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ABSTRACT

Nitrates (NO; ) are one of the principal contaminants in grouraden Excess nitrate in

ground water is known to cause serious illnesseh @8 methemoglobinemia, and
cancer. In addition to the adverse impact on ttadthef humans, excess nitrate is known
to have unfavorable effects on the ecosystem. @tieeanajor contributors to nitrates in
the system are septic tanks. Approximately oneltbfrFlorida’s population uses Onsite
Wastewater Treatment System (OWTS). In order tantjiyathe nitrate load to a water
body several models have been developed, theselsnalieays ignore nitrate from
normally working septic tanks and denitrificatidmat occurs between the septic tank
drain field and the water body. Additionally thesedels are often complex and

developed specifically for a given site.

The aim of this project is to develop a simplifieddel that can estimate nitrate fate and
transport from an On-site Wastewater Treatmente®aystOWST) to a targeted water
body. The Simplified model is developed in two pathe first to estimate the fate and
transport of nitrate and the second the developrakat denitrification rate (). This
work focuses on the development of a model to ed@nthe rate of denitrification using

easily available parameters.

To estimate the denitrification rate, data wad fidlated from existing literature values
and data available from other researchers. The @dkacted included the main factors
that controlled denitrification i.e. texture, temgieire, water filled porosity (WFP),
organic carbon, pH, bulk density, soil depth, méreoncentration and the denitrification
rate. A total of 1129 distinct set of parameterd danitrification rates were collected and
then statistically analyzed to determine the reteghips between the factors and the

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

157kg Nha*d™.
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Three statistical methods were used to estimateehérification rate, linear regressions
with Monte Carlo simulation, Multi Regression arsasyand the development of a neural
network. Denitrification rates were found to be elegeent on the WFP as well as organic
carbon. For the linear regressions a predictivatimiship could not be established
between WFP and the denitrification rate. In additialthough an increase in organic
carbon content is typically assumed to increasetrifezation, a linear relationship

between organic carbon and the denitrification i@ald not be obtained unless the
additional controlling parameters are fixed. Staisletope data is used to predict the
percent of nitrate removed due to denitrificatidhis method serves as an alternative to
estimate the loss of nitrate due to denitrificatibit is unable to estimate a rate of

denitrification.

The developed methods are then applied to thredy stveas in Jacksonville and the
estimated denitrification rates from the methods @mpared. Overall the results from
the each of the methods except for the multi-regoesanalysis are a reasonable estimate
of the denitrification rate. Due to the complexity denitrification it is the Neural
Networks that are able to best estimate the déodtion rate. Thus by using easily
available parameters and existing data the modelsable to match or improve the
accuracy in predicting the denitrification rateaatraction 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 wateosnfNitrate (NO;) is of global
concern to human health and the environment. Tesemice ofNO; in drinking water is

hazardous to health. The Environmental Protectigenty (EPA) has advised that
excessive levels of nitrate in drinking water hdeen known to cause serious illness and

sometimes death.

Serious illnesses such as methemoglobinemia whah ioterfere with the oxygen-
carrying capacity of a child's blood are known &orblated to increased nitrate levels. In
addition exposure to high levels of nitrate canseadiuresis, increased starchy deposits
and hemorrhaging of the spleen (Department of EggloTo ensure the safety of the
public the EPA (2009) has established the followstgndards for Nitrate: Maximum

Contaminant Level Goal (MCLG): 10 mgMNO; -N; Maximum Contaminant Levels

(MCL): 10 mg/l NO; -N.

In addition to the adverse impact on the healthwhans using the contaminated water,
excess nitrate has unfavorable effects on the stasyas well. Exces®NO; causes
eutrophication in many aquatic systems (TurneRé&balais, 1994; Fenn et al., 2003).
While it is apparent that contamination of grountewvaupplies byNO; is a major issue

and is responsible for blue baby syndrome and camd®t is currently debatable is the

mechanism of nitrate attenuation.

It is widely accepted that once nitrate is leacl@d the soils there are 4 accepted

pathways for its removal or reduction (DeBernatdile 2008; Rivet et al., 2008).



* Microbial biomass/ plant uptake
e Dilution
e Denitrification

» Dissimilatory nitrate reduction to ammonia, i.e. Aonification (DNRA)

Of these pathways the amount dfO; loss due to plant uptake can be considered

negligible, and once taken in by plants, the ratiatreleased back into the system during
the decomposition of the dead plant matter, urtlesplants or crops are harvested and
taken away. It is preferable to view plant uptakeaatorage sink for nitrogen rather than

a nitrogen removal mechanism. DNRA is a possiblavway to the removal of Nitrate
from a system; however as the end prodiet, can easily nitrified back intdNO; and

hence is not considered to be a nitrate attenuatchanism.

Dilution is the simple mixing of two different sam&s of water, and this can be an

effective method of nitrate reduction. It is im@ort to note that while dilution may
reduce theNO; concentration to below the required standard of gOMIO; -N (EPA,

2009); it still does not remove nitrogen from tlystem (DeBernardi et al., 2007). This is
however considered by many as the definitive mettowdnitrate attenuation (Taylor,

2007; NJDEP, 1999; Green et al., 2007; Rivett t28l07; Ozden & Muhammetoglu,

2008).

Some authors believe that that once in the groutetyaitrate attenuates slowly and that
only dilution is effective in reducing nitrate ldgdTaylor, 2003). These authors however
do not consider the effect of riparian zones on dp&tem. Kellogg et al. (2005) have
demonstrated the effectiveness of in situ dergatfon in a glacial outwash and alluvial
riparian setting. They have also observed that tdfcation rates decrease with
increasing distance from the stream. McCallum et(2008) have observed mixing-
induced groundwater denitrification beneath a maddield in southern Alberta, Canada.
Pinay et al. (1993) have also pointed toward theoirtance of denitrification in

groundwater passing through riparian zones. Whillgtion may certainly reduce the



nitrate concentration in a system it does not sawe removal mechanism and hence

can’t be considered a nitrate attenuation mechanism

Denitrification is the reduction oNO; to nitrogen gas (N and it considered by most to

be the only acceptable nitrate attenuation methat ¢an completely remove nitrates
from the system. Denitrification refers to the distatory reduction, by essentially
anaerobic bacteria (Cavigelli and Robertson, 2000pne or both of the ionic nitrogen

oxides (nitrate, NO; ), and nitrite, (NO, )) to the gaseous oxides (nitric oxide, (NO), and

nitrous oxide, (MO)), which may then be further reduced to di-nigeg(N,). The
nitrogen oxides act as terminal electron acceptorthe absence of oxygen (Knowles,
1982). It may also be simply referred to as a ntiiaorespiratory process where nitrate is
used as the terminal electron acceptor and is estt@ N gas (Puckett & Cowdery,
2002).

The reaction of denitrification may be represeraea half reaction by:

2NO; +12H* +10e” — N, +6H,0 ——Equation 1.1

The bacteria responsible for denitrification inaaquifer, depending on the species, obtain
energy from the oxidation of organic or inorgan@mpounds (electron donor). In order
to complete this oxidation reaction, a reductiomigmment (anaerobic) and an electron
acceptor (@ NO;, Mns", F&" and SQ) are also required (Korom, 1992; Rivett et al.,
2008). Based on Gibbs free energy, bacteria useldwotron acceptors in the following
order: Q, NO;, Mn;’, F&" and S@ and CH (Figure 1). This means that when O
becomes limited in the saturated zone, bacterra sseng nitrate as an electron acceptor.
Organic carbon is the most common electron donadl #ends to be oxidized

preferentially by acceptors that yield the mostrgpéo bacteria (Starr & Gillham, 1993).



‘ Organic Carbon ‘ Gibbs Free
(electron donor) Ener Solution Eh
Y oy

Groundwater = {kJielectron) (mv)

HoODoociiiniie e i 000G cldation  -78.5 +334

By it it i Denitrification  -72.3 +231

Mn{IV} as MnO,
Mnill} as MnCO, Manganese reduction  -50.3 +62
Fe(lll) as FeDOH
Fe(ll} as FECO; ........... Iron reduction 46 -468

HS ... Sulphate reduction 214 -599

Figure 1.1  Oxidation of organic carbon in théussted zone with the sequence of
electron acceptors and the resulting inorganic aamgs (Korom, 1992).

1.2.  Factorscontrolling denitrification

Most literature reviewed regards the following nimariables as the major factors
controlling denitrification (Knowles, 1982; Hiscoek al., 1991; Rivett et al., 2008):

» Nitrate Concentration (electron acceptor)
» Electron donor concentration (OC)

* Oxygen Concentration

* Nutrient and micro-nutrient activity

« pH

* Temperature

e Salinity

* Inhibitory substances

* Sediment pore size



* Microbial acclimation

* Hydraulic retention time

1.2.1.  Nitrate concentration (Electron acceptor concentration) and Carbon

concentration (Electron donor concentration).

The stoichiometric equation for denitrification byganic carbon is (Thayalakumaran et
al., 2004; Puckett, 2004):

5C +4NQ; +2H,0 - 2N, +4HCO; +CO, ----Equation 1.2

Based on this equation it can be stated that anmoim ratio of 5:4 is needed for
denitrification to proceed with organic carbon lgeused as an electron donor. There are
various other reports of minimum ratios; for exaempCanter (1997) states that a C:N
ratio of 3:1 is required for denitrification to agcin low levels or absence of oxygen.
Hiscock et al. (1991) reported a minimum requiratibrof 5:1. The above stoichiometry
indicates that 1mg carbon (C)/I of Dissolved Orgafliarbon (DOC) is capable of
converting 0.93 mg-N/I of nitrate to nitrogen gadtfie DOC however first needs to be
oxidized by dissolved oxygen. This requires 1mgiBZC to convert 2.7 mg-£4. In air
saturated groundwater (10.3 mgHCat 12°C), up to about 3.8 mg-C/I must therefoee
oxidized before denitrification can commence (Riettal., 2008). Hence it suggests that
in order for denitrification to commence a totalnmum ratio of organic carbon to
nitrate in any given system would be 4.8:1, perhspggesting that the ratio of 5:1
suggested by Hiscock et al. (1991) is more realisthere is thus a direct correlation
between the amount of available carbon and the amou rates of denitrification.
Several studies have shown this direct relationslgfween the amount of available
carbon and the amount of nitrate removed due tdardeation. (Stanford et al., 1975,
Anderson, 1998; Smith & Duff, 1998; Brettar & Hafl2002; Hill et al., 2004; Fellows et
al., 2011).

The ratio between organic carbon and nitrate algotrols the pathway between
denitrification and Dissimilatory Nitrate Reductiom Ammonium (DNRA) (Kornaros et

al., 1996). The lower the ratio between the avélaarbon to nitrate the greater is the



possibility of denitrification (Smith and Duff, 188 Robertson et al., 2008). If carbon
becomes limiting then denitrification is favoredjthkf nitrate becomes limiting then
DNRA is favored (Tiejde et al.,, 1982). King (199%und that as the nitrate
concentration increased the proportion of the t@tnahich was denitrified increased,

while reduction to ammonium correspondingly decedas

In a study conducted by Her and Huang (1995) it feasd that the minimum C/N ratio
increases with an increase in molecular weights thenitrification will be affected by
both chemical structure and molecular weight. Tfaynd that ratios below minimum
contributed to denitrification but ratios over th@nimum theoretical value inhibited

denitrification, usually resulting in the fromatiofhintermediate products such as nitrite.

