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1. General Introduction 

1.1.1 Nitrogen fertilization and losses in agroecosystems 

Nitrogen (N) is among the nutrients required in the most extensive amounts by crops cultivated 

worldwide. Consequently, the current agricultural systems rely on high inputs of nitrogenous 

fertilizer. For example, the International Fertilizer Association estimated that the global 

consumption of N in agriculture reached 109 Mt in 2022 (IFA, 2022). Unfortunately, the N use 

efficiency (NUE) in agroecosystems is usually equal to or lower than 30% because N is 

subjected to several loss pathways (Subbarao et al. 2015). Such N loss pathways include 

ammonia (NH3) volatilization, nitrate (NO3
-) leaching, and gaseous N release during 

nitrification and denitrification processes (Figure 1). Gaseous N losses comprise nitric oxide 

(NO), nitrous oxide (N2O), and dinitrogen (N2) gases. Such N losses are associated with water 

and air pollution, depletion of ozone in the atmosphere, and climate change. The latter is owing 

to the enormous global warming potential of N2O, which is 273 times greater than CO2 (Gao 

and Cabrera Serrenho 2023). N2O is also the main ozone destroyer in the atmosphere 

(Ravishankara et al. 2009). The Food and Agriculture Organization of the United Nations (FAO) 

indicated that agri-food systems accounted for 80% of the total anthropogenic N2O emissions 

in 2019, mainly because of N fertilizer application. Additionally, in the same year, the use of 

N-based fertilizers on agricultural soils was responsible for N2O emissions equivalent to 1.5 Gt 

CO2eq arising from applications of livestock manure (0.9 Gt CO2eq) and synthetic fertilizers (0.6 

Gt CO2eq) (FAO, 2019).  

 

Figure 1. Simplified N cycle in agroecosystems demonstrating the main N loss pathways and 

the potential of nitrification inhibitors for mitigating NO3
- leaching and N2O emissions. 
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1.1.2. Nitrification and denitrification processes 

Ammonium-based fertilizers (urea, anhydrous NH3, (NH4)2SO4 and NH4NO3) comprise 

commonly N forms applied in agricultural soils (Coskun et al. 2017). Moreover, urea is the 

main N source utilized worldwide because of its high N concentrations and, consequently, 

greater cost-benefit. After urea-hydrolysis in soil, NH4
+ or NH3, depending on soil factors such 

as pH that drive deprotonation/protonation reactions, are subjected to nitrification. Nitrification 

is the oxidation of NH4
+ to NO3

- driven by ammonia- and nitrite-oxidizing bacteria (AOB and 

NOB). The AOBs (i.e., Nitrosomonas spp., Nitrosococcus spp.)  initiate the nitrification process 

by oxidizing NH4
+ to hydroxylamine (NH2OH), which is catalyzed by the enzyme ammonia 

monooxygenase (AMO), and then oxidize NH2OH to nitrite (NO2
ī) via hydroxylamine 

oxidoreductase (Figure 2). Subsequently, NOB (i.e., Nitrobacter spp.) completes the process by 

producing NO3
ī via the enzyme nitrite oxidoreductase. Nowadays, it is also known that a 

broader range of soil microbes, such as archaeal and fungal nitrifiers, can play a role in 

nitrification (Hayatsu et al. 2008). Moreover, the ócommamoxô bacteria (complete ammonia 

oxidizers) of the genus Nitrospira can run both oxidative steps (Daims et al. 2015). The 

denitrification process is the sequential reduction of NO3
ī to NO2

ī, NO, N2O, and N2 (Coskun 

et al. 2017). This also can be performed by a broad group of microorganisms, including 

bacterial, fungal, and archaeal denitrifiers.  

 

 Figure 2. The nitrification process with associated enzymes and the action of a nitrification 

inhibitor inactivating the ammonia monooxygenase enzyme. Adapted from Di et al. (2014). 

