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   ABSTRACT 

 

Nitrates ( −
3NO ) are one of the principal contaminants in ground water. Excess nitrate in 

ground water is known to cause serious illnesses such as methemoglobinemia, and 

cancer. In addition to the adverse impact on the health of humans, excess nitrate is known 

to have unfavorable effects on the ecosystem. One of the major contributors to nitrates in 

the system are septic tanks. Approximately one-third of Florida’s population uses Onsite 

Wastewater Treatment System (OWTS). In order to quantify the nitrate load to a water 

body several models have been developed, these models always ignore nitrate from 

normally working septic tanks and denitrification that occurs between the septic tank 

drain field and the water body. Additionally these models are often complex and 

developed specifically for a given site.  

  

The aim of this project is to develop a simplified model that can estimate nitrate fate and 

transport from an On-site Wastewater Treatment System (OWST) to a targeted water 

body. The Simplified model is developed in two parts, the first to estimate the fate and 

transport of nitrate and the second the development of a denitrification rate (Rdn). This 

work focuses on the development of a model to estimate the rate of denitrification using 

easily available parameters.  

  

To estimate the denitrification rate, data was first collated from existing literature values 

and data available from other researchers. The data collected included the main factors 

that controlled denitrification i.e. texture, temperature, water filled porosity (WFP), 

organic carbon, pH, bulk density, soil depth, nitrate concentration and the denitrification 

rate. A total of 1129 distinct set of parameters and denitrification rates were collected and 

then statistically analyzed to determine the relationships between the factors and the 

denitrification rate. The denitrification rates ranged from not detectable up to 

157 1−dha N kg  -1 .  

 



 xxi

Three statistical methods were used to estimate the denitrification rate, linear regressions 

with Monte Carlo simulation, Multi Regression analysis and the development of a neural 

network. Denitrification rates were found to be dependent on the WFP as well as organic 

carbon. For the linear regressions a predictive relationship could not be established 

between WFP and the denitrification rate. In addition, although an increase in organic 

carbon content is typically assumed to increase denitrification, a linear relationship 

between organic carbon and the denitrification rate could not be obtained unless the 

additional controlling parameters are fixed. Stable isotope data is used to predict the 

percent of nitrate removed due to denitrification. This method serves as an alternative to 

estimate the loss of nitrate due to denitrification, but is unable to estimate a rate of 

denitrification.  

 

The developed methods are then applied to three study areas in Jacksonville and the 

estimated denitrification rates from the methods are compared. Overall the results from 

the each of the methods except for the multi-regression analysis are a reasonable estimate 

of the denitrification rate. Due to the complexity of denitrification it is the Neural 

Networks that are able to best estimate the denitrification rate. Thus by using easily 

available parameters and existing data the models are able to match or improve the 

accuracy in predicting the denitrification rate at a fraction of the cost without requiring 

site specific data.  
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CHAPTER ONE 

1. INTRODUCTION 

1.1. Overview 

Widespread pollution of ground and surface waters from Nitrate ( −
3NO ) is of global 

concern to human health and the environment. The presence of −
3NO  in drinking water is 

hazardous to health. The Environmental Protection Agency (EPA) has advised that 

excessive levels of nitrate in drinking water have been known to cause serious illness and 

sometimes death.  

 

Serious illnesses such as methemoglobinemia which can interfere with the oxygen-

carrying capacity of a child's blood are known to be related to increased nitrate levels. In 

addition exposure to high levels of nitrate can cause diuresis, increased starchy deposits 

and hemorrhaging of the spleen (Department of Ecology). To ensure the safety of the 

public the EPA (2009) has established the following standards for Nitrate: Maximum 

Contaminant Level Goal (MCLG): 10 mg/l −
3NO -N; Maximum Contaminant Levels 

(MCL): 10 mg/l −
3NO -N.  

In addition to the adverse impact on the health of humans using the contaminated water, 

excess nitrate has unfavorable effects on the ecosystem as well. Excess −
3NO  causes 

eutrophication in many aquatic systems (Turner & Rabalais, 1994; Fenn et al., 2003). 

While it is apparent that contamination of groundwater supplies by −
3NO  is a major issue 

and is responsible for blue baby syndrome and cancer, what is currently debatable is the 

mechanism of nitrate attenuation.  

It is widely accepted that once nitrate is leached into the soils there are 4 accepted 

pathways for its removal or reduction (DeBernardi et al., 2008; Rivet et al., 2008). 
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• Microbial biomass/ plant uptake 

• Dilution 

• Denitrification 

• Dissimilatory nitrate reduction to ammonia, i.e. Ammonification  (DNRA) 

 

Of these pathways the amount of −
3NO  loss due to plant uptake can be considered 

negligible, and once taken in by plants, the nitrate is released back into the system during 

the decomposition of the dead plant matter, unless the plants or crops are harvested and 

taken away. It is preferable to view plant uptake as a storage sink for nitrogen rather than 

a nitrogen removal mechanism. DNRA is a possible pathway to the removal of Nitrate 

from a system; however as the end product +4NH  can easily nitrified back into −
3NO  and 

hence is not considered to be a nitrate attenuation mechanism. 

 

Dilution is the simple mixing of two different sources of water, and this can be an 

effective method of nitrate reduction. It is important to note that while dilution may 

reduce the −
3NO  concentration to below the required standard of 10mg/l −

3NO -N (EPA, 

2009); it still does not remove nitrogen from the system (DeBernardi et al., 2007). This is 

however considered by many as the definitive method for nitrate attenuation (Taylor, 

2007; NJDEP, 1999; Green et al., 2007; Rivett et al., 2007; Ozden & Muhammetoglu, 

2008). 

 

Some authors believe that that once in the groundwater, nitrate attenuates slowly and that 

only dilution is effective in reducing nitrate levels (Taylor, 2003). These authors however 

do not consider the effect of riparian zones on the system. Kellogg et al. (2005) have 

demonstrated the effectiveness of in situ denitrification in a glacial outwash and alluvial 

riparian setting. They have also observed that denitrification rates decrease with 

increasing distance from the stream. McCallum et al. (2008) have observed mixing-

induced groundwater denitrification beneath a manured field in southern Alberta, Canada. 

Pinay et al. (1993) have also pointed toward the importance of denitrification in 

groundwater passing through riparian zones. While dilution may certainly reduce the 
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nitrate concentration in a system it does not serve as a removal mechanism and hence 

can’t be considered a nitrate attenuation mechanism. 

 

Denitrification is the reduction of −
3NO  to nitrogen gas (N2) and it considered by most to 

be the only acceptable nitrate attenuation method that can completely remove nitrates 

from the system. Denitrification refers to the dissimilatory reduction, by essentially 

anaerobic bacteria (Cavigelli and Robertson, 2000), of one or both of the ionic nitrogen 

oxides (nitrate, ( −
3NO ), and nitrite, ( −

2NO )) to the gaseous oxides (nitric oxide, (NO), and 

nitrous oxide, (N2O)), which may then be further reduced to di-nitrogen (N2). The 

nitrogen oxides act as terminal electron acceptors in the absence of oxygen (Knowles, 

1982). It may also be simply referred to as a microbial respiratory process where nitrate is 

used as the terminal electron acceptor and is reduced to N2 gas (Puckett & Cowdery, 

2002). 

 

The reaction of denitrification may be represented as a half reaction by: 

 

OHNeHNO 223 610122 +→++ −+−
                                         ----  Equation 1.1 

 

The bacteria responsible for denitrification in an aquifer, depending on the species, obtain 

energy from the oxidation of organic or inorganic compounds (electron donor). In order 

to complete this oxidation reaction, a reduction environment (anaerobic) and an electron 

acceptor (O2, NO3
-, Mn4

+, Fe3
+ and SO4

-) are also required (Korom, 1992; Rivett et al., 

2008). Based on Gibbs free energy, bacteria use the electron acceptors in the following 

order: O2, NO3
-, Mn4

+, Fe3
+ and SO4

- and CH4 (Figure 1). This means that when O2 

becomes limited in the saturated zone, bacteria start using nitrate as an electron acceptor. 

Organic carbon is the most common electron donor and tends to be oxidized 

preferentially by acceptors that yield the most energy to bacteria (Starr & Gillham, 1993).  
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Figure 1.1    Oxidation of organic carbon in the saturated zone with the sequence of 
electron acceptors and the resulting inorganic compounds (Korom, 1992). 
 
 

1.2. Factors controlling denitrification  

Most literature reviewed regards the following nine variables as the major factors 

controlling denitrification (Knowles, 1982; Hiscock et al., 1991; Rivett et al., 2008): 

 

•  Nitrate Concentration (electron acceptor) 

•  Electron donor concentration (OC)  

•  Oxygen Concentration 

•  Nutrient and micro-nutrient activity 

•  pH 

•  Temperature 

•  Salinity 

•  Inhibitory substances 

•  Sediment pore size 
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•  Microbial acclimation 

•  Hydraulic retention time 

1.2.1. Nitrate concentration (Electron acceptor concentration) and Carbon 

concentration (Electron donor concentration). 

The stoichiometric equation for denitrification by organic carbon is (Thayalakumaran et 

al., 2004; Puckett, 2004): 

 

23223 42245 COHCONOHNOC ++→++ −−                                        ----  Equation 1.2 

 
Based on this equation it can be stated that a minimum ratio of 5:4 is needed for 

denitrification to proceed with organic carbon being used as an electron donor. There are 

various other reports of minimum ratios; for example, Canter (1997) states that a C:N 

ratio of 3:1 is required for denitrification to occur in low levels or absence of oxygen.  

Hiscock et al. (1991) reported a minimum required ratio of 5:1. The above stoichiometry 

indicates that 1mg carbon (C)/l of Dissolved Organic Carbon (DOC) is capable of 

converting 0.93 mg-N/l of nitrate to nitrogen gas. The DOC however first needs to be 

oxidized by dissolved oxygen. This requires 1mg-C/l DOC to convert 2.7 mg-O2/l. In air 

saturated groundwater (10.3 mg-O2/l at 12ºC), up to about 3.8 mg-C/l must therefore be 

oxidized before denitrification can commence (Rivett et al., 2008). Hence it suggests that 

in order for denitrification to commence a total minimum ratio of organic carbon to 

nitrate in any given system would be 4.8:1, perhaps suggesting that the ratio of 5:1 

suggested by Hiscock et al. (1991) is more realistic. There is thus a direct correlation 

between the amount of available carbon and the amount or rates of denitrification. 

Several studies have shown this direct relationship between the amount of available 

carbon and the amount of nitrate removed due to denitrification. (Stanford et al., 1975, 

Anderson, 1998; Smith & Duff, 1998; Brettar & Hofle, 2002; Hill et al., 2004; Fellows et 

al., 2011). 

 

The ratio between organic carbon and nitrate also controls the pathway between 

denitrification and Dissimilatory Nitrate Reduction to Ammonium (DNRA) (Kornaros et 

al., 1996). The lower the ratio between the available carbon to nitrate the greater is the 
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possibility of denitrification (Smith and Duff, 1988; Robertson et al., 2008). If carbon 

becomes limiting then denitrification is favored, but if nitrate becomes limiting then 

DNRA is favored (Tiejde et al., 1982). King (1995) found that as the nitrate 

concentration increased the proportion of the nitrate which was denitrified increased, 

while reduction to ammonium correspondingly decreased.  

 

In a study conducted by Her and Huang (1995) it was found that the minimum C/N ratio 

increases with an increase in molecular weight, thus denitrification will be affected by 

both chemical structure and molecular weight. They found that ratios below minimum 

contributed to denitrification but ratios over the minimum theoretical value inhibited 

denitrification, usually resulting in the fromation of intermediate products such as nitrite.  

 

It may hence be summarized that there must firstly be a sufficient amount of organic 

carbon in the system for initial aerobic oxidation to occur and then enough carbon to 

maintain a balance between organic carbon and nitrogen, such that the ratio of C/N, 

which is critical to deciding which pathway is followed, (denitrification or DNRA), is 

maintained in favor of denitrification.  

1.2.2. Oxygen concentration  

As denitrification is thermodynamically less favorable than the reduction of oxygen 

(Korom 1992), in a system that contains oxygen, nitrate and carbon, oxygen will be the 

preferred electron acceptor. Hence denitrification is by definition an anaerobic process 

and this implies that in order for biological denitrification to proceed there must be a lack 

of oxygen or at the very least strongly reducing conditions. This is further supported by 

observations from several studies which demonstrate that denitrification takes place in 

the presence of low Dissolved Oxygen (DO) values (Bohlke & Denver; 1995; Aravena & 

Robertson; 1998, Puckett & Cowdery; 2002; Singleton et al., 2007). 

 

Oxygen influences the distribution of denitrification (location of its occurrence) and the 

quantity of N2 produced during denitrification. In the presence of oxygen not only does 

the denitrification activity decline sharply, but the proportion of N2O produced increases 
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(Firestone et al., 1980). Green et al. (2008), in a study of five aquifers in the United States 

showed that a significant relationship exists between the Dissolved Oxygen (DO) levels 

and the rates of denitrification. The cut-off value of DO for denitrification to occur in 

their study is set at 0.06 mmol/l – O2. There are several studies that set a minimum 

oxygen level, but there is no consensus to an agreed minimum value. It is however 

reasonable to assume that, given all other conditions being in favor of denitrification it 

will occur in conditions where the oxygen concentration is less than  2 mg/l – O2 

(Aravena & Robertson , 1998; Smith & Duff , 1988; Puckett & Cowdrey, 2002). 

 

In some settings it is still possible for denitrification to occur at higher value. McNellie, 

as quoted in Anderson (1998) reports the occurrence of denitrification at DO levels as 

high as 5.1 mg/L. High denitrification rates were obtained even at oxygen concentrations 

as high as 5 mg/L (Martienssen & Schops, 1999). 

 

While there is no consensus set for the cutoff mark of dissolved oxygen, literature seems 

to support the theory that denitrification tends to be greater in regions of lowest oxygen 

concentration (Rivett et al., 2008; Korom, 1992). 

1.2.3. Nutrient and micro nutrient activity  

Besides carbon and nitrogen, denitrifying bacteria also need other nutrients such as 

phosphorous and sulfur. In addition micro-nutrients such as B, Cu, Fe, Mn, Mo, Zn and 

Co are also needed for effective metabolism (Rivett et al., 2008; Hiscock et al., 1991).  

Spector (1957) reported a required ratio of 100: 20: 5: 1 for C: N: P: S for denitrification 

to occur. Most groundwater contains adequate concentrations of the necessary minerals to 

support microbial growth (Champ et al., 1979; Salbu, 1995). The adequate availability of 

nutrients and micronutrients can be further supported through literature that report 

denitrification as either carbon limiting or nitrate limiting while there are comparatively 

fewer studies to show that phosphorous or sulfur is a limiting factor (Lowrance, 1992). 

1.2.4. Temperature  

The optimum temperature for denitrification is between 25ºC and 35ºC (77ºF - 95ºF) 

(Korom, 1992), but denitrification processes can occur in the temperature range of 2ºC –
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50ºC (36ºF - 122ºF) (Brady & Weil, 2002; Poulin et al., 2006). While there are no studies 

reviewed to show the possibility of denitrification above 50ºC (122ºF), it is theoretically 

possible where bacteria have evolved to cope with specific environmental conditions.  

 

Researchers assume that reaction rates double for every 10ºC (50ºF) increase in 

temperature (Arrhenius rate law). Since groundwater temperature generally reflective of 

the average temperature of the region, it may be therefore be difficult to observe a 

relationship between temperature and denitrification rates in groundwater in a specific 

area. 

 

Nevertheless Robertson et al. (2000, 2008) demonstrate a correlation between water 

temperature and denitrification rates in a permeable reactive barrier system. 

Denitrification is observed at temperatures as low as 2ºC (36ºF).  Robertson et al. (2000) 

reported a denitrification rate of 5 mg-N/l/day for a temperature range of 2 ºC (36 ºF) - 

5ºC (41ºF) and 15–30 mg-N/l/ day for a temperature range of 10ºC (50ºF) - 20ºC (68ºF). 

Pfenning and McMahon (1996) demonstrated that lowering temperatures by 18ºC (65ºF) 

result in a 77 % decrease in the rates of denitrification. This shows that there is a direct 

correlation between temperature and the rate of denitrification.  

 

Christiansen and Cho (1983) reported that abiotic denitrification of nitrite by soluble 

organic matter can occur in frozen soil. At one field site, Cannavo et al. (2004) observed 

that, unlike CO2 levels, N2O levels in soil are independent of temperature; the authors 

ascribed this to aerobic denitrifying fungi that are much more tolerant of low 

temperatures than bacteria.  

 

Changes in the denitrification rate due to seasonal temperature variations may be masked 

by deviations in the rate of organic carbon flux. For example, Cannavo et al. (2004) 

found that freeze–thaw cycles increase the flux of carbon to the unsaturated zone and can 

create anaerobic micro-environments in which denitrification can become established. 

The observed increase in the denitrification rate with an increase in temperature varies 
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considerably for different soils (Korom, 2008), suggesting that additional factors may 

also be involved and may be more controlling than temperature alone.  

 

While a wide variety of studies show denitrification is effective across a range of 

temperatures, it is clear that the lower the temperature the lower is the feasibility of the 

occurrence of denitrification; this is one of the reasons why many research studies place 

samples in a reduced temperature environment for storage and transport from field to the 

lab for analysis. 

1.2.5. pH 

The pH range preferred by heterotrophic denitrifiers is generally between 5.5 and 8.0 

(Rust et al., 2000). The pH range reported in soils showing denitrification by Fukada et 

al., (2003) have a much narrower range of 7.1 – 7.9. Brettar and Hofle (2002) reported 

the occurrence of denitrification in soils ranging from 7.5 – 8.5. Barkle et al. (2007) 

demonstrated the capacity for denitrification in soils with pH ranging from 5.1 – 6.8.  

 

Tiedje et al. (1982) however observe the occurrence of denitrification in soils with a wide 

range of pH. Their data demonstrate the occurrence of denitrification in soils with pH 

ranging from 4.0 to 7.1, thus showing that denitrification is possible in acidic 

environments. In addition once denitrification begins it can increase pH by releasing CO2 

and hydroxide (OH-). Normally these combine to yield HCO3
-, but if the production of 

OH- exceeds that of CO2, the pH can rise (Simek and Cooper, 2002). 

 

At low concentrations of −
3NO  soil acidity has little influence on the N2O/N2 ratio. 

However at −
3NO  concentrations above 10 ppm, the more acidic the soil the greater the 

amount of N2O produced (Firestone et al., 1980, Glass and Silverstein, 1998). pH values 

outside the range of 4.0 - 7.1 may hinder the denitrification process, but the optimal pH is 

site-specific because of the effects of acclimation and adaptation of the microbes to the 

ecosystem (Simek et al., 2002). 
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1.2.6. Salinity 

Salinity is a known inhibitor of denitrification (Rivett et al., 2008) and for the short term 

future this is not a major factor involving denitrification in inland regions. In coastal 

regions however this may be a major factor, especially in regions where an over pumping 

of freshwater aquifers that has led to salt water intrusion. Salinity will become an 

increasingly significant factor as the climate changes and sea level rises. 

1.2.7. Inhibitory substances 

Acetylene is a known inhibitor to denitrification. This fact is taken advantage of by many 

researchers that use acetylene to block the fromation of N2 and then measure the amount 

of N2O produced as a proxy for measuring denitrification (Knowles 1982; Ryden et al., 

1987; Smith & Duff, 1988; Gilbert et al., 2006). 

 

Denitrification can also be inhibited by the presence of heavy metals, pesticides and 

pesticide derivatives or the presence of organic compounds in such concentrations that 

they are toxic to denitrifying bacteria (Bollag & Henninher, 1976; Bollag & Barabasz, 

1979). 

1.2.8. Sediment pore size 

Denitrification in some aquifers such as the Cretaceous chalk and Jurassic limestone in 

England and Wales may be geochemically possible but may not occur due to narrow pore 

throats (Rivett et al., 2007). The development of a large microbial population within 

matrix pore spaces may thus be inhibited in aquifers with predominantly small pore sizes. 

Bacteria are typically of a diameter of 1 µm (Rivett et al., 2008); hence denitrification in 

an environment with a porosity diameter less than this may be ruled out. 

 

This does not mean that denitrification is not possible in low porosity aquifers. It is 

entirely plausible for it to occur in secondary porosity features such as conduits in the 

aquifers or in the vicinity of the fissure walls (Johnson et al., 1998). Denitrification in 

such a terrain may even occur in the soil layers above the aquifer (Einsiedl et al., 2005).  
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Of the variety of factors that control denitrification, this is perhaps the simplest to 

understand, yet it is much more complicated than simply excluding the occurrence of 

denitrification based on pore size. While it may be true that in fine grain aquitards 

denitrification may be ruled out, in dual porosity aquifers it is entirely feasible for 

denitrification to occur in favorable conditions (Rivett, 2008).   

1.2.9. Microbial acclimation 

Acclimation is the lead time before a microbial population can adapt to new conditions. 

(Korom, 2008). This may have an effect on the reported amounts of nitrate removed due 

to denitrification. If sampling was conducted in a short period of time without allowing 

the bacteria to adapt to their new conditions, it may result in an underestimation of the 

importance of denitrification within a system.  

1.2.10. Hydraulic Retention Time 

A limiting factor to bacterial denitrification capacities/ rates is the fluid velocity, which 

can transport −
3NO  through the system more rapidly than the bacteria can degrade the 

NO3
- (Kolpin, 1997;  Puckett et al., 2008). A hydraulic conductivity range of 10-4 to 10-2 

m/s is considered ideal for enhancement of denitrification (Sanchez-Perez et al., 2003). 

Hydraulic retention times of 1.5 days or less require a large excess of carbon to obtain 

complete denitrification (Martienssen & Schops, 1999). 

 

In order for complete denitrification to occur, a low denitrification rate would require a 

high hydraulic retention time, while higher denitrification rates may be effective in lower 

hydraulic retention times. 

1.3. Methods to test for the occurrence of denitrification  

Confirming the occurrence of denitrification is not a trivial matter (Rivett et al., 2007, 

2008) as it usually requires several mutually supportive evidential lines. There are several 

different methods to verify the occurrence of denitrification. Three commonly used 

methods are outlined below; for a comprehensive list the reader is referred to Groffman 

(1995) and Groffman et al. (2006).  
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1.3.1. The Acetylene inhibition method 

Acetylene is a known inhibitor of denitrification (Knowles, 1982; Smith and Duff, 1988). 

The injection of acetylene (C2H2) into the head space of the flask or chamber containing 

the soil/core sample causes N2O to become the terminal product. As the atmospheric 

concentration of N2O is negligible it can be directly measured and used to estimate the 

rate of denitrification. Many different methods are used, some in situ and some in the 

laboratory. The most common of all these methods is the static core method in which 

acetylene is injected or added to the headspace of a sealed soil/sediment core and N2O 

accumulation is measured over time. As these methods are simple to carry out and allow 

a large number of samples to be run, they have been used in a wide variety of 

ecosystems. This is a major advantage, given the high spatial and temporal variability of 

denitrification rates (Malone et al., 1998; Groffman et al., 2006). 

 

Malone et al. (1997) stated that acetylene may be metabolized in the soil and may hence 

enhance denitrification. This explains why there is an overestimation of the 

denitrification rates when measured in the lab. If nitrification is the source of −
3NO  

or −
2NO , then the denitrification rate could be underestimated by the acetylene inhibition. 

As most studies are concerned with the artificial introduction of nitrate through fertilizer 

or septic tanks this underestimation may not be a major issue.  

 

While there are drawbacks with using the acetylene blockage technique for various 

reasons it still remains a widely used method in denitrification studies. Groffman et al. 

(2006) in a review of the methods to quantify denitrification have concluded that this 

method is reasonably robust in terrestrial systems with a high to moderate level of −
3NO . 

They unfortunately do not define moderate or high values of nitrates. However if one 

were to assume the EPA cutoff of 10mg/l N- −
3NO   then this could be considered as a 

high value. 
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1.3.2. Mass Balance Approach  

Mass balance has long been used to estimate various terrestrial N fluxes at the field scale 

and more recently at stream reach, watershed, or regional scales (Groffman et al., 2006). 

In some studies, denitrification is estimated using literature values and is one component 

of the mass balance (Hantzche & Finnemore, 1992); others estimate denitrification by the 

difference in the mass balance (e.g., David & Gentry, 2000, Tesoriero et al., 2000 Pribyl 

et al., 2004).  

 

As this method can be applied at a range of scales, from small plots to large watersheds, 

lakes, estuaries, and open marine systems, it is a useful method to assess denitrification. 

However, in order to estimate denitrification by mass balance, direct measurements or 

estimates of all other N fluxes and changes in storage for the system are needed. The use 

of this method requires the assumption of a steady state system and only inputs and 

outputs are quantified. Major inputs to terrestrial systems typically include fertilizer, 

biological N2 fixation, and atmospheric deposition, with outputs including crop or 

biomass harvest and export from the area or leaching, runoff and riverine export. 

(Groffman et al., 2006). These assumptions place a limitation on the usefulness of mass 

balance as a predictive tool.  

 

While certainly useful in providing some insight into the potential importance of 

denitrification, the mass balance approximations can be improved if multiple years of 

data are used and averaged.  This method is perhaps better suited to verify the validity of 

new methods of measuring the rate of denitrification.  

1.3.3. Isotopes  

Kinetic isotopic fractionation of −
3NO  during bacterial denitrification has been 

documented in laboratory and field studies (Mariotti 1981; Mariotti et al., 1988; Altabet 

et al., 1995; Barford et al., 1999; Voss et al., 2001). The bacteria responsible for 

denitrification preferentially utilize the lighter isotopes than the heavier isotopes during 

denitrification, thus leaving the remaining elements in the system enriched in the heavier 

isotopes. 
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Among the variety of successful methods used to identify denitrification, the use of dual 

isotopes is increasing. Chen and MacQuarrie (2005) have demonstrated that there is a 

theoretical relationship between δ18O and δ15N in −
3NO  undergoing denitrification. They 

concluded that a plot of δ15N v/s δ18O should yield a slope of 0.51. Comparing their 

studies with field data (Bottcher et al., 1990; Aravana & Robertson, 1998; Mengis et al., 

1999; Fukada et al., 2003) indicates that the slopes of the lines plotted do lie close to the 

theoretical value of 0.51. While there are a variety of values reported for the slope which 

range from 0.48 to 0.67, it is still a useful tool in providing unambiguous evidence of 

denitrification. A positively correlated variation in N and O isotopes of −
3NO  can be used 

as a signature for denitrification. 

1.4. Current methods to estimate the rate of denitrification 

Among the many factors that affect denitrification, the non-availability of oxygen is 

perhaps the most critical factor when the denitrification process is concerned. As oxygen 

dynamics in soil are hard to simulate (or to measure), water content is used as a 

complementary for the presence of oxygen. The higher the water content, the less oxygen 

will be present.  

 

The other main factors that influence denitrification are microbial dynamics, nitrate 

concentration, soil temperature and soil acidity (pH), and a variety of additional 

parameters as mentioned earlier. Developing a denitrification model that can account for 

all of the factors is a major predicament as it leads to an extremely complicated and 

difficult model. In addition to the complexity such models usually require several input 

factors which can be not only difficult to obtain but also extremely cost intensive. This is 

why the majority of denitrification models are simplified models of the real world 

situation.  

 

A number of different approaches have been used to develop denitrification sub-models 

in N cycling models (Parton et al., 1996), 

 

(1) Microbial growth models,  
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(2) Soil structural models, and  

(3) Simplified process models. 

 

The microbial growth models consider the dynamics of microbial organisms responsible 

for the N cycling processes; examples can be found in the DENLEFWAT model 

(Leffelaar, 1988; Leffelaar and Wessel, 1988); model in the DNDC model (Li et al., 

1992, 2000), in the NLOSS model (Riley and Matson, 2000), in the ECOSYS model 

(Grant, 2001), and in the RZWQM model.  

 

The soil structural models consider diffusion of gases into and out of aggregates. The 

distribution of aggregates is considered and denitrification occurs only in the anoxic parts 

of aggregates; examples of such models can be found in Arah and Smith (1989), Grant 

(1991), and Vinten et al. (1996).  

 

Simplified process models are easier to use and do not consider microbial processes or 

gaseous diffusion. Denitrification is assumed to be determined by easily measurable 

parameters such as degree of saturation, soil temperature and nitrate content of the soil. 

Such models are of practical use in studies where denitrification at field scale is to be 

determined. Since the eventual aim of the project is to determine the denitrification rate at 

a field or catchment scale, microbial models and soil structural models are not reviewed. 

While the first two types of models are extremely useful to the study of denitrification 

they do not provide the frame work to promote a simplified field scale model.  

 

Within the variety of simplified models reviewed, there seems to be general consensus 

about the mathematical fromulation of the model. The froms and values of the reduction 

functions however, differ largely between the models, especially for the water content 

reduction function.  