It may hence be summarized that there must filsélya sufficient amount of organic
carbon in the system for initial aerobic oxidatimnoccur and then enough carbon to
maintain a balance between organic carbon andgeitrosuch that the ratio of C/N,
which is critical to deciding which pathway is fmNed, (denitrification or DNRA), is

maintained in favor of denitrification.
1.2.2.  Oxygen concentration

As denitrification is thermodynamically less faviole than the reduction of oxygen
(Korom 1992), in a system that contains oxygematétand carbon, oxygen will be the
preferred electron acceptor. Hence denitrificai®ry definition an anaerobic process
and this implies that in order for biological detfitation to proceed there must be a lack
of oxygen or at the very least strongly reducingditbons. This is further supported by
observations from several studies which demonsttat denitrification takes place in
the presence of low Dissolved Oxygen (DO) valuesh{Be & Denver; 1995; Aravena &
Robertson; 1998, Puckett & Cowdery; 2002; Singlegbal., 2007).

Oxygen influences the distribution of denitrifiaati (location of its occurrence) and the
guantity of N produced during denitrification. In the presen€@xygen not only does

the denitrification activity decline sharply, bimet proportion of BNO produced increases



(Firestone et al., 1980). Green et al. (2008), stuay of five aquifers in the United States
showed that a significant relationship exists betwthe Dissolved Oxygen (DO) levels
and the rates of denitrification. The cut-off valoeDO for denitrification to occur in
their study is set at 0.06 mmol/l —.OThere are several studies that set a minimum
oxygen level, but there is no consensus to an dgm@é@imum value. It is however
reasonable to assume that, given all other comditlweing in favor of denitrification it
will occur in conditions where the oxygen concetitra is less than 2 mg/l —0
(Aravena & Robertson , 1998; Smith & Duff , 1988icRett & Cowdrey, 2002).

In some settings it is still possible for denitrdtion to occur at higher value. McNellie,
as quoted in Anderson (1998) reports the occurrenaenitrification at DO levels as
high as 5.1 mg/L. High denitrification rates weldaned even at oxygen concentrations

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

While there is no consensus set for the cutoff nmditissolved oxygen, literature seems
to support the theory that denitrification tends&ogreater 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 bacteiiso need other nutrients such as
phosphorous and sulfur. In addition micro-nutriesush as B, Cu, Fe, Mn, Mo, Zn and
Co are also needed for effective metabolism (Rigettl., 2008; Hiscock et al., 1991).
Spector (1957) reported a required ratio of 100:22Q for C: N: P: S for denitrification
to occur. Most groundwater contains adequate cdratems of the necessary minerals to
support microbial growth (Champ et al., 1979; Saltf#05). The adequate availability of
nutrients and micronutrients can be further sumubrthrough literature that report
denitrification as either carbon limiting or nitealimiting while there are comparatively
fewer studies to show that phosphorous or sulfarlisiiting factor (Lowrance, 1992).

124. Temperature

The optimum temperature for denitrification is beem 25°C and 35°C (77°F - 95°F)
(Korom, 1992), but denitrification processes caounan the temperature range of 2°C —



50°C (36°F - 122°F) (Brady & Weil, 2002; Pouliraét 2006). While there are no studies
reviewed to show the possibility of denitrificatiabbove 50°C (122°F), it is theoretically

possible where bacteria have evolved to cope vptific environmental conditions.

Researchers assume that reaction rates double vimy el0°C (50°F) increase in
temperature (Arrhenius rate law). Since groundwtgsperature generally reflective of
the average temperature of the region, it may leeetbre be difficult to observe a
relationship between temperature and denitrificatiates in groundwater in a specific

area.

Nevertheless Robertson et al. (2000, 2008) denaiestx correlation between water
temperature and denitrification rates in a pernmeabéactive barrier system.

Denitrification is observed at temperatures as &w2°C (36°F). Robertson et al. (2000)
reported a denitrification rate of 5 mg-N/l/day ®itemperature range of 2 °C (36 °F) -
5°C (41°F) and 15-30 mg-N/I/ day for a temperatarge of 10°C (50°F) - 20°C (68°F).
Pfenning and McMahon (1996) demonstrated that Imgeiemperatures by 18°C (65°F)
result in a 77 % decrease in the rates of demiatibn. This shows that there is a direct

correlation between temperature and the rate afrdferation.

Christiansen and Cho (1983) reported that abioginitdfication of nitrite by soluble
organic matter can occur in frozen soil. At onédfigite, Cannavo et al. (2004) observed
that, unlike CQ levels, NO levels in soil are independent of temperature; abthors
ascribed this to aerobic denitrifying fungi thateamuch more tolerant of low
temperatures than bacteria.

Changes in the denitrification rate due to seastamaperature variations may be masked
by deviations in the rate of organic carbon fluxr EExample, Cannavo et al. (2004)
found that freeze—thaw cycles increase the fluganbon to the unsaturated zone and can
create anaerobic micro-environments in which diiciition can become established.

The observed increase in the denitrification rai \&n increase in temperature varies



considerably for different soils (Korom, 2008), gegting that additional factors may

also be involved and may be more controlling tleangderature alone.

While a wide variety of studies show denitrificatias effective across a range of
temperatures, it is clear that the lower the temjpee the lower is the feasibility of the
occurrence of denitrification; this is one of tlEsons why many research studies place
samples in a reduced temperature environment doage and transport from field to the
lab for analysis.

125  pH

The pH range preferred by heterotrophic denitsfiex generally between 5.5 and 8.0
(Rust et al., 2000)The pH range reported in soils showing denitrifmatby Fukada et

al., (2003) have a much narrower range of 7.1 —Br6ttar and Hofle (2002) reported
the occurrence of denitrification in soils rangifrgm 7.5 — 8.5. Barkle et al. (2007)

demonstrated the capacity for denitrification inswith pH ranging from 5.1 — 6.8.

Tiedje et al. (1982) however observe the occurrefickenitrification in soils with a wide
range of pH. Their data demonstrate the occurrefaienitrification in soils with pH
ranging from 4.0 to 7.1, thus showing that dendafion is possible in acidic
environments. In addition once denitrification begit can increase pH by releasing O
and hydroxide (OH. Normally these combine to yield HGObut if the production of
OH exceeds that of CQthe pH can rise (Simek and Cooper, 2002).

At low concentrations ofNO; soil acidity has little influence on the,®/N; ratio.

However atNO; concentrations above 10 ppm, the more acidic diietrse greater the

amount of NO produced (Firestone et al., 1980, Glass and iStie@, 1998). pH values
outside the range of 4.0 - 7.1 may hinder the dé&oétion process, but the optimal pH is
site-specific because of the effects of acclimatod adaptation of the microbes to the

ecosystem (Simek et al., 2002).



1.26.  Salinity

Salinity is a known inhibitor of denitrification (fett et al., 2008) and for the short term
future this is not a major factor involving derfitation in inland regions. In coastal
regions however this may be a major factor, espigdraregions where an over pumping
of freshwater aquifers that has led to salt watgrusion. Salinity will become an

increasingly significant factor as the climate dsand sea level rises.
1.2.7.  Inhibitory substances

Acetylene is a known inhibitor to denitrificationhis fact is taken advantage of by many
researchers that use acetylene to block the fromati N, and then measure the amount
of NLO produced as a proxy for measuring denitrificaiginowles 1982; Ryden et al.,
1987; Smith & Duff, 1988; Gilbert et al., 2006).

Denitrification can also be inhibited by the preserof heavy metals, pesticides and
pesticide derivatives or the presence of organmpmunds in such concentrations that
they are toxic to denitrifying bacteria (Bollag &Hninher, 1976; Bollag & Barabasz,
1979).

1.2.8. Sediment poresize

Denitrification in some aquifers such as the Cretas chalk and Jurassic limestone in
England and Wales may be geochemically possiblenaytnot occur due to narrow pore
throats (Rivett et al., 2007). The development damge microbial population within

matrix pore spaces may thus be inhibited in ageifath predominantly small pore sizes.
Bacteria are typically of a diameter ofuin (Rivett et al., 2008); hence denitrification in

an environment with a porosity diameter less tiésmay be ruled out.

This does not mean that denitrification is not gassin low porosity aquifers. It is
entirely plausible for it to occur in secondary @&ty features such as conduits in the
aquifers or in the vicinity of the fissure wallsofthson et al., 1998). Denitrification in

such a terrain may even occur in the soil layemvalthe aquifer (Einsiedl et al., 2005).
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Of the variety of factors that control denitrifizat, this is perhaps the simplest to
understand, yet it is much more complicated thampki excluding the occurrence of
denitrification based on pore size. While it may tbee that in fine grain aquitards
denitrification may be ruled out, in dual porosayguifers it is entirely feasible for

denitrification to occur in favorable conditionsiyBtt, 2008).
1.29. Microbial acclimation

Acclimation is the lead time before a microbial ptgtion can adapt to new conditions.
(Korom, 2008). This may have an effect on the reggbamounts of nitrate removed due
to denitrification. If sampling was conducted irstaort period of time without allowing

the bacteria to adapt to their new conditions, aymesult in an underestimation of the

importance of denitrification within a system.
1.2.10. Hydraulic Retention Time

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

can transportNO; through the system more rapidly than the bactesia degrade the

NO, (Kolpin, 1997; Puckett et al., 2008). A hydrautisnductivity range of I6to 10°
m/s is considered ideal for enhancement of deicditibn (Sanchez-Perez et al., 2003).
Hydraulic retention times of 1.5 days or less regai large excess of carbon to obtain
complete denitrification (Martienssen & Schops, 999

In order for complete denitrification to occur, @M denitrification rate would require a
high hydraulic retention time, while higher derfitiation rates may be effective in lower

hydraulic retention times.

1.3. Methodsto test for the occurrence of denitrification

Confirming the occurrence of denitrification is rettrivial matter (Rivett et al., 2007,

2008) as it usually requires several mutually suipyp® evidential lines. There are several
different methods to verify the occurrence of defication. Three commonly used

methods are outlined below; for a comprehensivethis reader is referred to Groffman
(1995) and Groffman et al. (2006).
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1.3.1. TheAcetyleneinhibition method

Acetylene is a known inhibitor of denitrificatioKigowles, 1982; Smith and Duff, 1988).
The injection of acetylene {8.) into the head space of the flask or chamber aunta
the soil/core sample causesONto become the terminal product. As the atmospheri
concentration of pD is negligible it can be directly measured andduseestimate the
rate of denitrification. Many different methods arsed, some in situ and some in the
laboratory. The most common of all these method$heasstatic core method in which
acetylene is injected or added to the headspaeesefled soil/sediment core angON
accumulation is measured over time. As these methogl simple to carry out and allow
a large number of samples to be run, they have hmsed in a wide variety of
ecosystems. This is a major advantage, given e $patial and temporal variability of
denitrification rates (Malone et al., 1998; Grofimet al., 2006).

Malone et al. (1997) stated that acetylene may é&lolized in the soil and may hence
enhance denitrification. This explains why there asm overestimation of the

denitrification rates when measured in the labnitfification is the source ofNO;

orNGQ;, then the denitrification rate could be undereated by the acetylene inhibition.

As most studies are concerned with the artifiaiaduction of nitrate through fertilizer

or septic tanks this underestimation may not bepmnissue.

While there are drawbacks with using the acetylblozkage technique for various
reasons it still remains a widely used method initdécation studies. Groffman et al.
(2006) in a review of the methods to quantify ddfication have concluded that this

method is reasonably robust in terrestrial systesiis a high to moderate level BIO; .

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

were to assume the EPA cutoff of 10mg/l NO; then this could be considered as a

high value.
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1.3.2. MassBalance Approach

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

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

In some studies, denitrification is estimated ugitegature values and is one component
of the mass balance (Hantzche & Finnemore, 199Bgrs estimate denitrification by the

difference in the mass balance (e.g., David & Ger2000, Tesoriero et al., 2000 Pribyl

et al., 2004).

As this method can be applied at a range of schlas, small plots to large watersheds,
lakes, estuaries, and open marine systems, iugetl method to assess denitrification.
However, in order to estimate denitrification byswndalance, direct measurements or
estimates of all other N fluxes and changes inag@ifor the system are needed. The use
of this method requires the assumption of a stesidie system and only inputs and
outputs are quantified. Major inputs to terrestsgbktems typically include fertilizer,
biological N fixation, and atmospheric deposition, with outputsluding crop or
biomass harvest and export from the area or legchinnoff and riverine export.
(Groffman et al., 2006). These assumptions plalbmitation on the usefulness of mass

balance as a predictive tool.

