green crosses
represent the default model data points. The red dashed line is the 1:1 line, indicating
perfect agreement between measured and modeled values. the metrics inside the figure
provide quantitative measures of the model performance. ...........ccccceceriininiiiniinennennne 101
Figure 3.5 Measured vs. modeled data validation using 2023 measured data. The scatter plot
compares measured data with modeled data for the year 2023. Using both calibrated and
validated model settings. Blue circles represent the calibrated model data points, while
green crosses represent the model data points. The red dashed line is the 1:1 line. The
metrics inside the figure provide quantitative measures of the model performance. ......... 102
Figure 3.6 Measured vs. modeled data validation using 2023 measured data including
bioinoculant-treated plots. The scatter plot compares measured data with modeled data for
the year 2023. Using both calibrated and validated model settings. Blue circles represent the
calibrated model data points (including bioinoculant) while green crosses represent the
model data points. The red dashed line is the 1:1 line. The metrics inside the figure provide
quantitative measures of the model performance. ............ccooceeviiiiiiiniiniieniececeeeee, 103
Figure 4.1. Microplot location in the whole plot. The microplot’s area was 2.4m2, and its
location changed each year, as described by the figure. .........ccocooviiiiniiininie, 133
Figure 4.2. Setup for Trapping Released NHs Using Acidified Filter Paper. This figure shows the
process of placing acidified filter paper on top of the specimen cup using SS wire and
mixing the KCL solution with glass beads. .........cccecerieriiniinieniiiiiieeeeeeeeee 134
Figure 4.3. Post-incubation setup: Retrieved filter papers on foam platform................ccccu.e.... 135
Figure 4.4. Precipitation (2022). Daily precipitation totals were measured from the Mesonet
tower managed by the Department of Agronomy at Kansas State University. Corn planting
and fertilizer application on June 19, 2022. ........cccooviieiiiiiiiiiieiie ettt 136
Figure 4.5. Precipitation (2023). Daily precipitation totals were measured from the Mesonet
tower managed by the Department of Agronomy at Kansas State University. Corn planting

and fertilizer application on April 26, 2023........cccoiviiiiiiiiienieeeieeee e 136

XV



Figure 4.6. Fertilizer N recovery percentage (%) at V8, VTR1 and harvest (grain and plant
stover) in above ground biomass for 2022 & 2023. Nitrogen rates are 0,56, 112, and 168 kg
N ha'! as urea fertilizer. The same lower-case letters are not significantly different at
O=0.05. ettt ettt a e 137
Figure 4.7. Fertilizer derived N (kg ha'!) at V8, VTRI and harvest (grain and plant stover) in
above ground biomass for 2022 and 2023. Nitrogen rates are 0,56, 112, and 168 kg N ha™! as
urea fertilizer. The same lower-case letters are not significantly different at a=0.05. ....... 138
Figure 4.8. Fertilizer N recovery percentage in soil (0-30cm) at V8, VTR1, and R6 for 2022 &
2023. Nitrogen rates are 0,56, 112, and 168 kg N ha™! as urea fertilizer. The same lower-case
letters are not significantly different at 0=0.05. .........cccceoiriiriiniiiineeen 139
Figure 4.9. Fertilizer N recovery (kg N ha'!) as organic N in soil (0-30cm) at V8, VTR1 and R6
for 2022 & 2023. Nitrogen rates are 0,56, 112, and 168 kg N ha'! as urea fertilizer. The
same lower-case letters are not significantly different at 0=0.05. ..........ccccevvieririenenenne. 140
Figure 4.10. Soil nitrate ('’NOs) kg N ha'! at V8, VTR1, and harvest in 0-30 ¢cm soil profile ('°N
enriched plots). Nitrogen rates are 0,56, 112, and 168 kg N ha'! as urea fertilizer. The same
lower-case letters are not significantly different at 0=0.05. ...........cceeeieriiiiiiiniiiinieeieeee. 141
Figure 4.11. Soil nitrate (NOs™ ) mg NO3™-N kg! in each stage for 2022 and 2023.Nitrogen rates

are 0,56, 112, and 168 kg N ha'! as urea fertilizer. The same lower-case letters are not

significantly different at 0=0.05.........cccooiiiiiiiiii e 142
Figure 4.12. Total precipitation for the growing season, first 40 days, and first 10 days after

planting and fertilization for 2022 and 2023...........coieiiiiiniriiee e 143
Appendix Figure A.1.Precipitation (2021). .....ooeeviiiieniiiiiieiecieeeeeeseeee e 149
Appendix Figure A.2. Daily N>O flux measurements in kg N>O-N ha! for the 2021 growing