 

There are several simplified models to predict denitrification. The majority of these 

models are based on potential denitrification (Heinen, 2006) (which is measured either as 

a soil property or computed from organic carbon dynamics) or consider denitrification as 
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a first-order decay process. The majority of the existing models accept that environmental 

soil conditions affect the denitrification process and hence use reduction functions to 

achieve the actual denitrification rate from the potential rate (Heinen, 2006). 

 

Among the many models that are reviewed in Heinen (2006), a selected set was evaluated 

against the dataset developed in this work. This allows us to compare the established 

models against a widely collated database, allowing us to test the effectiveness and 

accuracy of the models at predicting denitrification on a field or water shed scale. 

 

The majority of models reviewed almost always need a potential denitrification rate and 

this rate is usually determined by lab and field measurements or by using existing models 

which considered denitrification as a function of a set of controlling parameters. In many 

cases the attempt to establish a potential denitrification rate in itself is a cost intensive 

exercise and this defeats the purpose of a quick, accurate and cost effective method to 

determine the rate of denitrification.  

 

The following section describes some of the models in detail with a focus on their 

effectiveness in predicting denitrification at a field scale. 

1.5. Evaluation of methods to estimate the rate of denitrification. 

1.5.1. Agricultural Policy/Environmental eXtender (APEX) 

The Agricultural Policy/Environmental eXtender (APEX) model (Williams and 

Izaurralde, 2006) is developed based on the Environmental Policy Integrated Climate 

(EPIC) model. APEX is developed for use in whole farm/small watershed management.  

The model is constructed to evaluate various land management strategies considering 

sustainability, erosion (wind, sheet, and channel), economics, water supply and quality, 

soil quality, plant competition, weather and pests (Williams and Izaurralde, 2006). While 

the specific focus of the model was not denitrification, it is however one of the few 

models in use that accounts for denitrification.  
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APEX considers denitrification as a function of temperature, organic carbon and water 

content and uses the following equations to estimate the denitrification rate 

 

DN=WNO3*(1.-exp (-1.4*TFN*WOC));   SWF>0.95                          ----  Equation 1.3 

 

DN=0.0;   SWF<0.95                                                                            ----  Equation 1.4 

 

where DN is the denitrification rate in kg ha-1 d-1, WNO3 is the −
3NO -N, content 

in -1ha kg , TFN is the nutrient cycling temperature factor, WOC is the organic carbon 

content in %, and SWF is the soil water factor.  The temperature factor is expressed by 

the equation 

 

TFN=STMP/ (STMP + exp (5.059-0.2504*STMP))                            ----  Equation 1.5 

 

where STMP is soil temperature in oC at the center of a soil layer.  The soil water factor 

considers total soil water in the equation 

 

   WP   ST;(ST/WP)*0.1SWF 2 <=                                                     ----  Equation 1.6 

 

SWF = 0.1+0.9*sqrt((ST-WP)/(FC-WP));   ST>WP                             ----  Equation 1.7 

 

Where ST is the soil water content in the root zone, WP is the wilting point soil water 

content in millimeters and FC is the field capacity of soil water content in millimeters.  

 

Assuming that SWF > 0.95 and using data which have a WFP of 100%, Equation 1.3 and  

Equation 1.5 are used to compute denitrification rates. A total of 884 records of data had 

a WFP below 0.95; this leaves 245 records of records of which 25 sets do not have a 

nitrate concentration value. Thus the totals of 220 records of data are used. As can be 

seen from Figure 1.2 and Figure 1.3 the APEX model does not yield any significant 

result. It fails to predict the denitrification rates for the entire range of values. A close 
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look at the data shows that it fails to predict the denitrification rate for data at both the 

upper end of the scale as well as the lower end of the scale.  
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Figure 1.2    Predicted denitrification rates based on equations Equation 1.3 and Equation 
1.5 (All Data, n=220). 
 
 
In all fairness to the APEX model it must be noted that it is designed as an agro-

ecosystem model that simulates crop production as a function of weather, soil conditions, 

and production practices employed (e.g., tillage types, tillage frequency and crop 

rotations).  

 

EPIC was developed and designed originally to explore the impacts of soil erosion on 

crop productivity (Williams et al. 1983). The model EPIC, and the models that have 

evolved from it, such as APEX, have been applied extensively to cropping systems 

worldwide on a variety of soils and cropping systems.  
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Figure 1.3    Predicted denitrification rates based on equations Equation 1.3 and Equation 
1.5. (Limited to 10). 
 
 
It is thus clear that while the model does account for denitrification, it is not designed for 

the purpose that we have applied it to.  

1.5.2. NEMIS  

The NEMIS model (Henault and Germon, 2005) uses a common fromalism (Johnsson et 

al., 1987,1991; Heinen, 2006b; Oehler, 2010): 

 

fT fS fN  DD pa ⋅⋅⋅=                                                                            ----  Equation 1.8 
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Da is the denitrification rate (mg N kg−1 soil d−1) and Dp is the potential denitrification 

(mg N kg−1 soil d−1). The denitrification potential can be either a long term denitrification 

potential or a Denitrifying Enzyme Activity (DEA). fN is a nitrate dimensionless 

function, where N is the actual nitrate soil content (mg N kg−1 soil) and K is the nitrate 

soil content (mg N kg−1 soil) when fN =0.5. fS is a dimensionless function of water 

saturation, where S is the WFPS, St the WFPS threshold below which denitrification does 

not occur and Sm the maximal WFPS (in our case Sm = 1). fT is a dimensionless 

function of the soil temperature T (ºC), Tr is the reference temperature when the potential 

denitrification Dp was determined, and Q10 is the increase factor for a temperature 

increase of 10ºC. This function has a specific from in NEMIS, where two different Q10 

are used for two ranges of temperature: 

 

10
10*

TrT

ref QfTfT
−

=                                                                               ----            Equation 1.9 

 

The disadvantage of this model is that it requires a potential denitrification rate. As the 

database was constructed using actual denitrification rates it was not possible to use this 

method. In addition it would have defeated the purpose of using existing data to create a 

denitrification model. The model has been tested by several authors and can perfrom 

quite well when calibrated for a specific site (Heinen, 2006b) but the model does not 

perfrom as well when applied over a range of different soil types with the same parameter 

set (Oehler 2010). 

1.5.3. Colbourn (1992) 

Colbourn (1992) developed a simplified model based on the moisture content, 

temperature and nitrate available. The model was derived empirically based on published 

data. The drawback of the model is that it does not take account of the effect of carbon on 

the denitrification rate.  

 

8.3) - T 0.1  S(0.1 exp* N   Rdn ++= )5.071.0(exp                             ----  Equation 1.10 
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where, N is the nitrate concentration, S is the Soil Saturation and T is the temperature. 

  

The model developed is unable to predict the denitrification rate (Rdn) (Figure 1.4); this is 

perhaps because organic carbon is not considered as a factor in the development of the 

equation. In addition as the model was empirically developed it is feasible only for areas 

which are similar to the study area. The model is based on only five different sets of data 

and is hence limited in its use. 

 

 

50403020100

50

40

30

20

10

0

Predicted

A
c
tu

a
l

Colbourn (1992) - Denitrificaiton Rate : Predicted Vs. Actual

 
 
 

Figure 1.4    Predicted denitrification rates based on Equation 1.10. 
 
 

1.5.4. Anderson (1998) 

This is perhaps the least complicated method to determine the denitrification rate. Many 

authors consider organic carbon to be the primary controlling factor of the denitrification 

rate (Burford and Bermner, 1975;  Knowles, 1982; Smith and Duff, 1988; Bradley et al., 

1992; Korom, 1992,Cosandey et al., 2003; Kamewada, 2007). In addition several authors 

believe that the denitrification rate is directly proportional to the amount of organic 

carbon (Burford and Bermner, 1975; Smith and Duff, 1988; Bradley et al., 1992). Hence, 
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a simple linear regression of organic carbon versus the denitrification rate should yield a 

linear relationship with a significant statistical relationship. 

 

 Anderson (1998) demonstrated that this linear regression could be used to determine the 

denitrification rate. A plot of the data used by Anderson (1998) yields a straight line with 

a significant correlation (R2 0.85) between the denitrification rate and the percentage of 

organic carbon (Figure 1.5). This indicates that the regression could be used to predict 

denitrification.  
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Figure 1.5    Denitrification Rate Vs. Organic Carbon (adapted from Anderson 1998). 
 
 
Based on the regression above the denitrification rate may be determined by the equation 

below 

 

Rdn (Kg N ha-1 d-1) = - 0.03942 + 0.4774 OC (%)                           ----  Equation 1.11 

 

Using the same dataset as in section 1.5.1 the denitrification rate is estimated based on 

Equation 1.11 and the results are shown in Figure 1.6. This method while not initially 

successful may still be useful in predicting denitrification rates, if the equations are 
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developed based on a common set of conditions such as Texture, Temperature or WFP 

and then applied to the exact same set of conditions on which they were developed. This 

method with some refinements may prove to be practical method in estimating a 

denitrification rate. This method is discussed in further detail in Chapter 2.  
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Figure 1.6    Anderson (1998), Predicted denitrification rates based on Equation 1.11. 
 
 

1.5.5. SimDen 

SimDen is a simple empirical model created by the Danish Institute of Agricultural 

Sciences to answer the primary question, how much Nitrogen is lost due to 

denitrification? SimDen is based on a combination of average results from the literature, 

several years of experience and a portion of common sense (Vinther, 2005). SimDen is 

described in further details and can be downloaded at www.agrsci.dk/simden  

 

Using SimDen, it is possible to give a rough estimate of the average annual 

denitrification in Danish agricultural soils (Vinther & Hansen, 2004). The model had to 

be modified to be adapted to Danish soils as the soils are relatively low in clay, 

Therefore, an extended version – SimDen-Clay – was used which gives average estimates 
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of the annual N2O emission and denitrification in soil with clay contents from 0 to 100 % 

using only actual clay content and amount of fertilizer as input parameters. 

 

SimDen is based on the principle that denitrification is a microbial process by which 

nitrate is reduced to nitrous oxide (N2O) and/or to atmospheric nitrogen (N2), and 

assumes that that the denitrification can be calculated as (N2O -emission) x (N2/ N2O -

ratio). This froms the base principle of SimDen. Based on this assumption and using the 

effect of soil moisture, i.e. water filled pore space (WFPS), on the denitrification as well 

as the effect of clay content on hydraulic conductivity a relationship is established 

between clay content and the denitrification.  

 

The N2O -emission is derived from the relationship between input of fertilizer-N and 

emission factors, as used in the IPCC-methodology (IPCC, 1997). The IPCC emission 

factor at 1.25% is modified according to Kasimir-Klemedtsson & Klemedtsson (2002) 

suggesting 0.8% of applied N for inorganic fertilizer and 2.5% for animal manure/slurry. 

The N2/N2O-ratios were derived from literature values. 

 

Thus, the denitrification in SimDen is calculated  

 

(Background N2O -emission + (N-input x N2O -emission factor)) x N2/ N2O –ratio) 

 

SimDen assumes that the background N2O emission as well as the N2/ N2O-ratios are a 

function of clay content and can be described with a Michaelis-Menten equation. The 

background N2O emission are fitted with this equation to give an average emission of 

about 1 kg N ha-1 year-1. Similarly, the N2/ N2O ratios were fitted resulting in an average 

N2/ N2O ratio at about 4. 

 

SimDen is described in further details and can be downloaded at www.agrsci.dk/simden  

 

Several inputs were needed in order to compute the denitrification rate; these included the 

amount of inorganic fertilizer, animal manure, N-deposited during grazing, N-fixation 
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including the percentage of clay in the soil. As the dataset did not have all of the required 

inputs the method could not be assessed on the current dataset. 

 

SimDen was compared with a number of field measurements in Danish soils; there seem 

to be a reasonable good agreement between the measured denitrification rates and those 

calculated with SimDen for the Danish data, however at the lower range of values, where 

the major number of results are found, SimDen seems to overestimate the denitrification 

(Figure 1.7) (Vinther and Hansen, 2004).  

 

While SimDen uses a limited amount of input and has the advantage of using easily 

accessible data, it has the disadvantages of not being able to be used on a extensive scale. 

The model seems well adapted to the Danish dataset used but it still is not able to predict 

the denitrification rate accurately when the denitrification rate is low. Often it is at the 

lower end of the scale where the denitrification values are low where the need for 

accurate prediction is desirable. The author acknowledges that the estimates are rough 

and when more detailed information is needed other models may need to be used 

(Vinther and Hansen, 2004). 

 

The N2O-emission is derived from the relationship between input of fertilizer-N and 

emission factors, as used in the IPCC-methodology and this requires statistics on 

fertilizer use, livestock populations, and crop residue management (IPCC, 1997). This 

data may not always be available in residential areas; this may further limit the usefulness 

of SimDen. 

 

The IPCC- methodology does not require data on cropland areas, soils, climate/weather, 

fertilizer types, or other details of agricultural management (e.g., tillage and irrigation). In 

addition as the data is not geographically referenced regional differences in agro-

ecosystem characteristics is not accounted in SimDen (IPCC, 1997). There can be 

important differences across the region in the interactions between climate, soil 

properties, crop type, fertilizer use, and agricultural management which can lead to 

highly irregular N2O emission patterns (Li et al., 1996). This may possibly be one of the 
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reasons for the limitation of the model. The lack of input for soil properties may account 

for why the model only works for the type of soils for which it was designed. In addition 

the lack of data that leads to irregular N2O patterns may possibly cause an inaccurate 

estimate of denitrification rates.    

 

The model also ignores other important parameters, primarily pH. pH is a major factor 

that controls the rate of change from N20 to N2; this may possibly affect the N2/ N2O –

ratio which will eventually affect prediction of the rate of denitrification.  

 
 

 

 
 
Figure 1.7    Measured and SimDen-modeled denitrification rates in the entire range (left) 
and the lower range of values (right), (Vinther and Hansen, 2004). 
 
 

1.5.6. Additional models considered 

Although not discussed in much detail, the following additional models (Table 1.1) were 

considered. For a variety of reasons they are not able to be used to estimate a 

denitrification rate. The models that could be used were ineffective at estimating a 

reasonable denitrification rate. 
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Table 1.1      Additional Models Considered for the Rate of Denitrification. (Adapted 
from Heinen 2006) 

 
 

ANIMO 
 

GLEAMS 

 

 

 

EPIC 
 

REMM 

 

 

SMART2 

 

 
 

Table 1.2    Terminology used in Section 1.5 
 
 

N Nitrate N content (mg N kg− 1) 

S Degree of saturation (dimensionless) 

T Soil temperature (°C) 

Tr Reference soil temperature (°C) 

pH Soil pH  

C Soil organic C content (%) 
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Table 1.2    Continued 
 
 

dC / dt Organic matter decay rate (d− 1) 

D Soil gas diffusivity (cm2 d− 1) 

θ Volumetric water content (cm3 cm− 3) 

θs θ at saturation (cm3 cm− 3) 

fd Constant denitrification fraction  

t Time (d) 

FC Subscript refers to field capacity  

 
 

1.6. Overview of the dataset used in this work 

The dataset made up of a total of 1129 records (Appendix A) of data that were obtained 

from various sources. The data is divided into two sets, set “A” (n = 601) which is 

composed of data gathered by Tucholke (2007) and set “B” (n = 597) obtained from 

Oehler (2010). The data is combined into one dataset and the combined data is 

represented here. The dataset composed by Tucholke (2007) was extracted from literature 

reviews, and the majority of the data in set “B” is from Oehler (2010) is based on his 

works. 

 

Missing pH data from dataset A was filled in based on the mean value of the dataset, 20 

pH values were filled in this represented 3.3% of dataset A. Since a direct correlation is 

available between the bulk density and the organic carbon this approach was used for 

estimating the organic carbon (OC) content of a soil based on the reported bulk density. 

In total, 21 missing OC values were filled in (3.5% of all values).  

 

Dataset B was essentially left unaltered, except for changes to the units (Appendix B) that 

were needed to facilitate a combined dataset. The individual statics for the datasets are 

given in Appendix C. 
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1.7. Conclusion and suggested methods to predict the denitrification 

rate 

Principally two types of simplified denitrification models are frequently used and 

described in literature, a) Simplified Models and b) Soil Structural Models. Calibration of 

all the models required site specific data; once the models are calibrated they can be used 

to estimate the denitrification rate to within an order of magnitude (Heinen, 2004), 

However, none of the models can obtain an exact correspondence with the measured 

data. 

 

In addition to the need for calibration, the bulk of the models reviewed almost always 

require a potential denitrification rate and this rate is usually determined by lab and field 

measurements or by using existing models which consider denitrification as a function of 

organic carbon or some other controlling factor. In many cases the attempt to establish a 

potential denitrification rate in its self is a cost intensive exercise that defeats the purpose 

of a quick, accurate and cost effective method to determine the rate of denitrification.  

 

The majority of the models under consideration use a comparable simplified 

denitrification model that assumes the actual denitrification rateto be a function of the 

potential denitrification rate and several reducing functions. There is a general consensus 

on the description of a universal mathematical function that can be used to explain 

denitrification (Heinen, 2004) (Equation 1.12). There is, however, no agreement about 

the importance of reduction functions and their values within any of the models unless 

they are for the same study area and by the same author. 

 

pHTSNa f f f f D α=                                                                          -----  Equation 1.12 

   

As the functions and the values used in each of the models are empirically derived it is 

difficult to agree upon a universal set of functions and values. It is thus difficult to obtain 

an agreeable set of reduction function values for nitrate content, degree of saturation, soil 

temperature, soil pH and other factors that control denitrification. The lack of consensus 
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also implies that the transferability of reduction functions to other situations (e.g. soils 

and environmental conditions) is questionable. The wide range of individual reduction 

functions that exists in literature (Heinen, 2006) seems to indicate that the current models 

are site specific. It is perhaps this lack of consensus on reduction functions and values 

that has prevented the development of a generalized field scale model to predict the rate 

of denitrification.  

 

A widely useable simple field scale model for denitrification must take into account that 

it would be near impossible to obtain an accurate site specific potential denitrification 

rate to which a set of reduction functions can be applied. In addition as denitrification 

may primarily be of a hot spot nature (Pabich, 2001), the ability to sample at the correct 

location is critical to ensure that the correct potential denitrification rates can be obtained 

multiple sampling will be required.  

 

Further the calibration of the models often involves collection of additional data and 

information which may lead to an increase in cost and time. This impediment may be 

overcome by the development of a statistical based model which can predict the 

denitrification rate using already existing data. As denitrification is primarily controlled 

by the eleven factors mentioned in section 1.2, a natural choice would be to develop a 

statistical relationship between all of the parameters and the denitrification rate. This will 

allow the estimation of the denitrification rate based primarily on the environmental 

conditions.  

 

If denitrification is to be included in nitrogen cycling models or decision rules in a quick, 

simple and effective way, simple denitrification functions need to be developed. The 

framework for the model as described by Heinen (2006) is ideal with a slight 

modification. Instead of having the denitrification rate as a function of potential 

denitrification rate and other additional reduction functions, it is perhaps easier to have 

the denitrification rate expressed directly in terms of these controlling factors.  
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dNOCpHWFPTTxdn f f f f f f fR =                                                ----  Equation 1.13 

1.8. Scope of Work  

In order to determine if denitrification is occurring in a given area it would be practical to 

develop a method to estimate the denitrification rate for the area. The existence of a 

denitrification rate will automatically imply the existence of denitrification. In addition 

estimating the denitrification rate will allow us to determine the amount of nitrogen lost 

due to denitrification. Based on the discussion in this chapter, I will use three statistical 

methods to estimate the denitrification rate.  

 

The first method is a hierarchal linear regression analysis model based on Anderson’s 

(1998) work. This method estimates the denitrification rate based on the amount of 

organic carbon. In the majority of the literature reviewed organic carbon is the most 

important variable that affects denitrification. It is well documented that as the amount of 

organic carbon increases the denitrification rate increases. This method may be used as a 

quick estimate of the denitrification rate for a given area. 

 

The second method will be a multi-variate analysis. This method will allow the user to 

have a more accurate prediction based on information that can be easily available. Using 

additional parameters such as soil texture, pH, and WFP will enable the user to have a 

better estimate of the rate of denitrification.  

 

The third method will involve the use of neural networks. A major advantage of using a 

neural network is ability of the network to learn and then predict without knowing how 

denitrification as a process takes place. The various controlling factors of denitrification 

can be accounted for the input nodes of the proposed neural network.  

 

It is hypothesized that the proposed predictive equations based on any of the three 

methods may be used to give management and planners a relatively accurate estimation 

of denitrification rate. In addition, the accuracy in prediction will increase from the 

regression analysis to the neural network.  
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CHAPTER TWO 

2. LINEAR REGRESSION 

 

Anderson (1998) established that the denitrification rate could be predicted by using one 

of the most important factor in denitrification, i.e, organic carbon (OC %). Otis (2007) 

has used organic carbon and WFP to determine denitrification rates in the Wekivia river 

basin. Following the approach used by Anderson (1998) and Otis (2007) approach a 

hierarchal linear regression analysis is conducted on the dataset. Initially all data are 

clumped together and the relationship between the denitrification rate and organic carbon 

is investigated, this yields a very weak correlation (r2 = 0.1). The same relationship is 

investigated using data from similar studies. While there is an improvement in the 

coefficient of determination, is it still below the targeted coefficient of determination 

value of 0.6. This section describes in detail the hierarchal linear regression analysis.  

2.1. All Available data  

Using all the available literature values the denitrification rate is plotted against organic 

carbon (Figure 2.1). While Anderson’s (1998) linear regression is a reasonable estimation 

based on the data used by him and helped account for loss of nitrogen due to 

denitrification, it may not necessarily be applicable in a universal setting Based on 

literature studies an increase in the organic carbon should result in an increase in the 

denitrification rate. The results obtained do show that the denitrification rate increases 

with an increase in organic carbon content, however the coefficient of determination is 

extremely low (r2 = 0.1).  

 

There are several factors that may account for the low correlation value. It is likely that 

this erroneous result may be caused by the conversion of units to a common unit of kg N 

ha− 1d− 1 or from the clumping together of data from different studies, many of which have 

used different methods. Some of the methods within the dataset estimate and measure the 

potential denitrification rate i.e. the maximum possible rate under ideal conditions; others 

are field experiments that report the actual rate of denitrification. Even within the same 
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studies with the same set of environmental conditions the denitrification rate varies, 

perhaps indicating that the current accepted method of measuring the denitrification rate 

is not accurate enough to quantify the denitrification rate and hence the amount of 

denitrification. 

 

While the above reasons are pure speculation, the likely reason for obtaining such a result 

is that denitrification is a complex biological process that is controlled by several 

parameters  

 

Tuchloke (2007) separated the dataset based on the methodology used to determine the 

denitrification rate and found that the results improved considerably, while the 

improvement was significant, it is, in the author’s opinion not accurate enough to 

estimate the rate of denitrification. 

 
 

706050403020100

160

140

120

100

80

60

40

20

0

OC (%)

R
_

d
_

n
 (

k
g

N
h

a
^

-^
1

d
^

-^
1

)

S 8.58316

R-Sq 0.1%

Denitrification Rate Vs. Organic carbon (All Data n=1129)

Rdn (kgN ha-1 d-1) =  1.903 + 0.07439 OC (%)

 

 
 

Figure 2.1    Relationship of denitrification rate and OC based on the literature data. 

 
 
By restricting the dataset to similar studies, I plotted the relationship between Rdn and OC 

(Figure 2.2). These results show a more promising outlook than the previous attempt of 

lumping together all the data. While the correlations are weak in many cases they are still 
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an improvement on the earlier attempt where the data yielded results contrary to 

experimental observations and theory.  
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Figure 2.2    Denitrification Vs. Rdn using data from similar studies. 

 
 
It seems evident that the segregation of data into groups yields better results than 

collating and analyzing all data together. As dividing the data based on authorship would 

not yield any new information, the dataset is divided into several classes depending on 

the controlling factors. Literature research and the data above suggest that denitrification 

is not just a function of organic carbon.  Denitrification may hence be perceived as a 

function of all of the factors described in section 1.2. 

 

Thickness)  ,ionConcentrat Nitrate density, Bulk

 Carbon, Organic pH, WFP, eTemperatur Texture fRdn ,,(=
               ----  Equation 2.1 

 

The only method to observe the true effect of organic carbon on the denitrification rate is 

to isolate the other factors. By setting all of the other factors to a constant value, the true 

relationship between organic carbon and the denitrification rate can be observed. Due to a 

limited amount of data a decision is made to subset the dataset further based on Texture, 
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Temperature, WFP and pH and then look at the relationship between organic carbon and 

the denitrification rate. A second subset is based on Texture, Temperature, WFP and 

Nitrate Concentration.  

2.2. Break down of data 

In order to improve upon the accuracy of the results the dataset is divided into textural 

classes based on the USDA scheme of classification (Figure 2.3). This seemed to be the 

logical choice to improve the results while still maintaining the goal of predicting the 

denitrification rate of a given area using easily available parameters. There are a total of 

13 available classes as listed in Table 2.1. Of these textural classes, data is unavailable for 

silt and sandy clay. Information for peat (Texture 13) is treated separately.  

 
 

 
 

Figure 2.3    USDA Soil Textural Classification scheme 
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Table 2.1    Soil Textural Classes 
 

 
Textural Class Soil Texture 

1 Clay 

2 Clay Loam 

3 Loam 

4 Loamy Sand 

5 Sand 

6 Sandy Clay Loam 

7 Sandy Loam 

8 Silt Loam 

9 Silt Clay 

10 Silty Clay loam 

11 Silt 

12 Sandy Clay 

13 Peat 

 
 

2.3. Texture  

The first subsets are based solely on textural class. The general statistics for each texture 

is described in Appendix C. For each of the textures plots of the denitrification rate 

versus organic carbon, temperature, water filled porosity, pH and nitrate concentration 

are examined and discussed below. 

2.3.1. Texture 1 (Clay) 

Texture 1 (Clay) is made up of 27 records. As one set does not have water filled porosity 

and a −
3NO  value the dataset in reduced to 26 records. For this texture, there is no 

improvement in any of the relationships that are examined.  



 37 

2.3.2. Texture 2 (Clay Loam) 

Texture 2 is made up of 77 records; of which 8 do not have −
3NO  concentration values. 

There is unfortunately no improvement in linear relationship for any of the categories 

examined. The best improvement is the relationship between nitrate concentration and 

organic carbon. The coefficient of determination is however too low to be of any 

significant use to the project.  

2.3.3. Texture 3 (Loam) 

Texture 3 comprises of 102 records, of which there are 14 missing nitrate concentration 

values. There is unfortunately no improvement in linear relationship for any of the 

categories examined.  

2.3.4. Texture 4 (Loamy Sand) 

Loamy sand is the dataset with the least amount of data. There are only 4 distinct records 

of data. There was one missing nitrate concentration value. This set showed the linear 

relationship between the denitrification rate and organic carbon (Figure 2.4). In addition 

thus far this set showed the best linear relationships across all categories. The 

improvements were however not very significant except for the Rdn ~ OC relationship.  
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Figure 2.4    Texture 4; Denitrification rate Vs. Organic Carbon. 
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2.3.5. Texture 5 (Sand) 

The surficial aquifer in Jacksonville is a sand and gravel aquifer; this makes the sand 

texture subset the most important dataset. Unfortunately there were no useful regressions 

obtained from this subset. It is worthwhile noting that this dataset is one of the larger 

subsets and is comprised of data obtained from several authors. In addition there are four 

distinct methodologies accounted for in this dataset. It is perhaps this wide range of 

authorship and methodology that results in poor correlation.  

2.3.6. Texture 6 (Sand Clay Loam) 

Texture six is the second smallest dataset comprising of five distinct datasets and of 

which one set had a missing nitrate concentration value. The temperature for all data is 20 

ºC and nitrate concentration for all data is 200 (µgN g-1 soil). As a result there is no 

possible linear relationship between Rdn and temperature or nitrate concentration. This 

subset shows good linear relationships in all the categories; however the denitrification 

rate decreases with an increase in organic carbon. As this was contrary to the accepted 

theory this relationship was deemed suspect and not investigated further.  
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Figure 2.5    Texture 6; Denitrification Rate Vs. pH. 
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Figure 2.6    Texture 6; Denitrification Rate Vs. Water Filled Porosity. 
 

 
The important relationships are shown in Figure 2.5 and Figure 2.6. The denitrification 

rate increases with an increase in WFP indicating that as oxygen decreases the 

denitrification rate increases. The denitrification rate also increases with an increase in 

pH. 

2.3.7. Texture 7 (Sandy Loam) 

Texture 7 has a total of 181 records of data. Of these 181 sets 71 are missing nitrate 

concentration values. This subset did not yield any significant linear correlations. 