While certainly useful in providing some insighttanthe potential importance of
denitrification, the mass balance approximations ba improved if multiple years of
data are used and averaged. This method is pebe#igs suited to verify the validity of
new methods of measuring the rate of denitrificatio

1.3.3. Isotopes

Kinetic isotopic fractionation of NO; during bacterial denitrification has been

documented in laboratory and field studies (Marid®81; Mariotti et al., 1988; Altabet
et al., 1995; Barford et al., 1999; Voss et al.0P0 The bacteria responsible for
denitrification preferentially utilize the lightesotopes than the heavier isotopes during
denitrification, thus leaving the remaining elensemt the system enriched in the heavier

isotopes.
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Among the variety of successful methods used totifyedenitrification, the use of dual

isotopes is increasing. Chen and MacQuarrie (20@%e demonstrated that there is a

theoretical relationship betwe@¥0O and3'N in NO, undergoing denitrification. They

concluded that a plot &5"°N v/s %0 should vyield a slope of 0.51. Comparing their
studies with field data (Bottcher et al., 1990; vaaa & Robertson, 1998; Mengis et al.,
1999; Fukada et al., 2003) indicates that the slafe¢he lines plotted do lie close to the
theoretical value of 0.51. While there are a vgradtvalues reported for the slope which
range from 0.48 to 0.67, it is still a useful taolproviding unambiguous evidence of

denitrification. A positively correlated variation N and O isotopes oNO; can be used

as a signature for denitrification.

1.4. Current methodsto estimate therate of denitrification

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

perhaps the most critical factor when the dendatfion process is concerned. As oxygen
dynamics in soil are hard to simulate (or to me&suwater content is used as a
complementary for the presence of oxygen. The hitteewater content, the less oxygen

will be present.

The other main factors that influence denitrifioatiare microbial dynamics, nitrate
concentration, soil temperature and soil acidityH)(pand a variety of additional

parameters as mentioned earlier. Developing arferation model that can account for
all of the factors is a major predicament as idte#o an extremely complicated and
difficult model. In addition to the complexity suchodels usually require several input
factors which can be not only difficult to obtaintlalso extremely cost intensive. This is
why the majority of denitrification models are siifipd models of the real world

situation.

A number of different approaches have been usetbvelop 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 dynamicmirobial organisms responsible
for the N cycling processes; examples can be foundhe DENLEFWAT model
(Leffelaar, 1988; Leffelaar and Wessel, 1988); niddethe DNDC model (Li et al.,
1992, 2000), in the NLOSS model (Riley and Mats2dQ0), in the ECOSYS model
(Grant, 2001), and in the RZWQM model.

The soil structural models consider diffusion osgs into and out of aggregates. The
distribution of aggregates is considered and déo#tion occurs only in the anoxic parts
of aggregates; examples of such models can be fouAdah and Smith (1989), Grant
(1991), and Vinten et al. (1996).

Simplified process models are easier to use andod@onsider microbial processes or
gaseous diffusion. Denitrification is assumed todstermined by easily measurable
parameters such as degree of saturation, soil t@toype and nitrate content of the soil.
Such models are of practical use in studies whergtrification at field scale is to be

determined. Since the eventual aim of the progtt determine the denitrification rate at
a field or catchment scale, microbial models antistnuctural models are not reviewed.
While the first two types of models are extremebeful to the study of denitrification

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

Within the variety of simplified models reviewedhete seems to be general consensus
about the mathematical fromulation of the modele Tiloms and values of the reduction
functions however, differ largely between the medelspecially for the water content

reduction function.
There are several simplified models to predict tlication. The majority of these

models are based on potential denitrification (ldejir2006) (which is measured either as

a soll property or computed from organic carbonasyits) or consider denitrification as
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a first-order decay process. The majority of thisteéxg models accept that environmental
soil conditions affect the denitrification processd hence use reduction functions to

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

Among the many models that are reviewed in Hei2®0§), a selected set was evaluated
against the dataset developed in this work. THmswal us to compare the established
models against a widely collated database, allowiagto test the effectiveness and
accuracy of the models at predicting denitrificatan a field or water shed scale.

The majority of models reviewed almost always nagqgbtential denitrification rate and

this rate is usually determined by lab and fieldhswements or by using existing models
which considered denitrification as a function afed of controlling parameters. In many
cases the attempt to establish a potential decétibn rate in itself is a cost intensive
exercise and this defeats the purpose of a quaxdyrate and cost effective method to

determine the rate of denitrification.

The following section describes some of the modelsletail with a focus on their

effectiveness in predicting denitrification at eldi scale.

1.5. Evaluation of methods to estimate therate of denitrification.

1.5.1.  Agricultural Policy/Environmental eXtender (APEX)

The Agricultural Policy/Environmental eXtender (ARE model (Williams and
lzaurralde, 2006) is developed based on the Enwiemtal Policy Integrated Climate
(EPIC) model. APEX is developed for use in wholerfesmall watershed management.
The model is constructed to evaluate various lamthagement strategies considering
sustainability, erosion (wind, sheet, and chanredhnomics, water supply and quality,
soil quality, plant competition, weather and p&8#lliams and Izaurralde, 2006). While
the specific focus of the model was not denitrifima, 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 marature, organic carbon and water

content and uses the following equations to estrtte 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®, WNO3 is the NO;-N, content

inkgha™, TFN is the nutrient cycling temperature factorO® is the organic carbon

content in %, and SWF is the soil water factor.e Temperature factor is expressed by
the equation

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

where STMP is soil temperature 9@ at the center of a soil layer. The soil watetda

considers total soil water in the equation

SWF=0.1* (ST/WP§; ST<WP .- 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 zaN® is the wilting point soil water

content in millimeters and FC is the field capaatysoil water content in millimeters.

Assuming that SWF > 0.95 and using data which lzaws~P of 100%, Equation 1.3 and
Equation 1.5 are used to compute denitrificatidegaA total of 884 records of data had
a WFP below 0.95; this leaves 245 records of recofdwhich 25 sets do not have a
nitrate concentration value. Thus the totals of 22€brds of data are used. As can be
seen from Figure 1.2 and Figure 1.3 the APEX mahbes not yield any significant
result. It fails to predict the denitrification eat for the entire range of values. A close
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look at the data shows that it fails to predict tieitrification rate for data at both the

upper end of the scale as well as the lower ertdeo$cale.
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Figure 1.2 Predicted denitrification rates baseddquations Equation 1.3 and Equation
1.5 (All Data, n=220).

In all fairness to the APEX model it must be notédt it is designed as an agro-
ecosystem model that simulates crop productionfaaciion of weather, soil conditions,
and production practices employed (e.g., tillagpesy tillage frequency and crop
rotations).

EPIC was developed and designed originally to exptbe impacts of soil erosion on
crop productivity (Williams et al. 1983). The modePIC, and the models that have
evolved from it, such as APEX, have been applieterestvely to cropping systems
worldwide on a variety of soils and cropping system
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APEX - Denitrification Rate : Predicted Vs. Actual

Predicted

Figure 1.3 Predicted denitrification rates baseaequations Equation 1.3 and Equation
1.5. (Limited to 10).

It is thus clear that while the model does accdontenitrification, it is not designed for
the purpose that we have applied it to.

1.52. NEMIS

The NEMIS model (Henault and Germon, 2005) usesnanton fromalism (Johnsson et
al., 1987,1991; Heinen, 2006b; Oehler, 2010):

D, =D, UN LISTFT ---- Equation 1.8

where ;

N
K+N

N :( S-St J
Sm- St
T-Tr

fT =Qy°

fS=
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Da is the denitrification rate (mg N Kgsoil d*) and Dp is the potential denitrification
(mg N kg™ soil d%). The denitrification potential can be either agderm denitrification
potential or a Denitrifying Enzyme Activity (DEA)N is a nitrate dimensionless
function, where N is the actual nitrate soil conteng N kg™ soil) and K is the nitrate
soil content (mg N Kg soil) whenfN =0.5.fS is a dimensionless function of water
saturation, where S is the WFPS, St the WFPS tbolé$telow which denitrification does
not occur and Sm the maximal WFPS (in our case St).#T is a dimensionless
function of the soil temperature T (°C), Tr is teéerence temperature when the potential
denitrification 0 was determined, andQis the increase factor for a temperature
increase of 10°C. This function has a specific fianNEMIS, where two different Q

are used for two ranges of temperature:

T-Tr

fT = fT_, * Q° ----  Equation 1.9

The disadvantage of this model is that it requagsotential denitrification rate. As the
database was constructed using actual denitrificatates it was not possible to use this
method. In addition it would have defeated the paepof using existing data to create a
denitrification model. The model has been testedséyeral authors and can perfrom
quite well when calibrated for a specific site (i, 2006b) but the model does not
perfrom as well when applied over a range of défifersoil types with the same parameter
set (Oehler 2010).

1.5.3. Colbourn (1992)

Colbourn (1992) developed a simplified model basmd the moisture content,
temperature and nitrate available. The model waseateempirically based on published
data. The drawback of the model is that it doedala account of the effect of carbon on

the denitrification rate.

R,, = exp (0.71+ 05N)* exp(0.1S+0.1T - 8.3) ---- Equation 1.10
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where, N is the nitrate concentration, S is the Saiuration and T is the temperature.

The model developed is unable to predict the déoétion rate (Ry) (Figure 1.4); this is

perhaps because organic carbon is not consideradfador in the development of the
equation. In addition as the model was empiricdyeloped it is feasible only for areas
which are similar to the study area. The modekisell on only five different sets of data

and is hence limited in its use.
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Figure 1.4 Predicted denitrification rates basedEquation 1.10.

1.54. Anderson (1998)

This is perhaps the least complicated method terdwhe the denitrification rate. Many
authors consider organic carbon to be the primangrolling factor of the denitrification

rate (Burford and Bermner, 1975; Knowles, 1982jtBrand Duff, 1988; Bradley et al.,
1992; Korom, 1992,Cosandey et al., 2003; Kamew20d7). In addition several authors
believe that the denitrification rate is directlyoportional to the amount of organic
carbon (Burford and Bermner, 1975; Smith and DL®88; Bradley et al., 1992). Hence,
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a simple linear regression of organic carbon vetBaslenitrification rate should yield a

linear relationship with a significant statisticalationship.

Anderson (1998) demonstrated that this lineareggjon could be used to determine the
denitrification rate. A plot of the data used byd&nson (1998) yields a straight line with
a significant correlation (R0.85) between the denitrification rate and the@etage of
organic carbon (Figure 1.5). This indicates that thgression could be used to predict

denitrification.

Denitrification Rate (Kg N ha-1 d-1) Vs. Organic Carbon (%)
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Figure 1.5 Denitrification Rate Vs. Organic Gamt{adapted from Anderson 1998).

Based on the regression above the denitrifica@d® may be determined by the equation

below
Ran (Kg N ha-1 d-1) = - 0.03942 + 0.4774 OC (%) ---- Equation 1.11
Using the same dataset as in section 1.5.1 tharifieation rate is estimated based on

Equation 1.11 and the results are shown in Figue This method while not initially
successful may still be useful in predicting defdation rates, if the equations are
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developed based on a common set of conditions asichexture, Temperature or WFP
and then applied to the exact same set of condittmnwhich they were developed. This
method with some refinements may prove to be palctmethod in estimating a

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

155 SmDen

SimDen is a simple empirical model created by theniBh Institute of Agricultural
Sciences to answer the primary question, how mucdtrodgén is lost due to
denitrification? SimDen is based on a combinatibawerage results from the literature,
several years of experience and a portion of comsamse (Vinther, 2005). SimDen is

described in further details and can be downloadedvw.agrsci.dk/simden

Using SimDen, it is possible to give a rough estemaf the average annual
denitrification in Danish agricultural soils (Virgh & Hansen, 2004). The model had to
be modified to be adapted to Danish soils as thks soe relatively low in clay,

Therefore, an extended version — SimDen-Clay —wsasl which gives average estimates
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of the annual RO emission and denitrification in soil with clayntents from 0 to 100 %

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

SimDen is based on the principle that denitrifizatis a microbial process by which
nitrate is reduced to nitrous oxide D) and/or to atmospheric nitrogen >fN and
assumes that that the denitrification can be caledlas (DO -emission) x (W N,O -
ratio). This froms the base principle of SimDens&@# on this assumption and using the
effect of soil moisture, i.e. water filled pore spdWFPS), on the denitrification as well
as the effect of clay content on hydraulic condiistia relationship is established

between clay content and the denitrification.