SEASOIL. ...ttt ettt ettt ettt et et ea e bt e bt b e s h bt e e h b e e a e bt e ab e et b e e e eanes 149
Appendix Figure A.3 Cumulative N2O flux measurement 2021 .........cccevieveeiienienenneneeneenne. 150

XVvi



List of Tables

Table 2.1. Analysis of variance (ANOVA) results of cumulative N>O flux measurement for

Table 2.2. Cumulative N2O flux measurement for 2023, .....oooiviiiiiiiiiiiiii 44

Table 3.1. Default parameters and tested parameter ranges that were used to optimize the DNDC

Table 4.1 Fertilizer N recovery percentage in above-ground biomass at each stage in 2022 and

2023 and analysis of variance (ANOVA) ......cooiiiiiiiiieieeteeee ettt 113
Table 4.2 Distribution of fertilizer N (kg N ha'!) in the soil as organic N in each stage/depth in
2022/2023 and analysis of variance (ANOVA) to a depth of 0-30 cm..........cccevuveevrennennne. 114
Table 4.3 Fertilizer N recovery in the soil as organic N in each stage/ depth in 2022 and 2023 and
ANOVA ADIE ..ottt sttt 115
Table 4.4 Fertilizer N recovery in the soil as organic N in each stage in 2022 and 2023 and
analysis of variance (ANOVA) to a depth of 0-30 cm. ......... Error! Bookmark not defined.
Table 4.5 Tuckey HSD post-hoc test for N recovery percentage as organic N across different soil
AEPLNS. 1.ttt ettt e e bt e et e e st e enbeenaeeenbeenneas 117
Table 4.6 Fertilizer N recovery in kg N ha'! (0-30cm) in the soil as inorganic N at each stage in
2022 and 2023 and analysis of variance (ANOVA). ....cccoeciieiiiiiieieeie e 118
Table 4.7 Fertilizer N recovery percentage in the soil as inorganic N in each stage in 2022 and
2023 and analysis of variance (ANOVA). ....c.oooiiiiiiiiieiecieeee et 119
Table 4.8 Fertilizer N recovery percentage in soil as inorganic N in each stage/depth in 2022 and
2023 and analysis of variance (ANOVA). ....c.oooiiiiiiiiieiecit et 120
Table 4.9 Tuckey HSD post-hoc test for N recovery percentage as inorganic N across different
SOTL AEPTRS. ..t ettt et sttt e eenbeenneas 121
Table 4.10 Grain yield for the years 2022 and 2023...........ccceeviiiiiiinieeieeie et 122

Xvil



Table 4.10 Precipitation summary for the growing season of 2022 and 2023. ............ccceevenee 125

xviii



Acknowledgments

I would like to express my deepest gratitude to my major professor, Dr. Charles Rice, for
his invaluable guidance and support and for providing me with the greatest opportunity of my
life to work in the Soil Microbiology and Agroecology Laboratory. Opportunities like this are
rare for students like me, and I am profoundly grateful for the chance to work under his
mentorship. The discussions and the advice he offered helped me sharpen my knowledge and
shift my perspective toward soil science and climate change research studies. Dr. Rice was a
constant source of support during the challenging moments of my academic and personal life,
and I am forever thankful for his presence and mentorship.

I am also grateful to my committee member, Dr. John Blair, for his valuable advice and
guidance from the very first day I took his ecology class. His broad perspective on ecological
systems expanded my thinking and enriched my understanding of ecology as a whole. I would
like to sincerely thank my committee member, Dr. Dorivar Ruiz Diaz for his insight from a
farmer's and extension perspective, which greatly enhanced my research outlook. I would also
like to extend my gratitude to my committee member Dr. Eduardo Santos for his discussions and
support, particularly regarding micrometeorology and greenhouse gas-related research.

I would like to extend my sincere gratitude to Dr. Ganga Hettiarachchi, my former
committee member during my Master’s program and the advisor of the Sri Lankan Student
Association. She provided constant support throughout the ups and downs of my academic
journey. I am also grateful to the Department of Agronomy, all the professors, and my fellow
graduate students for the invaluable experiences I gained throughout my graduate career.

Special thanks to the past and current members of the Soil Microbial Agroecology

Laboratory for their technical support and friendship, especially Dr. Edwin Akley, Dr. Johanie

XiX



Rivera-Zayas, Dr. Tiffany Carter, Dr. Jerry Hsiao, Noortje Notenbaert, Dr. Marcos Sarto, Dr.
Carlos Pereira, James Lin, Will Davis, and all other previous lab student workers. I am
particularly grateful to our lab manager, Priscila Marchioro, and to all the current postdocs,
graduate students, and student assistants who supported me during my studies. A special
acknowledgment goes to Wagner Squizani, my research partner, who played a pivotal role in
helping me throughout this journey. Dr. Steephanson Anthonymuthu for his support with
statistics and data analysis and to Chinthaka Weerasekara for various technical support.
Additionally, I am grateful to Dr. Damith Patabandige and Dr. Indika Edirisinghe for their
encouragement and motivation throughout my journey, which inspired me to keep moving
forward.