2.3.8. Texture 8 (Silty Loam) 

This is one of the larger subset in the database and in made up of 260 records of data with 

8 missing nitrate concentration values one missing depth and three missing WFP values. 

Unfortunately this subset did not yield an improvement in linear relationships.  

2.3.9. Texture 9 (Silt Clay) 

This is the largest subset in the database and is made up of 283 records of data with 3 

missing nitrate concentration values. There was no significant improvement in the linear 

relationships. The best improvement was for the Rdn-OC with an r2 value of 0.4. 
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2.3.10. Texture 10 (Silty Clay Loam) 

This subset is made up of 71 records of data with one missing nitrate concentration value 

and one missing water filled porosity value. This subset showed no improvement in linear 

relationships.  

2.3.11. Texture 11 (Silt) 

No Data available 

2.3.12. Texture 12 (Sandy clay) 

No Data available  

2.3.13. Texture 13 (Peat) 

The peat dataset is made up of 16 values with seven missing nitrate concentration values 

and 2 missing thickness values. The relationship between the denitrification rate and 

organic carbon is especially strong. This does confrom to what is expected. The values of 

the seven variables for all fields differ; this perhaps indicates that in high organic carbon 

environments it is indeed the organic carbon that controls the rate of denitrification.   
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Figure 2.7    Peat: Denitrification rate Vs. Organic Carbon. 
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2.3.14. Summary  

The division of the data into textural classes yields slightly better results than using all of 

the available data together (Table 2.2). While there was a minor improvement in the 

correlation coefficient values they were by no means significant enough to allow the 

development of a set of predictive equations that could allow the denitrification rate to be 

estimated in a given area.  

 

This meant that other factors probably affected the rate of denitrification. As mentioned 

in section 1.2 there are other controlling factors that contribute to the occurrence of 

denitrification in a given area. To isolate the effect of organic carbon on the 

denitrification rate the dataset was then further divided based on Temperature (ºC), Water 

Filled Porosity (WFP) and Nitrate Concentration (−
3NO ). Using this method each textural 

class was divided into distinct sets so that texture and temperature remain constant.  

 

In order to simplify writing the sub-divisions are coded as follows: Texture – 

Temperature-WFP-Organic Carbon- Nitrate Concentration. Thus 1-18-100-8 should be 

read as Texture 1, Temperature 18 ºC, Water Filled Porosity 100 % and a Nitrate 

concentration of 8 µg N g-1 soil. 3-6 should be read as Texture 3 and temperature 6 ºC. 

The datasets described above are further subdivided based on temperature. When 

specified the last term in the code may be the pH value. The author acknowledges the 

tediousness and monotony of this section and suggests readers requiring a cursory 

overview of the work focus on Appendix D and Appendix E which summarize the 

coefficient of determination and the equations developed.  
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Table 2.2    Coefficient of determination for all Texture categories 
 
 

 
 

2.4. Texture and Temperature. 

2.4.1. Texture 1 (Clay) 

There are only three temperatures with a total number of data points greater that or equal 

to three. These temperatures were 20ºC, 18ºC and 13 ºC. For data with a temperature of 

18ºC there was no variation in any of the parameters including Organic Carbon, this 

made any data from this subset unusable.  The dataset with a temperature of 13 ºC has 

three points; the WFP is 100 for all valves. There are only two unique values for organic 

carbon, pH, and nitrate concentration; consequently these temperatures could not yield 

any further information.  

 

Textural 

Class 
Soil Texture 

R2 : Rdn – 

OC 

R2  : Rdn - 

Temperature 

R2  : Rdn - 

WFP 

R2  : Rdn - 

pH 

R2  : Rdn – NO3
- 

concentration 

1 Clay 
- 0.129 0.020 0.052 0.001 

2 Clay Loam 
- 0.000 0.100 0.049 0.412 

3 Loam 
- 0.034 - 0.074 0.048 

4 Loamy Sand 
0.920 0.277 0.345 0.117 0.740 

5 Sand 
0.051 0.134 0.037 0.139 0.099 

6 
Sandy Clay 

Loam 0.928 - 0.992 0.870 - 
7 Sandy Loam 

- 0.143 0.235 0.000 0.388 
8 Silt Loam 

- 0.034 0.054 0.063 0.012 
9 Silt Clay 

0.400 0.070 0.040 0.200 0.004 
10 Silty Clay loam 

0.066 - 0.024 0.170 0.034 
11 Silt 

- - - - - 
12 Sandy Clay 

- - - - - 
13 Peat 

0.881 0.267 0.194 0.001 0.007 
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The subset Texture 1-Temperature 20 ºC comprises a total of 13 distinct records of data. 

The only improvement was in the denitrification rate – pH relationship (Figure 2.8). 
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Figure 2.8    1-20; Denitrification rate Vs. pH 
 
 

2.4.2. Texture 2 (Clay Loam) 

This subset has four unique temperatures 10ºC, 20ºC, 22ºC and 25ºC. The dataset with a 

temperature of 10ºC has only three data points.  A plot of Rdn- OC and Rdn-pH yields a 

good linear correlation for the plot (Figure 2.9 and Figure 2.10). The WFP for all three 

values was the same and there are only two distinct nitrate concentration values.  

 

Subset Temperature 20 has 47 records of data. This subdivision did not yield any 

significant improvements in linear relationships. 

 

Subset Temperature 22 has seven distinct records of data. This subset yields a good 

correlation for Rdn Vs. WFP (Figure 2.11) while showing a decent improvement in linear 

regression for all the categories.  
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Figure 2.9    2-10; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.10    2-10; Denitrification Rate Vs. pH 
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Figure 2.11    2-22; Denitrification Rate Vs. Water Filled Porosity 
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Figure 2.12    2-25; Denitrification Rate Vs. Nitrate Concentration. 

 
Subset 2-25 has 14 distinct records of data; the only plot to yield a significant correlation 

is the denitrification rate Vs. nitrate concentration (Figure 2.12).  
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2.4.3. Texture 3 (Loam) 

Texture 3 comprised of 15 distinct temperatures ranging from 3 ºC to 25 ºC. The majority 

of the subsets comprised 3 values, except for 5 ºC (n=4), 10 ºC (n=11), 15 ºC (n=5), 16 

ºC (n=8), 18 (n=4), 20 (n=33), 22 (n=8) and 25 (n=4), where n is the number of 

records/data. The separation based on the temperature resulted several subsets with only 

two distinct values for organic carbon and nitrate concentration, hence the use of these 

subsets was unfeasible. The only divisions that had any valuable information were 3-5, 3-

6, 3-11, 3-12, 3-14, 3-15, 3-16, 3-17 and 3-18.  None of the subsets provide any 

information about the relationship between Rdn and OC as in the majority of the cases 

there were only two distinct values and in the cases where there is more than two values 

the correlation is weak. Nevertheless the correlations are still an improvement when 

compared to section 2.3. Figure 2.13 to Figure 2.18 show the main relationships obtained 

for texture three. 
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Figure 2.13    3-12; Denitrification Rate Vs. Water Filled Porosity 
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Figure 2.14    3-12; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.15    3-14; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.16    3-16; Denitrification Rate Vs. Nitrate Concentration 
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Figure 2.17    3-17; Denitrification Rate Vs. Water Filled Porosity. 
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Figure 2.18    3-18; Denitrification Rate Vs. Water Filled Porosity. 
 
 

2.4.4. Texture 4 (Loamy Sand) 

Of the four records, three have a temperature of 25 ºC. The Linear relations were strong 

and significant for Rdn Vs. OC and Nitrate concentration (Figure 2.19 and Figure 2.20).  
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Figure 2.19    4-25; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.20    4-25; Denitrification Rate Vs. Nitrate Concentration 
 
 

2.4.5. Texture 5 (Sand) 

Based on temperature the sandy texture could be broken down into 5-2 (n=3), 5-5 (n=3), 

5-10 (n=7), 5-15 (n=40), 5-20 (n=13), 5-22 (n=7) and 5-25 (n=30). The majority of the 

subsets have the same or only two distinct pH, organic carbon and nitrate concentration 

values. For the subsets which have at least a minimum of three distinct organic carbon 

values, the linear correlation between organic carbon and the denitrification rate was 

weak. The relationship was in some cases weaker that the previous section, this is also 

true for the relationship between Rdn and pH, as well as Rdn and Nitrate Concentration.  

 

The only relationship that showed an improvement was Rdn Vs. WFP, the significant 

improvement of the linear relationships was shown only 5-2 and 5-22 (Figure 2.21 and 

Figure 2.22). 
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Figure 2.21    5-2; Denitrification Rate Vs. Water Filled Porosity 
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Figure 2.22    5-22; Denitrification Rate Vs. Water Filled Porosity. 

 
 

2.4.6. Texture 6 (Sandy Clay Loam) 

Texture six has five data points, as all of the data have the same temperature (20 ºC); the 

results are exactly the same as in section 2.3.  
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2.4.7. Texture 7 (Sandy Loam) 

The Sandy loam dataset can be divided based on temperature into 18 subsets. The 

following temperatures within the sandy loam texture have more that 3 records of data. 2 

ºC (n=6), 3 ºC (n=6), 4 ºC (n=6), 5 ºC (n=8), 7 ºC (n=5), 10 ºC (n=10), 11 ºC (n=5), 12 ºC 

(n=9), 13 ºC (n=6), 14 ºC (n=6), 15 ºC (n=6), 16 ºC (n=6), 18 ºC (n=11) , 20 ºC (n=16), 

22 ºC (n=3), 25 ºC (n=19), 28 ºC (n=31), and 35 ºC (n=21).  

 

The majority of the data, once sub-divided, do not have different values for organic 

carbon, and pH. There are only three subsets (7-20, 7-25 and 7-28) with three or more 

unique nitrate concentration values. The linear relationship between the denitrification 

rate and nitrate concentration is weak for all of the three subsets. The same applies to pH 

values, except for 7-15, 7-20, 7-22, 7-25 and 7-28. Except for 7-22 there is no significant 

relationship between the denitrification rate and pH. Even with organic carbon values 

there are no subsets with three or more organic carbon values except for 7-5, 7-20 and 7-

28, unfortunately there is no significant linear relationship between the denitrification rate 

and organic carbon.  

 

The water filled porosity values fortunately do yield more information. With the 

exception of 7-15 and 7-22 all of the subsets have three or more unique values. All of the 

subsets show improvement in linear relationship between the denitrification rate and 

water filled porosity. In general while there is an improvement in the coefficient of 

determination the only subsets with a significant improvement are 7-4, 7-7, 7-10, 7-12, 7-

13, 7-14, 7-16 and 7-28 (Figure 2.23 - Figure 2.29) 
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Figure 2.23    7-4; Denitrification Rate Vs. Water Filled Porosity. 
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Figure 2.24    7-7; Denitrification Rate Vs. Water Filled Porosity 
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Figure 2.25    7-12; Denitrification Rate Vs. Water Filled Porosity. 
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Figure 2.26    7-13; Denitrification Rate Vs. Water Filled Porosity 
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Figure 2.27    7-14; Denitrification Rate Vs. Water filled Porosity 
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Figure 2.28    7-16; Denitrification Rate Vs. Water filled Porosity 
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Figure 2.29    7-28; Denitrification Rate Vs. Water filled Porosity 

 
 

2.4.8. Texture 8 (Silt Loam) 

The silty loam database was subdivided into the following subsets: 8-3 (n=9), 8-4 

(n=9),8-6 (n=10),8-7 (n=11), 8-8 (n=10),8-9 (n=10),8-10 (n=27), 8-12 (n=6), 8-13 (n=13) 

,8-14 (n=18), 8-15 (n=9),8-17 (n=8), 8-18 (n=4), 8-20 (n=48), 8-21 (n=4) and 8-25 

(n=59). Of these subsets only the subsets 8-10,8-13,8-14,8-15,8-20 and 8-2 have three or 

more unique organic carbon values, unfortunately there is no subset that provides a 

significant linear correlation between the denitrification  rate and organic carbon. The 

only subsets with three or more unique WFP values are 8-13, 8-15, 8-17, 8-20 and 8-25. 

The only subset with a significant correlation is 8-17, between Rdn and WFP (Figure 

2.30). 

 
There are six subsets with three or more unique pH values; they are 8-10, 8-12, 8-13, 8-

14, 8-15 and 8-25. None of these subsets have a significant linear correlation between the 

pH and denitrification rate.  

 

All of the subsets except for 8-7, 8-8 and 8-21 have three or more unique nitrate 

concentration values. The subsets that yield a significant correlation are 8-4 and 8-15. 



 57 

 

 

 

32302826242220

0.011

0.010

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

WFP (%)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 0.0013923

R-Sq 73.7%

Texture 8 Temperature 17 : Denitrification Rate Vs. Water Filled Porosity

Rdn (kgN ha-1 d-1) =  - 0.009038 + 0.000559 WFP (%)

 

 
 

Figure 2.30    8-17; Denitrification Rate Vs. Water filled Porosity 
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Figure 2.31    8-4; Denitrification Rate Vs. Nitrate Concentration 
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Figure 2.32    8-15; Denitrification Rate Vs. Nitrate Concentration 
 
 

2.4.9. Texture 9 (Silty Clay) 

Based on temperature, texture 9 was subdivided into the following subsets: 9-4 (n=13), 9-

5 (n=22), 9-6 (n=12), 9-7 (n=37), 9-8 (n=26), 9-9 (n=8), 9-10 (n=5), 9-11 (n=3), 9-12 

(n=10), 9-13 (n=25), 9-14 (n=11), 9-15 (n=19), 9-16 (n=13),9-17 (n=14), 9-18 (n=23), 9-

19 (n=6), 9-20 (n=8), 9-21 (n=4), 9-25 (n=6),9-28 (n=9), and 9-30 (n=5). While all of the 

sub-sets showed an improvement in the linear correlation between the denitrification rate 

and organic carbon, except for 9-20, 9-25, 9-28 and 9-30 (Figure 2.33 - Figure 2.36) none 

of the subsets were significantly correlated. The only subset to show a significant 

relationship between the denitrification rate and water filled porosity is 9-11. 

 

The subsets that showed a significant correlation between the denitrification rate and pH 

are 9-10, 9-11, 9-20 and 9-30 (Figure 2.37 - Figure 2.39). The subsets with a significant 

correlation between the denitrification rate and nitrate concentration are; 9-11 and 9-28. 

(Figure 2.40 and Figure 2.41) 
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Figure 2.33    9-20; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.34    9-25; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.35    9-28; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.36    9-30; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.37    9-10; Denitrification Rate Vs. pH. 
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Figure 2.38    9-20; Denitrification Rate Vs. pH. 
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Figure 2.39    9-30; Denitrification Rate Vs. pH. 
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Figure 2.40    9-11; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.41    9-28; Denitrification Rate Vs. Organic Carbon. 
 
 

2.4.10. Texture 10 (Silty Clay Loam) 

The data from texture ten was divided into the following subsets 10-18 (n=3), 10-20 

(n=23) and 10-25 (n=32).  The four parameters considered (OC, WFP, pH Nitrate 

Concentration) have the same value for subset 10-18, regrettably none of the other 

subsets yield a significant correlation for any of the categories. 

2.4.11. Texture 11 (Silt) 

No data available. 

2.4.12. Texture 12 (Sandy Clay) 

No data available. 

2.4.13. Texture 13 (Peat) 

Based on the temperature, peat were subdivided into 13-10 (n=4) and 13-20. The subset 

13-10 has only two unique values for organic carbon. The subset 13-20 has only one 

organic carbon value. The situation is the same for pH , nitrate concentration and WFP.  
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2.5. Break down by Texture, Temperature and Water Filled Porosity 

2.5.1. Texture 1 (Clay) 

The dataset 1-13 and 1-18 are identical to section 2.4.1 and provide no new information.  

The data with a temperature of 20ºC had a total of 13 usable points, of these there are 

only two subsets of WFP with n>3, these were WFP 45 and WFP 81. Unfortunately all 

the parameters are the same for both the WFP, leading to the data being unusable. All of 

the subsets have 3 records of data. Due to the limited number of data for textural class 1 

there were no usable equations that could be derived once the main set was subdivided. 

2.5.2. Texture 2 (Clay Loam) 

From section 2.4.2 the only subdivisions are 2-20-51 (n=4), 2-20-71 (n=3), 2-20-94 

(n=4), 2-20-97 (n=3), 2-20-99 (n=3), 2-20-100 (n=9) and 2-25-100 (n=12). The only 

valuable linear relations were between the nitrate concentration and organic carbon from 

subsets 2-20-94, 2-20-97 and 2-25-100 (Figure 2.42 - Figure 2.44). 
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Figure 2.42    2-20-94; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.43    2-20-97; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.44    2-25-100; Denitrification Rate Vs. Nitrate Concentration. 
 
 

2.5.3. Texture 3 (Loam) 

The loam texture database was divided into three further subsets: 3-20-47 (n=3), 3-20-

100 (n=6) and 3-25-100 (n=3). There is no significant improvement in any of the linear 

relationships (Rdn Vs. OC, WFP, pH, and nitrate conc.), except for the relationship 

between the denitrification rate and organic carbon for the 3-25-100 subset (Figure 2.45). 
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Figure 2.45    3-25-100; Denitrification Rate Vs. Nitrate Concentration. 
 

2.5.4. Texture 4 (Loamy Sand) 

No further subdivision possible 

2.5.5. Texture 5 (Sand) 

The sand database from section 2.4.5 can be subdivided into 5-15-100 (n=33), 5-25-60 

(n=9), 5-25-75 (n=9), 5-25-90 (n=9) and 5-25-200 (n=3). None of these subdivisions 

yields any further relevant information.  

2.5.6. Texture 6 (Sandy Clay Loam) 

No further subdivisions possible 

2.5.7. Texture 7 (Sandy Loam) 

The sandy loam database can be subdivided into 7-20-29 (n=5), 1-20-100 (n=5), 1-22-

100 (n=3), 1-25-60 (n=3), 7-25-100 (n=11), 7-28-20 (n=10), 7-28-50 (n=10), 7-28-133 

(n=10), 7-35-60 (n=7), 7-35-90 (n=7) and 7-35-120 (n=7). The only subsets to yield any 

new significant information are 7-28-50 (Rdn Vs. OC) (Figure 2.46) and 7-22-100 (Rdn 

Vs. pH) (Figure 2.47). 
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Figure 2.46    7-28-50; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.47    7-22-100; Denitrification Rate Vs. pH. 
 
 

2.5.8. Texture 8 (Silt Loam) 

The Silty loam dataset is subdivided into 8-3-53 (n=9), 8-4-75 (n=9), 8-6-65 (n=10), 8-7-

59 (n=10), 8-8-51 (n=10), 8-9-76 (n=10), 8-10-61 (n=9),8-10-62 (n=6), 8-10-64 (n=6), 8-

12-70 (n=6), 8-13-84 (n=5), 8-14-21 (n=4),8-14-70 (n=6),8-14-73 (n=6),8-15-69 (n=6), 
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8-20-34 (n=3), 8-20-84 (n=4), 8-20-86 (n=9), 8-20-87 (n=7), 8-20-88 (n=3), 8-20-89 

(n=5),8-20-100 (n=7), 8-25-60 (n=19),8-25-75 (n=18), 8-25-90 (n=18) and 8-25-100 

(n=3).  

 

The majority of the subsets have only one unique organic carbon and pH value and hence 

do not furnish any additional information. The only supplementary information derived is 

the linear relationship between the denitrification rate and nitrate concentration from 8-4-

75, 8-6-100, 8-10-61, 8-20-84,8-20-88 and 8-20-89 (Figure 2.48 - Figure 2.53). 
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Figure 2.48    8-4-75; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.49    8-6-100; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.50    8-10-61; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.51    8-20-84; Denitrification Rate Vs. Nitrate Concentration. 
 
 

250200150100500

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

NO3-  Conc( µgN g-1 soil)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 0.0045324

R-Sq 100.0%

Texture 8 Temperature 20 WFP 88 : Denitrification Rate Vs.Nitrate Concentration

Rdn (kgN ha-1 d-1) =  0.005081 + 0.003792 NO3-  Conc( µgN g-1 soil)

 
 
 

Figure 2.52    8-20-88; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.53    8-20-89; Denitrification Rate Vs. Nitrate Concentration. 
 
 

2.5.9. Texture 9 (Silty Clay) 

Texture 9 can be separated into the following subsets: 9-7-10 (n=3), 9-8-100 (n=3), 9-13-

100 (n=3), 9-15-25 (n=4), 9-25-100 (n=6) and 9-30-100 (n=5).  
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Figure 2.54    9-7-100; Denitrification Rate Vs. Organic Carbon 
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Subsets 9-7-100, 9-25-100 and 9-30-100 (Figure 2.54 - Figure 2.56) show a significant 

relationship between the denitrification rate and organic carbon. 
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Figure 2.55    9-25-100; Denitrification Rate Vs. Organic Carbon 
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Figure 2.56    9-30-100; Denitrification Rate Vs. Organic Carbon. 
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There is no subset that shows a significant correlation between the denitrification rate and 

pH. Subset 9-13-100 is the only subset to show a significant linear correlation between 

the denitrification rate and the nitrate concentration (Figure 2.57). 
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 Figure 2.57    9-13-100; Denitrification Rate Vs. Nitrate Concentration. 
 
 

2.5.10. Texture 10 (Silty Clay Loam) 

The silty clay loam subset were divided into seven subsets: 10-18-100 (n=3), 10-20-52 

(n=4), 10-20-100 (n=12), 10-25-60 (n=10), 10-25-75 (n=9), 10-25-90 (n=9) and 10-25-

100 (n=4). The majority of the subsets did not have more than three distinct values for 

organic carbon, pH and nitrate concentration and hence no valuable information could be 

obtained from any of the subsets except for the linear relationships between the 

denitrification rate and the nitrate concentration for the 10-25-100 subset (Figure 2.58) 
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Figure 2.58    10-25-100; Denitrification Rate Vs. Nitrate Concentration. 
 
 

2.5.11. Texture 11 (Silt) 

No data available. 

2.5.12. Texture 12 (Sandy Clay) 

No data available. 

2.5.13. Texture 13 (Peat) 

No further subdivision possible. 

2.6. Break down by Texture, Temperature, Water Filled Porosity 

and Nitrate Concentration  

2.6.1. Texture 1 (Clay) 

The only subdivisions possible are 1-18-100-446 (n=3), 1-20-45-100 (n=3) and 1-20-81-

100 (n=3). All of the subsets have only one value for organic carbon and pH and hence 

no additional information was acquired from these subsets.  
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2.6.2. Texture 2 (Clay Loam) 

There is only one further subdivision for the clay loam. 2-25-100-100 (n=6). this subset 

shows a good correlation between the denitrification rate and organic carbon (Figure 

2.59). 
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Figure 2.59    2-25-100-100; Denitrification Rate Vs. Organic Carbon. 
 
 

2.6.3. Texture 3 (Loam) 

No further subdivisions possible. 

2.6.4. Texture 4 (Loamy Sand) 

No further subdivisions possible. 

2.6.5. Texture 5 (Sand) 

The sand dataset was further classified into ten subsets: 5-15-100-6 (n=3), 5-25-60-3 

(n=3), 5-25-60-142 (n=3), 5-25-60-280 (n=3), 5-25-75-3 (n=3), 5-25-75-280 (n=3), 5-25-

90-3 (n=3), 5-25-90-142 (n=3), and 5-25-90-280 (n=3). All of the subsets have only one 

unique pH value and hence any additional information on the Rdn – pH relationship is 

unattainable. While there is improvement in the linear relationships, the only subsets with 
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a significant linear relationship between the denitrification rate and organic carbon are 5-

15-100-6, 5-25-60-280, 5-25-75-142, 5-25-75-280, 5-25-90-142 and 5-25-90-280 (Figure 

2.60 - Figure 2.65). 
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Figure 2.60    5-15-100-6; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.61    5-25-60-280; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.62    5-25-75-142; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.63    5-25-75-280; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.64    5-25-90-142; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.65    5-25-90-280; Denitrification Rate Vs. Organic Carbon. 
 
 

2.6.6. Texture 6 (Sandy Clay Loam) 

No further subdivisions possible. 
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2.6.7. Texture 7 (Sandy Loam) 

The sandy loam texture was divided into the following subsets; 7-22-100-100 (n=3), 7-

25-60-100 (n=3), 7-25-100-100 (n=3), 7-28-20-600 (n=9),7-28-50-100 (n=8),7-28-133-

600 (n=9),7-35-60-125.7 (n=5),7-35-90-125.7 (n=5), and 7-35-120-125.7 (n=4). 

 

The majority of the subsets have only one unique pH and organic carbon value. Only two 

subsets yield a significant linear relationship between the denitrification rate and organic 

carbon, the results are shown in Figure 2.66 and Figure 2.67. There is no significant 

linear relationship between the denitrification rate and pH for this group of subsets.  
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Figure 2.66    7-28-20-600; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.67    7-28-50-600; Denitrification Rate Vs. Organic Carbon. 
 
 

2.6.8. Texture 8 (Silt Loam) 

Silty loam texture can be divided into the following subsets , 8-14-73-5.5 (n=4), 8-25-60-

6 (n=3), 8-25-60-43 (n=3), 8-25-60-145 (n=3), 8-25-60-182 (n=3), 8-25-60-283 (n=3), 8-

25-60-320 (n=3),8-25-75-6 (n=3),8-25-75-43 (n=3), 8-25-75-145 (n=3), 8-25-75-182 

(n=3),8-25-75-283 (n=3), 8-25-75-320 (n=3), 8-25-90-6 (n=3),8-25-90-43 (n=3), 8-25-

90-145 (n=3), 8-25-90-182 (n=3), 8-25-90-283 (n=3) and 8-25-90-320 (n=3). All of the 

subsets have 3 different organic carbon values and only one pH value. Except for the 8-

25-90-6 and 8-14-73-5.5 subsets all of the subsets show a significant linear correlation 

between the denitrification rate and organic carbon. 
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Figure 2.68    8-25-60-6; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.69    8-25-60-43; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.70    8-25-60-145; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.71    8-25-60-182; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.72    8-25-60-283; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.73    8-25-60-320; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.74    8-25-75-6; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.75    8-25-75-43; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.76    8-25-75-145; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.77    8-25-75-182; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.78    8-25-75-283; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.79    8-25-75-320; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.80    8-25-90-43; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.81    8-25-90-145; Denitrification Rate Vs. Organic Carbon. 

 



 88 

 
 

3.002.982.962.942.922.90

12

10

8

6

4

2

0

C4

C
9

S 3.32355

R-Sq 81.7%

Texture 8 Temperature 25 WFP 90 Nitrate Concentration 182 : Denitrification Rate Vs. Oc

Rdn (kgN ha-1 d-1) =  - 286.6 + 99.29 OC (%)

 
 
 

Figure 2.82    8-25-90-182; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.83    8-25-90-283; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.84    8-25-90-320; Denitrification Rate Vs. Organic Carbon. 

 

2.6.9. Texture 9 (Silty Clay) 

Texture nine was subdivided into three classes 9-15-25-9 (n=4), 9-25-100-9 (n=4) and 9-

30-100-9 (n=4). There is no significant linear relationship between the denitrification rate 

and organic carbon or pH for the 9-15-25-9 and the 9-25-100-9 subset. For the 9-30-100-

9 subset there is no significant relationship between the denitrification rate and pH, the 

relationship between Rdn – OC is shown in Figure 2.85. 

2.6.10. Texture 10 (Silty Clay Loam) 

Texture ten is subdivided into 10-18-100-302 (n=3), 10-25-60-89 (n=3), 10-25-60-288 

(n=3), 10-25-60-366 (n=3), 10-25-75-89 (n=3), 10-25-75-228 (n=3), 10-25-75-336 (n=3), 

10-25-90-89 (n=3), 10-25-90-228 (n=3), and 10-25-90-366 (n=3).All of the subsets have 

only one nitrate concentration value; hence no additional information is acquired. Except 

for the first three subsets all of the subsets show a significant linear relationship between 

the denitrification rate and organic carbon. (Figure 2.86 -Figure 2.92). 
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Figure 2.85    9-30-100-9; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.86    10-25-60-366; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.87    10-25-75-89; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.88    10-25-75-228; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.89    10-25-75-366; Denitrification Rate Vs. Organic Carbon. 
 

 
 

3.203.183.163.143.123.10

5

4

3

2

1

0

OC (%)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 1.38764

R-Sq 81.6%

Texture 10 Temperature 25 WFP 90 Nitrate Concentration 89 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) =  - 127.3 + 41.27 OC (%)

 
 
 

Figure 2.90    10-25-90-89; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.91    10-25-90-228; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.92    10-25-90-366; Denitrification Rate Vs. Organic Carbon. 
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2.6.11. Texture 11 (Silt) 

No data available. 

2.6.12. Texture 12 (Sandy Clay) 

No data available. 

2.6.13. Texture 13 (Peat) 

No further subdivisions possible. 