The NO -emission is derived from the relationship betwegput of fertilizer-N and
emission factors, as used in the IPCC-methodol®®€C, 1997). The IPCC emission
factor at 1.25% is modified according to KasimireKiedtsson & Klemedtsson (2002)
suggesting 0.8% of applied N for inorganic fergBlizand 2.5% for animal manure/slurry.
The N/N,O-ratios were derived from literature values.

Thus, the denitrification in SimDen is calculated

(Background NO -emission + (N-input x pO -emission factor)) x M N,O —ratio)

SimDen assumes that the backgroun® Nmission as well as the,N\N,O-ratios are a
function of clay content and can be described \aithichaelis-Menten equation. The
background BO emission are fitted with this equation to give arerage emission of
about 1 kg N ha yeaf*. Similarly, the N/ N,O ratios were fitted resulting in an average

N»/ N>O ratio at about 4.

SimDen is described in further details and candwendoaded at www.agdrsci.dk/simden

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

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

inputs the method could not be assessed on thentwataset.

SimDen was compared with a number of field measargsin Danish soils; there seem
to be a reasonable good agreement between the reéafenitrification rates and those
calculated with SimDen for the Danish data, howetdhe lower range of values, where
the major number of results are found, SimDen sdenoserestimate the denitrification
(Figure 1.7) (Vinther and Hansen, 2004).

While SimDen uses a limited amount of input and tres advantage of using easily
accessible data, it has the disadvantages of mug able to be used on a extensive scale.
The model seems well adapted to the Danish dataset but it still is not able to predict
the denitrification rate accurately when the déigation rate is low. Often it is at the
lower end of the scale where the denitrificatioluea are low where the need for
accurate prediction is desirable. The author ackedges that the estimates are rough
and when more detailed information is needed othedels may need to be used
(Vinther and Hansen, 2004).

The NO-emission is derived from the relationship betwaégput of fertilizer-N and

emission factors, as used in the IPCC-methodology this requires statistics on
fertilizer use, livestock populations, and cropidee management (IPCC, 1997). This
data may not always be available in residentiaagrthis may further limit the usefulness

of SimDen.

The IPCC- methodology does not require data onlanopareas, soils, climate/weather,
fertilizer types, or other details of agriculturahnagement (e.g., tillage and irrigation). In
addition as the data is not geographically refezdncegional differences in agro-
ecosystem characteristics is not accounted in SmPBCC, 1997). There can be
important differences across the region in the ratdgons between climate, soil
properties, crop type, fertilizer use, and agrioat management which can lead to

highly irregular NO emission patterns (Li et al., 1996). This maysguyg be one of the
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reasons for the limitation of the model. The la¢knput for soil properties may account
for why the model only works for the type of sdits which it was designed. In addition
the lack of data that leads to irregulagONpatterns may possibly cause an inaccurate

estimate of denitrification rates.

The model also ignores other important paramepeis)arily pH. pH is a major factor
that controls the rate of change frogONo N; this may possibly affect the,NN,O —
ratio which will eventually affect prediction ofdlrate of denitrification.

SimDen, kg N ha™' yr’

0 50 100 150 200 250 O 5 Mm 15 20 25

Measured values, kg N ha™ yr”

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

1.5.6. Additional models considered

Although not discussed in much detail, the follogvedditional models (Table 1.1) were
considered. For a variety of reasons they are td¢ & be used to estimate a
denitrification rate. The models that could be useste ineffective at estimating a

reasonable denitrification rate.
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Table 1.1  Additional Models Considered for BRegte of Denitrification. (Adapted

from Heinen 2006)

: dC :
ANIMO D, = mml — D,Z?ﬂﬁ?ﬁ.kdh
f. - ] S=Spc + 011 — Spc)
ST AN = exp( — kefifit))  §Spe +0.1(1 = Sic)
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ky = 24(0.0222C + 0.0042):f; = ! =4 Tl 5™ = et 01(1 = S0
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Table 1.2 Terminology used in Section 1.5

Nitrate N content (mg N Kkg)
Degree of saturation (dimensionless)
Soil temperature O
T, 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 Soil gas diffusivity (crhd
0 Volumetric water content (chem °)
Os 0 at saturation (cthem )
fq Constant denitrification fractiop
t Time (d)
FC Subscript refers to field capaciry

1.6. Overview of the dataset used in thiswork

The dataset made up of a total of 1129 records éAgix A) of data that were obtained
from various sources. The data is divided into wats, set “A” (n = 601) which is
composed of data gathered by Tucholke (2007) ahdBse(n = 597) obtained from
Oehler (2010). The data is combined into one datasel the combined data is
represented here. The dataset composed by Tuc{RilR&) was extracted from literature
reviews, and the majority of the data in set “B"fiem Oehler (2010) is based on his

works.

Missing pH data from dataset A was filled in basedthe mean value of the dataset, 20
pH values were filled in this represented 3.3% atiidet A. Since a direct correlation is
available between the bulk density and the orgaaibon this approach was used for
estimating the organic carbon (OC) content of &ls@msed on the reported bulk density.

In total, 21 missing OC values were filled in (3.5%all values).
Dataset B was essentially left unaltered, excaptianges to the units (Appendix B) that

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

given in Appendix C.
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1.7. Conclusion and suggested methodsto predict the denitrification
rate

Principally two types of simplified denitrificatioomodels are frequently used and
described in literature, a) Simplified Models andbil Structural Models. Calibration of
all the models required site specific data; oneenttodels are calibrated they can be used
to estimate the denitrification rate to within arder of magnitude (Heinen, 2004),
However, none of the models can obtain an exaagespondence with the measured

data.

In addition to the need for calibration, the bulktlee models reviewed almost always
require a potential denitrification rate and traseris usually determined by lab and field
measurements or by using existing models whichidenslenitrification as a function of
organic carbon or some other controlling factormany cases the attempt to establish a
potential denitrification rate in its self is a tastensive exercise that defeats the purpose
of a quick, accurate and cost effective methodeterinine the rate of denitrification.

The majority of the models under consideration usecomparable simplified
denitrification model that assumes the actual déndtion rateto be a function of the
potential denitrification rate and several redudimgctions. There is a general consensus
on the description of a universal mathematical fiomcthat can be used to explain
denitrification (Heinen, 2004) (Equation 1.12). Tdas, however, no agreement about
the importance of reduction functions and theirueal within any of the models unless
they are for the same study area and by the satherau

D,=af fsf: f0 Equation 1.12

As the functions and the values used in each ofrtbdels are empirically derived it is
difficult to agree upon a universal set of funci@and values. It is thus difficult to obtain
an agreeable set of reduction function values itbate content, degree of saturation, soil

temperature, soil pH and other factors that cordaslitrification. The lack of consensus
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also implies that the transferability of reductifumctions to other situations (e.g. soils
and environmental conditions) is questionable. W#e range of individual reduction
functions that exists in literature (Heinen, 2086¢ms to indicate that the current models
are site specific. It is perhaps this lack of coisses on reduction functions and values
that has prevented the development of a generdiigleliscale model to predict the rate

of denitrification.

A widely useable simple field scale model for defigation must take into account that
it would be near impossible to obtain an accuréee specific potential denitrification
rate to which a set of reduction functions can ppliad. In addition as denitrification
may primarily be of a hot spot nature (Pabich, 20€1ie ability to sample at the correct
location is critical to ensure that the correctgmbial denitrification rates can be obtained

multiple sampling will be required.

Further the calibration of the models often inveleollection of additional data and
information which may lead to an increase in coxl ame. This impediment may be
overcome by the development of a statistical basedlel which can predict the
denitrification rate using already existing data denitrification is primarily controlled

by the eleven factors mentioned in section 1.2ataral choice would be to develop a
statistical relationship between all of the parareand the denitrification rate. This will
allow the estimation of the denitrification ratesbd primarily on the environmental

conditions.

If denitrification is to be included in nitrogenang models or decision rules in a quick,
simple and effective way, simple denitrificationnflions need to be developed. The
framework for the model as described by Heinen §203 ideal with a slight

modification. Instead of having the denitrificatiolate as a function of potential
denitrification rate and other additional reductiomctions, it is perhaps easier to have

the denitrification rate expressed directly in terofi these controlling factors.
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Rin = fre fr fwee o foc T fo ----Equation 1.13

1.8. Scopeof Work

In order to determine if denitrification is occungiin a given area it would be practical to
develop a method to estimate the denitrificatiote f@r the area. The existence of a
denitrification rate will automatically imply thexistence of denitrification. In addition

estimating the denitrification rate will allow ug tletermine the amount of nitrogen lost
due to denitrification. Based on the discussiothis chapter, | will use three statistical

methods to estimate the denitrification rate.

The first method is a hierarchal linear regressaoalysis model based on Anderson’s
(1998) work. This method estimates the denitrifamatrate based on the amount of
organic carbon. In the majority of the literatueviewed organic carbon is the most
important variable that affects denitrificationidtwell documented that as the amount of
organic carbon increases the denitrification rateaases. This method may be used as a

quick estimate of the denitrification rate for aey area.

The second method will be a multi-variate analy$isis method will allow the user to
have a more accurate prediction based on informakiat can be easily available. Using
additional parameters such as soil texture, pH, \&ifkdP will enable the user to have a

better estimate of the rate of denitrification.

The third method will involve the use of neuralwetks. A major advantage of using a
neural network is ability of the network to leanmdathen predict without knowing how
denitrification as a process takes place. The uarmontrolling factors of denitrification

can be accounted for the input nodes of the praposearal network.

It is hypothesized that the proposed predictiveaéqus based on any of the three
methods may be used to give management and plaamefatively accurate estimation
of denitrification rate. In addition, the accurany 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 denitrificatiate could be predicted by using one
of the most important factor in denitrificatione,i.organic carbon (OC %). Otis (2007)
has used organic carbon and WFP to determine dieattion rates in the Wekivia river

basin. Following the approach used by Anderson §L.3hd Otis (2007) approach a
hierarchal linear regression analysis is conductedhe dataset. Initially all data are
clumped together and the relationship between émérification rate and organic carbon
is investigated, this yields a very weak correfat{¢ = 0.1). The same relationship is
investigated using data from similar studies. Whhere is an improvement in the
coefficient of determination, is it still below thargeted coefficient of determination

value of 0.6. This section describes in detailliteearchal linear regression analysis.

2.1. All Available data

Using all the available literature values the d#igation rate is plotted against organic
carbon (Figure 2.1). While Anderson’s (1998) lineggression is a reasonable estimation
based on the data used by him and helped accounto$s of nitrogen due to

denitrification, it may not necessarily be appliealin a universal setting Based on
literature studies an increase in the organic cardmould result in an increase in the
denitrification rate. The results obtained do shbat the denitrification rate increases
with an increase in organic carbon content, howdvercoefficient of determination is

extremely low (f = 0.1).