I want to thank Kansas State University and the United States of America for giving
international students like me such valuable opportunities. I am also grateful to John Ranum and
his family, who helped me adjust to U.S. culture and became good friends when I originally
moved here. [ would also like to thank all my Sri Lankan friends in Manhattan, Kansas, for their
friendship and support.

I extend my gratitude to my previous advisors at Cloud County Community College,
including Dr. Gwen Carnes, Ms. Cathy Troupe, Ms. Cynthia Lamberty, and Mr. Bob Forman, for
their advice and friendship during my time there. Further, I would like to thank my teachers and
friends at my alma mater, Richmond College, Galle, Sri Lanka, for their guidance and support.

A heartfelt thank you to my brother, Mr. Hithaisha Wanithunga, who has been the pillar
of our family and the breadwinner since my teenage years. His unwavering support and
guidance, both in managing everything back home in Sri Lanka and throughout my life, have

been invaluable. I am deeply thankful to my mother, late Mrs. Amara Dahanayaka, and to my

XX



late father, Mr. Henry Wanithunga, for everything they have given me and for shaping me into
who I am today. Also, I would like to thank all my relations for their support in many ways.
Finally, I am profoundly grateful to my family for their unwavering patience, support,
and encouragement throughout my studies. My heartfelt thanks go to my wife, Nilusha, whose
love, support, and sacrifices have made this journey possible. She has always been there for me,
creating every opportunity for my success. To my children, Ranudi and Ryen, your love has been

a constant source of motivation during this long and rewarding journey.

XXi



Dedication

This dissertation is dedicated to all the soil scientists, researchers, and educators who are
tirelessly working to advance our understanding of climate change and its impacts. Their
relentless efforts to research, educate, and raise awareness inspire and motivate me. I am deeply

grateful for their commitment to addressing one of the most pressing challenges of our time.

xxil



Chapter 1 - Introduction

Nitrogen (N) is a biologically essential element vital for the biotic synthesis of the
foundation of life components such as protein, RNA, DNA, etc. The element N is present in the
atmosphere (~78%) as di-nitrogen gas with a triple covalent bond, which requires higher
breaking energy to make it available as reactive N (N;) (Kitadai and Maruyama, 2017). All
living organisms directly utilize the reduced form of N as ammonium or as an enzymatically
reduced version of N during the N assimilation process (Zerkle and Mikhail, 2017). Nitrogen-
fixing microorganisms are responsible for fixing atmospheric N to Nr through natural biological
processes while additional N is fixed anthropogenically in the modern day by the Haber-Bosch
process. However, before the evolution of N-fixing microorganisms, N; transformed abiotically
in the earth’s primordial atmosphere through photochemical reactions. The processes of the N
cycle are tightly interconnected with both biotic and abiotic interactions within the soil
ecosystem (Stein and Klotz, 2016; Doane, 2017). The N cycle has been studied extensively as it
can be considered the cornerstone of productivity, which is coupled with the lithosphere,
hydrosphere, and atmosphere; yet there are many challenges to be solved in the N cycle itself
with the changing climate (Gruber and Galloway, 2008; Zerkle and Mikhail, 2017; Nations

Environment Programme, 2019).

Nitrogen is critical for crop growth and food production. It is crucial to manage the global
agricultural lands for food production to meet the food demand with the increasing global
population. Ensuring economic and agronomic profitability while minimizing environmental
impact is crucial for sustainable crop production in a carbon-based market. Farmers can generate

carbon credits by adopting practices that reduce greenhouse gas emissions and enhance carbon



sequestration, benefiting from carbon incentives or selling these credits (Ekins and Zenghelis,

2021; Department of Agriculture, 2023; Phelan et al., 2024).

Many studies have shown that 50% or more of N fertilizer applied in cropping systems is
lost (Tilman et al., 2002; Malinas et al., 2022; Griesheim et al., 2023). Schlesinger, (2009)
reported 150 Tg N yr'! was applied to the land surface anthropogenically, and a portion of that
accumulated in the terrestrial biosphere for several decades. Further, the study revealed that 10%
of N applied globally was available in food, and another portion was lost through runoff to
watersheds, streams, and oceans, leached to groundwater, or denitrified as gases to the

atmosphere.