2.7. Break down by Texture, Temperature, Water Filled Porosity 

and pH 

2.7.1. Texture 1 (Clay) 

The clay was divided into three groups, 1-18-100-8 (n=3), 1-20-45-8.5 (n=3), and 1-20-

81-8.5 (n=3). As all of the groups have only one organic carbon and nitrate concentration 

value there is no further information available 

2.7.2. Texture 2 (Clay Loam) 

The clay loam dataset is subdivided into two groups 2-10-51-6.9 (n=3) and 2-20-100-6.8 

(n=4). There is no significant linear relationship that could be obtained between the 

denitrification rate and organic carbon or nitrate concentration.  

2.7.3. Texture 3 (Loam) 

No further subdivision possible.  

2.7.4. Texture 4 (Loamy Sand) 

No further subdivision possible 

2.7.5. Texture 5 (Sand) 

The sand dataset could be subset into 5-15-100-5.4 (n=12), 5-15-100-5.5 (n=3), 5-15-

100-5.8 (n=6) 5-15-100-5.9 (n=6), 5-15-100-6.4 (n=6), 5-25-60-7.4 (n=9), 5-25-75-7.4 

(n=3) and 5-25-90-7.4(n=3). Except for subsets 5-15-100-5.4 and 5-15-100-5.4 none of 
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the subsets yield a significant correlation between the denitrification rate and organic 

carbon or nitrate concentration.  
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Figure 2.93    5-15-100-5.4 ; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.94    5-15-100-5.8 ; Denitrification Rate Vs. Organic Carbon. 
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2.7.6. Texture 6 (Sandy Clay Loam) 

No further subdivisions possible. 

2.7.7. Texture 7 (Sandy Loam) 

The sandy loam dataset is divided into the following subsets 7-28-20-4.7 (n=3), 7-28-20-

6.5 (n=4),7-28-20-8 (n=3),7-28-50-6.5 (n=5),7-28-50-8 (n=3), 7-28-133-4.7 (n=3), 7-28-

133-6.5 (n=4) ,7-28-133-8 (n=3), 7-35-60-7.6 (n=7),7-35-90-7.6 (n=7)  and 7-35-120-7.6 

(n=7).  

 

All of the sandy loam subsets have only one nitrate concentration value and the only 

databases to show a significant correlation between the denitrification rate and organic 

carbon are 7-28-20-4.7, 7-28-20-6.5,7-28-50-6.5,7-28-50-8 and 7-28-133-8 (Figure 2.95 - 

Figure 2.99). 

 
 

1.41.31.21.11.00.90.80.70.6

5

4

3

2

1

0

OC (%)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 1.44626

R-Sq 80.9%

Texture 7 Teperature 28 WFP 28 pH 4.7 : Denitrification Rate Vs. Organic Carbon. 

Rdn (kgN ha-1 d-1) =  - 2.670 + 5.458 OC (%)

 
 
 

Figure 2.95    7-28-28-4.7; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.96    7-28-28-6.5; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.97    7-28-50-6.5; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.98    7-28-50-8; Denitrification Rate Vs. Organic Carbon. 
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Figure 2.99    7-28-133-8; Denitrification Rate Vs. Organic Carbon. 
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2.7.8. Texture 8 (Silt Loam) 

The silty loam database is subdivided into 8-3-53-6 (n=9),8-4-75-6 (n=9),8-6-65-6 

(n=10),8-7-59-6 (n=10), 8-8-51-6 (n=10), 8-9-76-6 (n=10), 8-10-61-6 (n=9), 8-14-21-6 

(n=4),8-14-70-6.2 (n=3),8-14-73-6.2 (n=4),8-15-69-6.2 (n=3),8-20-84-7.1 (n=4),8-20-86-

7.1 (n=9),8-20-87-7.1 (n=7),8-20-88-7.1(n=3),8-20-89-7.1 (n=5),8-25-60-7 (n=9), 8-25-

60-7.3 (n=9),8-25-75-7 (n=7),8-25-75-7.3 (n=9),8-25-75-7 (n=9),and8-25-90-7.3 (n=9).  

 

The majority of the subsets have only one organic carbon value and those with more than 

three unique organic carbon values do not demonstrate a significant linear correlation 

between the denitrification rate and organic carbon. The only linear relationship obtained 

is between the denitrification rate and nitrate concentration (Figure 2.100 - Figure 2.107) 
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Figure 2.100    8-4-75-6; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.101    8-6-65-6; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.102    8-10-61-6; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.103    8-14-73-6.2; Denitrification Rate Vs. Nitrate Concentration. 
 

 

40353025201510

0.10

0.08

0.06

0.04

0.02

NO3-  Conc( µgN g-1 soil)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 0.0231621

R-Sq 85.7%

Texture 8 Teperature 15 WFP 69 pH 6.2 : Denitrification Rate Vs. Nitrate Concentration 

Rdn (kgN ha-1 d-1) =  - 0.00776 + 0.002545 NO3-  Conc( µgN g-1 soil)

 
 
 

Figure 2.104    8-15-69-6.2; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.105    8-20-84-7.1; Denitrification Rate Vs. Nitrate Concentration. 
 

 

250200150100500

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

NO3-  Conc( µgN g-1 soil)

R
d

n
 (

k
g

N
 h

a
-1

 d
-1

)

S 0.0045324

R-Sq 100.0%

Texture 8 Teperature 20 WFP 88 pH 7.1 : Denitrification Rate Vs. Nitrate Concentration 

Rdn (kgN ha-1 d-1) =  0.005081 + 0.003792 NO3-  Conc( µgN g-1 soil)

 
 
 

Figure 2.106    8-20-88-7.1; Denitrification Rate Vs. Nitrate Concentration. 
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Figure 2.107    8-20-89-7.1; Denitrification Rate Vs. Nitrate Concentration. 
 
 

2.7.9. Texture 9 (Silty Clay) 

No further subdivision possible. 

2.7.10. Texture 10 (Silty Clay Loam) 

The silty clay loam dataset can be divided into four subsets 10-18-100-6.8 (n=3), 10-25-

60-6.5 (n=9), 10-25-75-6.5 (n=9) and 10-25-90-6.5 (n=9). None of the subsets show a 

significant correlation between the denitrification rate and organic carbon or pH.  

2.7.11. Texture 11 (Silt) 

No data 

2.7.12. Texture 12 (Sandy Clay) 

No data 

2.7.13. Texture 13 (Peat) 

No further subdivisions possible 
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2.8. Summary  

The correlation coefficients for all the linear regression equations are shown in Appendix 

E. The correlation coefficients increase for the majority of the subclasses as more 

controlling factors of the denitrification rate are fixed to constant values. While it is not 

as evident as demonstrated by Anderson (1998), the denitrification rate is positively 

correlated to the amount of organic carbon present. OC is however not the sole 

controlling factor in the equation (Weier et al., 1993; Laverman et al., 2001).  

 

It is only when other factors are fixed that the relationship can be clearly seen. Even with 

the breakdowns as conducted in this section the relationship between the denitrification 

rate and organic carbon is not robust enough to be useful as a predictive tool. The 

application of these regression equations to predict denitrification while untested can at 

best be applied only to the areas as specified by the code (page 41) and universal 

application is doubtful.  

 

This methodology while being the simplest possible technique to obtain a quick and 

rough estimate of the denitrification rate is nevertheless fraught with the need for a 

substantial amount of good quality data. Given the various issues with measuring 

denitrification it may be several decades before such a comprehensive database is 

available. The application of this method is thus limited to data available and can at best 

be used only in similar and already known conditions. 41 
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CHAPTER THREE 

3. MONTE CARLO ANALYSIS 

3.1. Introduction  

The linear regression equations obtained from Chapter 2 are divided into the following 

categories.  

 

• Equations of  Rdn Vs. OC based on the breakdown of Texture , Temperature and 

WFP. 

• Equations of Rdn Vs. OC based on the breakdown of Texture, Temperature, WFP 

and Nitrate Concentration.  

• Equations of Rdn Vs. OC based on the breakdown of  Texture, Temperature, WFP 

and pH 

 

Treating each of these sets of equations as a database of their own it is then possible to 

look at the coefficients of the equations as a set of random variables. As both the slope 

and the intercept of the linear regression can take any possible value and these values are 

unknown to the authors, it is justifiable to assume that the slope and intercept are random 

variables.  

 

Monte Carlo simulation is a type of simulation that relies on repeated random sampling 

and statistical analysis to compute the result of interest. This method of simulation is very 

closely related to random experiments for which the specific result is not known in 

advance. In this context, Monte Carlo simulation can be considered as a methodical way 

of doing so-called what-if analysis.  

 

The equations developed in section 2 may be generically expressed as  

 

COCMRdn += *                                                                                  ---- Equation 3.1 
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where, M is the slope of the linear regression for the given linear regression  and C is the 

intercept.  

 

If we consider the slope and the intercept as random variables we can then use the Monte 

Carlo method to generate various sets of slopes and intercepts. Since there is a 

relationship between all the slopes and intercepts for each subset we can generate various 

‘M’ and then obtain ‘C’ based on ‘M’. The direct linear relationship between the slopes 

and the intercepts of each class which can be expressed as  

 

M* S- I C 11=                                                                                     ---- Equation 3.2 

 

where I1 is the intercept and S1 is the slope once the individual slopes and intercepts of 

each linear regression from a given database are plotted.  

 

Substituting the value of C from  Equation 3.2 in Equation 3.1 we obtain,  

 

11 IMSOcMRdn +∗−∗=                                                                  ---- Equation 3.3 

 

Thus by generating several values of M we may obtain several possible values of Rdn for 

a given value of OC. As long as the random sample set is large enough the mean of the 

randomly generated denitrification rate will be representative of the population mean.  

Hence by averaging out the values we could theoretically get a value that is close to the 

actual value true of Rdn. While this may not necessarily give us an exact value of Rdn we 

can still estimate a range within which the denitrification rate will occur.. In order to have 

as much useful information as possible, all the generated denitrification rates can be 

converted to a histogram and the range of the denitrification rate may provided, 

accompanied with a probability of occurrence within the specified range.  

 

The methodology may be summarized as follows  
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- Determine the distribution of all of the slopes for a given category.   

- Plot all the slopes and intercepts for a given category and determine S1 and M1  

- Generate various values of slopes and for each slope evaluate an intercept based  

    on the information from the previous step. 

- For a given OC value, determine the denitrification rate for every slope   

   generated and corresponding intercept 

- Average the denitrification rates and plot a histogram of the denitrification rates.  

 

The above methodology is applied to the different datasets as outlined in the sections 

below. 

3.2. Analysis for Organic Carbon 

3.2.1. Texture-Temperature-WFP 

The equations from the texture-temperature and WFP breakdown are selected based on a 

correlation coefficient value of 0.4 or greater, the intercepts and the slopes  for each of 

the 14 equations are plotted and the relationship appears to be linear (Figure 3.1) with a 

extremely strong correlation (r2 = 0.96). A Lognormal probability plot of M reveals that 

the data is log-normally distributed (Figure 3.2).  
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Figure 3.1    Intercept Vs. slope (Texture-Temperature-WFP). 
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Hence for the first set of equations (texture-temperature and water filled porosity),  

 

COCMRdn += *                                                                                 ----  Equation 3.4 

 

M*2.81 - 8.532 C =                                                                        ----  Equation 3.5 

 

532.8)exp(81.2)exp( +∗−∗= MOcMRdn                                         ----  Equation 3.6 
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Figure 3.2    Probability plot (Texture-Temperature-WFP). 
 

 
The equations above are used to generate 10000 different denitrification values using 

MATLAB, the average of the generated results was then compared to the actual 

measured value. The maximum and minimum generated values are also noted. For the 

organic carbon values with more than one denitrification rate an average measured value 

is used for comparison to the generated values.  
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Results  

 
 

Table 3.1     Results of the Monte Carlo Random generation for Texture-Temperature-
Water Filled Porosity. 

 
 

Organic 
Carbon (%) 

Actual 
Rdn 

Generated 
Rdn 

Minimum Maximum Error % Error 
Within 
Range 

0.60 4.57 8.46 0.00 10.27 -3.88 85.12 Y 

0.72 0.17 8.49 0.00 10.39 -8.32 4894.12 Y 

0.96 0.16 8.78 0.00 10.63 -8.62 5387.50 Y 

1.20 6.88 9.11 0.00 10.87 -2.23 32.41 Y 

1.26 0.22 9.19 0.00 10.93 -8.97 4077.27 Y 

1.32 8.50 9.18 0.00 10.99 -0.68 8.00 Y 

1.44 0.20 9.40 0.00 11.11 -9.20 4600.00 Y 

1.50 1.05 9.41 0.00 11.17 -8.36 796.19 Y 

1.56 0.32 9.48 0.00 11.23 -9.16 2862.50 Y 

1.68 0.25 9.69 0.00 11.35 -9.45 3776.00 Y 

2.44 0.19 10.85 0.00 12.11 -10.66 5610.53 Y 

2.64 2.80 11.25 0.00 12.31 -8.45 301.79 Y 

3.10 0.10 16.60 12.77 99.83 -16.50 16500.00 N 

3.15 4.67 16.95 12.82 99.83 -12.28 262.96 N 

3.20 8.09 17.39 12.87 98.61 -9.30 114.96 N 

3.30 3.19 17.82 12.97 99.68 -14.62 458.62 N 

4.15 0.48 20.73 13.82 99.86 -20.25 4218.75 N 

12.20 0.54 34.10 21.87 99.96 -33.56 6214.81 N 

13.50 15.00 36.33 23.17 99.72 -21.33 142.20 N 

 
 

The actual denitrification values for the lower organic carbon values (OC 0.60 – 2.64 %) 

are within the range predicted by the Monte Carlo simulation. The actual denitrification 

rate for the higher organic carbon (> 3.10%) values lie outside the range predicted by the 

Monte Carlo analysis. The errors in many cases are over a 1000% and this makes the 

simulations unreliable.  
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3.2.2. Texture-Temperature-WFP-pH 

The equations from the texture-temperature-WFP-pH breakdown are selected based on a 

correlation coefficient value of 0.4 or greater, the intercepts and the slope for each of the 

equations are plotted and the relationship is linear with an extremely strong correlation (r2 

= 0.96). A Lognormal probability plot reveals that the data is log-normally distributed.  

 

The same procedure is applied to the second set of data. Hence the equations for texture-

temperature and water filled porosity used in the Monte Carlo Generation are,  
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Figure 3.3    Intercept Vs. slope (Texture-Temperature-WFP-pH). 
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Figure 3.4     Probability plot (Texture-Temperature-WFP-pH). 
 
 

M*3.118 - 11.17 C =                                                                        ----  Equation 3.7 

 

17.11)exp(118.3)exp( +∗−∗= MOcMRdn                                       ----  Equation 3.8 

   

Results  

 
Table 3.2    Results of the Monte Carlo Random generation for Texture-Temperature-

Water Filled Porosity-pH 
 
 

Organic 
Carbon (%) 

Actual 
Rdn 

Generated 
Rdn 

Minimum Maximum Error % Error 
Within 
Range 

0.07 0.07 6.76 0.00 9.73 -6.69 9557.14 Y 

0.25 0.10 7.00 0.00 9.91 -6.90 6900.00 Y 

0.34 0.22 7.14 0.00 10.00 -6.92 3145.45 Y 

0.39 0.07 7.20 0.00 10.05 -7.13 10185.71 Y 

0.60 5.73 7.38 0.00 10.26 -1.65 28.80 Y 

0.61 2.22 7.40 0.00 10.27 -5.18 233.33 Y 

0.81 1.03 7.60 0.00 10.47 -6.57 637.86 Y 
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Table 3.2    Continued 
 

Organic 
Carbon (%) 

Actual 
Rdn 

Generated 
Rdn 

Minimum Maximum Error % Error Within 
Range 

1.05 0.79 7.83 0.00 10.70 -7.04 891.14 Y 

1.20 8.01 8.08 0.00 10.86 -0.07 0.87 Y 

1.32 9.89 8.28 0.00 10.98 1.62 -16.28 Y 

1.81 0.04 8.84 0.00 11.48 -8.80 22000.00 Y 

2.22 1.07 9.69 0.00 11.89 -8.61 805.61 Y 

2.90 0.02 11.59 0.00 12.57 -11.56 57850.00 Y 

2.95 2.83 16.03 12.62 99.95 -13.19 466.43 N 

3.00 4.89 17.70 12.67 99.68 -12.81 261.96 N 

3.10 0.10 19.04 12.77 99.90 -18.94 18940.00 N 

3.15 4.67 19.41 12.82 99.93 -14.74 315.63 N 

3.20 8.09 20.11 12.87 99.68 -12.02 148.58 N 

3.70 0.01 22.95 13.37 99.95 -22.94 229400.00 N 

3.75 0.06 23.45 13.42 99.89 -23.39 38983.33 N 

 
 
The actual denitrification values for the lower organic carbon values (OC 0.60 – 2.90 %) 

are within the range predicted by the Monte Carlo simulation. The actual denitrification 

rate for the higher organic carbon (> 2.90%) values lie outside the range predicted by the 

Monte Carlo analysis. Once again, the errors in many cases are over a 1000% and this 

makes the simulations unreliable.  

3.2.3. Texture-Temperature-WFP-Nitrate Concentration 

The equations from the texture-temperature-WFP- nitrate concentration breakdown are 

selected based on a correlation coefficient value of 0.4 or greater, the intercept is plotted 

against the slope  for each of the  equations, and the relationship appears to be linear with 

an extremely strong correlation (r2 = 0.97). The probability plot again reveals that the data 

is log-normally distributed. 
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Figure 3.5    Intercept Vs. slope (Texture-Temperature-WFP-Nitrate Concentration). 
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Figure 3.6     Probability plot (Texture-Temperature-WFP-Nitrate Concentration). 
 
 
The equations for texture-temperature and water filled porosity used in the Monte Carlo 

Generation are,  
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M*3.210 - 9.389 C =                                                               ----  Equation 3.9 

 

389.9)exp(210.3)exp( +∗−∗= MOcMRdn                                                                     ----    Equation 3.10 

 
Results 

 
 

Table 3.3    Results of the Monte Carlo Random generation for Texture-Temperature-
Water Filled Porosity-Nitrate Concentration.    

 

Organic 
Carbon 

(%) 
Actual 

Rdn 
Generated 

Rdn Minimum Maximum Error 

 
% Error 

Within 
Range 

0.25 0.10 8.09 0.00 9.92 -7.99 
7990.00 Y 

0.38 7.92 8.23 0.00 10.05 -0.31 
3.91 Y 

0.50 4.93 8.37 0.00 10.17 -3.45 
69.78 Y 

0.52 5.70 8.47 0.00 10.19 -2.77 
48.60 Y 

0.60 4.97 8.56 0.00 10.27 -3.59 
72.23 Y 

0.65 0.99 8.51 0.00 10.32 -7.52 
759.60 Y 

0.72 0.17 8.64 0.00 10.39 -8.46 
4982.35 Y 

0.73 3.49 8.59 0.00 10.40 -5.10 
146.13 Y 

0.78 0.05 8.67 0.00 10.45 -8.61 
17240.00 Y 

0.80 0.04 8.74 0.00 10.47 -8.70 
21750.00 Y 

0.81 1.17 8.71 0.00 10.48 -7.54 
644.44 Y 

0.89 1.62 8.80 0.00 10.56 -7.18 
443.21 Y 

0.96 0.16 8.90 0.00 10.63 -8.74 
5462.50 Y 

0.99 0.16 9.06 0.00 10.66 -8.90 
5562.50 Y 

1.09 0.32 9.02 0.00 10.76 -8.70 
2718.75 Y 

1.12 5.58 9.08 0.00 10.79 -3.51 
62.72 Y 

1.13 0.03 9.05 0.00 10.80 -9.02 
30066.67 Y 

1.14 0.03 9.09 0.00 10.81 -9.06 
30200.00 Y 

1.20 6.88 9.18 0.00 10.87 -2.30 
33.43 Y 

1.26 0.22 9.27 0.00 10.93 -9.05 
4113.64 Y 
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Table 3.3   Continued 
 
 

Organic Carbon (%) Actual Rdn Generated Rdn Minimum Maximum Error 

 
% Error 

Within 
Range 

1.32 8.50 9.37 0.00 10.99 -0.86 
10.24 Y 

1.44 0.14 9.47 0.00 11.11 -9.33 
6664.29 Y 

1.56 0.32 9.56 0.00 11.23 -9.24 
2887.50 Y 

1.67 1.31 9.72 0.00 11.34 -8.41 
641.98 Y 

1.68 0.25 9.79 0.00 11.35 -9.54 
3816.00 Y 

1.71 2.06 9.82 0.00 11.38 -7.76 
376.70 Y 

1.80 0.05 9.94 0.00 11.47 -9.88 
19780.00 Y 

1.81 1.20 9.92 0.00 11.48 -8.72 
726.67 Y 

2.00 1.27 10.19 0.00 11.67 -8.91 
702.36 Y 

2.10 0.09 10.32 0.00 11.77 -10.23 
11366.67 Y 

2.15 3.82 10.38 0.00 11.82 -6.55 
171.73 Y 

2.20 4.23 10.47 0.00 11.87 -6.24 
147.52 Y 

2.51 1.97 10.94 0.00 12.18 -8.98 
455.33 Y 

2.90 0.02 11.92 0.00 12.57 -11.90 
59500.00 Y 

2.95 1.93 15.01 12.62 99.66 -13.08 
677.72 N 

2.96 0.74 15.26 12.63 99.22 -14.52 
1962.16 N 

3.00 3.60 15.91 12.67 99.86 -12.31 
341.94 N 

3.10 0.07 17.07 12.77 99.17 -17.01 
24285.71 N 

3.14 2.38 17.22 12.81 99.98 -14.84 
623.53 N 

3.15 3.12 17.39 12.82 99.89 -14.27 
457.37 N 

3.20 5.40 17.28 12.87 99.55 -11.88 
220.00 N 

3.58 2.25 18.90 13.25 99.79 -16.65 
740.00 N 

3.69 2.24 19.12 13.36 99.62 -16.87 
753.57 N 

3.70 0.11 19.41 13.37 99.99 -19.31 
17545.45 N 

3.75 2.88 19.39 13.42 99.71 -16.51 
573.26 N 

3.80 5.72 19.73 13.47 99.86 -14.01 
244.93 N 

5.00 0.02 22.64 14.67 99.75 -22.62 
113100.00 N 

6.70 15.12 25.85 16.37 99.65 -10.73 
70.97 Y 

7.00 34.02 26.52 16.67 100.00 7.50 
-22.05 Y 

7.60 5.67 27.44 17.27 99.90 -21.77 
383.95 N 

 
 



 116 

The actual denitrification values for the lower organic carbon values (OC 0.60 – 2.90 %) 

are within the range predicted by the Monte Carlo simulation. The actual denitrification 

rate for the higher organic carbon (> 2.90%) values lie outside the range predicted by the 

Monte Carlo analysis. Once again, the errors in many cases are over a 1000% and this 

makes the simulations unreliable.  

3.3. Discussion and Summary  

For all three categories the denitrification rates are within the predicted range for the 

lower OC values but outside the range for higher OC values. At an OC value of about 

2.95 % there seems to be a distinct change in the Minimum/Maximum range in all three 

categories. This is probably an artifact of the way the data is chosen. The errors are 

however too large to be of any practical use. There is no definitive conclusion that can be 

drawn from the three sets of results.  Should the denitrification rate be solely dependent 

on the organic carbon content, all of the actual measured values used in the Monte Carlo 

analysis should lie within the range of the generated denitrification rate values. While this 

is the case only for a small amount denitrification rates it is consistent in all three Monte 

Carlo analyses. The analysis while not entirely successful does nevertheless point to the 

veracity that other factors play an important role in the rate of denitrification. 

 

It may be ephemerally possible that the number of denitrification values generated is 

insufficient and hence does not capture the entire range of possible denitrification rates 

for a given organic carbon. However, given the large number of values generated this is 

highly unlikely and we can be sufficiently certain that the results are representative of the 

population. In addition increasing the number of generated values by a factor of 100 does 

not yield any significant improvement. Keeping in mind that the Monte Carlo simulations 

and analysis are based only on organic carbon it is necessary to develop a method that is 

capable of estimating the denitrification rate based on all the controlling factors.  
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CHAPTER FOUR  

4. MULTI REGRESSION ANALYSIS 

Literature research and results from section 2 and 3 certainly demonstrate that 

denitrification is not merely a function of organic carbon. This is evident since the linear 

relationship between the denitrification rate and organic carbon as demonstrated by 

Anderson (1998) is evident only when other controlling parameters are fixed at a 

common value. In addition a cursory glance at section 2  indicates that in some cases 

other parameters such as the water filled porosity, or even the nitrate concentration, may 

exert stronger control on the denitrification rate.  In addition should the denitrification 

rate be solely dependent on the organic carbon content, all of the actual measured values 

used in the Monte Carlo simulation should lie within the range of the generated 

denitrification rate values in the section 3. As this is not the case only for a significant 

amount of denitrification rates it points to the veracity that other factors play an important 

role in the rate of denitrification. It is thus exceedingly likely that organic carbon may not 

be the sole contributing factor when the denitrification rate is considered on a global 

scale. Certainly the equations that are developed in section 2, at best can only apply to a 

local scale where the stipulated criteria are met. It is thus indispensible to consider all the 

factors for estimation of the denitrification rate. 

 

In order to determine the importance of the factors that may control the denitrification 

rate a principal component analysis (PCA) is conducted on the entire dataset. In addition 

for each texture two sets of equations are developed based on a linear multi regression, an 

equation using all the variables and an equation using only the significant variables as 

determined by literature research and supported by the PCA. 

4.1. Principal Component Analysis 

The advantage of PCA is that the data can be compressed by reducing the number of 

dimensions without a loss of much information (Smith, 2002). In addition the as the 

eigenvector with the highest eigenvalue is the principal component of the dataset it points 

to the relative importance of each of the variables (Smith, 2002).  
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Figure 4.1    Scree plot for PCA 
 
 

Table 4.1    PCA Results 
 
 

Eigenvalue 1.49 1.20 0.88 0.74 0.69 
Proportion 0.30 0.24 0.18 0.15 0.14 
Cumulative 0.30 0.54 0.71 0.86 1.00 

            
Variable PC1 PC2 PC3 PC4 PC5 
Temp 0.57 0.14 -0.14 -0.79 -0.08 
WFP 0.44 0.40 -0.57 0.46 0.34 
OC -0.29 0.69 -0.13 0.00 -0.66 
pH 0.53 -0.39 0.05 0.37 -0.65 

NO3
- 0.34 0.44 0.80 0.17 0.16 

 
 
The PCA (Figure 4.1 and Table 4.1) results indicate that almost 90 percent of the 

variation can be explained by four factors. The PCA results also indicate that several 

factors may have an equally controlling effect on the results. While it is difficult to say 

with certainty which one of the five is the most significant factor, the PCA certainly 

supports the necessity of a multivariate analysis.  
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4.2. Linear Multi-Regression 

Based on the work from the previous section (Section 2), literature research and a cursory 

glance at the PCA results, texture, temperature, water filled porosity, organic carbon, pH 

and nitrate concentration are expected to be the main controlling factors for the 

denitrification rate. A step-wise multi-regression analysis is conducted on the entire 

dataset in ‘R”.  

 

Considering the data available from Table 4.2 the following equation can be developed.  

 

)10.0=+++

∗∗+∗=
2

dn

(R  8.71. - (%) WFP 0.04  C)(º Temp 0.12 (cm) Depth  Soil0.01- pH 1.44         

(%) OC 0.22 -  soil)1-g N  µg( Conc  -NO30.01 3)-cm (gDensity  Bulk2.439- R

 

 -------  Equation 4.1 

 
 

  

Table 4.2    Stepwise multi-regression analysis for complete dataset. 

 
 

Coefficients: Estimate Std.Error t-value Significance 
Intercept -8.71 2.37 -3.68 *** 

Bulk Density (g cm-3) -2.39 1.13 -2.12 * 

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 4.06 *** 

OC (%) -0.22 0.09 -2.31 * 
pH 1.44 0.33 4.32 *** 

Soil Depth (cm) -0.01 0.01 -0.78  
Temp (ºC) 0.12 0.04 3.52 *** 
WFP (%) 0.04 0.01 4.00 *** 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 
This is certainly by no means a valuable regression and the factors considered do not 

reflect any significance in terms of prediction capability. The multi-regression analysis 

from Table 4.2 suggests that, temperature, nitrate concentration, WFP and pH are the for 

the most part the significant controlling factors of the denitrification rate. This is 
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indicated by the significant codes that are obtained from the multi-regression. Of crucial 

concern is the negative correlation between the denitrification rate and organic carbon. 