There are several factors that may account fotavecorrelation value. It is likely that
this erroneous result may be caused by the comredsiunits to a common unit of kg N
ha 'd”'or from the clumping together of data from differstudies, many of which have
used different methods. Some of the methods witiendataset estimate and measure the
potential denitrification rate i.e. the maximum gibde rate under ideal conditions; others

are field experiments that report the actual rdtdemitrification. Even within the same
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studies with the same set of environmental conultithe denitrification rate varies,
perhaps indicating that the current accepted metiiadeasuring the denitrification rate

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

While the above reasons are pure speculationjkély Feason for obtaining such a result

is that denitrification is a complex biological pess that is controlled by several
parameters

Tuchloke (2007) separated the dataset based ometi@odology used to determine the
denitrification rate and found that the results ioyed considerably, while the
improvement was significant, it is, in the authoodpinion not accurate enough to

estimate the rate of denitrification.

Denitrification Rate Vs. Organic carbon (All Data n=1129)
Rdn (kgN ha-1 d-1) = 1.903 +0.07439 OC (%)
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Figure 2.1 Relationship of denitrification rated OC based on the literature data.

By restricting the dataset to similar studies,dtigd the relationship between,Rnd OC
(Figure 2.2). These results show a more promisurtpok than the previous attempt of

lumping together all the data. While the correlagi@re weak in many cases they are still
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an improvement on the earlier attempt where thea da¢lded results contrary to

experimental observations and theory.

Denitrification Rate Vs. Organic Carbon Drury(1991)
R_d_n (kgN ha-1 d-1) = - 13.39 + 12.61 OC (%)
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Figure 2.2 Denitrification Vs. Rusing data from similar studies.

It seems evident that the segregation of data grtmps yields better results than
collating and analyzing all data together. As divgpthe data based on authorship would
not yield any new information, the dataset is diaddnto several classes depending on
the controlling factors. Literature research arel dlata above suggest that denitrification
is not just a function of organic carbon. Denitation may hence be perceived as a

function of all of the factors described in sectiog.

R,, = f (Texture Temperatue, WFP,pH,OrganicCarbon,

---- Equation 2.1
Bulk densityNitrate Concentraion ,Thickness) a

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

to isolate the other factors. By setting all of tiker factors to a constant value, the true
relationship between organic carbon and the dé&oétion rate can be observed. Due to a
limited amount of data a decision is made to sutheetataset further based on Texture,
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Temperature, WFP and pH and then look at the oglshiip between organic carbon and
the denitrification rate. A second subset is basedlexture, Temperature, WFP and

Nitrate Concentration.

2.2. Break down of data

In order to improve upon the accuracy of the restiie dataset is divided into textural
classes based on the USDA scheme of classificéfigure 2.3). This seemed to be the
logical choice to improve the results while stilamtaining the goal of predicting the
denitrification rate of a given area using easilgilble parameters. There are a total of
13 available classes as listed in Table 2.1. (ddhiextural classes, data is unavailable for

silt and sandy clay. Information for peat (Text@iy is treated separately.

- clay

JAVAVAVAVAVAVAS!
& AVAVAVAVAVAVAY
N Vi

loam

SR/ loamA
wwﬂmmmmm;

+——— Sand Separate, %

Figure 2.3 USDA Soil Textural Classification sae
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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 texturasclHse general statistics for each texture
is described in Appendix C. For each of the texdyniets of the denitrification rate
versus organic carbon, temperature, water fillewgity, pH and nitrate concentration

are examined and discussed below.
23.1. Texturel(Clay)

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

and a NO; value the dataset in reduced to 26 records. Hertéxture, there is no

improvement in any of the relationships that arenexed.
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2.3.2. Texture2 (Clay Loam)

Texture 2 is made up of 77 records; of which 8 dblrave NO, concentration values.

There is unfortunately no improvement in lineaatieinship for any of the categories
examined. The best improvement is the relationblefpveen nitrate concentration and
organic carbon. The coefficient of determinationhiswever too low to be of any

significant use to the project.
2.3.3. Texture3(Loam)

Texture 3 comprises of 102 records, of which treeee 14 missing nitrate concentration
values. There is unfortunately no improvement medir relationship for any of the

categories examined.
2.34. Texture4 (Loamy Sand)

Loamy sand is the dataset with the least amoudats. There are only 4 distinct records
of data. There was one missing nitrate concentratedue. This set showed the linear
relationship between the denitrification rate amnganic carbon (Figure 2.4). In addition
thus far this set showed the best linear relatipsshacross all categories. The

improvements were however not very significant @xdéer the R, ~ OC relationship.

Texture 4 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.6313 + 1.809 OC (%)
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Figure 2.4 Texture 4; Denitrification rate Viganic Carbon.
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2.35. Textureb5 (Sand)

The surficial aquifer in Jacksonville is a sand amdvel aquifer; this makes the sand
texture subset the most important dataset. Unfataiy there were no useful regressions
obtained from this subset. It is worthwhile notitigat this dataset is one of the larger
subsets and is comprised of data obtained fronrakeaethors. In addition there are four

distinct methodologies accounted for in this ddtakeis perhaps this wide range of

authorship and methodology that results in pooretation.

2.3.6. Texture6 (Sand Clay Loam)

Texture six is the second smallest dataset comgrisi five distinct datasets and of
which one set had a missing nitrate concentrataduer The temperature for all data is 20
°C and nitrate concentration for all data is 20§Npg” soil). As a result there is no
possible linear relationship betweeg,Rnd temperature or nitrate concentration. This
subset shows good linear relationships in all thegories; however the denitrification
rate decreases with an increase in organic ca®rthis was contrary to the accepted

theory this relationship was deemed suspect anthwestigated further.

Texture 6 : Denitrification Rate Vs. pH.
Rdn (kgN ha-1 d-1) = - 1.435 +0.2483 pH
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Figure 2.5 Texture 6; Denitrification Rate V$l.p
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Texture 6 : Denitrification Rate Vs. Water Filled Porosity.
Rdn (kgN ha-1 d-1) = - 0.8447 + 0.01447 WFP (%)
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Figure 2.6 Texture 6; Denitrification Rate Vsa&fr Filled Porosity.

The important relationships are shown in Figure @18 Figure 2.6. The denitrification
rate increases with an increase in WFP indicatihgt tas oxygen decreases the
denitrification rate increases. The denitrificatiate also increases with an increase in
pH.

2.3.7. Texture7 (Sandy Loam)

Texture 7 has a total of 181 records of data. @6¢h181 sets 71 are missing nitrate

concentration values. This subset did not yield siggificant linear correlations.
2.3.8. Texture8 (Silty Loam)

This is one of the larger subset in the databaderamade up of 260 records of data with
8 missing nitrate concentration values one misdepth and three missing WFP values.

Unfortunately this subset did not yield an improwin linear relationships.
2.3.9. Texture9 (Silt Clay)

This is the largest subset in the database andademp of 283 records of data with 3
missing nitrate concentration values. There wasigoificant improvement in the linear

relationships. The best improvement was for the@®C with an f 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 wihraissing nitrate concentration value
and one missing water filled porosity value. Thibget showed no improvement in linear

relationships.

2.3.11. Texturell (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 sewesing nitrate concentration values
and 2 missing thickness values. The relationshigvéen the denitrification rate and

organic carbon is especially strong. This doesroonfto what is expected. The values of
the seven variables for all fields differ; this Ip&ps indicates that in high organic carbon

environments it is indeed the organic carbon tbatrols the rate of denitrification.

Texture 13 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = - 17.88 + 0.6848 OC (%)
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Figure 2.7 Peat: Denitrification rate Vs. Orga@iarbon.
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2.3.14. Summary

The division of the data into textural classesdgedlightly better results than using all of
the available data together (Table 2.2). Whilegheas a minor improvement in the
correlation coefficient values they were by no nsesignificant enough to allow the
development of a set of predictive equations tbatctallow the denitrification rate to be

estimated in a given area.

This meant that other factors probably affectedrte of denitrification. As mentioned
in section 1.2 there are other controlling facttirat contribute to the occurrence of
denitrification in a given area. To isolate the eeff of organic carbon on the
denitrification rate the dataset was then furtheldéd based on Temperature (°C), Water

Filled Porosity (WFP) and Nitrate Concentratidd@, ). Using this method each textural

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

In order to simplify writing the sub-divisions areoded as follows: Texture —
Temperature-WFP-Organic Carbon- Nitrate Concemtnatihus 1-18-100-8 should be
read as Texture 1, Temperature 18 °C, Water Fiedosity 100 % and a Nitrate
concentration of 8 pg N g-1 soil. 3-6 should beadraa Texture 3 and temperature 6 °C.
The datasets described above are further subdivitbestd on temperature. When
specified the last term in the code may be the pier The author acknowledges the
tediousness and monotony of this section and stgygesders requiring a cursory
overview of the work focus on Appendix D and Appen& which summarize the

coefficient of determination and the equations tswed.

41



Table 2.2 Coefficient of determination for a#xture categories

Textural _ R:Rn— | R°:Rn- | R*:Rn- | R :Run- | R® :Ryun—NOy
Class Soll Texture ocC Temperature] WFP pH 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 | 1 959 0.277 0.345|  0.117 0.740
5 Sand 0051 | 0134 | 0037| 0139 0.099

6 Sandy Clay
Loam 0.928 - 0.992 0.870 -

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 i} 0.024 0.170 0.034
11 Silt ] _ ] - -
12 Sandy Clay i ) ) - -
13 Peat 0.881 0.267 0.194|  0.001 0.007

24. Textureand Temperature.

24.1. Texturel (Clay)

There are only three temperatures with a total rermobdata points greater that or equal
to three. These temperatures were 20°C, 18°C af@.1Bor data with a temperature of
18°C there was no variation in any of the pararsetecluding Organic Carbon, this

made any data from this subset unusable. Theeatatath a temperature of 13 °C has
three points; the WFP is 100 for all valves. Thare only two unique values for organic
carbon, pH, and nitrate concentration; consequdahtge temperatures could not yield

any further information.
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The subset Texture 1-Temperature 20 °C comprisetabof 13 distinct records of data.

The only improvement was in the denitrificationeratpH relationship (Figure 2.8).

Texture 1 Temperature 20 : Denitrification rate Vs. pH
R_d_n (kgN ha-1 d-1) = 243.5 - 27.90 pH
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Figure 2.8 1-20; Denitrification rate Vs. pH

24.2. Texture2 (Clay Loam)

This subset has four unique temperatures 10°C,, ZPC and 25°C. The dataset with a
temperature of 10°C has only three data pointglof of Ry- OC and R.-pH yields a
good linear correlation for the plot (Figure 2.ddfigure 2.10). The WFP for all three

values was the same and there are only two distitrete concentration values.

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

significant improvements in linear relationships.
Subset Temperature 22 has seven distinct recordiataf This subset yields a good

correlation for R, Vs. WFP (Figure 2.11) while showing a decent inveraent in linear

regression for all the categories.
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Texture 2 Temperature 10 : Denitrification rate Vs. OC
R_d_n (kgN ha-1 d-1) = - 21.76 + 12.58 OC (%)
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Figure 2.9 2-10; Denitrification Rate Vs. Orgaiarbon.

Texture 2 Temperature 10 : Denitrification rate Vs. pH
R_d_n (kgN ha-1 d-1) = - 114.7 + 15.53 pH
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Figure 2.10 2-10; Denitrification Rate Vs. pH
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Texture 2 Temperature 22 : Denitrification rate Vs. WFP
R_d_n (kgN ha-1 d-1) = - 0.5497 + 0.02014 WFP (%)
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Figure 2.11 2-22; Denitrification Rate Vs. Waltdied Porosity

Texture 2 Temperature 25 : Denitrification rate Vs. Nitrate Concentration
R_d_n (kgN ha-1 d-1) = - 2,167 +0.04815 NO_3- Conc( pgN g-1 soil)
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Figure 2.12 2-25; Denitrification Rate Vs. Nia&Concentration.