Global agriculture occupies ~37% of the earth's surface and accounts for considerable
greenhouse gas (GHG) emissions, including N>O (Smith et al., 2008). The US EPA estimated
that 10.6% of total GHG emissions in the US were attributed to the agriculture sector (US EPA,
2023). The excessive use of fertilizer in agriculture systems has degradedsoil systems,
specifically in agricultural lands (Kopittke et al., 2019). Energy use, land use, land use change,
lifestyles (transportation and diet preferences), and patterns of consumption have led to an
increase in global GHG concentrations, which cause climate change (Calvin et al.,
2023).Continuing global population growth with an increase in per capita food production and
the demand for meat consumption can increase N>O emissions in the future (Reay et al., 2012.
Xia et al., 2023). Further, extreme weather conditions in crop lands could emit 80 times more
emissions than the baseline scenario based on a deep-learning study by Elberling et al. (2023).
Improving N use efficiency in agricultural production is a crucial strategy to mitigate N>O

emissions (Reay et al., 2012).



Soil microbial communities play a vital role in ecosystem functions and services, which
are integrated with the plant-soil nutrient cycles and resistance to soil pathogenic effects (Jacoby
et al., 2017; Arif et al., 2020). To address the growing demand for food while reducing the
environmental footprint, a deeper understanding of the N cycle (Figure 1.1) and the development

of innovative N management strategies are essential.

1.1 Nitrogen fixation

There are four main types of N sources for the entire biosphere, natural atmospheric
deposition, organic fertilizer inputs such as manure, synthetic fertilizer produced through the
Haber-Bosch process, and biological N fixation. (BNF) (Clark et al., 2013). Total overall N
fixation globally was estimated to be 413 Tg N Yr! (Flower et al., 2013).The Haber-Bosh
process generates 120 Tg N Yr!. In the agricultural systems, BNF is responsible for 60 Tg N Yr-
!, In addition to that BNF generates 58 Tg N Yr! and 140 Tg N Yr! to terrestrial and marine

ecosystems' (Flower et al., 2013).

Nr compounds in the atmosphere are returned to earth during atmospheric deposition
through rain or snow. In-cloud scavenging and below-cloud scavenging are two types of wet
depositions. Further, gaseous and N; components are deposited back to the earth's surface
without being involved in precipitation events. Overall natural atmospheric N deposition is lower
than BNF human-induced N fixation methods. Lighting-induced N, deposition is also considered
an atmospheric deposition, accounting for approximately about 5 Tg N yr'l. Further, the dry and
wet deposition of N; accounted for 70 Tg N Yr! to the earth's surface and 30 Tg N Yr! to the

marine ecosystem (Flower et al., 2013; Bebber, 2021).



Adding excessive amounts of anthropogenically fixed N or industrially manufactured N
fertilizer to cropping systems disrupts the natural global N cycle (Socolow, 1999). Therefore, it
is paramount to explore alternative viable N fixation strategies to fill N demand in the global
agriculture sector. Exploring potential solutions from the soil itself is important, as it would
promote sustainable agriculture systems and reduce the environmental impact and social cost

involved with N.

1.2 Soil biological nitrogen fixation

Soil biological nitrogen fixation (BNF) is the reduction of atmospheric di-nitrogen (N2) to
ammonium (NH4") under localized anaerobic conditions by specific soil microbes called
diazotrophs (Zerkle and Mikhail, 2017). They are a phylogenetically diverse microbial group,
including bacteria and archaea, in different environmental conditions (Vitousek et al., 2013).
Further, N fixers can belong to obligate acrobes or obligate anaerobes communities (Boyd and
Peters, 2013). BNF can be categorized as symbiotic N fixers, non-symbiotic N fixers, associative
and free-living N fixers. Free-living N fixers occurred 1.5 to 2.2 billion years ago, and symbiotic
N fixation occurred 59 million years ago. Free-living N fixers occurred in more diverse and
variable conditions over symbiotic N fixers (Smercina et al., 2019). The mutualistic relationship
between rhizobia and legume is a form of symbiotic N fixation, which has been extensively
studied. The breaking of N triple bonds is a highly energy-demanding task that requires 16 ATP

to fix one molecule of N> (Zerkle and Mikhail, 2017; Roley et al., 2019), as shown below.
8H* +8e~ + N, + 16ATP = 2NH; + H, + 16ATP + 16P,

The overall N fixation process is carried out by the nitrogenase enzyme, which involves

multiple genes for the entire N fixation process (Bothe et al., 2010). Three different forms of



nitrogenase enzyme are based on the enzyme structure's metallic components. Molybdenum
(Mo), Vanadium (V), and Iron (Fe) are the three metals involved in the catalytic site of the
nitrogenase enzyme (Einsle and Rees, 2020). Many factors affect BNF, including the availability
of N; in the environment, level of oxygen (O), substrate availability, and the availability of other
micronutrients (Mo, V, Fe) for enzymatic activity (Rucker and Kagar, 2024). Nitrogenase
denatures when it is exposed to aerobic conditions. Therefore, many O»-protecting mechanisms

were inherited by N-fixing microbes (Vitousek et al., 2013).