 

To further analyze the multivariate relationship the data is subdivided based on textural 

class. If the dataset large enough it is randomly divided into two subsets, the first set is 

the one from which the multi-regression equations are derived and the second is a set to 

test the effectiveness of the regression analysis. In addition for each of the textures two 

equations are developed, the first using only the main controlling parameters as indicated 

by table 4.1 and the second equation using all the available parameteres. The 

development of two equations permits flexibility in the number inputs needed.  

 

Information from the test dataset along with the developed equations are then used to 

predict the rate of denitrification. The predicted rates are them compared against the 

actual denitrification rates.   

4.2.1. Texture 1 (Clay) 

The data of texture one is divided into two groups, the first group comprises of 22 records 

and is used for the development of the equations. The second contains five records and is 

used as an assessment.   

 

Using the information from the tables below ( 

 

Table 4.3 and Table 4.4) the following equations are developed for texture one. The first 

equation is based on all variables and the second is based on the selected variables as 

discussed earlier. 

 

).76.046.5380

)

=+
∗+∗

∗

∗∗°∗=

2

 3-

1-

dn

(R         

cm (gmdensity   Bulk  1.60  (cm) Depth    Soil 970.55-        

  soil)g N g(  ionConcentrat  Nitrate*0.03- pH   460.04-        

  (%) OC   246.08- (%) WFP   0.80 - C)( eTemperatur 0.92  R

µ  ----- Equation 4.2 
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).69.0=+
∗

∗∗+°∗=

2

1-

dn

(R  471.74         

  soil)g N g(  ionConcentrat  Nitrate*0.04-  pH  56.70-        

  (%) OC  14.25 - (%) WFP   0.05  C)( eTemperatur 1.60  R

µ          -----                             Equation 4.3 

 
 

Table 4.3    Texture 1, Linear multi-regression with all variables. 
 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept 5380.46 3257.95 1.65 * 

Bulk Density (g cm-3) 1.60 0.62 2.57  
NO3-  Conc ( µg N g-1 soil) -0.03 0.11 -0.22  

OC (%) -246.08 148.87 -1.65  
pH -460.04 269.77 -1.71  

Soil Depth (cm) -970.55 631.33 -1.54  
Temp (ºC) 0.92 1.18 0.78  
WFP (%) -0.80 0.50 -1.59  

Signif.Codes  Signif.Codes   
0 '***' 0.001 '**'  

0.01 '*' 0.05 '.'  

0.1  1   
 
 

Table 4.4    Texture 1, Linear multi-regression with selected variables (S) 

 
 

Coefficients Estimate Std.Error t-value Significance 
(Intercept) 471.74 99.2113 4.75 *** 

NO3
-  Conc ( µg N g-1 soil) -0.04 0.0256 -1.56  

OC (%) -14.25 7.0945 -2.01 . 
pH -56.70 11.0461 -5.13 *** 

Temp (ºC) 1.61 0.6657 2.42 * 
WFP (%) 0.05 0.1125 0.4  

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 

   

The two developed equations are applied to the test dataset and the results of the 

predictions are shown here. The error is extremely large in both cases and the reliability 

of the predicative equation is objectionable. 
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Table 4.5    Comparison of actual and predicted denitrification rate values. 

 
 
Actual Rdn Predicted Rdn Predicted Rdn (S) Error Error (S)  % Error  % Error (S) 

1.30 5054.02 5.25 5052.72 3.95 -388671.14 424.70 
0.30 5384.84 49.69 5384.54 49.39 -1794847.67 4869.29 

24.69 5110.60 36.40 5085.91 11.72 -20600.08 3540.39 
0.41 4293.28 41.37 4292.88 40.97 -1052175.58 4037.39 
0.41 4981.87 49.41 4981.46 49.01 -1220945.78 4841.49 

 
 
The errors for both the sets of equations are over 400 percent in spite of good r2 values. 

The errors are too large to have any significant predictive capability. 

4.2.2. Texture 2 (Clay loam) 

Texture two (Clay loam) is divided into two groups, the developmental group comprising 

of 59 records, and the test group comprising of 18 records.  

 
Using the information from the tables below (Table 4.6 and Table 4.7) the following 

equations are developed for texture two.  

 

( )46.069.6

)
2 =+

∗+∗

∗+

∗∗°∗=

R          

cm (gmdensity   Bulk  3.02  (cm) Depth    Soil 0.11-         

 soil)g N g(  ionConcentrat  Nitrate*0.02-pH   1.02         

  (%) OC   0.02- (%) WFP   0.22 - C)( eTemperatur 0.26  R

3-

1-

dn

µ            -----  Equation 4.4 

 

)45.0=+

∗+

∗∗°∗=

2

1-

dn

(R  9.35       

  soil)g N g(  ionConcentrat  Nitrate*0.02- pH   0.83       

  (%) OC  0.19 - (%) WFP   0.21 - C)( eTemperatur 0.28  R

µ               ----- Equation 4.5 
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Table 4.6    Texture 2, Linear multi-regression all variables. 
 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept 6.69 11.80 0.57  

Bulk Density (g cm-3) 3.02 6.57 0.46  
NO3

-  Conc ( µg N g-1 
soil) 0.02 0.01 3.56 *** 

OC (%) 0.02 0.53 0.01  
pH 1.02 1.22 0.83  

Soil Depth (cm) -0.11 0.12 -0.90  
Temp (ºC) 0.26 0.23 1.14  
WFP (%) -0.22 0.06 -3.58 *** 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 

Table 4.7    Texture 2, Linear multi-regression with selected variables (S) 
 
 

Coefficients Estimate Std.Error t-value Significance 
(Intercept) 9.35 9.31 1.00  

NO3
-  Conc ( µg N g-1 soil) 0.02 0.00 4.73 *** 

OC (%) -0.19 0.29 -0.66  
pH 0.83 1.07 0.77  

Temp (ºC) 0.28 0.20 1.40  
WFP (%) -0.21 0.06 -3.75 *** 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 

The two equations are applied to the test dataset and the results of the predictions are 

shown below. The error is large and unacceptable; hence the use of the predicative 

equations is invalid. 
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Table 4.8    Texture 2, Comparison of actual and predicted denitrification rate values. 
 
 
Actual Rdn Predicted Rdn Predicted Rdn (S) Error Error (S) % Error % Error (S) 

0.27 10.30 10.04 10.02 9.76 3714.81 3618.52 
0.03 -0.04 3.36 -0.07 3.33 -233.33 11100.00 

46.57 16.55 23.40 -30.02 -23.17 -64.46 -49.75 
0.82 -8.63 -2.59 -9.45 -3.40 -1152.44 -415.85 
0.57 -8.12 -3.07 -8.69 -3.64 -1524.56 -638.60 
0.47 -7.85 -1.73 -8.32 -2.20 -1770.21 -468.09 
0.23 -2.26 3.25 -2.49 3.02 -1082.61 1313.04 
1.08 -6.43 1.58 -7.51 0.50 -695.37 46.30 
0.66 -3.69 3.99 -4.35 3.33 -659.09 504.55 
0.24 -0.64 5.01 -0.88 4.77 -366.67 1987.50 
0.19 -8.66 0.07 -8.85 -0.12 -4657.89 -63.16 
0.18 -0.34 -0.91 -0.52 -1.09 -288.89 -605.56 
0.21 -8.71 0.00 -8.92 -0.21 -4247.62 -100.00 
0.03 -6.72 2.10 -6.76 2.07 -22500.00 6900.00 
2.23 8.81 13.68 6.58 11.45 295.07 513.45 
0.07 8.74 14.37 8.67 14.30 12385.71 20428.57 
0.15 8.34 14.62 8.19 14.47 5460.00 9646.67 
0.32 7.79 12.73 7.47 12.41 2334.38 3878.13 
4.50 -7.06 -0.62 -11.56 -5.12 -256.89 -113.78 
8.20 -5.75 0.76 -13.95 -7.44 -170.12 -90.73 

 
 

4.2.3. Texture 3 (Loam) 

The loam database is divided into two groups. The first group comprises of 83 records 

and is used for the development of the equations. The second contains 18 records and is 

used for assessment. 

 

Using the information from the tables above the following equations are developed for 

loam.  

 

).3.009.21) =−∗
∗+

∗+∗∗+°∗=

23-

1-

dn

(R cm  (gmdensity    Bulk  13.94 -        

 (cm)  Depth    Soil 0.13-  soil)g N g(  ionConcentrat  Nitrate* 0.00-        

   pH  5.53   (%) OC  1.24 - (%) WFP   0..01  C)( eTemperatur 0.44  R

µ  -----  Equation 4.6 
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)2.0=

∗+
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dn
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   soil)g N g(  ionConcentrat  Nitrate*0.04-  pH   3.39          

   (%) OC  0.93 - (%) WFP  0.04 - C)( eTemperatur  0.25  R

µ              -----  Equation 4.7 

 
 

Table 4.9    Texture 3, Linear multi-regression with all variables. 

 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept -21.09 10.17 -2.07 * 

Bulk Density (g cm-3) -13.94 7.17 -1.95 . 
NO3

-  Conc ( µg N g-1 
soil) 0.00 0.01 0.38  

OC (%) -1.24 0.47 -2.65 * 
pH 5.53 1.37 4.04 *** 

Soil Depth (cm) 0.13 0.16 0.79  
Temp (ºC) 0.44 0.13 3.33 ** 
WFP (%) 0.01 0.03 -0.06  

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 
  Table 4.10    Texture 3, linear multi-regression with selected variables (S) 
 
 

Coefficients Estimate Std.Error t-value Significance 
(Intercept) -18.18 7.49 -2.43 * 

NO3
-  Conc ( µg N g-1 soil) 0.01 0.01 0.57  

OC (%) -0.93 0.46 -2.03 * 
pH 3.39 1.14 2.96 ** 

Temp (ºC) 0.25 0.12 2.09 * 
WFP (%) -0.04 0.03 -1.28  

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   
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Table 4.11    Comparison of actual and predicted denitrification rate values. 
 
 
Actual Rdn Predicted Rdn Predicted Rdn (S) Error Error (S) % Error % Error (S) 

0.65 8.83 1.2 8.18 0.55 1258.46 84.62 
0.01 22.88 2.75 22.88 2.75 228700.00 27400.00 
0.21 20.86 4.62 20.65 4.41 9833.33 2100.00 
0.27 27.68 3.52 27.41 3.24 10151.85 1203.70 
0.3 22.25 3.14 21.95 2.84 7316.67 946.67 
0.29 22.54 2.42 22.24 2.12 7672.41 734.48 
0.05 30.59 6.42 30.54 6.37 61080.00 12740.00 
1.62 30.56 5.85 28.94 4.23 1786.42 261.11 
2.98 30.54 5.48 27.56 2.5 924.83 83.89 

10.72 27.48 7.15 16.76 -3.56 156.34 -33.30 
2.45 1.62 0.28 -0.83 -2.16 -33.88 -88.57 
0.09 29.63 6.96 29.55 6.87 32822.22 7633.33 
0.02 18.99 -1.62 18.97 -1.64 94850.00 -8200.00 
0.01 21.23 -2.8 21.23 -2.81 212200.00 -28100.00 
0.01 22.24 0.79 22.22 0.78 222300.00 7800.00 
0.01 22.65 0.71 22.65 0.71 226400.00 7000.00 
0.01 19.96 -1.01 19.95 -1.02 199500.00 -10200.00 
0.01 19.57 -1.59 19.56 -1.6 195600.00 -16000.00 

 
 
The two developed equations are applied to the test dataset and the results of the 

predictions are shown above. The errors are too large to have any predictive capability.  

4.2.4. Texture 4 (Loamy Sand) 

No significant analysis possible due to limited data.  

4.2.5. Texture 5 (Sand) 

The sand database is divided into two groups, the first group comprises of 84 records and 

is used for the development of the equations and the second contains 19 records and is 

used as an assessment 

 
Equation 4.8 and Equation 4.9 are developed using the information from Table 4.12 and 
Table 4.13). 
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Table 4.12    Texture 5, Linear multi-regression with all variables. 
 

 
Coefficients Estimate Std.Error t-value Significance 
Intercept -21.73 12.57 -1.73 . 

Bulk Density (g cm-3) 10.35 7.76 1.33   

NO3
-  Conc ( µg N g-1 soil) 0.001 0.00 1.80 . 

OC (%) 1.34 0.81 1.66   
pH 0.74 0.40 1.86 . 
Soil Depth (cm) -0.01 0.01 -0.82   
Temp (ºC) -0.01 0.08 -0.19   
WFP (%) 0.03 0.02 1.90 . 
 Signif.Codes   Signif.Codes    Signif.Codes  
0 '***' 0.001 '**' 0.01 
0.01 '*' 0.05 '.' 0.1 
0.1   1     

 
 

Table 4.13    Texture 5, Linear multi-regression with selected variables (S) 
 
 

Coefficients Estimate Std.Error t-value Significance 
(Intercept) -5.98 2.17 -2.75 ** 

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 1.99 . 

OC (%) 0.93 0.48 1.95 . 
pH 0.63 0.39 1.64  

Temp (ºC) 0.00 0.07 0.00  
WFP (%) 0.02 0.01 1.69 . 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   
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The two equations are applied to the test dataset and the results of the predictions are 

shown below. The error is large and hence the use of the predicative equations is 

unacceptable. 

 
 

Table 4.14    Comparison of actual and predicted denitrification rate values. 

 
 

Actual Rdn Predicted Rdn Predicted Rdn (S) Error Error (S) % Error % Error (S) 

0.02 0.07 0.32 0.05 0.30 250.00 1500.00 
1.15 35.18 2.93 34.02 1.77 2959.13 154.78 
0.27 21.95 0.91 21.68 0.65 8029.63 237.04 
0.20 24.62 2.38 24.41 2.17 12210.00 1090.00 
0.07 24.93 2.27 24.86 2.20 35514.29 3142.86 
0.01 25.13 2.48 25.13 2.47 251200.00 24700.00 
0.03 22.51 0.46 22.48 0.43 74933.33 1433.33 
0.81 23.00 0.76 22.19 -0.05 2739.51 -6.17 
3.64 23.21 1.01 19.57 -2.63 537.64 -72.25 
0.07 23.14 1.62 23.07 1.55 32957.14 2214.29 
0.24 25.94 3.39 25.71 3.15 10708.33 1312.50 
0.05 24.33 2.42 24.28 2.37 48560.00 4740.00 
0.12 24.88 3.05 24.75 2.93 20633.33 2441.67 
0.01 23.81 2.04 23.80 2.04 238000.00 20300.00 

 
 

4.2.6. Texture 6 (Sandy Clay Loam) 

No analysis possible due to a limited amount of data.  

4.2.7. Texture 7 (Sandy loam) 

The sandy loam dataset is divided into two groups, the first group comprises of 143 

records and is used for the development of the equations and the second contains 38 

records and is used as an assessment. 
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Table 4.15    Texture 7, Linear multi-regression using all variables. 
 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept -7.85 15.45 -0.51  

Bulk Density (g cm-3) 1.64 9.20 0.18  

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 8.86 *** 

OC (%) -0.31 0.89 -0.34  
pH 0.90 0.26 3.44 *** 

Soil Depth (cm) -0.14 0.06 -2.13 * 
Temp (ºC) -0.05 0.04 -1.19  
WFP (%) 0.06 0.01 8.53 *** 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 

Table 4.16    Texture 7, Linear multi-regression using selected variables (S) 
 
 

Coefficients Estimate Std.Error t-value Significance 
     

(Intercept) -8.76 2.04 -4.31 *** 

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 9.66 *** 

OC (%) -0.49 0.26 -1.91 . 
pH 0.93 0.27 3.50 *** 

Temp (ºC) 0.01 0.03 0.18  
WFP (%) 0.06 0.01 8.62 *** 

Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 
0.1  1   

 
 
Using the information from the tables below (Table 4.15 and Table 4.16) the following 

equations are developed for Sandy loam. 
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dn
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The two developed equations are applied to the test dataset.  The errors are once again 

too large to be used to predict denitrification rates. 

 
 

Table 4.17    Comparison of actual and predicted denitrification rate values 
 
 

Actual Rdn Predicted Rdn Predicted Rdn (L) Error Error (L) % Error % Error (S) 

5.9433 4.29 4.17 -1.65 -1.77 -27.82 -29.84 
1.148 11.81 2.12 10.66 0.97 928.75 84.67 
3.4875 14.05 6.11 10.56 2.63 302.87 75.20 
4.8226 12.28 4.42 7.46 -0.4 154.63 -8.35 
3.6036 12.07 2.8 8.46 -0.81 234.94 -22.30 
0.0084 2.3 -5.03 2.29 -5.04 27280.95 -59980.95 
2.0646 11.87 4.39 9.81 2.32 474.93 112.63 
4.8554 6.21 -1.84 1.36 -6.7 27.90 -137.90 
7.13 5.58 -2.4 -1.55 -9.53 -21.74 -133.66 

2.5737 6 -1.54 3.43 -4.11 133.13 -159.84 
4.71 9.81 2.35 5.1 -2.36 108.28 -50.11 

0.3364 -1.41 -0.14 -1.75 -0.47 -519.14 -141.62 
4.1213 9.25 1.81 5.13 -2.32 124.44 -56.08 
15.3417 12.37 5.49 -2.97 -9.86 -19.37 -64.22 
0.5237 8.19 -1.01 7.66 -1.53 1463.87 -292.86 
0.29 11.6 4 11.31 3.71 3900.00 1279.31 

0.4329 2.78 5.05 2.35 4.62 542.18 1066.55 
34.02 9.03 0.93 -24.99 -33.09 -73.46 -97.27 
0.0025 6.32 -1.55 6.32 -1.56 252700.00 -62100.00 
0.0004 8.72 -0.07 8.72 -0.07 2179900.00 -17600.00 
0.0028 6.86 -1.22 6.86 -1.23 244900.00 -43671.43 
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 Table 4.17    Continued 
 
 

0.0567 9.01 0.83 8.96 0.78 15790.65 1363.84 
0.011 8.6 0.23 8.59 0.22 78081.82 1990.91 
0.0145 7.56 -0.94 7.55 -0.96 52037.93 -6582.76 
0.0028 9.15 0.46 9.14 0.46 326685.71 16328.57 
0.0027 7.31 -0.77 7.31 -0.77 270640.74 -28618.52 
0.0124 9.04 0.69 9.03 0.67 72803.23 5464.52 
0.0021 15.1 -0.07 15.1 -0.07 718947.62 -3433.33 
0.0235 16.55 1.2 16.52 1.18 70325.53 5006.38 
0.047 16.15 0.67 16.1 0.63 34261.70 1325.53 
0.0014 16.12 0.97 16.12 0.96 1151328.57 69185.71 
0.0124 18.42 2.65 18.41 2.63 148448.39 21270.97 
0.0346 16.89 1.6 16.85 1.56 48715.03 4524.28 
0.0131 15.9 0.85 15.88 0.83 121274.05 6388.55 
0.0781 17.1 1.65 17.02 1.57 21795.01 2012.68 
0.0491 19.38 3.62 19.33 3.57 39370.47 7272.71 
0.1161 18.58 3.28 18.46 3.16 15903.45 2725.15 

 

4.2.8. Texture 8 (Silty Loam) 

Texture eight is divided into two groups, the first group comprises of 202 records and is 

used for the development of the equations and the second contains 58 records and is used 

as an assessment. 

 
 

Table 4.18    Texture 8, Linear multi-regression all variables. 
 
 
Coefficients Estimate Std.Error t-value Significance 
Intercept -6.90 7.17 -0.96  

Bulk Density (g cm-3) -3.23 4.60 -0.70  

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 0.70  

OC (%) 0.10 0.46 0.21  
pH 1.06 0.77 1.37  
Soil Depth (cm) 0.02 0.06 0.32  
Temp (ºC) 0.11 0.05 2.36 * 
WFP (%) 0.03 0.01 2.39 * 
Signif.Codes  Signif.Codes  Signif.Codes 
0.00 '***' 0.00 '**' 0.01 
0.01 '*' 0.05 '.' 0.10 
0.10  1.00   
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Table 4.19    Texture 8, Linear multi-regression Limited variables (L). 
 

 
Coefficients Estimate Std.Error t-value Significance 
(Intercept) -39.32 10.13 -3.88 *** 

NO3
-  Conc ( µg N g-1 soil) 0.01 0.00 -0.37  

OC (%) 0.77 0.35 2.17 * 
pH 5.45 1.56 3.50 *** 
Temp (ºC) -0.06 0.10 -0.61  
WFP (%) 0.03 0.03 1.35  
Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 
0.01 '*' 0.05 '.' 0.1 
0.1  1   
 
 
Equations developed for the silty loam texture based on the tables above, 
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Equation 4.13 seems to have a better prediction rate than Equation 4.12 however neither 

of the equations are reliable enough to be used as predictive equations as the errors are 

large. 
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Table 4.20    Comparison of actual and predicted denitrification rate values 

 
 

Actual Rdn Predicted Rdn Predicted Rdn (L) Error Error (L) % Error % Error (S) 

3.1577 2.67 0.31 -0.48 -2.85 -15.44 -90.18 
0.0016 5.41 2.6 5.41 2.6 338025.00 162400.00 
0.0101 9.6 5.62 9.59 5.61 94949.50 55543.56 
15.44 8.06 -1.93 -7.38 -17.37 -47.80 -112.50 
0.117 8.89 1.59 8.77 1.47 7498.29 1258.97 
0.7566 7.85 1.67 7.1 0.91 937.54 120.72 
0.0019 7.37 1.63 7.36 1.63 387794.74 85689.47 
0.8906 7.89 1.67 7 0.78 785.92 87.51 
0.0113 7.58 1.93 7.57 1.92 66979.65 16979.65 
0.7151 7.71 1.88 7 1.16 978.17 162.90 
0.8472 -31.5 1.67 -32.35 0.83 -3818.13 97.12 
0.3038 7.62 1.93 7.31 1.63 2408.23 535.29 

2 6.22 0.6 4.22 -1.4 211.00 -70.00 
0.0132 11.99 -0.71 11.97 -0.73 90733.33 -5478.79 
0.0194 6.56 -0.06 6.54 -0.08 33714.43 -409.28 
0.0229 6.97 -0.44 6.95 -0.46 30336.68 -2021.40 
0.0185 6.76 0.38 6.74 0.37 36440.54 1954.05 
0.015 6.6 -0.37 6.58 -0.38 43900.00 -2566.67 
0.059 6.62 -0.06 6.56 -0.12 11120.34 -201.69 
0.0194 6.76 0.38 6.74 0.36 34745.36 1858.76 
0.0167 7.3 0.1 7.28 0.08 43612.57 498.80 
0.0255 6.62 -0.06 6.59 -0.09 25860.78 -335.29 
0.0317 6.76 0.38 6.73 0.35 21224.92 1098.74 
0.0334 6.76 0.38 6.73 0.35 20139.52 1037.72 
0.0176 6.54 -0.71 6.52 -0.73 37059.09 -4134.09 
0.0229 5.94 -0.32 5.91 -0.34 25838.86 -1497.38 
0.0141 14.6 -0.37 14.59 -0.38 103446.10 -2724.11 
0.0176 14.54 -0.71 14.52 -0.73 82513.64 -4134.09 
0.0141 14.6 -0.37 14.59 -0.38 103446.10 -2724.11 
0.0074 15.24 -2.19 15.23 -2.2 205845.95 -29694.59 
0.0078 15.33 -2.04 15.32 -2.05 196438.46 -26253.85 
0.0104 14.89 -1.95 14.88 -1.97 143073.08 -18850.00 
0.003 14.31 -2.17 14.31 -2.17 476900.00 -72433.33 
0.0033 14.61 -2.33 14.6 -2.33 442627.27 -70706.06 
0.0056 14.32 -2.14 14.31 -2.15 255614.29 -38314.29 
0.0084 15.21 -1.88 15.2 -1.89 180971.43 -22480.95 
0.0056 14.36 -1.87 14.35 -1.88 256328.57 -33492.86 
0.0043 14.2 -1.97 14.2 -1.97 330132.56 -45913.95 
0.0078 14.94 -2.06 14.93 -2.07 191438.46 -26510.26 
0.187 17.71 5.02 17.53 4.84 9370.59 2584.49 
0.36 17.89 4.75 17.53 4.39 4869.44 1219.44 
3.684 17.46 4.27 13.78 0.58 373.94 15.91 
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Table 4.20    Continued 
 
  
Actual Rdn Predicted Rdn Predicted Rdn (L) Error Error (L) % Error % Error (S) 

1.281 17.64 4.08 16.36 2.8 1277.05 218.50 
0.027 17.57 2.26 17.54 2.23 64974.07 8270.37 
17.479 17.58 2.34 0.1 -15.14 0.58 -86.61 
0.002 16.96 1.93 16.95 1.93 847900.00 96400.00 
0.11 16.96 1.97 16.85 1.86 15318.18 1690.91 
0.003 16.53 1.4 16.52 1.4 550900.00 46566.67 
0.003 16.71 1.21 16.71 1.21 556900.00 40233.33 
0.1107 15.39 -0.07 15.28 -0.18 13802.44 -163.23 
0.0401 16.08 6.4 16.04 6.36 39999.75 15860.10 
0.1272 16.47 5.93 16.34 5.8 12848.11 4561.95 
0.0438 16.4 5.13 16.36 5.08 37342.92 11612.33 
0.0124 16.52 5.27 16.5 5.26 133125.81 42400.00 
0.1726 14.95 -0.03 14.78 -0.21 8561.65 -117.38 
0.0112 15.52 0.14 15.51 0.13 138471.43 1150.00 

 
 

4.2.9. Texture 9 (Silty Clay) 

Texture nine is divided into two groups, the first group comprises of 24 records and is 

used for the development of the equations and the second contains 6 records and is used 

as an assessment. 

 
 

Table 4.21    Texture 9, Linear multi-regression using all variables. 

 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept 98.16 23.15 4.24 *** 

Bulk Density (g cm-3) -16.89 13.15 -1.28  

NO3
-  Conc ( µg N g-1 soil) -0.88 0.19 -4.7 *** 

OC (%) 0.43 0.30 1.42  
pH -0.44 0.48 -0.92  
Soil Depth (cm) -4.08 0.84 -4.85 *** 
Temp (ºC) -0.51 0.07 -7.16 *** 
WFP (%) 0.08 0.02 5.01 *** 
Signif.Codes  Signif.Codes  Signif.Codes 
0.00 '***' 0.00 '**' 0.01 
0.01 '*' 0.05 '.' 0.10 
0.10  1.00   
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Table 4.22    Texture 9, Linear multi-regression using selected variables (S) 
 
 
Coefficients Estimate Std.Error t-value Significance 
(Intercept) 6.42 4.64 1.38  

NO3
-  Conc ( µg N g-1 soil) -0.03 0.11 -0.27  

OC (%) 0.70 0.23 3.02 ** 
pH -0.14 0.75 -0.18  
Temp (ºC) -0.28 0.08 -3.26 ** 
WFP (%) 0.02 0.02 1.11  
Signif.Codes  Signif.Codes  Signif.Codes 
0 '***' 0.001 '**' 0.01 
0.01 '*' 0.05 '.' 0.1 
0.1  1   
 
 
Equations for texture nine are developed based on Table 4.21 and Table 4.22 
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Table 4.23    Comparison of actual and predicted denitrification rate values 
 
 

Actual 
Rdn 

Predicted 
Rdn 

Predicted 
Rdn (L) Error 

Error 
(L) 

% Error 
% Error 

(S) 
0.3358 0.31 -0.76 -0.03 -1.09 -7.68 -326.33 
0.7555 -114.41 -0.68 -115.16 -1.44 -15243.61 -190.01 
0.1606 -100.44 -0.6 -100.6 -0.77 -62640.47 -473.60 
0.073 -97.98 2.49 -98.05 2.42 -134319.18 3310.96 
8.4 -83.41 11.33 -91.81 2.93 -1092.98 34.88 
15.3 -92.11 8.5 -107.41 -6.8 -702.03 -44.44 
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Once again the equations developed based on the restricted variables are better at 

predicting the denitrification rate. The improvement is however not sufficient enough for 

it to be used with any confidence.  

4.2.10. Texture 10 (Silty Clay Loam) 

Texture ten is divided into two groups, the first group comprises of 55 records and is used 

for the development of the equations and the second contains 16 records and is used as an 

assessment 

 

Equations for silty clay loam are developed based on the information below, the 

coefficient of determination for both equations is 0.28. 

 

45.63) −∗+∗

+∗+

∗∗+°∗=

3-

1-

dn

cm (gmdensity   Bulk  8.53  (cm) Depth    Soil 0.08-         

   soil)g N g(  ionConcentrat  Nitrate 0.03  pH  9.74         

  (%) OC  1.75 - (%) WFP  0..03  C)( eTemperatur   0.17-  R

µ     ----- Equation 4.16 

 

51.5-   soil)g N g(  ionConcentrat  Nitrate*0.02           

 pH   9.5    (%) OC  2.5 - (%) WFP  0.03  C)( eTemperatur  0.14-  R
1-

dn

µ+

∗+∗∗+°∗=             ----- Equation 4.17 

 
 

Table 4.24    Texture 10, Linear multi-regression using all variables. 