In summary, nitrification causes detrimental effects on NUE and on the environment because it 

can emit N2O directly via NH2OH oxidation and nitrifier denitrification (reductive reaction 

sequence NO2
ī Ÿ NO Ÿ N2O) (Kool et al. 2011; Coskun et al. 2017). Furthermore, nitrification 

produces NO3
ī, which has much greater soil mobility than NH4

+ and is easily leached, likely 

causing groundwater contamination. Soil NO3
ī is also the substrate for the denitrification 

process, and it can produce substantial amounts of N2O. Therefore, nitrification inhibitors (NIs) 

have been proposed to increase the NUE and reduce N2O release from agroecosystems (Grados 

et al. 2022; Zhang et al. 2024).  
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1.1.3 Application of nitrification inhibitors 

The application of NIs has been extensively studied and utilized worldwide in the last decades 

to reduce NO3
ī leaching and N2O release. The NIs inhibit nitrification by inactivating the AMO 

enzyme, blocking the first step of nitrification (Figure 2) (Yildirim et al. 2023). This reduces N 

leaching because NH4
+ is less soil mobile than NO3

ī while N2O release from nitrification and 

denitrification processes is also mitigated. The most utilized NIs are Dicyandiamide (DCD), 2-

chloro-6-(trichloromethyl)-pyridine (Nitrapyrin), and 3,4-Dimethylpyrazole phosphate 

(DMPP) (Ruser and Schulz 2015). In addition, the NI 3-Methylpyrazol combined with Triazol 

(MP+TZ; commercial name PIADINÈ) is commonly used in Germany. The nitrification 

suppression following NI application has been ascribed to the ability of NIs to chelate Cu2+ 

ions, which function as cofactors of the AMO enzyme (Ruser and Schulz 2015; Corrochano-

Monsalve et al. 2021). However, more recently, Bozal-Leorri (2022) suggested that the mode 

of action of DMP-based NIs is not exclusively dependent on their nature as metal chelators, 

evidencing that the exact mode of action of NIs is still unknown (Zhang et al. 2024).  

The efficiency of NIs has been confirmed by several studies (Guo et al. 2021, 2022a; Ribeiro 

et al. 2023, 2024a). For instance, in a meta-analysis, Abalos et al. (2014) indicated that NIs can 

increase crop yield and NUE by +7.5% and +12.9%, respectively. In addition, SNIs can reduce 

dissolved mineral N leaching by 42% (Yang et al. 2016). The reduction in N2O emissions was 

shown to range between 21 and 62%, considering data reported in meta-analyses comprising 

studies carried out in diverse regions worldwide (Akiyama et al. 2010; Qiao et al. 2015; Feng 

et al. 2016; Gilsanz et al. 2016; Thapa et al. 2016; Fan et al. 2022; Ribeiro et al. 2023). However, 

several factors can impact the effectiveness of NIs, such as temperature, moisture, pH, texture, 

organic carbon content, tillage, the choice of NI, and fertilizer types and rates (Ribeiro et al. 

2023). Therefore, some studies have indicated that NIs failed to retard nitrification and mitigate 

N2O emissions under specific conditions. For instance, Mazzetto et al. (2015) and Nauer et al. 

(2018) found that N2O emissions from cattle urine and urea applications were not reduced by 

DCD and DMPP, respectively.  

1.2. Factors impacting the effectiveness of nitrification inhibitors 

There is a critical research gap in identifying the factors that drive the effectiveness of NIs. 

Reports showing that NIs did not reduce N2O release were mostly from field experiments. Such 

experiments are influenced by several uncontrolled factors, such as temperature and rainfall, 

that directly affect the growth and activity of soil microbial communities. Thus, identifying the 

underlying mechanisms leading to the ineffectiveness of NIs from such experiments is 
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impracticable. Therefore, this PhD dissertation assessed factors that may impact the 

effectiveness of NIs. This was performed by carrying out several incubation and greenhouse 

experiments under controlled and semi-controlled conditions. A series of NIs were tested using 

different combinations of soil water content, pH, texture, irrigation method, and N rates. This 

PhD dissertation provides novel information about which NIs present greater effectiveness and 

which soil conditions decrease their efficiency, suggesting underlying mechanisms for such 

effects. This will probably lead to future field research on this topic, maximizing the potential 

of NIs to reduce N losses from agroecosystems and preventing their miss utilization.  