Symbiotic biological N fixation (BNF) has been widely studied in cropping systems, with
soybean-related N fixation being prominent in crop rotations; however, other N-fixing and cover
crops have also been extensively studied (Peoples et al.,1995). Associative N-fixing bacteria are
associated with the roots where root priming or root exudates are used for their energy
(Dommelen and Vanderleyden, 2007; Roley et al., 2019). Still, free-living N fixers can also live
in the rhizosphere and use available carbon substrates for energy. The use of associative N fixers
as biofertilizers is a trend in the present agriculture sector and it will be discussed in the later part

of this chapter.

1.3 Nitrous Oxide Emissions

The highly potent greenhouse gas, nitrous oxide (N20), has increased in concentration in
the atmosphere since the beginning of the industrial era and is a critical component of climate
change (Jones et al., 2023). In the United States, total N>O emissions accounted for ~ 6.2% of the
total GHG budget in 2021 while agriculture contributed ~75% of total N>O emissions, which
was ~ 294 MMT COz eq (USEPA 2023). The global warming potential of N2O is approximately

~300 times that of atmospheric CO; over a 100-year time frame (Vallero, 2019). Further, N>O



gas contributes to ozone depletion in the stratosphere (Crutzen, 1970; Crutzen and Oppenheimer,
2008). The global warming potential of N2O is higher than CO> due to the longer atmospheric
resident time of N>O (~114 years) compared to atmospheric CO2 (100 years) and stronger ozone
depletion gas (Aneja et al., 2019). The troposphere accumulation of N>O gas is transparent to the
incoming short-wave radiation, but it absorbs outgoing long-wave terrestrial radiation, which
leads to a rise in the temperature of the earth’s surface (Braker and Conrad, 2011). Therefore,

discussing the N>O production process in the terrestrial soil N cycle is important.

Soil microbes mediate most of the soil N>O production through denitrification and
nitrification processes(Braker and Conrad, 2011; Cameron et al., 2013). Firestone and Davidson,
(1989) discussed the conceptual model of the N gas leaky pipe in the N cycle during nitrification
and denitrification. Apart from that, dissimilatory nitrate reduction to ammonium potentially

produces N>O (Braker and Conrad, 2011).

Nitrification is an oxidation reaction that converts NH3 to NOs™ in aerobic conditions by
nitrifying microbial groups (Firestone and Davidson, 1989) in a two-step process known as
nitritation and nitratation. Nitritation is the oxidation of NH3 to NO; and nitratation is the
oxidization of NO> to NOs™ (Ayiti and Babalola, 2022). In the agricultural systems the
nitrification process results in approximately 50% N loss as NO3"is more prone to physical loss
from soil systems through leaching and denitrification. The factors affecting nitrification are
salinity, organic matter concentration, substrate, temperature, pH, C: N ratio, and oxygen levels
in the system (Ward, 2008). This process is governed biologically by ammonia-oxidizing
bacteria, ammonia-oxidizing archaea, and nitrite-oxidizing bacteria (Beeckman et al., 2018).
Further, complete ammonia oxidation (comammox) involves the direct, one-step conversion of

ammonium to nitrate by the Comammox organism. Nitrospira bacteria, or complete ammonia-



oxidizing bacteria, have been studied by many researchers (Zhu et al., 2022). Due to higher
potential fertilizer loss during the nitrification process, the use of nitrification inhibitors was

suggested by many studies (Beeckman et al., 2018; Ayiti and Babalola, 2022) .

Nitrous oxide has been identified as a significant contributor to the increase in global
mean surface temperature, as highlighted in the IPCC's Sixth Assessment Report (IPCC, 2023),
alongside CO2 and CH4, which play a critical role in driving the observed warming. The IPCC
report suggested that the estimated range of total human-induced global surface temperature
increase during the periods of 1850 to 1900 and 2010 to 2019 was likely between 0.8°C and
1.3°C. Global N2O emissions were calculated mainly through bottom-up and top-down
approaches, and many uncertainties were recorded. Emission factor (EF) is a standard bottom-up
method that estimates the N>O emission based on total N inputs (Walling and Vaneeckhaute,
2020). Various emission factors have been introduced, and according to IPCC guidelines for
national greenhouse inventories, the default EF to estimate N>O emission from managed soil is
1%, which can vary with different climatic regions, weather conditions, and site-specific

characteristics (Liang and Noble, 2019).