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

is the denitrification rate Vs. nitrate concenwat{Figure 2.12).
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24.3. Texture 3 (Loam)

Texture 3 comprised of 15 distinct temperaturegiramfrom 3 °C to 25 °C. The majority
of the subsets comprised 3 values, except for @), 10 °C (n=11), 15 °C (n=5), 16
°C (n=8), 18 (n=4), 20 (n=33), 22 (n=8) and 25 (n=vhere n is the number of
records/data. The separation based on the temperasulted several subsets with only
two distinct values for organic carbon and nitrabacentration, hence the use of these
subsets was unfeasible. The only divisions thatdmdvaluable information were 3-5, 3-
6, 3-11, 3-12, 3-14, 3-15, 3-16, 3-17 and 3-18. n&lof the subsets provide any
information about the relationship betweeg, Bnd OC as in the majority of the cases
there were only two distinct values and in the sasbere there is more than two values
the correlation is weak. Nevertheless the corhatiare still an improvement when
compared to section 2.3. Figure 2.13 to Figure 8H@&v the main relationships obtained

for texture three.

Texture 3 Temperature 12 : Denitrification rate Vs.WFP
R_d_n (kgN ha-1 d-1) = - 1.430 + 0.01671 WFP (%)
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Figure 2.13 3-12; Denitrification Rate Vs. Walkdied Porosity
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Texture 3 Temperature 12 : Denitrification rate Vs.Nitrate Concentration
R_d_n (kgN ha-1 d-1) = - 0.04605 + 0.01889 NO_3- Conc( pgN g-1 soil)

0.204 |s 0.0214432 e

R-Sq 98.0% e
-

P

0.154 -

0.10 e

R_d_n (kgN ha-1 d-1)

0.054 ~

0.00{ %~
2 4 6 8 10 12 14
NO_3- Conc( pgNg-1 soil)

Figure 2.14 3-12; Denitrification Rate Vs. NtgaConcentration

Texture 3 Temperature 14 : Denitrification rate Vs.Nitrate Concentration
R_d_n (kgN ha-1 d-1) = 0.005172 + 0.000192 NO_3- Conc( HugN g-1 soil)
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Figure 2.15 3-14; Denitrification Rate Vs. Ntga&Concentration.
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Texture 3 Temperature 16: Denitrification Rate Vs. Nitrate Concentration
R_d_n (kgN ha-1 d-1) = - 0.7207 +0.01457 WFP (%)
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Figure 2.16 3-16; Denitrification Rate Vs. NiwaConcentration

Texture 3 Temperature 17: Denitrification Rate Vs. WFP
R_d_n (kgN ha-1 d-1) = - 0.1388 + 0.003368 WFP (%)
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Figure 2.17 3-17; Denitrification Rate Vs. Walkdted Porosity.
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Texture 3 Temperature 18: Denitrification Rate Vs. WFP
R_d_n (kgN ha-1 d-1) = - 0.04703 + 0.001393 WFP (%)
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Figure 2.18 3-18; Denitrification Rate Vs. Walkdted Porosity.

24.4. Texture4 (Loamy Sand)

Of the four records, three have a temperature Sf25The Linear relations were strong
and significant for & Vs. OC and Nitrate concentration (Figure 2.19 Bigtire 2.20).

Texture 4 Temperature 25: Denitrification Rate Vs.Organic Carbon
R_d_n (kgN ha-1 d-1) = - 0.861 +1.881 OC (%)
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Figure 2.19 4-25; Denitrification Rate Vs. Orga@arbon.
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Texture 4 Temperature 25: Denitrification Rate Vs. Nitrate Concentration
R_d_n (kgN ha-1 d-1) = - 0.478 + 0.1439 NO3- Conc( pugN g-1 soil)
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Figure 2.20 4-25; Denitrification Rate Vs. NiaConcentration

24.5. Textureb5 (Sand)

Based on temperature the sandy texture could deebrdown 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¥&nR25 (n=30). The majority of the
subsets have the same or only two distinct pH,recgearbon and nitrate concentration
values. For the subsets which have at least a mmiraf three distinct organic carbon
values, the linear correlation between organic @arbnd the denitrification rate was
weak. The relationship was in some cases weakeithbkagprevious section, this is also

true for the relationship between,Rnd pH, as well asqRand Nitrate Concentration.
The only relationship that showed an improvemens Wg, Vs. WFP, the significant

improvement of the linear relationships was showly &-2 and 5-22 (Figure 2.21 and
Figure 2.22).
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Texture 5 Temperature 2: Denitrification Rate Vs.WFP
R_d_n (kgN ha-1 d-1) = 0.000066 + 0.000019 WFP (%)
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Figure 2.21 5-2; Denitrification Rate Vs. Wakélted Porosity

Texture 5 Temperature 22: Denitrification Rate Vs.WFP
Rdn (kgN ha-1 d-1) = - 0.02185 + 0.001142 WFP (%)
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Figure 2.22 5-22; Denitrification Rate Vs. Walkdted Porosity.

24.6. Texture6 (Sandy Clay L oam)

Texture six has five data points, as all of theadatve the same temperature (20 °C); the
results are exactly the same as in section 2.3.
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24.7. Texture7 (Sandy Loam)

The Sandy loam dataset can be divided based onetatope into 18 subsets. The
following temperatures within the sandy loam tegthave more that 3 records of data. 2
°C (n=6), 3 °C (n=6), 4 °C (n=6), 5 °C (n=8), 7(AE5), 10 °C (n=10), 11 °C (n=5), 12 °C
(n=9), 13 °C (n=6), 14 °C (n=6), 15 °C (n=6), 16(AE6), 18 °C (n=11) , 20 °C (n=16),
22 °C (n=3), 25 °C (n=19), 28 °C (n=31), and 3%rP€21).

The majority of the data, once sub-divided, do have different values for organic
carbon, and pH. There are only three subsets (7-2® and 7-28) with three or more
unique nitrate concentration values. The lineaatr@hship between the denitrification
rate and nitrate concentration is weak for allhe# three subsets. The same applies to pH
values, except for 7-15, 7-20, 7-22, 7-25 and 7E2&ept for 7-22 there is no significant
relationship between the denitrification rate ardl Even with organic carbon values
there are no subsets with three or more organtmoavalues except for 7-5, 7-20 and 7-
28, unfortunately there is no significant linedat®nship between the denitrification rate

and organic carbon.

The water filled porosity values fortunately do Igiemore information. With the
exception of 7-15 and 7-22 all of the subsets tiakee or more unique values. All of the
subsets show improvement in linear relationshipvbenh the denitrification rate and
water filled porosity. In general while there is amprovement in the coefficient of
determination the only subsets with a significampiovement 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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Rdn (kgN ha-1 d-1)

Rdn (kgN ha-1 d-1) = - 0.03617 + 0.000709 WFP (%)

Texture 7 Temperature 4 : Denitrification Rate Vs. Water Filled Porosity
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Figure 2.23 7-4; Denitrification Rate Vs. Wakélied Porosity.

Texture 7 Temperature 7 : Denitrification Rate Vs. Water Filled Porosity

Rdn (kgN ha-1 d-1)

Rdn (kgN ha-1 d-1) = - 0.01138 + 0.000306 WFP (%)
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Figure 2.24 7-7; Denitrification Rate Vs. Walkélied Porosity
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Rdn (kgN ha-1 d-1)

Rdn (kgN ha-1 d-1) = - 0.09965 + 0.002262 WFP (%)

Texture 7 Temperature 12 : Denitrification Rate Vs. Water Filled Porosity
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Figure 2.25 7-12; Denitrification Rate Vs. Waldted Porosity.

Rdn (kgN ha-1 d-1)

Texture 7 Temperature 13 : Denitrification Rate Vs. Water Filled Porosity

Rdn (kgN ha-1 d-1) = - 0.09776 + 0.002216 WFP (%)
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Figure 2.26  7-13; Denitrification Rate Vs. Waltdied Porosity
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Texture 7 Temperature 14 : Denitrification Rate Vs. Water Filled Porosity
Rdn (kgN ha-1 d-1) = - 0.1020 +0.002747 WFP (%)
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Figure 2.27 7-14; Denitrification Rate Vs. Wadfiled Porosity

Texture 7 Temperature 16 : Denitrification Rate Vs. Water Filled Porosity
Rdn (kgN ha-1 d-1) = - 0.1406 +0.003582 WFP (%)
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Figure 2.28 7-16; Denitrification Rate Vs. Wadfiled Porosity
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Texture 7 Temperature 28 : Denitrification Rate Vs. Water Filled Porosity

Rdn (kgN ha-1 d-1) = 0.9599 + 0.08688 WFP (%)
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Figure 2.29 7-28; Denitrification Rate Vs. Wdfiled Porosity

24.8. Texture8 (St Loam)

The silty loam database was subdivided into théoWiohg subsets: 8-3 (n=9), 8-4
(n=9),8-6 (n=10),8-7 (n=11), 8-8 (n=10),8-9 (n=83)0 (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)2®-(n=48), 8-21 (n=4) and 8-25
(n=59). Of these subsets only the subsets 8-108-1488-15,8-20 and 8-2 have three or
more unique organic carbon values, unfortunatereths no subset that provides a
significant linear correlation between the denitafion rate and organic carbon. The
only subsets with three or more unique WFP values8&al3, 8-15, 8-17, 8-20 and 8-25.
The only subset with a significant correlation K18 between R and WFP (Figure
2.30).

There are six subsets with three or more uniquevgldes; they are 8-10, 8-12, 8-13, 8-
14, 8-15 and 8-25. None of these subsets havendisat linear correlation between the

pH and denitrification rate.

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

concentration values. The subsets that yield afsignt correlation are 8-4 and 8-15.
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Texture 8 Temperature 17 : Denitrification Rate Vs. Water Filled Porosity
Rdn (kgN ha-1 d-1) = - 0.009038 + 0.000559 WFP (%)
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Figure 2.30 8-17; Denitrification Rate Vs. Wdfiled Porosity

Texture 8 Temperature 4 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.005474 + 0.01689 NO3- Conc( ugN g-1 soil)
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Figure 2.31 8-4; Denitrification Rate Vs. Nigafoncentration
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Texture 8 Temperature 15 : Denitrification Rate Vs. Nitrate Concentration

Rdn (kgN ha-1 d-1) = - 0.3874 + 0.01884 NO3- Conc( pgN g-1 soil)
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Figure 2.32 8-15; Denitrification Rate Vs. NtwaConcentration

249. Texture9 (Silty Clay)

Based on temperature, texture 9 was subdividedetdollowing subsets: 9-4 (n=13), 9-
5 (n=22), 9-6 (n=12), 9-7 (n=37), 9-8 (n=26), 9¢&§), 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{0613),9-17 (n=14), 9-18 (n=23), 9-
19 (n=6), 9-20 (n=8), 9-21 (n=4), 9-25 (n=6),9-2&89), and 9-30 (n=5). While all of the
sub-sets showed an improvement in the linear @irosl between the denitrification rate
and organic carbon, except for 9-20, 9-25, 9-28%&80 (Figure 2.33 - Figure 2.36) none
of the subsets were significantly correlated. Thdy csubset to show a significant

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

The subsets that showed a significant correlatetwéen the denitrification rate and pH
are 9-10, 9-11, 9-20 and 9-30 (Figure 2.37 - FiguB9). The subsets with a significant
correlation between the denitrification rate anglaté concentration are; 9-11 and 9-28.
(Figure 2.40 and Figure 2.41)
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Texture 9 Temperature 20 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 2.053 +0.7353 OC (%)
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Figure 2.33 9-20; Denitrification Rate Vs. Orga@arbon.

Texture 9 Temperature 25 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 1.225 + 1.185 OC (%)
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Figure 2.34 9-25; Denitrification Rate Vs. Orga@arbon.
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Texture 9 Temperature 28 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.6056 + 0.5211 OC (%)
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Figure 2.35 9-28; Denitrification Rate Vs. Orga@arbon.