 
 

Coefficients Estimate Std.Error t-value Significance 
Intercept -63.45 60.63 -1.05   

Bulk Density (g cm-3) 8.53 41.27 0.21   

NO3
-  Conc ( µg N g-1 soil) 0.03 0.01 0.89   

OC (%) -1.75 4.25 -0.41   
pH 9.74 2.89 3.37 ** 
Soil Depth (cm) -0.09 0.41 -0.21   
Temp (ºC) -0.17 0.29 -0.58   
WFP (%) 0.03 0.12 0.25   
 Signif.Codes   Signif.Codes    Signif.Codes  
0.00 '***' 0.00 '**' 0.01 
0.01 '*' 0.05 '.' 0.10 
0.10   1.00     
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Table 4.25    Texture 10, Linear multi-regression using selected variables (S) 

 
 

Coefficients Estimate Std.Error t-value Significance 

(Intercept) -51.5 20.62 -2.5 * 

NO3
-  Conc ( µg N g-1 soil) 0.02 0.01 1.11  

OC (%) -2.53 1.75 -1.44  

pH 9.52 2.64 3.6 *** 

Temp (ºC) -0.14 0.26 -0.55  

WFP (%) 0.03 0.11 0.27  

Signif.Codes  Signif.Codes  Signif.Codes 

0 '***' 0.001 '**' 0.01 

0.01 '*' 0.05 '.' 0.1 

0.1  1   

 

The two developed equations are applied to the test dataset and the results of the 

predictions are shown below. The errors are large and this set of equations is unable to 

predict the denitrification rate. 

 
 

Table 4.26    Comparison of actual and predicted denitrification rate values 
 
 

Actual 
Rdn 

Predicted 
Rdn 

Predicted 
Rdn (L) Error 

Error 
(L) 

% Error 
% Error 

(S) 
1.33 11.4 11 10.07 9.67 757.14 727.07 
2.73 79.1 6.85 76.37 4.12 2797.44 150.92 
0.017 76.11 13.65 76.1 13.63 447605.88 80194.12 
0.0578 74.26 13.3 74.21 13.25 128377.51 22910.38 
2.4834 69.71 -3.73 67.23 -6.21 2707.04 -250.20 
26.5619 77.21 13.25 50.64 -13.31 190.68 -50.12 
0.005 83.26 18.63 83.25 18.62 1665100.00 372500.00 
0.173 74.01 11.17 73.84 10.99 42680.35 6356.65 
157.2 87.98 25 -69.22 -132.2 -44.03 -84.10 
9 69.2 6.1 60.2 -2.9 668.89 -32.22 
0.087 66.66 2.9 66.57 2.82 76520.69 3233.33 
12.652 16.89 4.79 4.24 -7.86 33.50 -62.14 
12.699 68.32 4.66 55.62 -8.03 438.00 -63.30 
0.317 67.75 6.92 67.43 6.6 21272.24 2082.97 
0.005 75.09 1.74 75.08 1.74 1501700.00 34700.00 
0.013 69.06 5.76 69.05 5.75 531130.77 44207.69 
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4.2.11. Texture 11 (Silt) 

No data available 

4.2.12. Texture 12 (Sandy Clay) 

No data available 

4.2.13. Texture 13 (Peat) 

Of the 16 available records seven are missing a nitrate concentration value, in addition 

the pH for the majority of the data is the same and there is not much variation in the 

temperature and density. As a result it is decided not to conduct a multi-regression 

analysis on the pear dataset as any regression obtained is possibly unreliable.  

4.3. Summary 

The results from the linear multi-regression while displaying considerable improvements 

in the coefficient of determination across all classes are however not capable of 

accurately predicting the denitrification rate.  

 

In addition to using all the factors, multi-regression analysis is carried out on each 

textural set again using only the significant factors as determined by step wise multi 

regression. This set of equations while not shown in this work does not yield any new 

significant information to the task at hand.   

 

The error between the actual measured denitrification values and the predicted values is 

in many cases in excess of a 1000 percent. While this is certainly indicative of the 

complexity of the problem what is equally confusing is the negative correlation between 

the denitrification rate and organic carbon in some of the textures. While a great deal of 

information about denitrification and the rate at which it occurs is yet to be conclusively 

established , the one known condition is that as the amount of organic carbon increases 

the denitrification rate increases. There are several experiments that support this relation, 

chief of which is Anderson’s (1998) linear regression; this is further supported by the 

results in chapter two. 
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 Overall it is interesting to note that equations developed using only the significant factors 

as determined by a stepwise multi-regression while having the same correlation 

coefficient are better at predicting the denitrification rate when compared to the equations 

developed using all the variables. It is also extremely interesting that the significant 

variables change between textures.  

 

The use of the equations developed in this section must thus be viewed with caution and 

with the understanding that it is more than likely, that any predictions based on this 

section will result in errors in the estimation of the denitrification rate. If nothing else, it 

can certainly be stated that denitrification is a process that is possibly related to the 

controlling factors in a non linear complex relationship. It would thus be difficult to 

imitate such a relationship using conventional statistical methods. 
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CHAPTER FIVE 

5. ANALYSIS USING NEURAL NETWORKS  

Attempts to establish relationships between the denitrification rate and the various 

controlling parameters using conventional statistical methods have met with limited 

success. It is clear that any attempt to develop a generalized set of equations to estimate 

the denitrification rate requires a method that is capable of dealing with multiple 

variables and the complex non-linear relationships that are characteristic to 

denitrification. Artificial neural networks (ANNs) possess such a capability.  

 

Logistic regression models can also be used to model complex nonlinear relationships 

between independent and dependent variables; however this requires an explicit search 

for these relationships and may require complex transformations of predictor or outcome 

variables (Tu, 1996). Appropriate transformations may not always be available for 

improving model fit, and significant nonlinear relationships may go unrecognized by 

model developers (Tu, 1996). Neural networks have the ability to detect all possible 

interactions between predictor variables. The hidden layer of a neural network gives it the 

power to detect interactions or inter-relationships between all of the input variables (Tu, 

1996). 

5.1. Introduction  

Artificial neural networks (ANNs), sometimes simply called a neural networks are a 

mathematical model or a computational model that simulates the structure or functional 

aspect of a biological neural network. In many cases an ANN is an adaptive system that 

changes its structure based on information that flows through the network during the 

training phase (Fausett, 1994). 

 

An artificial neural network is specified by:  (Meyer-Baese, 2009): 

 

• An architecture: this is a set of neurons and links connecting the neurons, with  
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            each link having a predetermined weight. 

• A model: this is the information processing component of the neural network 

• A learning algorithm: this is the set rules within which the network will learn    

             based on the training data provided 

 

 

 

 
 

Figure 5.1    Single Layer Feed Forward Network (Meyer-Baese, 2009) 
 

 
There are many different types of artificial neural networks, this work uses the simplest 

and the most widely used type of network, i.e. Feed Forward Neural Network. In this 

type of a network, the information moves in only one direction, forward, i.e. from the 

input nodes, through the hidden nodes (if any) and to the output nodes. There are two 

main types of feed forward neural networks, a single layer and multi layer. A single-layer 

network (Figure 5.1) is a network which consists of a single layer of nodes; the inputs are 

fed directly to the outputs via a series of weights. In this way it can be considered the 

simplest kind of feed-forward network. The (McCulloch-Pitts) perceptron (Figure 5.2) is 

a single layer NN with a non-linear sign function. The sum of the products of the weights 

and the inputs is calculated in each node, and if the value is above a predetermined 

threshold (typically 0) the neuron is activated and takes the activated value; otherwise it 

takes the deactivated value. The multilayer feed-forward neural network (Figure 5.3) 

consists of multiple layers of computational units, usually interconnected in a feed-

forward way. Each neuron in one layer has directed connections to the neurons of the 

following layer.  
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Figure 5.2    McCulloch-Pitts (Meyer-Baese, 2009). 

 
 

 
 
 

Figure 5.3    Multi- Layer Feed Forward Network (Meyer-Baese, 2009). 

 
 

5.2. Previous work 

Almasri & Kaluarachchi (2005) have shown that Modular Neural Networks (MNN) can 

be used to predict the nitrate distribution in groundwater using the on-ground nitrogen 

loading and recharge data. In order to study the distribution of nitrates in the Sumas-

Blaine aquifer in Whatcom County (Washington State), they created a MNN and 

compared the results to that of a classical fate and transport model. Their results indicate 

that the perfromance of the MNN is better than the ANN, and that the MNN can provide 
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rational predictions in contaminated areas. While acknowledging that the perfromance of 

the MNN was less than the classical fate and transport model, they found that the 

accuracy is good enough for it to be considered as a preliminary tool of analysis.  

In a recent study Zuo (2008) has shown that it is possible to estimate the amount of 

nitrogen removal due to denitrification using an artificial neural network. The artificial 

network was created using MATLAB Neural Network Tool box 4, and had nine input 

nodes and three output nodes. After training the network, accuracies for prediction of 

nitrate concentrations was + 10 % thus demonstrating that accurate predictions are 

possible. 

In a study of denitrification in a constructed wetland in Seoul, South Korea, Song et al. 

(2006) were successful in using a multi-layer perceptron network to predict 

denitrification. Their results show 91% accuracy in the prediction of denitrification 

suggesting that ANNs can be a powerful tool in estimating the rate of denitrification.  

While the above works suggest the ANNs are useful in the estimation of the 

denitrification rate, all of the studies are based on a very small local database. The 

selection of the data in this manner in essence assures the success of using an ANN to 

predict denitrification.  

The first attempt to apply ANNs in predicting the denitrification rate across wider region 

is by Oehler et al., (2010). They designed an ANN to simulate N emissions from the 

denitrification process at the field scale. The perfromance of the ANN outside the training 

(calibration) dataset space is not assessed and it can display physically unrealistic 

behavior (Oehler et al., 2010). To improve prediction accuracy and increase model 

generality Oehler et al., 2010 suggest that the database will need to be larger to account 

for various types of soil (with more clay notably). The database used in this work 

contains 1129 records as opposed to the 449 records used by Oehler et al. (2010). 

5.3. Building the neural network and code  

Based on the work done by Oehler et al., (2010), Zuo (2008) and Song et al (2006), a two 

layer feed-forward network with sigmoid hidden layers and linear output neurons was 
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developed. In order to control over-fitting and independent validation the dataset from 

each texture is divided into three subets; training set (80%), validation set (10%) and test 

set (10%). The ANN training is performed on the on the training set only.  The sole 

purpose of the validation set is to prevent the network from over –fitting. The test dataset 

is used as a measure of the networks performance. The network is trained with the 

Levenberg-Marquardt back-propagation algorithm until the mean squared error cannot 

minimized any further. 

 

The development of the networks in this work may be generalized as follows: 

 

1) Divide the database based on texture. 

2) Random subdivision of the dataset into three subsets : training, validation and     

testing 

3) Development of the ANN 

a. Choose the number of input nodes based on the parameters selected 

b. Choose the number of hidden layers and nodes. The optimum number 

of hidden nodes and hidden layers is dependent on the complexity of 

the modelling problem. 

c. Train the network: Using the training dataset till the mean squared 

error is as close to zero as possible. 

d. Test the network using the test dataset. 

4) Evaluate results: It is desirable to attain the predefined required level of 

accuracy with the simplest possible ANN structure (i.e., the fewest nodes) 

because this minimizes training time, improves network generalization and 

lessens over-fitting effects.  

5) If the evaluation is unsatisfactory, repeat steps 3-4 and change the number of 

nodes.   

 

To aid in the development of the ANN, the dataset is divided based on texture. 

Information from each textural class is then fed into the ANN. This leads to the 

development of 8 distinct subsets of the ANN development. Initially the ANN was 



 145 

developed in MATLAB using it’s ANN toolbox, eventually to automate the process 

codes were developed for the development and assessment of the ANN.  

 

Several networks were created and evaluated; to keep track of the networks the 

convention used to label the network is ANN 5-7-20, where the first number represented 

the texture, the second the number of input nodes and thus the number of input data 

required and the third number represented the number of hidden nodes.  

 

Initially only four parameters are considered; organic carbon, temperature, water filled 

porosity and nitrate concentration. As there are only four parameters considered, a 

network with four input nodes, two hidden nodes and one output node is developed for 

each texture (X-4-2 network, where X represents the textural class). 

 

The network is trained repeatedly till there is no improvement in perfromance. For each 

new training run the weights and biases are reset to zero. If after a repeated number of 

training runs (30) there is no improvement in the results the number of hidden nodes is 

increased and the process restarted. This process is continued till there is no significant 

improvement in the results. A maximum limit of twenty hidden neurons is set before the 

entire set of networks developed for the texture is abandoned.  

 

Besides the four selected parameters above, networks were developed by gradually 

increasing the number of input variables and thus the number of input nodes. This 

resulted in an improvement in the accuracy of some of the networks. During the 

development of artificial networks for Sand, Sandy loam and Clay the best results are 

obtained with 20 hidden neurons, this is true regardless of the number of inputs. In many 

cases the results of the networks did not differ much between the use of 15-20 hidden 

neurons. In order to keep a consistent fromat all networks are developed using 20 hidden 

neurons. The necessity to use a higher number of hidden neurons is reflective of the 

complexity of the process. The use of such a large number of hidden nodes necessitates 

scrutiny of the network to prevent over-fitting, the use of the validation dataset is thus 

essential to the process. 
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Eventually the final set of networks evaluated contained 7 input Nodes, 20 hidden nodes 

and one output node. This corresponded to the 7 input parameters that were compiled for 

each denitrification value. Each network is evaluated in terms of the error (Error = 

Predicted– Observed) or percentage error described as ( )
100  

Observed

Observededicted
 Error ∗−= Pr

% . 

 

While the database used in this work is more than double the amount used on Oehler et 

al. (2010) it is still insufficient to expand the method to encompass all possible textural 

and soil profile scenarios. Due to the paucity of the data no attempt is made to develop 

neural networks for the following textures; Silt (no data), Sandy clay (no data), Loamy 

sand (n=4) and Sandy clay loam (n=5). While neural networks are developed for clay 

(n=27), it is done with the understanding that the results bound to be unreliable. 

Realistically, the only networks that may be considered reliable are Clay Loam (n=77), 

Loam (n=102), Sand (n=103), Sandy Loam (n=181), Silty loam (n=260), Silty clay 

(n=283) and Silty clay loam (n=71).  

5.4. Results  

5.4.1. Texture 1 (Clay) 

With only 27 records the dependability of the network developed for the clay subset is 

unreliable. One record is deleted due to a missing value and the network is developed on 

the remaining 26 records. The network used is ANN 1-7-20. As can be seen in Figure 5.4, 

when compared to the earlier methods, the network perfroms quiet well for the training 

and validation but does not perfrom as well for the test dataset. This is because the ANN 

does not have sufficient data to learn. The error ranges from 1117 % - 0.62 %. There are 

five denitrification rates with high error percentages (> 100 %), these are mainly from the 

test dataset, the percent error for the training and validation dataset is between 87.08 % - 

0.62 %.  
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Figure 5.4    ANN 1-7-20 
 
 

5.4.2. Texture 2 (Clay Loam) 

The clay loam dataset is made of 77 records this dataset is reduced to 69 records due to 

eight missing values. The network developed for this texture has a percentage error range 

of 1449 % - 1.35 % (Figure 5.5). Only ten of the 69 values have an error of over a 100%. 

This is the best perfroming network that had been developed for this texture. The network 

predicts the denitrification rate to within a reasonable error for the higher rates but seems 

to have trouble with the lower denitrification rates. This may be due to the networks 

inability to discriminate between values that are close together.  

5.4.3. Texture 3 (Loam) 

The loam dataset is made up of 102 records; of these 14 have missing data. The network 

developed for this texture is ANN 3-7-20. The percentage error is between 542% - 0.17% 

(Figure 5.6). Only eight of the 102 values have an error of over a 100%. This network as 

well seems to have trouble predicting denitrification rates at the lower end of the scale.  
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Figure 5.5    ANN 2-7-20 
 
 

 
 
 

Figure 5.6    ANN 3-7-20 
 
 

5.4.4. Texture 5 (Sand) 

The sand dataset is made up of 103 records; of these 14 have missing data. The network 

developed for this texture is ANN 5-7-20. this is the bet perfroming network of all the 

developed ANNs. The percentage error is between 184% - 0.10% (Figure 5.7). Only 
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three of the 89 values have an error of over a 100%. While the perfromance of this 

network is by far the best, the errors are still at the lower end of the scale. The network 

ANN 5-7-20 is applied to two subdivisions in Jacksonville and the results are described 

in section 7.3. The network, its weights and biases are described in detail in appendix F.    

 

 
 

 

 
 

Figure 5.7    ANN 5-7-20 

 
 

5.4.5. Texture 7 (Sandy Loam) 

The sandy loam dataset has 181 records of data. This dataset is missing 76 nitrate 

concentration values and four water filled porosity values. Thus only 105 records of data 

are useable. The main network in use is ANN 7-7-20 (Figure 5.8).  The percent error 

ranges from 277.78% – 1.05%. The network is not able to accurately predict the 

denitrification rates; however at higher denitrification rates the accuracy of the network 

seems adequate. 
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Figure 5.8    ANN 7-7-20 

 
 

5.4.6. Texture 8 (Silt Loam) 

The database has 260 records of silt loam, there are 12 missing values reducing the 

number of useable records to 248.  The main network in use is ANN 8-7-20. The percent 

error for this network ranges from 2000% - 75 % (Figure 5.9) and is by far the least 

accurate of the networks developed. The largest errors are for the lower denitrification 

rates. 

5.4.7. Texture 9 (Silty Clay) 

There are 283 records for silt clay of these only three have missing values. The network 

in use is ANN 9-7-20. The percent error for this network ranges between 5 % - 160 % 

(Figure 5.10).  This network has the greatest amount of errors at the lower end of the 

scale, for higher denitrification rates the network predicts the rates relatively accurately. 
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Figure 5.9    ANN 8-7-20 

 
 

 
 

 
 
 

Figure 5.10    ANN 9-7-20 
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5.4.8. Texture 10 (Silty Clay Loam) 

Texture 10 is composed of 71 records with nine missing values. The network is almost 

perfectly trained but is not accurate in predicting the denitrification rate. The errors range 

from 115.6% -7.2%. The errors for this network are higher when the denitrification rates 

are lower. 

 
 

 

 
 

Figure 5.11    ANN 10-7-20 

 
 

5.5. Summary   

In general the ANNs achieve a better performance than existing models. It is purely due 

to a lack of accurate data that a reliable network is unable to be developed for some 

textures. In several situations there is a considerable improvement in the networks 

performance by deleting data that are identified as possibly outliers. This however does 

have the disadvantage of reducing the number of records used and by discarding spurious 

data the networks could possibly be subject to authorship bias.  
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In addition a constant factor to the failure of the networks is the lack of higher 

denitrification rates. The neural networks seem unable to discriminate any consistent 

pattern when the range of the denitrification rates is at the lower end of the scale.  A 

possible method to overcome this issue would be to scale up the denitrification rates by 

multiplying them by an appropriate factor. Attempts at developing ANNs by scaling up 

the denitrification rates are met with little success. This is primarily because the ANNs 

are unable to discriminate between the large variety of inputs and the narrow range of 

denitrification rates. There are other ANNs that are capable of this task but this will 

require further research into both the use of neural networks and the idiosyncrasies of 

denitrification. Once an accurate set of networks are established the ability to implement 

the networks into programs like Arc-GIS and similar information systems adds value to 

the ANN. 

 

While there is no easy solution to the problem that is set out, unquestionably ANNs are a 

very powerful tool in estimating the denitrification rate. It is the author’s firm belief that 

ANNs are a functional and powerful tool in the quest to find a simplified model to 

estimate denitrification rate.   
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CHAPTER SIX  

6. USE OF ISOTOPES TO ESTIMATE LOSS OF 

NITRATES DUE TO DENITRIFICATION. 

 

It is well known fact that denitrification is a biological anaerobic process which involves 

the reduction of nitrate to nitrogen by heterotrophic bacteria such as Paracoccus 

denitrificans and various pseudomonads. While the process involves several stages in the 

conversion of nitrate to nitrogen it may be summed up and expressed as a single step 

reaction (Equation 6.1).  

 

OH N H e 10 NO 22
--

3 6122 +→++ +
                                                     ------  Equation 6.1 

 

As the reaction is biologically mediated it is an irreversible biogeochemical reaction that 

is accompanied by significant fractionation because of the bacterial preference for the 

lighter isotope. Like other irreversible biogeochemical reactions, denitrification is 

accompanied by significant isotope fractionation of the light isotope (i.e., 14N or 16O). 

This fractionation results in enrichment of the residual NO3
− in the heavier isotope (i.e., 

15N and 18O) (Chen and McQuarrie, 2005). 

6.1. Use of dual isotopes to identify denitrification  

Several investigators used the dual-isotope (δ15N and δ18O) approach to investigate 

denitrification in groundwater (Bottcher et al. 1990; Wassenaar 1995; Aravena and 

Robertson 1998; Grischek et al., 1998; Cey et al. 1999; Mengis et al. 1999; Devito et al. 

2000, Lobnik et al., 2008).  These investigators observed a relatively strong correlation 

between measured values of δ15N and δ18O. A potential benefit of analyzing both the 

δ15N and δ18O of NO3
- is that oxygen isotopic compositions vary systematically with 

nitrogen isotopic compositions during denitrification (Kendall 1998). Using the dual-
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isotopic approach should therefore provide highly complementary and convincing 

evidence for the occurrence of denitrification. (Chen and MacQuarrie, 2005). 

 

Bottcher et al. (1990) studied microbial denitrification in a sand aquifer and concluded 

from the measured isotope ratios that there is a linear relationship between δ15N and δ18O  

values, with 15N fractionating by a factor of 2.1 more than 18O.  Aravena and Robertson 

(1998) reported a linear correlation of δ18O versus δ15N with a slope of 0.48, a result 

similar to that of Bottcher et al. (1990). Cey et al. (1999) found a similar linear 

relationship between δ18O and δ15N values in a riparian zone aquifer in southern Ontario, 

and used this linear relationship as additional evidence for denitrification in the 

groundwater system. Mengis et al. (1999) and Devito et al. (2000) also find a similar 

linear relationship between δ18O and δ15N values in groundwater in river riparian zones. 

6.2. Derivation of the method  

Chen and MacQuarrie (2005) demonstrated the theoretical reason for the relationship 

between δ15N and δ18O. Based on their theoretical reasoning it can be shown that; 
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a = Regression constant  

b = Fractionation ratio = εO/ εN. 

εO = The enrichment factor of Oxygen during denitrification. 

εN = The enrichment factor of Nitrogen during denitrification . 

βO  = k16 / k18 is the kinetic isotope effect for oxygen, and k16 and k18 are the reaction 

rate constants for N16O3 and N18O3 

 

Based on Equation 6.2 it can be seen that the equation takes the from of linear 

equation cxmy +∗= , this means that if δ15Nt is plotted against ln (Ct/C0), the resulting 

slope and intercept will give the values of εΝ and ( NO
15δ ).  

 

An enrichment factor (ε) can hence be approximated using dual isotopes and nitrate 

concentration.  The enrichment factor is the rate at which the residual pool of solution is 

enriched in the isotope i.e., the rate at which the δ15N increases as denitrification 

proceeds.  

 

Based on experimental data several authors have found that the range of the enrichment 

factor associated with complete denitrification is between −17 to −29‰ (Bates et 

al.,1998; Bates and Spalding,1998; Blackmer and Bremner,1911; Bottcher et al.,1990; 

Mariotti et al.,1981,1988; Smith et al.,1991; Spalding et al.,1993; Spalding and Parrott, 

1994). Since denitrification is a biologically mediated process if there was no 
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denitrification, nitrate would not be enriched in δ15N and in effect there would be no 

enrichment of the heavy isotope.  This implies that the enrichment factor would be zero.  

 

We assume that at any stage of denitrification in a given region or location, the 

enrichment factor for the system due to denitrification would be any where between the 

two extremes of complete denitrification and no denitrification. As there are two 

pathways for the reduction of nitrate in an ecosystem (DNRA and denitrification) the 

enrichment factor may have a value that lies between these two extremes. 

 

In order to obtain an estimate of the nitrate removed due to denitrification we may  

 

1) Plot the δ18O vs. δ15N, to estimate the slope b (slope ~ 0.48) 

2) Plot δ15N vs. ln (Ct/Co) , i.e. the log of the fraction of nitrate remaining to estimate 

ε 

3) Plot ε for 0, max denitrification and the value obtained  

4) Determine the percent of nitrate lost due to denitrification from the resulting 

graph 

 

The example (Figure 6.1) shows how the δ
15N–NO3

− isotope enrichment at a point on a 

curve with a certain enrichment factor may be attributed to denitrification and 

assimilation (plants and microorganisms). An analytical derivation of the process is 

presented by Wang (2011).  

 

A Rayleigh curve with enrichment factor due to only denitrification (εD) is − 17‰ 

(literature value from Blackmer and Bremner (1977), a curve with εA = 0‰ represents a 

system with only assimilation, and a curve with εW = − 8‰ represents a wetland system 

with both denitrification and assimilation. If the final −
3NO  concentration represents a 

loss of 70% (remaining fraction of 0.3), about 61% (0.43/0.70) of the NO3
− loss would be 

attributed to denitrification while about 39% (0.27/0.70) of the loss would be due to 

assimilation ( Lund et al., 2000). 
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Figure 6.1    Estimation of Nitrate Loss due to denitrification (Lund et al., 2000). 
 
 
Lund et al. (2000) have used this method to estimate the percent of nitrate removed due 

to denitrification in a wetlands environment in southern California. Using this method 

and by considering a laboratory derived value of −17‰ as the enrichment factor strictly 

due to denitrification, 63 % of the losses could be attributed to denitrification.   

 

The main disadvantage to this approach is that there is a range of enrichments factors for 

denitrification. The enrichment factors are derived based on laboratory testing and as 

such there is a wide range of values that can be used, while this may possibly be 

attributed to differences in methodology it may be possible that the differences in the 

enrichment factor are due to different denitrification rate constants and substrate 

concentration. (Ostrom et al., 2002).  

 

Pintar et al. (2008) and Sovik and Morkved (2007) have used this method to estimate the 

percent of nitrate lost due to denitrification  in wetlands and have found that isotopes can 

be a useful semi-quantitative tool to quantify denitrification. Several other authors 

(Steingruber et al., 2001; Smith et al., 1978, 2004) have used isotopes to measure 

denitrification. 
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Using this method the percent of loss of nitrogen due to denitrification is obtained for the 

study areas in Jacksonville (Fl). While it was difficult to know the initial nitrate 

concentrations we could assume the standard of 35mg/l/d or the highest nitrate 

concentration value to be C0. As this is a very conservative estimate the result estimated 

denitrification rate would be a minimum possible loss. Based on the above methodology 

and assumptions we estimated 26 - 82% of nitrate removed in the Jacksonville area that 

can be attributed to denitrification.  

6.3. Use of isotopes to estimate the loss of Nitrogen due to 

denitrification.  

Between September 2009 and December 2010 samples were collected from three study 

locations and an isotopic analysis is conducted at the Colorado Plateau Analytical 

Laboratory, Arizona. The results are applied to the study sites  

 

The data shows that denitrification is taking place in all the study areas, all of the regions 

show an increase in δ18O as δ15N increases.  
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Figure 6.2    δ18O vs. δ15N   Eggleston Heights (April 2010). 
 

 
 



 160 

Table 6.1    Eggleston Heights (April 2010). 
 
 

Sub-division : Eggleston Heights  
Enrichment Factor (‰) : -3.9 

Location Ct/C0 % Loss (Rdn) 

WH-2 0.76 25.41 
WH-2 0.76 25.41 
WH-SW 0.41 31.28 
RB-2 1.00 - 
MR-2 0.41 31.28 
MG-2 0.16 40.81 
RT-SW 0.06 50.80 

 
 

δδδδ 18 O Vs. δδδδ 15 N

y = 0.4928x + 0.2287
R2 = 0.9342

0

2

4

6

8

10

12

0 5 10 15 20 25

δδδδ 15 N

δδ δδ 
18

 O

 
 
 

Figure 6.3    δ18O vs. δ15N   Eggleston (June, 2010). 
 
 

Table 6.2    Eggleston Heights (June, 2010). 
 
 

Sub-division  : Eggleston 
Enrichment Factor (‰)  :  -3.69 

Location Ct/C0 % Loss (Rdn) 

AM-MW-2 1.00 - 
AM-MW-3 0.91 22.52 
AM-MW-4 0.65 25.44 
R1-SW 0.10 43.29 
RB-2 0.31 32.47 
RB-3 0.12 41.73 
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Figure 6.4     δ18O vs. δ15N   Eggleston Heights  (September 2010). 
 