1.2.1. Temperature 

Soil temperature regulates the activity and growth of soil microorganisms, impacting the 

biodegradation of organic compounds such as NIs. Men®ndez et al. (2012) found that 

temperatures between 10 and 20 ÁC did not affect DMPP soil persistence. For DCD, Kelliher 

et al. (2008) indicated that increasing temperature strongly diminished DCD half-life, and this 

effect was much more pronounced at warm (i.e., 25 ÁC) than at cold temperatures (i.e., 5 ÁC). 

Similarly, Guardia et al. (2018) showed that both DCD and DMPP have their half-life decreased 

by an increase in temperature, but DCD was more sensitive than DMPP. Furthermore, Mazzetto 

et al. (2015) and Barneze et al. (2015) observed that DCD did not mitigate N2O emissions from 

cattle urine patches in grasslands, probably due to warm temperatures. This PhD dissertation 

did not investigate the effect of temperature because it has already been extensively studied in 

previous work (Guo et al. 2022b). 

1.2.2. Soil moisture and drying-rewetting cycles 

The effectiveness of NIs has been broadly evaluated concerning different soil moisture levels 

(Men®ndez et al. 2012; Barrena et al. 2017; Guo et al. 2022b; Zhang et al. 2023b). Soil moisture 

regulates the primary source of N2O emissions because nitrification and denitrification are 

performed by aerobic and anaerobic microorganisms, respectively. Furthermore, soil microbial 

activity and biodegradation of organic compounds are known to have a parabolic relationship 

with soil moisture. Thus, it is expected that the biodegradation of SOC is minimal in extremely 

dry or wet conditions. At the same time, the highest biodegradation occurs at a soil moisture 

level where the water and oxygen availability are optimal (Wang et al. 2016). Consequently, 

higher soil moisture, up to a threshold considering oxygen availability, likely increases the 

biodegradation of NIs and might reduce their effectiveness. However, previous studies reported 

that NIs significantly reduce nitrification and N2O release irrespectively of the soil water 

content (Guo et al. 2022b). This effect is ascribed to diminished AOB populations and increased 
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relative expression of the nosZ gene that encodes the N2O reductase enzyme (Torralbo et al. 

2017). 

Interestingly, the efficiency of NIs under soil drying and rewetting cycles had not been explicitly 

studied before the present study (Ribeiro et al. 2024b). It has been shown that soil drying and 

rewetting cycles can lead to intense N2O pulses from soil because of several factors that promote 

microbial activity and denitrification (Pezzolla et al. 2019). These factors include the 

breakdown of aggregates and exposure of protected soil organic C (SOC). In addition, the 

release of accumulated soluble substances due to microbial cell rupture after sudden rewetting 

may stimulate chemical reactions and microbial activity (Liu et al. 2018) (Figure 3). Finally, 

soil drying and rewetting might reduce the effectiveness of NIs owing to enhanced microbial 

activity, which might accelerate their biodegradation. This PhD dissertation includes the first 

evaluation of the effect of soil drying rewetting on the effectiveness of NIs 

 

 

Figure 3. Illustration of how soil drying and rewetting triggers soil N2O emissions upon 

rewetting. 

1.2.3. Soil texture 
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+ within the soil. Thus, it is an important 

factor controlling NI effectiveness. Zerulla et al. (2001) and Barth et al. (2019) reported that 
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charged, which promotes its lower mobility owing to binding to silt and clay particles. Like 

DMPP, NH4
+ is also positively charged; thus, their soil mobility has been suggested to be similar 

(Zerulla et al. 2001). In contrast, the higher mobility of DCD may cause its leaching and spatial 

separation from NH4
+, especially in sandy soils, reducing its effectiveness (Barth et al. 2019; 

Byrne et al. 2020). Furthermore, the effect of soil texture on other NIs, such as MP+TZ, is still 

poorly understood. 