Texture 9 Temperature 30 : Denitrification Rate Vs. Organic Carbon

Rdn (kN ha-1 d-1) = - 1.135 + 1.215 OC (%)
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Figure 2.36 9-30; Denitrification Rate Vs. Orga@arbon.
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Rdn (kgN ha-1 d-1)

Texture 9 Temperature 10 : Denitrification Rate Vs. pH.
Rdn (kgN ha-1 d-1) = 1.912 - 0.2780 pH
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Figure 2.37 9-10; Denitrification Rate Vs. pH.

Rdn (kgN ha-1 d-1)

Texture 9 Temperature 20 : Denitrification Rate Vs. pH.
Rdn (kgN ha-1 d-1) = 12.59 - 2.029 pH
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Figure 2.38 9-20; Denitrification Rate Vs. pH.
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Texture 9 Temperature 30 : Denitrification Rate Vs. pH.
Rdn (kgN ha-1 d-1) = 27.61 - 4.604 pH
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Figure 2.39 9-30; Denitrification Rate Vs. pH.

Texture 9 Temperature 11 : Denitrification Rate Vs. Nitrate Concentration.
Rdn (kgN ha-1 d-1) = 0.1196 - 0.001123 NO3- Conc( pgN g-1 soil)
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Figure 2.40 9-11; Denitrification Rate Vs. Ntga&Concentration.
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Texture 9 Temperature 28 : Denitrification Rate Vs. Nitrate Concentration.
Rdn (kgN ha-1 d-1) = - 0.2080 + 0.4367 NO3- Conc( ugN g-1 soil)
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Figure 2.41 9-28; Denitrification Rate Vs. Orga@arbon.

2.4.10. Texture 10 (Silty Clay Loam)

The data from texture ten was divided into theofelhg subsets 10-18 (n=3), 10-20
(n=23) and 10-25 (n=32). The four parameters camed (OC, WFP, pH Nitrate
Concentration) have the same value for subset 10dd@ettably none of the other

subsets yield a significant correlation for anyhaf categories.
24.11. Texturell (Silt)

No data available.

24.12. Texture12 (Sandy Clay)

No data available.

2.4.13. Texture 13 (Peat)

Based on the temperature, peat were subdividedl®tb0 (n=4) and 13-20. The subset
13-10 has only two unique values for organic carbbme subset 13-20 has only one

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

251  Texturel(Clay)

The dataset 1-13 and 1-18 are identical to se@iéri and provide no new information.
The data with a temperature of 20°C had a totdl3ofisable points, of these there are
only two subsets of WFP with n>3, these were WFRd& WFP 81. Unfortunately all
the parameters are the same for both the WFP nigadithe data being unusable. All of
the subsets have 3 records of data. Due to thé&lirmumber of data for textural class 1

there were no usable equations that could be dkamee the main set was subdivided.
252. Texture2 (Clay Loam)

From section 2.4.2 the only subdivisions are 2-206=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=¥)d 2-25-100 (n=12). The only
valuable linear relations were between the nitcatgcentration and organic carbon from
subsets 2-20-94, 2-20-97 and 2-25-100 (Figure 2Fg8ure 2.44).

Texture 2 Temperature 20 WFP 94 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.0593 + 0.05532 NO3- Conc( ugN g-1 soil)
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Figure 2.42 2-20-94; Denitrification Rate Vstidte Concentration.
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Texture 2 Temperature 20 WFP 97 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 5.847 + 1.196 NO3- Conc( ugN g-1 soil)
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Figure 2.43 2-20-97; Denitrification Rate Vstidte Concentration.

Texture 2 Temperature 25 WFP 100 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 1.591 + 0.04764 NO3- Conc( pgN g-1 soil)
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Figure 2.44 2-25-100; Denitrification Rate Vstrite Concentration.

253. Texture3(Loam)

The loam texture database was divided into threddu subsets: 3-20-47 (n=3), 3-20-
100 (n=6) and 3-25-100 (n=3). There is no signiftcaprovement in any of the linear
relationships (& Vs. OC, WFP, pH, and nitrate conc.), except for thmtionship

between the denitrification rate and organic cartoorthe 3-25-100 subset (Figure 2.45).
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Texture 3 Temperature 25 WFP 100 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.3416 + 1.052 OC (%)
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Figure 2.45 3-25-100; Denitrification Rate Vstrite Concentration.

254. Texture4 (Loamy Sand)
No further subdivision possible
255. Textureb5 (Sand)

The sand database from section 2.4.5 can be sdedivnto 5-15-100 (n=33), 5-25-60
(n=9), 5-25-75 (n=9), 5-25-90 (n=9) and 5-25-2063n None of these subdivisions

yields any further relevant information.
25.6. Texture6 (Sandy Clay Loam)
No further subdivisions possible

25.7. Texture7 (Sandy Loam)

The sandy loam database can be subdivided intoZ82®™=5), 1-20-100 (n=5), 1-22-
100 (n=3), 1-25-60 (n=3), 7-25-100 (n=11), 7-28{#810), 7-28-50 (n=10), 7-28-133
(n=10), 7-35-60 (n=7), 7-35-90 (n=7) and 7-35-1887). The only subsets to yield any
new significant information are 7-28-50 gRVs. OC) (Figure 2.46) and 7-22-1004(R
Vs. pH) (Figure 2.47).
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Texture 7 Temperature 28 WFP 50 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.415 + 6.003 OC (%)
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Figure 2.46 7-28-50; Denitrification Rate Vsg@nic Carbon.

Texture 7 Temperature 22 WFP 100 : Denitrification Rate Vs.pH
Rdn (kgN ha-1 d-1) = - 40.02 + 10.17 pH
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Figure 2.47 7-22-100; Denitrification Rate V8l.p

258 Texture8 (St Loam)

The Silty loam dataset is subdivided into 8-3-539n 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), 8-10-6x9n8-10-62 (n=6), 8-10-64 (n=6), 8-
12-70 (n=6), 8-13-84 (n=5), 8-14-21 (n=4),8-14-1&q),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=7), 8-20-88 (n=3), 8-20-89
(n=5),8-20-100 (n=7), 8-25-60 (n=19),8-25-75 (n518)25-90 (n=18) and 8-25-100
(n=3).

The majority of the subsets have only one uniqgamic carbon and pH value and hence
do not furnish any additional information. The oslypplementary information derived is

the linear relationship between the denitrificatrate and nitrate concentration from 8-4-
75, 8-6-100, 8-10-61, 8-20-84,8-20-88 and 8-20R8ure 2.48 - Figure 2.53).

Texture 8 Temperature 4 WFP 75 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.005474 + 0.01689 NO3- Conc( HgN g-1 soil)
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Figure 2.48 8-4-75; Denitrification Rate Vs. fidie Concentration.
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Texture 8 Temperature 6 WFP 100 : Denitrification Rate Vs.Nitrate Concentration

Rdn (kgN ha-1 d-1) = - 0.005541 + 0.02171 NO3- Conc( HgN g-1 soil)
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Figure 2.49 8-6-100; Denitrification Rate Vstidte Concentration.

Texture 8 Temperature 10 WFP 61 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.002176 + 0.02293 NO3- Conc( UgN g-1 soil)
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Figure 2.50 8-10-61; Denitrification Rate Vstidte Concentration.
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Texture 8 Temperature 20 WFP 84 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1d-1) = - 0.0158 +0.001641 NO3- Conc( pgN g-1 soil)
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Figure 2.51 8-20-84; Denitrification Rate Vstidte Concentration.

Texture 8 Temperature 20 WFP 88 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.005081 + 0.003792 NO3- Conc( pgN g-1 soil)
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Figure 2.52 8-20-88; Denitrification Rate Vstidte Concentration.
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Texture 8 Temperature 20 WFP 89 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.1588 + 0.002485 NO3- Conc( UgN g-1 soil)
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Figure 2.53 8-20-89; Denitrification Rate Vstidte Concentration.

259. Texture9 (Silty Clay)

Texture 9 can be separated into the following sish€e7-10 (n=3), 9-8-100 (n=3), 9-13-
100 (n=3), 9-15-25 (n=4), 9-25-100 (n=6) and 9-80-(n=5).

Texture 9 Temperature 7 WFP 100 : Denitrification Rate Vs.Organic Carbon
Rdn (kgN ha-1 d-1) = 0.02966 + 0.001610 OC (%)
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Figure 2.54 9-7-100; Denitrification Rate Vsganic Carbon
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Subsets 9-7-100, 9-25-100 and 9-30-100 (Figure 2Bigure 2.56) show a significant
relationship between the denitrification rate angboic carbon.

Texture 9 Temperature 25 WFP 100 : Denitrification Rate Vs.Organic Carbon
Rdn (kgN ha-1 d-1) = - 1.225 + 1.185 OC (%)
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Figure 2.55 9-25-100; Denitrification Rate Vgg@nic Carbon

Texture 9 Temperature 30 WFP 100 : Denitrification Rate Vs.Organic Carbon
Rdn (kgN ha-1 d-1) = - 1.135 + 1.215 OC (%)
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Figure 2.56 9-30-100; Denitrification Rate Vgga@nic Carbon.
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There is no subset that shows a significant cdroeldoetween the denitrification rate and
pH. Subset 9-13-100 is the only subset to showfsgiant linear correlation between

the denitrification rate and the nitrate concertraf{Figure 2.57).

Texture 9 Temperature 13 WFP 100 : Denitrification Rate Vs Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.01533 +0.01125 NO3- Conc( pgN g-1 soil)
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Figure 2.57 9-13-100; Denitrification Rate Witrate Concentration.

2.5.10. Texturel0 (Silty Clay Loam)

The silty clay loam subset were divided into sesahsets: 10-18-100 (n=3), 10-20-52
(n=4), 10-20-100 (n=12), 10-25-60 (n=10), 10-25¢A59), 10-25-90 (n=9) and 10-25-
100 (n=4). The majority of the subsets did not henare than three distinct values for
organic carbon, pH and nitrate concentration amté@o valuable information could be
obtained from any of the subsets except for thealinrelationships between the
denitrification rate and the nitrate concentrafionthe 10-25-100 subset (Figure 2.58)
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Texture 10 Temperature 25 WFP 100 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 11.40 + 0.3870 NO3- Conc( pgN g-1 soil)
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Figure 2.58 10-25-100; Denitrification Rate Wstrate Concentration.

25.11. Texturell (Silt)

No data available.

25.12. Texture 12 (Sandy Clay)
No data available.

25.13. Texture 13 (Peat)

No further subdivision possible.

2.6. Break down by Texture, Temperature, Water Filled Porosity
and Nitrate Concentration

26.1. Texturel(Clay)

The only subdivisions possible are 1-18-100-44&}n%-20-45-100 (n=3) and 1-20-81-
100 (n=3). All of the subsets have only one valmredrganic carbon and pH and hence

no additional information was acquired from theglesets.
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26.2. Texture2 (Clay Loam)

There is only one further subdivision for the clagm. 2-25-100-100 (n=6). this subset
shows a good correlation between the denitrificatiate and organic carbon (Figure
2.59).

Texture 2 Temperature 25 WFP 100 Nitrate Concentration 100 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.7322 + 0.9153 OC (%)
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Figure 2.59 2-25-100-100; Denitrification Rats. Drganic Carbon.

2.6.3. Texture 3 (Loam)

No further subdivisions possible.
2.6.4. Texture4 (Loamy Sand)
No further subdivisions possible.
2.6.5.  Texture5(Sand)

The sand dataset was further classified into tdrsets: 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-ZB3(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#A3l of the subsets have only one
unique pH value and hence any additional infornrmba the R, — pH relationship is

unattainable. While there is improvement in thedinrelationships, the only subsets with

75



a significant linear relationship between the démaation rate and organic carbon are 5-
15-100-6, 5-25-60-280, 5-25-75-142, 5-25-75-28@p880-142 and 5-25-90-280 (Figure
2.60 - Figure 2.65).

Texture 5 Temperature 15 WFP 100 Nitrate Concentration 6 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = - 0.3768 + 1.984 OC (%)
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Figure 2.60 5-15-100-6; Denitrification Rate \@¥ganic Carbon.