1.4 Biological denitrification inhibition

During the biological denitrification inhibition, biological compounds limit the
competition between denitrifying organisms and roots over available NO3™ in the system
(Galland et al., 2019). Certain flavonoids, like procyanidin, inhibit the denitrifying bacterial
activity in the rhizosphere; thus, root availability of NO3" in the rhizosphere increases and
assimilates accordingly. Lack of NO3 eventually reduces the denitrification process and reduces

the N>O flux during the process. Most of the time, soil microbes outcompete plant roots to



assimilate N, at least in the short term. However, some plant species can gain a higher portion of
plant available N (mostly NH4") by developing secondary metabolites and taking control of
available N in the rhizosphere (Wang et al., 2021b) . Some Brachiaria species’ exudate
secondary metabolites to inhibit nitrification to gain an advantage over the highly competitive
environment in the rhizosphere (Bardon et al., 2014; Galland et al., 2020). Microbes drive the
denitrification process, which is aided by transmembrane transport. During this process,
periplasmic nitrate reductase enzymes reduce nitrate (NO3") within the system. Procyanidins
inhibit membrane-bound nitrate reductase which leads to lower N>O production in the process.
Bardon et al., (2014) suggested that the invasive species Fallopia spp reduces N>,O emissions by

95% in the soil.

1.5 The fate of nitrogen in terrestrial ecosystems

The enormous production of synthetic fertilizer to keep up with the global population
demand for food has massively changed the availability of N; on earth and perturbated both the C
and N cycles (Gruber & Galloway, 2008). Disrupting natural nutrient cycles can lead to
unprecedented, costly outcomes in the future. Plant N uptake occurs through both active enzyme-
driven mechanisms and passive processes like mass flow, where dissolved nutrients move to
plant roots as they absorb water, as well as through diffusion (Adhikari et al., 2023). Maize is a
highly N-dependent crop and it uses higher N fertilizer than most cereal crops. Therefore, the
maize cropping system is prone to higher N losses if it is not managed productively (Quan et al.,
2021a).

Plants take up N as ammonium (NH4"), nitrates (NO3°), or as lower-weight amino acids

or proteins (Masclaux-Daubresse et al., 2010; Paungfoo-Lonhienne et al., 2008; Rentsch et al.,



2007). Plants prefer NH4* over NO3™ due to the energy cost involved in the assimilation of the N
compound to the plant tissues under N deficiency condition (Zayed et al., 2023). A balanced N
supply is critical for optimal root development in plants, as both excessive and deficient levels
can adversely affect root branching. Ammonium (NH4") is often the preferred form of N, capable
of stimulating lateral root branching. However, elevated concentrations of NH4" can inhibit the
elongation of primary and lateral roots. Similarly, nitrate (NO3") concentrations in the soil can
either promote or suppress the growth of lateral and primary roots, depending on their levels (Jia
and von Wirén, 2020). Thus, the availability and composition of N forms in the soil are key
regulators of root architecture, with significant implications for overall plant productivity.

Given the critical role of N in plant growth, global N inputs intro agricultural systems
have increased substantially over the past decades. The chemical transport model simulation by
Ackerman et al., (2019a) indicated an 8% increase of inorganic N globally by 86.6 to 93.6 Tg N
Yr! from 1984 to 2016. Total cropping system N inputs including synthetic fertilizer, organic
fertilizer, biological N fixation, and atmospheric N deposition were approximately four times
higher in 2010 (161 Tg N Yr!) than in 1960 (40 Tg N Yr™!). Further, synthetic N fertilizer input
increased from 57% (48 Tg N Yr!) in 2000 to 2015 globally. Nitrogen surplus, which is the
difference between N inputs and harvested output, increased by 16 to 86 Tg N Yr! from 1961 to
2010 (Zhang et al., 2021).

US Midwest maize cropping systems can cause significant health and environmental
costs due to N fertilizer management practices. These costs were considered 6 times greater than
the profit earned by the farmers (Goodkind et al., 2023). US Midwest maize production accounts
for 20% of global maize production which is 60% of the US total maize production (Goodkind et

al., 2023). Schlesinger (2009) has shown the various losses associated with the anthropogenically



altered N cycle and its potential higher impact on the environment and lives. Goodkind et al.
(2023) calculated that the pollution cost coefficient of NoO was $66.81/kg N>O emission and

$0.22 /kg NO5™ for NO3™ leaching.