1.2.4. Nitrification inhibitor type  

Besides the above-mentioned differences regarding the physicochemical differences of NIs that 

regulate their mobility according to soil texture, the choice of NI may also have to consider 

other factors. For instance, Marsden et al. (2016) reported higher microbial uptake and 

degradation of DCD relative to DMPP, while no differences in the sorption of these inhibitors 

to soil matrix were found. Therefore, it might be possible that the higher effectiveness of DMPP 

shown in some studies could be because of differences in biodegradation rather than soil 

mobility.  Guardia et al. (2018) suggested that other factors, such as soil pH, availability of 

metal oxides, and soil organic matter content, may drive the sorption to soil and the 

effectiveness of DCD and DMPP. 

The NI application rate is an important factor to consider (Ribeiro et al. 2023). DMPP is 

efficient at very low rates and is consistently applied at 1% of the applied NH4
+-N in previously 

published studies. In addition, the EU fertilizer regulations indicate that allowed DMPP rates 

are between 0.8 and 1.6% (w/w) of the total NH4
+-N and/or urea-N in the fertilizer (European 

Commission 2014). In contrast, DCD requires higher rates to promote significant effects, and a 

rate of 10% has been commonly utilized in previous studies (Guardia et al. 2018; Rojas-Pinzon 

et al. 2024). However, EU regulations limit the DCD rates to 2.25 and 4.5% (European 

Commission 2014). There are reported contamination risks associated with DCD. For instance, 

researchers from New Zealand reported that DCD was found in milk owing to its application 

in pastures of dairy cows. This led to the removal of synthetic nitrification inhibitors in the New 

Zealand market in 2013 (Adhikari et al. 2021). Therefore, it might be possible that DCD is less 

effective than DMPP when its rate is limited to a maximum of 4.5%; however, this rationale 

requires confirmation. 

1.2.5. Surface and subsurface drip irrigation methods 

Drip irrigation is among the mitigation measures to abate N2O emissions from agricultural soils 

(Grados et al. 2022). Likewise, Kuang et al. (2021) showed that drip irrigation decreased N2O 
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release by 36% relative to sprinkler and flood irrigation owing to the more frequent watering 

with lower water volumes. Avoiding excessive watering can mitigate both nitrification and 

denitrification processes (Wang et al. 2023). In addition, the joint utilization of drip irrigation 

and NIs can further reduce N2O emissions (Ma et al. 2018). Drip irrigation can be done via 

surface and subsurface. Some studies have suggested that subsurface drip irrigation might be 

more efficient in reducing N2O emissions. In drip irrigation, the soil water content and microbial 

activity are higher in the soil near the drippers, while oxygen concentration is diminished. Thus, 

under subsurface drip irrigation, N2O is mainly produced in anaerobic microsites near the 

drippers located in deeper soil layers. Consequently, the longer N2O residence time in the soil 

during upward diffusion up to the soil-atmosphere interface may enhance the N2O reduction to 

N2 (Kuang et al. 2019). For instance, Wang et al. (2022) demonstrated that the irrigation pipe 

burial depth of 30 cm lowered N2O release relative to shallower burial depths. Finally, the 

combined usage of NIs and subsurface drip irrigation provides various mechanisms to reduce 

N2O emissions (i.e., frequent and low water volume application, reduced nitrification and 

denitrification, enhanced N2O reduction to N2) (Ribeiro et al. 2024a). However, data about the 

effectiveness of different NIs considering contrasting soil textures under surface and subsurface 

drip irrigation are lacking. Such a study is necessary to identify whether or not these two N2O 

mitigation measures have additive effects. 