 

Table 6.3    Eggleston Heights (September, 2010). 
 
 

Sub-division         Eggleston Heights 
Enrichment Factor (‰)       -4.8 

Location Ct/C0 % Loss (Rdn) 

AM-MW-2 1.00 - 
AM-MW-3 0.92 29.12 
AM-MW-4 0.65 32.72 
RB-2 0.24 43.56 
RB-3 0.10 53.11 
RISW 0.08 55.64 
RISW 0.08 55.64 
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Figure 6.5    δ18O vs. δ15N   Julington Creek (April 2010). 
 
 

Table 6.4    Julington. Creek (April 2010). 
 
 

Sub-division         Julington  
Enrichment Factor (‰)            -2.2 

Location Ct/C0 % Loss (Rdn) 

CS-2 0.03 36.74 
CS-SW 0.01 42.63 
CST-1 0.003 51.39 
CST-5 0.14 26.38 
CST-5 0.14 26.38 
DH-2 0.51 16.99 
DH-5 1.00 - 
MM-2 0.34 19.79 
MM-4 0.04 35.15 
MM-4 0.04 35.15 
LP-1 0.08 30.33 
LP-2 0.01 47.95 
LP-4 0.19 23.91 
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Figure 6.6       δ18O Vs. δ15N   Julington Creek  (December, 2010). 
 
 

Table 6.5     Julington Creek (December, 2010). 
 
 

Sub-division         Julington  
Enrichment Factor (‰)       -1.29 

Location Ct/C0 % Loss (Rdn) 

CST1 0.09 18.52 
CST1 0.09 18.52 
CST11 0.54 9.94 
CST11A 0.11 17.20 
CST2 0.09 18.08 
DH1 0.07 19.59 
DH1 0.07 19.59 
DH1A 0.08 18.67 
DH2 0.03 25.01 
DH2 0.03 25.01 
LP3 0.67 9.09 
LP4 0.21 14.25 
LP6 1.00 - 
LP6 1.00 - 
LPP71 0.11 17.44 
MM1 0.10 17.68 
MM1A 0.08 18.83 
MM4 0.16 15.33 
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CHAPTER SEVEN 

7. APPLICATION TO JACKSONVILLE, FL 

 

Three study areas are considered; Eggleston Heights, Julington Creek and Lake Shore. 

The areas are subdivisions within the city of Jacksonville which is a part of Duval County 

and under the St Johns River management district. This region is composed of well 

drained soils. The primary aquifer for drinking water is the Floridian aquifer which is 

overlain by the surficial aquifer. In most of Duval County, the surficial aquifer system is 

divided into two water-bearing units, the upper water-table unit and the lower limestone 

unit. These two units are separated by sediments of low permeability and water cannot 

easily move from one unit to the other.  

 

The surficial aquifer system ranges in thickness from less than 10 ft (3.03 m) in the St. 

Johns River Valley to about 100 (30.3 m) ft in western Duval County (Fairchild, 1972) 

and is separated from the underlying Floridan aquifer system by the intermediate 

confining unit. The water-table unit is the upper part of the surficial aquifer system and 

consists of sediments ranging from 25 ft (7.5 m) to 50 ft (15.15 m) that were deposited 

during the formation of the marine terraces and beach ridges associated with glaciation.. 

Geologically the surficial aquifer system is composed of undifferentiated fine to medium-

grained quartz sands, siliciclastics, fine to coarse grained sand but could contain thin beds 

of sandy clay (Miller, 1997; Davis, 1998; Belanger et al., 2009) 

 

The three statistical methods developed in this work are used to estimate a denitrification 

rate; the methods while mainly statistical have also included the use of stable isotopes. 

All the methods are applied to the three study areas and results are compared to 

understand the importance of denitrification in the area.  

 

As this work is primarily concerned with denitrification in saturated zone of the surficial 

aquifer the water filled porosity is considered to be 100 percent. Since temperature of the 
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groundwater reflects the average year round temperature, 25ºC is used, this is the average 

yearly temperature for Jacksonville. In addition as much of the aquifer is made up of sand 

and gravel all predictions are based on texture 5 (Sand). Where required an assumed bulk 

density of 1.25 gm cm-3 is used. The pH and organic carbon values are obtained from the 

soil survey database from the Natural Resources Conservation Service (NRCS), soil 

Survey Geographic (SSURGO) database. The information from the NRCS data is 

averaged for the area and additional sources such as literature data were then used to 

gather input information for the Study area in Jacksonville.  

 

The following information is used to calculate the denitrification rates for the Lake Shore 

region, Texture 5 (Sand), Temperature 20ºC, WFP (100%) as we are concerned with the 

saturated zone, pH 5.2 (average pH of soils in the region), bulk density 1.5 gm cm-3, 

saturated thickness of 1000 cm, Organic carbon percentage of 2.1% and an average 

concentration of 10.3 µg N gm-1soil. All of the values were derived based on averages. 

7.1. Linear Regression and Monte Carlo analysis 

The closest equation that can be used is the linear regression developed from 5-15-100-6 

(Texture 5, Temperature 15, WFP 100, Nitrate Concentration 6). Based on Figure 2.60 

the denitrification rate can be estimated using the following equation  

 

0.3768 -  carbon organic 1.984 Rdn ∗=                                                 ----                                                                                    Equation 7.1 

 

Based on an organic carbon value of 2.1 percent, the denitrification rate is estimated to be 

3.7896 1−dha N Kg -1 . As reaction rates are assumed to double for every 10 ºC the 

denitrification rate at 25 ºC is 7.5792 1−dha N Kg -1 . In addition to using the equation 

above the Monte Carlo simulation is run for an organic carbon value of 2.1 percent. The 

simulation results in a predicted mean of 8.4628 1−dha N Kg -1  with a minimum value of 

1.0025 1−dha N Kg -1 and a maximum value of 11.7355 1−dha N Kg -1 . 
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7.2. Multiple Regression  

Three equations are used to estimate a denitrification rate, the first uses Equation 4.1 and 

results in a negative estimated denitrification rate, the second uses Equation 4.8 and 

results in an estimated value of 4.588 1−dha N Kg -1  the final uses   Equation 4.9 and 

results in a negative estimated rate of denitrification. The results are spurious and as the 

coefficient of determination for the equations are low the results are viewed with caution. 

While the value of 4.588 1−dha N Kg -1  is within the range of values estimated by the 

Monte-Carlo method this method is perhaps the least likely to accurately estimate the rate 

of denitrification.  

7.3. Neural Network 

For Lakeshore the following information is input into the ANN 5-7-20, temperature 25ºC, 

WFP (100%) as we are concerned with the saturated zone, pH 5.2 ( average pH of soils in 

the region), bulk density 1.5 gm cm-3, saturated thickness of 1000 cm, Organic carbon 

percentage of 2.1% and an average concentration of 216.6  soilgm Ng 1−
�µ . All of the 

values are derived based on averages. Based on the above data it is estimated that the 

denitrification rate in the Lake Shore region of the Jacksonville City in Duval county 

Florida is 8.3396 1−dha N Kg -1 .  The ANN used for Julington Creek and Eggleston 

heights is the same as for lakeshore. The temperature, WFP and soil depth are the same as 

for the Lakeshore region and the rest of the input data is given in   

 
 

Table 7.1    Summary of Input data for the study area 
 
 

Study Area Input Data 
  pH OC Nitrate Concentration  

Eggleston Heights (April 2010) 5.4 1.9 390 
Eggleston Heights (June 2010) 5.4 1.9 1093 
Eggleston Heights (Sept 2010) 5.4 1.9 875 
Julington Creek  (April 2010) 5.5 2.2 1757 
Julington Creek  (Dec 2010) 5.5 2.2 1233 

Lakeshore  5.2 2.1 216.6 
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7.4. Summary  

The information derived in this work is applied to the three study areas in Jacksonville. 

Each of the methods is an independent statistical analysis all be it on the same database. 

The results of the four methods are, within reason, in agreement. For the Lake Shore area 

based on the hierarchal linear regression the denitrification rate is estimated to be 

7.59 1−dha N Kg -1  . Using the Monte Carlo method the denitrification rate is estimated to 

be 8.46 1−dha N Kg -1 , with minimum possible value of 0.00 1−dha N Kg -1  and a 

maximum possible value of 11.74 1−dha N Kg -1 . The multi-regression analysis yields a 

value of 4.588 1−dha N Kg -1 ; this is the only anomaly in the results that have been 

obtained so far. Based on results from the ANN the denitrification rate is estimated at 

6.69 1−dha N Kg -1 . The results for all the areas are given below. 

7.5. Summary of denitrification rates for the three study areas. 

 
Table 7.2     Linear Regression Results. 

 
 

Study Area Linear Regression 
  A B C 

Eggleston Heights (April 2010) 2.45 2.14 - 
Eggleston Heights (June 2010) 2.45 2.14 - 
Eggleston Heights (Sept 2010) 2.45 2.14 - 
Julington Creek  (April 2010) 2.70 2.45 - 
Julington Creek  (Dec 2010) 2.70 2.45 - 

Lakeshore  2.61 2.38 7.58 
 

 
Table 7.3     Monte Carlo Results 

 
 

 Monte Carlo 
 A Range B Range C Range 

Eggleston Heights (April 2010) 6.53 0.00 - 7.64 7.69 0.00 - 9.96 8.92 0.00 - 10.25 
Eggleston Heights (June 2010) 6.53 0.00 - 7.64 7.69 0.00 - 9.96 8.92 0.00 - 10.25 
Eggleston Heights (Sept 2010) 6.53 0.00 - 7.64 7.69 0.00  -  9.96 8.92 0.00 - 10.25 
Julington Creek  (April 2010) 6.92 0.00 - 7.93 8.08 0.00 - 10.25 8.54 0.00  - 9.97 
Julington Creek  (Dec 2010) 6.92 0.00 - 7.93 8.08 0.00 - 10.25 8.54 0.00  - 9.97 

Lakeshore 6.81 0.00 - 7.82 7.87 0.00 - 10.14 8.75 0.00 - 10.15 
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Table 7.4     Multi-Regression and Neural Network Results 
 
 

 Multi-regression  Neural Network 
 All Texture 5 Texture 5 (L)  5-7-20 

Eggleston Heights (April 2010) - - 5.83  6.68 
Eggleston Heights (June 2010) - - 13.53  6.03 
Eggleston Heights (Sept 2010) - - 11.67  7.89 
Julington Creek  (April 2010) 2.70 - 19.14  2.22 
Julington Creek  (Dec 2010) - - 13.88  5.53 

Lakeshore - - 1.38  8.34 
A Texture-Temp-WFP  
B Texture-Temp-WFP-pH  

C Texture-Temp-WFP-NO3
- Concentration  
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CHAPTER EIGHT 

8. CONCLUSIONS 

This work was conducted in order to develop an inexpensive method that will enable 

environmental agencies to have a tool that is able to quickly assess the denitrification 

rate. As such it is acknowledged that this is not a precise tool or a panacea to the 

complexity of determining denitrification rates but a method to roughly estimate the loss 

of nitrated due to denitrification. If detailed denitrification rates are required traditional 

methods and field experiments are unavoidable.  

8.1. Data Collection 

In order to develop statistical relationships a database containing 1198 records of 

information is collated from literature and directly obtained from research scientists. Each 

record has eight variables and a denitrification rate. While there are some records that 

contain missing data, overall this accounts for less that three percent of the dataset. The 

denitrification rates are reported in several different units (Heinen, 2006) and are hence 

converted to a common unit of 1−dha N Kg -1 .  

8.2. Statistical Analysis 

Three different statistical methods are used to develop a relationship between the factors 

that control denitrification and the denitrification rate. Hierarchical Linear Regression, 

Monte Carlo simulations, Multiple-Regression analysis and Neural Networks are used to 

develop the relationships between the eight available parameters in the database and the 

denitrification rate. Each method developed has limitations but when used as described in 

this work, it is possible to have a semi-quantitative estimate of the denitrification rate. 

Besides statistical analysis, isotope data is also to estimate the loss of nitrates due to 

denitrification. 
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8.3. Main Results  

The linear equations offered some predictive capability, but they are limited to use in the 

same area and conditions as the data that was used to derive the equations. At the very 

best these equations provide an adequate indication of the possibility of denitrification 

occurring in a given region and a rough estimate of the amount of denitrification that may 

occur.  This method is weighed down by the inaccuracy and variability in measurement 

techniques. In addition while organic carbon may be one of the most important factors for 

denitrification it is careless to place the title of the most important factor on it or any 

given variable. There are several factors that are equally important which is why the 

regression equation improved as the data were divided based on the factors as described 

in chapter 2. The use of the equation developed in this section is thus limited to the 

environmental conditions specified in the code preceding the equation.  

 

The multiple-regression equations do offer some better predictive capability but once 

again they fail to take into account the entire set of factors that control the denitrification 

process. In addition they failed to capture the complex set of interactions between the 

controlling factors and the denitrification rate. While overall they offered a better 

correlation between the factors and the denitrification rate the equations were again 

limited in their predictive capability. The drawback with the multi-regression is that the 

system is unable to learn and adapt to the information as it progressed.  

 

While there is no conclusive reason as to the difference between the predictions using the 

multi-regression analysis and linear regression or ANNs for the same set of conditions a 

look at the tables in chapter 4 leads one to believe that for each texture there is a set of 

controlling variables which is different from the other textures. For example for clay the 

important controlling variables are the nitrate concentration and water filled porosity. For 

sand the important variables are water filled porosity, pH and nitrate concentration. For 

silty loam the important variables are pH and organic carbon. There is perhaps a 

relationship between the physical and chemical properties of each soil type and the 

denitrification rate which needs to be further investigated. 
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It is the inherent advantages of the ANN, BRT, and in general ML that give the ANN an 

advantage in predicting denitrification rates. The ability to learn and decipher complex 

relationships between each of the factors and the denitrification rate is the reason why the 

ANN out perfroms the other two methods. While it is true that the error is large and in 

some situations over 100% this is not due to the statistical methodology but due to the 

problems that are inherent to denitrification.  

8.4. Recommendations 

This work clearly shows that denitrification is not a simple process, and that to develop a 

simplified field scale predictive model requires a slightly complicated computational 

process. One of the major limiting reasons to developing simplified models is the lack of 

information on the effect of combinations of two or more factors on denitrification (Weir 

et al., 1993). ANNs can easily overcome this limitation. 

 

There are several additional avenues of research still available to researchers willing to 

develop simple denitrification models, chiefly the focus should be on different types 

Neural Networks, research can be conducted into the capabilities of supervised feed-back 

neural networks and additional feed forward neural networks using different algorithms. 

Neural networks can also be developed considering denitrification as a first order reaction 

and relationships can be developed based on the first order decay coefficient.  

 

In addition to statistical methods, robust and easy to use field methods need to be 

developed to be able to assess denitrification in an accurate manner (Payne, 1991). In 

addition the problems inherent with the acetylene inhibition technique, the effect of pH 

on the formation of N2O and N2 need to be assessed in the context of denitrification rates 

and measurement techniques (Stevens et al., 1998, Simek, 2002, Simek et al., 2002).   

 

There is a scarcity of data on denitrification rates based on field observations and this is 

conceivably due to the cumbersome methodology currently used in assessing 

denitrification rates. Perhaps this is an area where stable isotope chemistry can assist in 

the development of a new technique for field observations. As shown in Chapter 6 stable 
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isotopes can be particularly useful in estimating the percent of nitrogen loss due to 

denitrification. Research into the use of stable isotopes will need to be conducted to be 

able to determine denitrification rates using stable isotopes. Research into the use of 

stable isotopes may perhaps lead to an alternative method to obtain field denitrification 

rates and thus allowing for the current gap in field denitrification rated to be filled.  

 

In précis one may say that, the inability to develop a complete model to predict 

denitrification on a field scale is not an issue of model development as much as it is a 

matter of developing a good and robust technique to measure denitrification rates on both 

the lab and field scale.  The methodology shown in this work clearly demonstrates that 

the basic principles on denitrification are well understood and that there are simple 

methods that can deal with such a complex problem. The development of an accurate 

field scale model thus depends on precise data being used and to obtain this precise data 

especially on the lower end of the scale a refined technique is required.  

 

Perhaps Allison (1955) is correct when he observed that in spite of several years of 

research while the main mechanisms of nitrogen loss are known, the quantitative type of 

data related to each type of loss are still inadequate. Davidson and Seitzinger (2006) 

certainly agree that the observations are still valid five decades later. One of the possible 

reasons for this apparent lack of progress is that the process of denitrification requires 

integration across several disciplines and scales. It can be said with some certainty that; 

there is no single methodological procedure that will solve the enigma of balancing 

nitrogen budgets. However there could be a universal approach to quantifying 

denitrification, ANNs are one such promising approach to quantifying denitrification 

(Oehler, 2010). 
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APPENDIX A 

 

DATASET IS AVAILABLE ON REQUEST AND PENDING 

APPROVAL OF SOURCES. 
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APPENDIX B 

CONVERSION SHEET FOR DENITRIFICATION RATE 

 

As with the different methods used to compute the denitrification rate there are several 

units in which the denitrification rate is reported. Heinen (2006) gave a brief description 

of the various units and described four different units. The conversion from each of these 

units needs to be done with care as the units are dependent on the methodology used. 

With the conversion from point scale to field scale we must accept certain factors and 

assumptions as outlined below. 

 

The results may not always be justifiable but with the paucity of data on the 

denitrification rate it is difficult not to accept the inherent errors that may be introduced 

in these conversions. The outlined here conversions here are basic, but they are 

mentioned in detail so that the underlying assumptions can be fully understood. 

 

Most literature will often report the bulk density (ρ) and soil depth (d), it is by using these 

two factors and other reported factors that we can convert between the reported units. 

 

11 dLNmg −−     : Refers to the loss of nitrogen from a soil solution where L refers to the 

    volume of soil solution. 

13 −− dmNg      : Refers to the loss of nitrogen on a soil volume basis. 

11 −− dkgNg    : Refers to the loss of nitrogen on a dry soil weight basis 

11 −− dhaNkg   : Refers to denitrification in a certain layer. In such cases the user must 

    report the depth of the layer. 

 

As an example of the variation in units, the dataset provided by Dr Oehler has 

denitrification reported in units of 11 −− dkgNmg  this is the same as denitrification 

reported on a dry soil weight basis but differs from 11 −− dkgNg  only by a factor of 103. 
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The reported units in the dataset from Tuchloke are in 11 −− dhaNkg  , as this was the 

units of measurement that were chosen at the beginning of the project to work with, it 

was decided to convert the units from Dr Oehler to 11 −− dhaNkg . 

 

Conversion from 11 dkgNmg −−  to 11 −− dhaNkg  

 

Assumptions:- 

 

1. To convert from 11 dkgNmg −−  to 11 dkgNg −−  divide 11 dkgNmg −−  by 1000 

(10-3), and further to convert from 11 dkgNg −−  to  11 −− dkgNkg  divide 
11 dkgNmg −−  by 1000 (10-3). 

 

2. Since bulk density (ρ) is Mass Length-3  ( 3−mkg ), to convert from 11 dkgNmg −−  

to 11 −− dhaNkg  
 

 

a. Multiply 11 dkgNmg −−  by 10-6 to obtain 11 −− dkgNkg  

Multiply 11 dkgNg −−  by 10-3 to obtain 11 −− dkgNkg  

 

b. Multiply 11 −− dkgNkg  by density in 3−mkg  
 

i. 
3m

kg

dkg

Nkg ∗   =  
dm

Nkg
3

 

 

ii.  
3cm

g

dkg

Nkg ∗ *  103   =      
3m

kg

dkg

Nkg ∗  =    
dm

Nkg
3

  

 

iii.  Since one hectare is 100 m x 100 m, and when reporting in units 
we must specify the depth, keeping with the original dataset this is 
defined for 10cm. 
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m3 = m * m* m 

100 cm = 1 m 

m*m*cm*100 

 

iv. 
dm

Nkg
3

 = 
dcmm

Nkg

1002 ∗
,since we require it for a 10cm depth 

    

dcmm

Nkg

10010 42 ∗∗ −  (1 square meter = 0.0001 hectare (10-4)) 

 

v. 
dcmm

Nkg

1010 32 ∗∗ −  = 
dha

Nkg
 (we require it for a 10cm depth) 

 

 

vi.   
dm

Nkg
3

  * 103   =    
dha

Nkg
  

 

11 dkgNmg −−  by 10-6 to obtain 11 −− dkgNkg  

 

Given in the dataset: 

1. 11 dkgNmg −−  

2.  ρ in 
3cm

gm
 

3. Units needed 
dha

Nkg
 

 

Steps used Factor 

11 dkgNmg −−  to  11 −− dkgNkg  10-6 

3-3 m kg to cm gm  10 3 

 d ha N kg to d m N kg -1-1-1-1  10 3 

 

To convert from 11 dkgNmg −−  to   -3cm gm indensity by  Multiply dhaNkg 11 −−   
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Conversion from 11 dLNmg −−  to 13 −− dmNg  

 

11 dLNmg −−  refers to the loss of nitrogen from a soil solution where L refers to the 

volume of soil solution.  

 

1. To convert from 11 dLNmg −−  to 11 dLNg −−  divide 11 dLNmg −−  by 1000 
(10-3).  

 

2. 
dL

Ng

dL

Nmg 310−∗=  

 

Since 1 L = 10-3 m3         

 

3. 
dm

Ng

dL

Ng
33 10−∗

=  

 

4. 
dm

Ng

dL

Nmg
33

3

10

10
−

−

∗
∗=  

 

5. 
dm

Ng

dL

Nmg
3

=  

 

As this is per liter of liquid the equivalent for a soil solution would be to factor in 

porosity. Soil solution = Volume of soil * Porosity, as we do not have ether the soil 

porosity or particle density we assume a porosity of 0.25. 

 

6. 
dm

Ng
Porosity

dL

Nmg
3

=∗  
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Conversion from 13 −− dmNg  to 11 −− dkgNg  

 

13 −− dmNg refers to the loss of nitrogen on a soil volume basis 

 

1. Since bulk density (ρ) is Mass Length-3  ( 3−mkg ), to convert from 
13 −− dmNg  to 11 −− dkgNg  divide  13 −− dmNg  by ρ.  

 

dkg

Ng

kg

m

dm

Ng =∗
3

3
 

 

Convert from 11 −− dkgNg  to 11 −− dhaNkg  

 

1. 11311 10 −−−−− =∗ dkgNkgdKgNg   
 

2. 
dm

Nkg
) 

m

kg
(Density  Bulk

dkg

Nkg
33

=∗  

 

 

3. 
dm

Nkg
3

 = 
dcmm

Nkg

1002 ∗
 ,since we require it for a 10cm depth 

 

  = 
dcmm

Nkg

0102 ∗
 

 

1 square meter = 0.0001 hectare (10-4) 

 

= 
dcmha

Nkg

1010 3 ∗∗ −                   

 

4. 
dm

Nkg
3

 310∗  = 
3

dha

Nkg
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5.   
dha

Nkg

m

kg
DensityBulk

dkg

Ng =






∗
3

 

 

6. 
dha

Nkg

cm

g
DensityBulk

dkg

Ng =






∗ 3
3

10*  

 

Bulk density 

 

1. 
33

310

cm

kg

cm

gm =∗ −

 

 

2. 
363

3

10*

10*

m

kg

cm

gm =−

−

 

 

3. 
3

3
3

10*
m

kg

cm

gm =  
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Convert From Multiply by Convert to Remarks 

11 dkgNmg −−  10-3 11 dkgNg −−  1 g = 1000 mg 

11 dkgNmg −−  10-6 11 −− dkgNkg   

11 −− dkgNmg  Bulk Density ( 3−mkg )*10-3 11 −− dhaNkg   

11 −− dkgNmg  Bulk Density ( 3−cmg ) 11 −− dhaNkg   

11 −− dKgNg  Bulk Density ( 3−mkg )  11 −− dhaNkg  See Above 

11 −− dKgNg  Bulk Density ( 3−cmg )*103 11 −− dkgNkg  1 Kg = 1000 g 

11 −− dkgNkg  Bulk Density ( 3−mkg ) 13 −− dmNkg   

11 −− dkgNkg  Bulk Density ( 3−cmg )*103 13 −− dmNkg   

11 dLNmg −−  10-3 11 dLNg −−  1 g = 1000 mg;1 L = 10-3 m3 

11 dLNmg −−   13 −− dmNg  * Do not use in calculation 

11 dLNmg −−  Porosity 13 −− dmNg  
Soil solution = Volume of 

soil * Porosity 

11 dLNg −−  103 13 −− dmNg  * Do not use in calculation 

11 −− dkgNg  10-3 11 −− dkgNkg   

11 −− dkgNg  Bulk Density ( 3−mkg ) 13 −− dmNg   

11 −− dkgNg  Bulk Density ( 3−mkg ) *103 11 −− dhaNg   

11 −− dkgNg  Bulk Density ( 3−mkg ) 11 −− dhaNkg   

13 −− dmNg  Porosity-1 11 dLNmg −−  
Soil solution = Volume of 

soil * Porosity 

13 −− dmNg  Bulk Density ( 3−mkg )-1 11 −− dkgNg   

13 −− dmNkg  103 11 −− dhaNkg  
100 cm = 1 m 

1 m2 = 10-4 ha 

3−cmg  103 3−mkg   

 

 



 181 

APPENDIX C 

STATISTICS FOR DATASETS 

Texture 1 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 27 0 17.33 5.52 30.46 5 20 30 20 
WFP 27 1 94.69 29.39 863.98 45 100 162 100 
OC 27 0 1.956 1.341 1.797 1.12 1.44 7.9 1.12 
pH 27 0 7.9 0.656 0.431 5.5 8 8.5 8.5 
Bulk_Density 27 0 1.1281 0.1712 0.0293 0.91 1.18 1.36 1.18 
Soil_Depth 27 0 12.79 8.74 76.46 2.6 10 50 10 
Concentration 27 1 281.5 180 32411.5 38 413 559 100 
Rdn 27 0 11.46 22.11 488.85 0.01 1.3 102 0.408 

 

Texture 2 

 

 
Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 77 0 21.351 5.486 30.099 5 20 50 20 
WFP 77 0 81.35 24.56 603.39 9 95 100 100 
OC 77 0 4.636 3.905 15.25 0.6 2.98 12.2 4.148 
pH 77 0 6.7766 0.8265 0.6831 3.6 6.9 8.2 6.9 
Bulk_Density 77 0 1.4271 0.3567 0.1272 0.846 1.32 2.035 1.934 
Soil_Depth 77 0 24.01 14.62 213.64 9.4 15 55 15 
Concentration 77 8 104.7 241.4 58258.1 2.4 11 1000 100 
Rdn 77 0 3.61 9.05 81.91 0 0.62 46.57 0.4716/46.57 

 

Texture 3 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 102 0 15.971 5.784 33.455 1 17.5 30 20 
WFP 102 1 70.81 22.14 490.23 5 74 100 100 
OC 102 0 3.848 2.065 4.266 0.6 4.18 8.052 4.18 
pH 102 0 6.6402 0.6599 0.4355 4.7 6.3 8 6.3 
Bulk_Density 102 0 1.29 0.2805 0.0787 1.04 1.2 2 1.1 
Soil_Depth 102 0 15.42 12.62 159.31 9 10 55 10 
Concentration 102 14 22.33 50.88 2588.6 0 8.23 415 2.24 
Rdn 102 0 1.58 6.04 36.481 0 0.054 43.301 0.0037736 
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Texture 4 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 4 0 23.75 2.5 6.25 20 25 25 25 
WFP 4 0 97.5 5 25 90 100 100 100 
OC 4 0 1.857 1.562 2.44 0.47 1.5 3.96 * 
pH 4 0 6.775 1.063 1.129 6 6.4 8.3 * 
Bulk_Density 4 0 1.475 0.24 0.057 1.22 1.45 1.78 * 
Soil_Depth 4 0 28.2 39.9 1591.9 6 9.4 88 9.4 
Concentration 4 1 27.7 18.3 336.3 7 34 42 * 
Rdn 4 0 2.73 2.95 8.67 0.14 2.32 6.14 * 

 

Texture 5 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 103 0 18.01 6.037 36.441 2 15 25 15 
WFP 103 0 75.05 29.42 865.58 14 84 101 100 
OC 103 0 1.5495 0.7882 0.6212 0.07 1.8 3.48 1.8 
pH 103 0 6.0214 1.0078 1.0156 4.3 5.6 7.8 7.4 
Bulk_Density 103 0 1.4028 0.0683 0.00467 1.14 1.4 1.51 1.35 
Soil_Depth 103 0 70.93 89.21 7959.12 3.2 15 200 200 
Concentration 103 7 83.2 119.2 14204.6 0 11.5 411 4 
Rdn 103 0 1.212 2.433 5.92 0 0.124 13.23 0.0003/0.0005 

 