There are higher uncertainties that occur in the evaluation of the negative impacts and
costs involved with N fertilizers. The societal impacts and economic burdens due to N; vary
spatially, and therefore, it is important to evaluate based on the site-specific conditions (Keeler et
al., 2016).Any stage of a cropping system involves energy costs and GHG emissions associated
with the processes. A life cycle assessment of N fertilizer production and utilization in cropping
systems involves many GHG emissions throughout the processes. Gao and Cabrera Serrenho
(2023) evaluated the GHG gas emission from synthetic N fertilizer and manure production. They
assessed that 2.6 Gt CO: -equivalent is associated with the production and use of N synthetic

fertilizer and Manure (Gao and Serrenho, 2023)

Strategic scenarios were proposed to overcome the challenges involved with N use in
cropping systems. Houlton and coworkers highlighted five-pronged strategies: Rapid
improvement of N use efficiency, getting N to where it is needed, removing N pollution from the
system, reducing food waste, and low-carbon food print diets to reduce the GHG emissions
(Houlton et al., 2019). Nitrogen use efficiencies can be increased with many strategies if the N
losses are mitigated with different N application scenarios while adopting novel techniques such
as soil microbial inoculants and other related products of management techniques (Anas et al.,

2020,Maitra et al., 2022).
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1.6 Bioinoculants: potential benefits and ecological concerns

Bio-inoculants are defined as living or dormant microorganism strains mainly from
bacteria, fungi, algae, or a combination of them directly or indirectly stimulating the soil nutrient
cycles for the benefit of plant growth (Shahwar et al., 2023). The use of microbial-mediated
bioinoculants in the agriculture sector started in the 19th century, and has increased immensely
in the past decade and is about to gain more market presence in the future (Massa et al., 2022;
Montoya-Martinez et al., 2022). The bioinoculants or plant growth-promoting organisms
(PGPMs) or root colonizing rhizobacteria (PGPR) are considered as an alternative or addition to
synthetic fertilizers (Maitra et al., 2022b; O’Callaghan et al., 2022; Olanrewaju et al., 2017).
Recently, besides having single strains, using a consortium of strains for the cropping systems
was also suggested (Canfora et al., 2021; Seenivasagan and Babalola, 2021). Using such
bioinoculants for global crop production systems sounds sustainable and a promising alternative
for mitigating environmental effects. Therefore, the availability of microbial-mediated

bioinoculants in agriculture will increase with time.

Genetically modified or engineered soil microbial products are available for various
agricultural applications. The agronomic and economic benefits of using microbial bioinoculants
in crop production have been discussed extensively (Maitra et al., 2022b; O’Callaghan et al.,
2022). The soil is a highly heterogeneous medium, and a foreign microorganism's survival is
challenging due to the competition for resources and predators. However, the impact of such
bioinoculants on native or resident soil microbial communities and their functions has not been
discussed comprehensively. Long and short-term temporal effects on native microbial
composition and their functions need to be investigated comprehensively for regulatory

compliance and to test the overall efficacy of sustainable ecosystems ’services and functions.
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Recently introduced N-fixing bacterial strains were genetically engineered and have a
competitive advantage over the native soil microbes. Klebsiella varicella strains available in the
market can fix atmospheric N with or without exogenous N content availability in the soil
systems(Wen et al., 2021). Nitrogen-fixing bacteria typically alter their N fixation process when
there is an excess amount of N in the soil. When developing these strains, the regulatory genes
were removed and took the competitive advantage over the Indigenous N-fixing diazotrophs in
the systems (Wen et al., 2021). Such developed bacterial strains have the capability of harnessing
more resources temporally or spatially over the native microbes. Anthropologically induced
microbial inoculants might be able to out-compete some taxa and use existing resources to
spread and grow (Mawarda et al., 2020). If the invader has specific traits, it gives them access to
more resources and may promote soil nutrient changes. Using the same bacterial variant
seasonally for a longer period for crop production might create a higher competitive environment
and alter native microbial diversity. Failure of such invasion by microbial invaders also can
cause impact soil microbial communities by shifting the niches and larger shifts can occur with
less diversified communities (Mallon et al., 2018). Jack et al. (2021) suggested three ways
microbial inoculants may cause unintended consequences; adopting a parasitic/pathogenic
lifestyle, escaping to natural habitats other than the applied fields, and disrupting ecosystem
services. Further, they suggested that human-mediated actions might amplify microbial invasion,

such as repeated application of inoculants.