1.2.6. Soil pH 

Soil pH regulates the deprotonation of NH4
+ to NH3, and it affects the activity of different soil 

ammonia oxidizers owing to their different affinities for NH3 (Jung et al. 2022; Rojas-Pinzon 

et al. 2024). Likewise, ammonia-oxidizing archaea (AOA) demonstrated to be the prevalent 

ammonia oxidizer in some acidic soils (Li et al. 2018). Moreover, NIs might target AOB rather 

than AOA, so their efficiency on acidic soils might be hampered. Acidic soils commonly present 

inherent low nitrification rates, which might lead to unnoticeable differences between soils 

treated or untreated with NIs (Rose et al. 2020). In contrast, other researchers reported that NIs 

were effective in acidic soils (Oliveira et al. 2022). Therefore, it is evident that the effect of soil 

pH on NI effectiveness still requires clarification. 

1.2.7. Nitrogen application rate 

The nitrogen rate is commonly reported not to impact the effectiveness of NIs. This is because 

NIs are applied according to the N rate (i.e., DMPP is applied at 1% of the applied NH4
+-N 

and/or urea-N). However, considering that NIs are subjected to biodegradation, it might be 

possible that low rates of N and, consequently, of the inhibitor shorten the NI effect.   
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Considering N2O emissions, NIs directly reduce N2O release from nitrification and indirectly 

diminish N2O from denitrification by decreasing soil NO3
ī concentration. Furthermore, 

previous studies indicated that NIs may favor the N2O reduction to N2 because of the lower soil 

NO3
ī concentrations. The reason is that NO3

ī competes with N2O as an electro-acceptor under 

soil anoxic conditions (Senbayram et al. 2019). Increased soil pH (i.e., due to liming) also 

promotes N2O reduction to N2 because it favors the assembly of the nitrous oxide reductase 

enzyme (Zhang et al. 2023a). Therefore, it is likely that under strong reductive soil conditions 

(i.e., temporary waterlogging due to heavy rainfall), when denitrification becomes the main 

source of N2O, the indirect effects of NIs are not significantly different from untreated soils 

with high pH. This might be true, especially under low to medium N rates in which the 

difference between soil NO3
ī concentrations of NI-treated and untreated soils is insufficient to 

cause substantial impacts on the end product of denitrification. Finally, emissions of N2O 

following heavy rainfall commonly account for most of the cumulative yearly emissions (Zhao 

et al., 2024). Thus, understanding if NIs are ineffective under such conditions can support our 

understanding of underlying mechanisms leading to their failure to mitigate emissions reported 

elsewhere (Nauer et al. 2018). 

1.3. Objectives 

Agriculture is a major source of anthropogenic N2O emissions, a potent GHG that is also 

associated with ozone depletion in the atmosphere. Moreover, applying NIs has demonstrated 

great potential to reduce N2O release from agricultural soils. However, several soil factors (i.e., 

soil drying and rewetting, and pH) can influence the effectiveness of NIs. Understanding if and 

how these factors interact and regulate the performance of NIs is a critical research gap. This 

should be addressed to promote the correct utilization of NIs in agriculture and maximize their 

N2O release mitigation potential.  

Therefore, this PhD dissertation investigated the effectiveness of NIs by carrying out several 

incubation and greenhouse experiments under controlled and semi-controlled conditions. The 

inhibitors DCD, DMPP, and MP+TZ were evaluated using different combinations of soil water 

content, pH, texture, irrigation method, and N rates. For this purpose, changes in soil pH, soil 

concentration of NO3
ī and NH4

+, N2O emission, N2O/(N2O+N2) product ratio of denitrification, 

and the composition of bacterial soil communities were measured. 

In this context, the following questions were addressed. 

¶ Does soil drying and rewetting reduce the effectiveness of nitrification inhibitors? Does 

it depend on soil texture and inhibitor type? 
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¶ Do utilizing NIs and subsurface drip irrigation have additive effects on reducing N2O 

release? Which nitrification inhibitors are more effective considering surface and 

subsurface drip irrigation in differently textured soils?  

¶ Does acidic soil pH reduce the effectiveness of NIs in suppressing nitrifying 

microorganisms and nitrification? Do soil pH and N rate regulate the effect of DMPP 

on mitigating N2O production and promoting N2O reduction to N2 from soils subjected 

to temporary waterlogging?
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