Texture 6 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 5 0 20 0 0 20 20 20 20 
WFP 5 0 68.4 17.76 315.3 58 61 100 * 
OC 5 0 4.566 1.89 3.571 1.35 4.96 6.34 * 
pH 5 0 6.36 0.971 0.943 5.5 6 8 * 
Bulk_Density 5 0 1.378 0.1322 0.0175 1.2 1.4 1.51 * 
Soil_Depth 5 0 22.8 36.5 1330.7 5 8 88 5, 
Concentration 5 1 200 0 0 200 200 200 200 
Rdn 5 0 0.145 0.258 0.067 0.01 0.034 0.605 * 
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Texture 7 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 181 0 18.961 9.928 98.56 2 20 35 28 
WFP 181 4 64.47 31.96 1021.34 8 59 133 100 
OC 181 0 1.6169 1.1403 1.3003 0.38 1.7 7.6 1.7 
pH 181 0 6.8464 0.8336 0.6949 4.1 7.2 8.2 7.2 
Bulk_Density 181 0 1.4381 0.1688 0.0285 0.48 1.44 1.65 1.44 
Soil_Depth 181 0 15.205 6.898 47.578 7.5 15 88 15 
Concentration 181 76 239 273.1 74569.1 1 109 1000 600 
Rdn 181 0 2.916 5.895 34.749 0 0.098 37.026 0.0014 

 

Texture 8 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 260 0 15.658 7.033 49.469 3 15 25 25 
WFP 260 3 65.8 20.36 414.43 18 69 100 75 
OC 260 0 4.151 2.017 4.07 0.6 5 11.63 6 
pH 260 0 6.6034 0.5771 0.3331 5.5 6.489 8.1 6 
Bulk_Density 260 0 1.0983 0.2311 0.0534 0.86 1 1.52 0.88 
Soil_Depth 260 1 5.548 4.518 20.413 2.5 3.75 50 3.75 
Concentration 260 8 76.54 124.37 15467.38 0.34 9.4 725 6 

Rdn 260 0 1.068 5.569 31.012 0 0.022 77.76 
0.01408/ 
0.01584 

 

Texture 9 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 283 0 12.742 6.972 48.603 3 13 50 7 
WFP 283 0 58.12 23.26 540.89 12 54 100 100 
OC 283 0 2.975 1.778 3.162 0.72 2.41 13.5 2.91 
pH 283 0 5.9537 0.7179 0.5154 3 6 7.7 6.7 
Bulk_Density 283 0 1.3105 0.2833 0.0803 0.878 1.28 1.862 1.566 
Soil_Depth 283 0 19.715 9.664 93.402 9.4 15 30 30 
Concentration 283 3 84.34 147.34 21709.57 1 19.2 760 9 
Rdn 283 0 0.2073 1.3704 1.8779 0.0005 0.015 15.3 0.0547 
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Texture 10 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 71 0 21.662 7.095 50.341 4 25 50 25 
WFP 71 1 82.94 17.98 323.45 48 90 100 100 
OC 71 0 2.717 1.051 1.104 0.89 3.1 5.95 3.1/ 3.15 
pH 71 0 6.6859 0.6931 0.4804 4.9 6.5 8 6.5 
Bulk_Density 71 0 1.1731 0.1187 0.0141 0.9 1.1 1.4 1.1 
Soil_Depth 71 0 10.234 5.858 34.32 3.6 10 20 3.6.15 
Concentration 71 1 207.2 151.7 23009.6 11 228 462 89/228 
Rdn 71 0 8.73 22.69 515.03 0 0.76 157.2 0.002 

 

Texture 13 

 

Variable Count N* Mean StDev Variance Minimum Median Maximum Mode 
Temp 16 0 16.25 4.7 22.07 10 16 25 20 
WFP 16 0 77.94 21.27 452.33 41 87 100 100 
OC 16 0 32.64 14.8 218.91 25.2 25.2 68.4 25.2 
pH 16 0 5 0.3033 0.092 4.3 5 5.8 5 
Bulk_Density 16 0 0.3463 0.205 0.042 0.09 0.5 0.5 0.5 
Soil_Depth 16 2 13.79 10.51 110.49 9 11 50 11 
Concentration 16 7 857 2429 5899345 0 53 7333 29, 
Rdn 16 0 4.47 10.8 116.56 0 0.33 34 * 
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APPENDIX D 

EQUATIONS DERIVED BASED ON SECTION 2 

Texture-Temperature-Water Filled Porosity 

Code Equation R-Squared 

01-13-100 Rdn =  0.01* OC + 0.21 0.32 

02-20-71 Rdn =  0.01* OC + 0.13 0.22 

02-20-94 Rdn =  0.03* OC + 0.24 0.57 

02-20-97 Rdn =  0.72* OC - 1.55 1.00 

02-20-99 Rdn =  0.05* OC + 0.14 0.90 

02-25-100 Rdn =  3.36* OC + 2.33 0.04 

03-25-100 Rdn =  1.05* OC - 0.34 0.99 

05-15-100 Rdn =  0.46* OC + 0.34 0.13 

05-25-60 Rdn =  12.97*OC - 27.00 0.24 

05-25-75 Rdn =  65.12*OC - 136.26 0.33 

05-25-90 Rdn =  46.21*OC - 95.83 0.20 

07-20-100 Rdn =  2.16* OC + 19.29 0.00 

07-28-20 Rdn =  4.45* OC - 1.45 0.55 

07-28-50 Rdn =  6.00* OC - 0.42 0.68 

07-28-133 Rdn =  5.66* OC + 7.10 0.41 

07-35-60 Rdn =  0.08* OC + 1.07 0.00 

08-20-34 Rdn =  0.00* OC + 0.00 1.00 

08-20-100 Rdn =  0.83* OC + 12.79 0.00 

08-25-60 Rdn =  0.07* OC - 0.15 0.10 

08-25-75 Rdn =  2.59* OC - 7.37 0.16 

08-25-90 Rdn =  2.64* OC - 3.08 0.02 

09-07-100 Rdn =  0.00* OC + 0.03 0.81 

09-15-25 Rdn =  0.01* OC + 0.04 0.08 

09-25-100 Rdn =  1.19* OC - 1.23 0.99 

09-30-100 Rdn =  1.22* OC - 1.13 1.00 

10-20-52 Rdn =  88.44*OC - 175.23 0.77 

10-25-75 Rdn =  11.88*OC - 36.91 0.55 

10-25-90 Rdn =  148.01*OC- 458.15 0.49 
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Texture-Temperature-WFP-pH 

 

Code Equation R-Squared 

02-20-100-6.8 Rdn = 0.09*OC -0.12 0.65 

05-15-100-5.4 Rdn = 0.49*OC +0.13 0.60 

05-15-100-5.8 Rdn = 3.98*OC -0.21 0.70 

05-15-100-5.9 Rdn = 0.79*OC - 0.05 0.61 

05-25-60-7.4 Rdn = 12.97*OC - 27.00 0.24 

05-25-75-7.4 Rdn = 65.12*OC - 136.26 0.33 

05-25-90-7.4 Rdn = 46.21*OC - 95.83 0.20 

07-28-20-4.7 Rdn = 5.46*OC - 2.67 0.81 

07-28-20-6.5 Rdn = 2.49*OC + 0.68 0.86 

07-28-20-08 Rdn = 6.81*OC - 4.16 0.56 

07-28-50-6.5 Rdn = 5.26*OC + 0.66 0.85 

07-28-50-08 Rdn = 6.08*OC + 0.28 0.83 

07-28-133-4.7 Rdn = 5.23*OC + 6.01 0.42 

07-28-133-6.5 Rdn = 7.26*OC + 6.07 0.48 

07-28-133-08 Rdn = 4.38*OC + 9.34 0.95 

07-35-60-7.6 Rdn = 0.08*OC + 1.07 0.00 

08-25-60-07 Rdn = 0.72*OC - 2.08 0.51 

08-25-60-7.3 Rdn = 2.59*OC - 9.61 0.40 

08-25-75-07 Rdn = 10.27*OC - 29.93 0.37 

08-25-75-7.3 Rdn = 49.45*OC - 183.20 0.35 

08-25-90-07 Rdn = 96.60*OC -279.84 0.47 

08-25-90-7.3 Rdn = 116.47*OC - 430.39 0.30 

10-25-60-6.5 Rdn = 0.10*OC - 0.30 0.16 

10-25-75-6.5 Rdn = 11.88*OC - 36.91 0.55 

10-25-90-6.5 Rdn = 148.01*OC - 458.15 0.49 
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Texture-Temperature-WFP-Nitrate Concentration. 

 

Code Equation R-Squared 

02-25-100-100 Rdn = 0.915302*OC - 0.732207 0.93 

05-15-100-06 Rdn = 1.98356*OC - 0.376795 0.98 

05-25-60-142 Rdn = 12.91*OC - 26.4295 0.23 

05-25-60-280 Rdn = 26.01*OC - 54.6148 1 

05-25-75-03 Rdn = 0.07*OC - 0.1105 0.07 

05-25-75-142 Rdn = 63.86*OC - 133.498 0.94 

05-25-75-280 Rdn = 131.43*OC - 275.162 0.96 

05-25-90-03 Rdn = 0.03*OC + 0.0108333 0.14 

05-25-90-142 Rdn = 46.86*OC - 97.24 0.68 

05-25-90-280 Rdn = 91.73*OC - 190.264 0.6 

07-25-100-100 Rdn = 0.474271*OC + 0.589114 0.29 

07-28-20-600 Rdn = 5.11639*OC - 2.3022 0.61 

07-28-50-600 Rdn = 6.65906*OC - 1.23802 0.7 

07-28-133-600 Rdn = 3.88095*OC + 9.34347 0.3 

08-25-60-06 Rdn = 0.15*OC - 0.544167 0.8 

08-25-60-43 Rdn = 0.07*OC - 0.1945 0.64 

08-25-60-145 Rdn = 5.35*OC - 19.8512 0.86 

08-25-60-182 Rdn = 1.18*OC - 3.42833 0.93 

08-25-60-283 Rdn = 2.28*OC - 8.44933 0.95 

08-25-60-320 Rdn = 0.9*OC - 2.62033 0.79 

08-25-75-06 Rdn = 1.7*OC - 6.276 0.99 

08-25-75-43 Rdn = 1.03*OC - 2.9715 0.81 

08-25-75-145 Rdn = 37.01*OC - 136.315 0.76 

08-25-75-182 Rdn = 22.08*OC - 64.362 0.79 

08-25-75-283 Rdn = 109.63*OC - 407.007 0.83 

08-25-75-320 Rdn = 7.71*OC - 22.4415 0.87 

08-25-90-43 Rdn = 15.99*OC - 46.1068 0.89 

08-25-90-145 Rdn = 84.54*OC - 311.871 0.95 

08-25-90-182 Rdn = 99.29*OC - 286.578 0.82 

08-25-90-283 Rdn = 265.03*OC - 980.084 1 

08-25-90-320 Rdn = 174.52*OC - 506.827 0.98 
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09-15-25-09 Rdn = 0.0106688*OC + 0.0400373 0.08 

09-30-100-09 Rdn = 0.0677139*OC + 0.114728 0.62 

10-25-60-228 Rdn = 0.21*OC - 0.642167 0.44 

10-25-60-366 Rdn = 0.11*OC - 0.340833 0.75 

10-25-75-89 Rdn = 16.53*OC - 51.4658 0.82 

10-25-75-228 Rdn = 16.43*OC -50.9488 1 

10-25-75-366 Rdn = 2.67*OC-8.3095 0.84 

10-25-90-89 Rdn = 41.27*OC-127.283 0.82 

10-25-90-228 Rdn = 125.27*OC-386.093 0.75 

10-25-90-366 Rdn = 277.48*OC-861.08 0.98 
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APPENDIX E 

COEFFICIENT OF DETERMINATION FOR ALL 

EQUATIONS OF CHAPTER 2 

Texture-Temperature 

Code Rdn - OC Code Rdn-WFP Code Rdn - pH Code 
Rdn - NO3

- 

Concentration 

01-13 0.32 01-20 0.00 01-13 0.32 01-13 0.32 

01-20 0.29 02-10 0.83 01-20 0.71 01-20 0.40 

02-10 0.71 02-20 0.29 02-10 1.00 02-20 0.05 

02-20 - 02-22 0.80 02-20 0.09 02-25 0.96 

02-22 - 02-25 0.04 02-22 0.15 03-05 1.00 

02-25 0.01 03-05 0.99 02-25 0.16 03-06 1.00 

03-05 - 03-06 0.99 03-05 1.00 03-09 0.35 

03-06 - 03-09 0.57 03-06 1.00 03-10 0.32 

03-10 - 03-10 0.17 03-10 0.13 03-11 0.97 

03-15 - 03-11 0.77 03-15 1.00 03-12 0.98 

03-16 - 03-12 0.91 03-16 1.00 03-14 0.96 

03-20 - 03-14 0.58 03-20 0.03 03-15 0.37 

03-22 - 03-15 0.74 03-22 0.15 03-16 0.09 

03-25 0.91 03-16 0.66 03-25 0.16 03-17 0.04 

04-25 0.89 03-17 0.96 04-25 0.42 03-18 0.57 

05-15 0.00 03-18 0.75 05-10 0.33 03-20 0.03 

05-20 0.12 03-20 0.04 05-15 0.01 03-22 0.15 

05-22 0.26 03-22 0.45 05-20 0.30 04-25 0.74 

05-25 0.00 03-25 0.30 05-22 0.02 05-10 0.28 

06-20 - 04-25 0.90 05-25 0.01 05-15 0.02 

07-02 - 05-02 0.79 06-20 0.87 05-20 0.13 

07-05 - 05-05 0.08 07-02 0.13 05-25 0.22 

07-10 - 05-10 0.39 07-05 0.00 07-15 0.10 

07-13 0.56 05-15 0.10 07-10 0.00 07-20 0.36 

07-15 - 05-20 0.27 07-13 0.56 07-25 0.01 

07-16 0.94 05-22 0.68 07-15 0.08 07-28 0.05 

07-20 - 05-25 0.08 07-16 0.94 07-35 0.05 
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Code Rdn - OC Code Rdn-WFP Code Rdn - pH Code 
Rdn - NO3

- 

Concentration 

07-22 - 06-20 0.99 07-20 0.02 08-03 0.02 

07-25 - 07-02 0.25 07-22 0.91 08-04 0.80 

07-28 0.16 07-03 0.21 07-25 0.12 08-06 0.86 

07-35 - 07-04 0.65 07-28 0.02 08-07 1.00 

08-07 - 07-05 0.21 08-07 1.00 08-08 0.00 

08-10 0.05 07-07 0.77 08-10 0.01 08-09 0.31 

08-13 - 07-10 0.82 08-12 0.04 08-10 0.25 

08-14 - 07-11 0.55 08-13 0.12 08-12 0.07 

08-15 - 07-12 0.80 08-14 0.01 08-13 0.04 

08-20 0.00 07-13 0.93 08-15 0.09 08-14 0.16 

08-21 0.98 07-14 0.75 08-20 0.15 08-15 0.89 

08-25 0.00 07-15 0.12 08-21 0.98 08-17 0.03 

09-04 0.53 07-16 0.78 08-25 0.00 08-18 0.45 

09-05 0.19 07-18 0.40 09-04 0.46 08-20 0.01 

09-06 0.15 07-20 0.45 09-05 0.16 08-21 0.97 

09-07 0.11 07-25 0.28 09-06 0.03 08-25 0.06 

09-08 - 07-28 0.73 09-07 0.05 09-04 0.01 

09-09 0.01 07-35 0.45 09-08 0.15 09-05 0.07 

09-10 0.35 08-07 1.00 09-09 0.10 09-06 0.02 

09-11 - 08-10 0.14 09-10 0.63 09-07 0.05 

09-12 - 08-13 0.47 09-11 1.00 09-08 0.00 

09-13 0.01 08-14 0.28 09-12 0.10 09-09 0.00 

09-14 - 08-15 0.05 09-13 0.12 09-11 0.57 

09-15 - 08-17 0.74 09-14 0.23 09-12 0.01 

09-16 0.13 08-18 0.92 09-15 0.03 09-13 0.00 

09-17 0.07 08-20 0.03 09-16 0.04 09-14 0.05 

09-18 0.27 08-21 0.98 09-17 0.11 09-15 0.14 

09-19 0.00 08-25 0.16 09-18 0.17 09-16 0.00 

09-20 0.93 09-04 0.26 09-19 0.12 09-17 0.01 

09-21 0.38 09-05 0.00 09-20 0.74 09-18 0.00 

09-25 0.99 09-06 0.45 09-21 0.24 09-19 0.42 

09-28 0.67 09-07 0.21 09-25 0.55 09-20 0.08 

09-30 1.00 09-08 0.02 09-28 0.09 09-21 0.25 

10-20 - 09-09 0.07 09-30 0.87 09-25 0.00 
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Code Rdn - OC Code Rdn-WFP Code Rdn - pH Code 
Rdn - NO3

- 

Concentration 

10-25 - 09-10 0.01 10-20 0.14 09-28 0.63 

13-10 0.99 09-11 0.99 10-25 0.38 09-30 1.00 

    09-12 0.03     10-20 0.00 

    09-13 0.00     10-25 0.10 

    09-14 0.01         

    09-15 0.36         

    09-16 0.42         

    09-17 0.07         

    09-18 0.17         

    09-19 0.58         

    09-20 0.35         

    09-21 0.84         

    09-28 0.05         

    10-20 0.00         

    10-25 0.15         

    13-10 0.99         

    13-20 0.52         

 

Texture-Temperature-Water filled Porosity 

 

Code Rdn - OC Code Rdn - pH Code Rdn - NO3
- Concentration 

01-13-100 0.32 01-13-100 0.32 01-13-100 0.32 

02-20-51 - 02-20-51 0.13 02-20-51 0.06 

02-20-71 0.22 02-20-71 0.22 02-20-71 0.30 

02-20-94 0.57 02-20-94 0.10 02-20-94 0.76 

02-20-97 1.00 02-20-97 1.00 02-20-97 0.86 

02-20-99 0.90 02-20-99 0.90 02-20-99 0.27 

02-20-100 - 02-20-100 0.27 02-20-100 0.30 

02-25-100 0.04 02-25-100 0.14 02-25-100 0.96 

03-20-47 - 03-20-47 0.63 03-20-47 0.00 

03-20-100 - 03-20-100 0.08 03-20-100 0.06 

03-25-100 0.99 03-25-100 0.04 05-15-100 0.06 

05-15-100 0.13 05-15-100 0.01 05-25-60 0.24 
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Code Rdn - OC Code Rdn - pH Code Rdn - NO3
- Concentration 

05-25-60 0.24 05-25-100 0.64 05-25-75 0.42 

05-25-75 0.33 07-15-00 0.10 05-25-90 0.45 

05-25-90 0.20 07-20-29 0.64 05-25-100 0.85 

05-25-100 - 07-20-100 0.02 07-15-00 0.10 

07-15-00 - 07-22-100 0.91 07-20-29 0.26 

07-20-29 - 07-25-60 0.39 07-25-100 0.19 

07-20-100 0.00 07-25-100 0.23 07-28-20 0.00 

07-22-100 - 07-28-20 0.00 07-28-50 0.05 

07-25-60 0.00 07-28-50 0.31 07-28-133 0.46 

07-25-100 - 07-28-133 0.11 07-35-60 0.11 

07-28-20 0.55 08-10-00 0.97 07-35-90 0.41 

07-28-50 0.68 08-10-62 0.13 07-35-120 0.10 

07-28-133 0.41 08-10-64 0.36 08-03-53 0.02 

07-35-60 0.00 08-12-70 0.04 08-04-75 0.80 

07-35-90 - 08-13-84 0.00 08-06-65 0.86 

07-35-120 - 08-14-70 0.15 08-07-59 0.28 

08-10-00 - 08-14-73 0.10 08-08-51 0.00 

08-20-34 1.00 08-15-69 0.12 08-09-76 0.31 

08-20-100 0.00 08-20-34 1.00 08-10-61 0.75 

08-25-60 0.10 08-20-100 0.19 08-10-62 0.01 

08-25-75 0.16 08-25-60 0.06 08-10-64 0.02 

08-25-90 0.02 08-25-75 0.12 08-12-70 0.07 

08-25-100 - 08-25-90 0.01 08-13-84 0.73 

09-07-100 0.81 08-25-100 0.09 08-14-21 0.25 

09-08-100 - 09-07-100 0.02 08-14-70 0.31 

09-13-100 - 09-08-100 0.39 08-14-73 0.48 

09-15-25 0.08 09-13-100 0.70 08-15-69 0.35 

09-25-100 0.99 09-15-25 0.25 08-20-34 0.08 

09-30-100 1.00 09-25-100 0.55 08-20-84 0.69 

10-20-52 0.77 09-30-100 0.87 08-20-86 0.25 

10-20-100 - 10-20-52 0.93 08-20-87 0.58 

10-25-60 - 10-20-100 0.37 08-20-88 1.00 

10-25-75 0.55 10-25-60 1.00 08-20-89 0.96 

10-25-90 0.49 10-25-100 0.59 08-20-100 0.38 
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Code Rdn - OC Code Rdn - pH Code Rdn - NO3
- Concentration 

10-25-100 -     08-25-60 0.01 

        08-25-75 0.07 

        08-25-90 0.30 

        08-25-100 0.17 

        09-07-100 0.01 

        09-08-100 0.02 

        09-13-100 0.68 

        09-25-100 0.00 

        09-30-100 1.00 

        10-20-52 0.83 

        10-20-100 0.01 

        10-25-60 0.11 

        10-25-75 0.10 

        10-25-90 0.24 

        10-25-100 0.94 

 

Texture-Temperature-Water filled Porosity-pH 

 

Code Rdn - OC Code Rdn - NO3
- Concentration 

02-20-51-6.9 - 02-20-51-6.9 0.14 

02-20-100-6.8 0.65 02-20-100-6.8 0.64 

05-15-100-5.4 0.60 05-15-100-5.4 0.03 

05-15-100-5.8 0.70 05-15-100-5.5 0.75 

05-15-100-5.9 0.61 05-15-100-5.8 0.37 

05-15-100-6.4 - 05-15-100-5.9 0.48 

05-25-60-7.4 0.24 05-15-100-6.4 0.42 

05-25-75-7.4 0.33 05-25-60-7.4 0.24 

05-25-90-7.4 0.20 05-25-75-7.4 0.42 

07-28-20-4.7 0.81 05-25-90-7.4 0.45 

07-28-20-6.5 0.86 07-28-20-6.5 0.07 

07-28-20-08 0.56 07-28-50-6.5 0.25 

07-28-50-6.5 0.85 07-28-133-6.5 0.97 

07-28-50-08 0.83 07-35-60-7.6 0.11 
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Code Rdn - OC Code Rdn - NO3
- Concentration 

07-28-133-4.7 0.42 07-35-90-7.6 0.41 

07-28-133-6.5 0.48 07-35-120-7.6 0.10 

07-28-133-08 0.95 08-03-53-06 0.02 

07-35-60-7.6 0.00 08-04-75-06 0.80 

07-35-90-7.6 - 08-06-65-06 0.86 

07-35-120-7.6 - 08-07-59-06 0.28 

08-25-60-07 0.51 08-08-51-06 0.00 

08-25-60-7.3 0.40 08-09-76-06 0.31 

08-25-75-07 0.37 08-10-61-06 0.75 

08-25-75-7.3 0.35 08-14-21-06 0.25 

08-25-90-07 0.47 08-20-84-7.1 0.69 

08-25-90-7.3 0.30 08-20-86-7.1 0.25 

10-25-60-6.5 0.16 08-20-87-7.1 0.58 

10-25-75-6.5 0.55 08-20-88-7.1 1.00 

10-25-90-6.5 0.49 08-20-89-7.1 0.96 

    08-25-60-07 0.05 

    08-25-60-7.3 0.04 

    08-25-75-07 0.02 

    08-25-75-7.3 0.23 

    08-25-90-07 0.24 

    08-25-90-7.3 0.41 

    10-25-60-6.5 0.01 

    10-25-75-6.5 0.10 

    10-25-90-6.5 0.24 
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Texture-Temperature-Water filled Porosity-Nitrate Concentration 

 

Code Rdn - OC Code Rdn - pH 

02-25-100-100 0.93 02-25-100-100 0.53 

05-15-100-06 0.98 05-15-100-06 0.13 

05-25-60-03 - 07-22-100-1000 0.91 

05-25-60-142 0.23 07-25-60-100 0.39 

05-25-60-280 1.00 07-25-100-100 0.23 

05-25-75-03 0.07 07-28-20-600 0.00 

05-25-75-142 0.94 07-28-50-600 0.34 

05-25-75-280 0.96 07-28-133-600 0.22 

05-25-90-03 0.14 08-14-73-5-100 0.13 

05-25-90-142 0.68 09-15-25-09 0.25 

05-25-90-280 0.60 09-25-100-09 1.00 

07-22-100-1000 - 09-30-100-09 0.98 

07-25-60-100 0.00     

07-25-100-100 0.29     

07-28-20-600 0.61     

07-28-50-600 0.70     

07-28-133-600 0.30     

07-35-60-125.7 -     

07-35-90-125.7 -     

07-35-120-125.7 -     

08-25-60-06 0.80     

08-25-60-43 0.64     

08-25-60-145 0.86     

08-25-60-182 0.93     

08-25-60-283 0.95     

08-25-60-320 0.79     

08-25-75-06 0.99     

08-25-75-43 0.81     

08-25-75-145 0.76     

08-25-75-182 0.79     

08-25-75-283 0.83     

08-25-75-320 0.87     

08-25-90-06 -     
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Code Rdn - OC Code Rdn - pH 

08-25-90-43 0.89     

08-25-90-145 0.95     

08-25-90-182 0.82     

08-25-90-283 1.00     

08-25-90-320 0.98     

09-15-25-09 0.08     

09-25-100-09 -     

09-30-100-09 0.62     

10-25-60-89 -     

10-25-60-228 0.44     

10-25-60-366 0.75     

10-25-75-89 0.82     

10-25-75-228 1.00     

10-25-75-366 0.84     

10-25-90-89 0.82     

10-25-90-228 0.75     

10-25-90-366 0.98     
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APPENDIX F 

NEURAL NETWORK DETAILS (5-7-20_A) 

Input Weight Matrix Input Bias Layer Weight Output Bias 

               
-1.18325 -0.14058 -1.76434 0.680383 -2.73756 2.315254 -0.91469 3.9303604 -0.921841143 -0.283771309 
-0.01143 -0.35424 -1.73792 -0.52185 -0.94423 0.952162 0.620029 -2.71997752 0.544359657   
-1.45946 1.208675 -1.00648 -2.04422 0.620024 -1.16236 1.930839 2.28850765 -0.162769729   
-0.84508 0.209346 -1.13249 2.720304 0.549535 -0.62125 -0.14638 1.150726639 0.133272055   
1.431231 0.729889 0.053803 0.764332 1.279727 0.487573 0.534008 -1.28922921 -0.41279324   
-0.38454 0.58843 -1.21364 -1.11245 -0.3251 0.951125 2.101816 0.501838039 -0.014139318   
0.138846 0.674952 0.081983 -1.56638 -0.74676 -2.57808 -1.50383 1.711587555 0.006521253   
0.575424 2.748248 -1.4002 -0.68498 0.245517 1.108193 -1.19468 -2.72258185 0.691676443   
2.86257 -1.79238 -1.0684 1.204828 -0.42736 1.370231 0.785111 -2.19580637 -1.368469382   

2.726872 -0.65308 -1.15917 0.669794 0.701205 -0.72981 0.431684 0.142711598 -0.088892243   
-0.80426 2.270849 0.333208 0.87376 -0.893 -0.7138 -1.4599 -0.38557093 0.05723734   
0.721751 -0.34569 -0.90452 0.673245 -0.63055 -1.15799 -1.46757 -1.12677157 0.095798381   
-0.72424 0.606569 -0.90213 -0.15007 1.079611 0.020282 -0.20929 -0.24159669 -0.240520514   
-0.66433 -0.25082 -2.30284 -0.86693 0.675887 -0.49506 -0.7181 1.500642687 -1.434970854   
-1.58348 2.478159 1.675868 0.492826 1.295421 0.141706 1.263408 -1.46824102 0.148942806   
1.934526 2.162255 -0.12552 0.533454 -0.36647 0.018501 -1.53282 0.637298551 0.02259591   
0.502902 0.68447 -0.01736 1.271979 -0.35859 0.501125 0.100676 1.200755354 -0.196332592   
-0.86548 -2.05182 -1.08516 -2.08248 0.182403 1.308912 1.034609 3.259724371 0.017719228   
-0.23483 -1.99224 0.04454 0.316326 0.908931 0.14128 -0.25856 2.516769328 1.317520179   
1.272732 -0.22738 0.354704 -0.63329 1.161344 -0.5577 -0.01821 2.580827125 0.191516134   
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