Extended use of microbial inoculants may change or alter the soil microbial composition,
eventually pushing toward alternative stable states in particular ecosystems (Beisner et al., 2003).
Further, the resilience of such ecosystems is at stake if the system's diversity gets diluted when

considering the “diversity-stability hypothesis”. A study on the impact and temporal succession

12



trajectories of native soil communities with varying levels of diversity, following invasion by
Bacillus mycoides (BM) and Bacillus pumilus (BP), showed that the invasion could affect the
resident community regardless of its success. However, a stronger impact was observed when the
invader successfully established itself in the community (Mawarda et al., 2022). Further, they
observed the Alpha diversity, richness, evenness, and phylogenetic diversity in the invaded soil

microbiomes by BM were significantly different between treatments.

The introduction of a commercially available AMF inoculant in pea cultivation survived
and altered the relative abundance of eight native AMF taxa, which was site-specific (Islam et
al., 2021). Further, they suggested that competing with residence taxa depends on climate
conditions. A bioinculant for managing the soil-born fungus disease in banana cultivation
induced general pathogenic suppression (Fu et al., 2017). Moreover, the inoculant created a
broader microbial shift in the soil mesosphere. They suggested that bioinoculants were the
primary driver in reducing fungal abundance, causing general disease suppression (Fu et al.,
2017). Wang et al., (2021)evaluated the impact of microbial inoculants on native microbial
communities and functions at different time points. Periodic inoculation affected the succession
of resident bacterial communities in bulk soil, with abiotic factors such as soil temperature,
moisture, and pH playing a role in shaping these changes. Furthermore, the native microbiome
exhibited temporary resistance to bioinoculant applications, but its resilience was disrupted by
repeated inoculations. They suggested that the second inoculation made noticeable changes in
the native microbial community structure. The periodic use of bioinoculants and their persistence
in the soil are discussed in the agriculture sector to gain more agronomic benefits Wang et al.,

(2021c).
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The novel-developed bioinoculants challenge the dynamics of the soil microbial
communities and their functions. Therefore, it is necessary to investigate the direct and indirect
effects of bioinoculants on the soil ecosystem to establish a sustainable ecosystem. Microbial
invasion frameworks that are linked to microbial bioinoculants have been discussed (Mawarda et
al., 2020). Ecological secondary succession could be possible after the long-term use of
bioinoculants in the agroecosystems, potentially removing keystone species and leading to an

ecological tipping point

Disturbance of native soil microbial communities can occur in response to the
introduction of alien species that has the potential to invade the native community or shift the
diversity. In contrast, the native community may be highly resistant to such invasion, specifically
in the bulk soil systems. Soils with more diverse native communities have a greater ability to
exploit and compete for available resources. However, if the alien species can overcome the
native biotic resistance, the displacement of the non-resilient microbiome is a possibility.
Previous studies have shown that invasive species can leave a footprint in new environments and
have a legacy effect on native communities. A microcosm study inoculated with E. coli strains
was monitored for 120 days and the native communities were not resistant to invasion and native

bacterial diversity declined (Xing et al., 2021).

Cornell et al. (2021) found that inoculation significantly affected soil microbial diversity,
and those effects were mediated by inoculant type, diversity, and disturbance regime. Fungal
diversity was not affected by the inoculation, but the bacterial communities changed. Mawarda et
al. (2020) reported that 86% of their studies in a meta-analysis suggested that inoculants

modified soil microbial communities in agricultural systems. Moreover, regarding the long-term
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effects of these inoculants, 80% of studies reported that the native microbial communities failed

to revert to their original state following inoculation (Mawarda et al., 2020).

Several conceptual models have been proposed to elaborate on the potential negative
microbial effect in native soil microbial communities. Mawarda et al. (2020) proposed four
mechanisms that changed the soil microbial dynamic after inoculation. During the initial phase
of inoculation, a new microbial strain with an initially higher population may compete with the
native taxa for resources and might stimulate unrelated taxa multiplication. Non-established
bioinoculants may leave lasting changes and unoccupied niches in the systems. Further,
antagonism and synergism between bioinoculants and native soil microbial communities can
occur. Moreover, bioinoculants can affect native communities by modifying the rate and
composition of exudates released by plant roots (Dos Santos and Olivares, 2022). It is indeed a
challenge to evaluate the inoculation-induced changes in any ecosystem. Investigating the long-
term persistence of microbial inoculants, their impacts, or their footprints in the ecosystems and

understanding the cascading effect would be a demanding task for researchers in the future.

A comprehensive evaluation of soil N dynamics is essential for advancing our
understanding of soil N dynamics. Enhanced empirical research endeavors are pivotal in
unraveling the complexities of soil N dynamics, thereby facilitating the development of more
accurate predictive mechanisms for future cropping system scenarios. This chapter delves into
the fundamental biological concepts underlying the 