Texture 5 Temperature 25 WFP 60 Nitrate Concentration 280 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 54.61 + 26.01 OC (%)
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Figure 2.61 5-25-60-280; Denitrification Rate. @sganic Carbon.
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Texture 5 Temperature 25 WFP 75 Nitrate Concentration 142 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 133.5 + 63.86 OC (%)
71 Ts 1.18637 ~
R-Sq  93.5% .
6 ~
e
T 51 -
s * ~
™, ~
g7 ~
z e
g 3 -
c ~
2 2 ~
-
14 -~
/
04 *
2.10 2.12 2.14 2.16 2.18 2.20
0C (%)

Figure 2.62 5-25-75-142; Denitrification Rate. \@sganic Carbon.

Texture 5 Temperature 25 WFP 75 Nitrate Concentration 280 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 275.2 + 131.4 OC (%)
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Figure 2.63 5-25-75-280; Denitrification Rate. @sganic Carbon.
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Texture 5 Temperature 25 WFP 90 Nitrate Concentration 142 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1d-1) = - 97.24 + 46.86 OC (%)
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Figure 2.64 5-25-90-142; Denitrification Rate. @sganic Carbon.

Texture 5 Temperature 25 WFP 90 Nitrate Concentration 280 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 190.3 +91.73 OC (%)
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Figure 2.65 5-25-90-280; Denitrification Rate. @sganic Carbon.

2.6.6. Texture6 (Sandy Clay Loam)

No further subdivisions possible.
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2.6.7. Texture7 (Sandy Loam)

The sandy loam texture was divided into the follogvsubsets; 7-22-100-100 (n=3), 7-
25-60-100 (n=3), 7-25-100-100 (n=3), 7-28-20-6089n7-28-50-100 (n=8),7-28-133-
600 (n=9),7-35-60-125.7 (n=5),7-35-90-125.7 (n=b)] 7-35-120-125.7 (n=4).

The majority of the subsets have only one uniqueap#i organic carbon value. Only two
subsets yield a significant linear relationshipwestn the denitrification rate and organic
carbon, the results are shown in Figure 2.66 amgarEi2.67. There is no significant

linear relationship between the denitrificatiorerand pH for this group of subsets.

Texture 7 Temperature 28 WFP 20 Nitrate Concentration 600 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 2.302 + 5.116 OC (%)
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Figure 2.66 7-28-20-600; Denitrification Rate. @sganic Carbon.
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Texture 7 Temperature 28 WFP 50 Nitrate Concentration 600 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 1.238 + 6.659 OC (%)
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Figure 2.67 7-28-50-600; Denitrification Rate. @sganic Carbon.

2.6.8. Texture8 (St Loam)

Silty loam texture can be divided into the follogisubsets , 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&5182 (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)2875-145 (n=3), 8-25-75-182
(n=3),8-25-75-283 (n=3), 8-25-75-320 (n=3), 8-250(n=3),8-25-90-43 (n=3), 8-25-
90-145 (n=3), 8-25-90-182 (n=3), 8-25-90-283 (nafyl 8-25-90-320 (n=3). All of the
subsets have 3 different organic carbon valuescahdone pH value. Except for the 8-
25-90-6 and 8-14-73-5.5 subsets all of the substwtsy a significant linear correlation

between the denitrification rate and organic carbon
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Texture 8 Temperature 25 WFP 60 Nitrate Concentration 6 :Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.5442 + 0.1500 OC (%)
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Figure 2.68 8-25-60-6; Denitrification Rate \@rganic Carbon.

Texture 8 Temperature 25 WFP 60 Nitrate Concentration 43 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.1945 +0.07000 OC (%)
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Figure 2.69 8-25-60-43; Denitrification Rate \@yganic Carbon.
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Texture 8 Temperature 25 WFP 60 Nitrate Concentration 145 :Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 19.85 +5.350 OC (%)
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Figure 2.70 8-25-60-145; Denitrification Rate. @sganic Carbon.

Texture 8 Temperature 25 WFP 60 Nitrate Concentration 182 :Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 3.428 + 1.180 OC (%)
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Figure 2.71 8-25-60-182; Denitrification Rate. @sganic Carbon.
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Texture 8 Temperature 25 WFP 60 Nitrate Concentration 283 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 8.449 + 2.280 OC (%)
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Figure 2.72 8-25-60-283; Denitrification Rate. @sganic Carbon.

Texture 8 Temperature 25 WFP 60 Nitrate Concentration 320 : Denitrification Rate Vs. Organic Carbon

Rdn (kg ha-1 d-1) = - 2.620 + 0.9000 OC (%)
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Figure 2.73 8-25-60-320; Denitrification Rate. \@sganic Carbon.
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Texture 8 Temperature 25 WFP 75 Nitrate Concentration 6 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 6.276 + 1.700 OC (%)
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Figure 2.74 8-25-75-6; Denitrification Rate \@rganic Carbon.

Texture 8 Temperature 25 WFP 75 Nitrate Concentration 43 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 2.972 +1.030 OC (%)
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Figure 2.75 8-25-75-43; Denitrification Rate \@yganic Carbon.
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Texture 8 Temperature 25 WFP 75 Nitrate Concentration 145 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 136.3 +37.01 OC (%)
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Figure 2.76 8-25-75-145; Denitrification Rate. @sganic Carbon.

Texture 8 Temperature 25 WFP 75 Nitrate Concentration 182 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 64.36 +22.08 OC (%)
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Figure 2.77 8-25-75-182; Denitrification Rate. @sganic Carbon.
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Texture 8 Temperature 25 WFP 75 Nitrate Concentration 283 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 407.0 + 109.6 OC (%)

12.5
S 3.45909
R-Sq  83.4% d
10.0
/
-
S 7.5 ~
- d
i
Z 5.0 —
2 -
z _
S 257
— *
0.0 e //
/
3.70 3.72 3.74 3.76 3.78 3.80
0C (%)

Figure 2.78 8-25-75-283; Denitrification Rate. @sganic Carbon.

Texture 8 Temperature 25 WFP 75 Nitrate Concentration 320 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 22.44 +7.710 OC (%)
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Figure 2.79 8-25-75-320; Denitrification Rate. @sganic Carbon.
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Texture 8 Temperature 25 WFP 90 Nitrate Concentration 43 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 46.11 + 15.99 OC (%)
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Figure 2.80 8-25-90-43; Denitrification Rate \@yganic Carbon.

Texture 8 Temperature 25 WFP 90 Nitrate Concentration 145 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 311.9 + 84.54 OC (%)
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Figure 2.81 8-25-90-145; Denitrification Rate. @sganic Carbon.
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Texture 8 Temperature 25 WFP 90 Nitrate Concentration 182 : Denitrification Rate Vs. Oc
Rdn (kgN ha-1 d-1) = - 286.6 +99.29 OC (%)

12
3 3.32355
R-Sq  8L7% //
10 / *
* /
8 //
//
o) 6 -
-
4 ~
-
/
21 ~
/
04 o
2.90 2.92 2.94 2.96 2.98 3.00
c4

Figure 2.82 8-25-90-182; Denitrification Rate. @sganic Carbon.

Texture 8 Temperature 25 WFP 90 Nitrate Concentration 283 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 980.1 + 265.0 OC (%)
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Figure 2.83 8-25-90-283; Denitrification Rate. @sganic Carbon.
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Texture 8 Temperature 25 WFP 90 Nitrate Concentration 320 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 506.8 + 174.5 OC (%)
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Figure 2.84 8-25-90-320; Denitrification Rate. @sganic Carbon.

2.6.9. Texture9 (Silty Clay)

Texture nine was subdivided into three classes-25t9 (n=4), 9-25-100-9 (n=4) and 9-
30-100-9 (n=4). There is no significant linear tiglaship between the denitrification rate
and organic carbon or pH for the 9-15-25-9 ando25-100-9 subset. For the 9-30-100-
9 subset there is no significant relationship betwthe denitrification rate and pH, the

relationship betweendg— 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=13);25-60-89 (n=3), 10-25-60-288
(n=3), 10-25-60-366 (n=3), 10-25-75-89 (n=3), 10756228 (n=3), 10-25-75-336 (n=3),
10-25-90-89 (n=3), 10-25-90-228 (n=3), and 10-25386 (n=3).All of the subsets have
only one nitrate concentration value; hence notamdil information is acquired. Except
for the first three subsets all of the subsets saaignificant linear relationship between

the denitrification rate and organic carbon. (FegRr86 -Figure 2.92).
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Texture 9 Temperature 30 WFP 100 Nitrate Concentration 9 :Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = 0.1147 + 0.06771 OC (%)
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Figure 2.85 9-30-100-9; Denitrification Rate \@¥ganic Carbon.

Texture 10 Temperature 25 WFP 60 Nitrate Concentration 366 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 0.3408 + 0.1100 OC (%)
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Figure 2.86 10-25-60-366; Denitrification Rats. \Drganic Carbon.
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Texture 10 Temperature 25 WFP 75 Nitrate Concentration 89 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 51.47 + 16.53 OC (%)
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Figure 2.87 10-25-75-89; Denitrification Rate. \@sganic Carbon.

Texture 10 Temperature 25 WFP 75 Nitrate Concentration 228 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 50.95 + 16.43 OC (%)
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Figure 2.88 10-25-75-228; Denitrification Rats. \Drganic Carbon.
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Texture 10 Temperature 25 WFP 75 Nitrate Concentration 366 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 8.309 + 2.670 OC (%)
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Figure 2.89 10-25-75-366; Denitrification Rats. \Drganic Carbon.

Texture 10 Temperature 25 WFP 90 Nitrate Concentration 89 : Denitrification Rate Vs. Organic Carbon

Rdn (kg ha-1 d-1) = - 127.3 +41.27 OC (%)
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Figure 2.90 10-25-90-89; Denitrification Rate. @sganic Carbon.
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Texture 10 Temperature 25 WFP 90 Nitrate Concentration 228 : Denitrification Rate Vs. Organic Carbon

Rdn (kgN ha-1 d-1) = - 386.1 +125.3 OC (%)
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Figure 2.91 10-25-90-228; Denitrification Rats. XDrganic Carbon.

Texture 10 Temperature 25 WFP 90 Nitrate Concentration 366 : Denitrification Rate Vs. Organic Carbon
Rdn (kgN ha-1 d-1) = - 861.1 +277.5 OC (%)
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Figure 2.92 10-25-90-366; Denitrification Rats. \Drganic Carbon.
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2.6.11. Texturell (Silt)

No data available.

2.6.12. Texturel12 (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
27.1. Texturel (Clay)

The clay was divided into three groups, 1-18-10@+83), 1-20-45-8.5 (n=3), and 1-20-
81-8.5 (n=3). As all of the groups have only ongamic 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 gro24i®-51-6.9 (n=3) and 2-20-100-6.8
(n=4). There is no significant linear relationshipt could be obtained between the

denitrification rate and organic carbon or nitred@centration.
2.7.3. Texture 3 (Loam)

No further subdivision possible.

2.74. Texture4 (Loamy Sand)

No further subdivision possible

2.75. Textureb5 (Sand)

The sand dataset could be subset into 5-15-10@A542), 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=H-25-60-7.4 (n=9), 5-25-75-7.4
(n=3) and 5-25-90-7.4(n=3). Except for subsets 806-5.4 and 5-15-100-5.4 none of
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the subsets yield a significant correlation betwé®n denitrification rate and organic
carbon or nitrate concentration.

Texture 5 Temperature 15 WFP 100 pH 5.4 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = 0.1257 + 0.4853 OC (%)
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Figure 2.93 5-15-100-5.4 ; Denitrification Rate. Organic Carbon.

Texture 5 Temperature 15 WFP 100 pH 5.8 : Denitrification Rate Vs. Organic Carbon
R_d_n (kgNha~-~1dA-~1) = - 0.2097 + 3.984 OC (%)
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Figure 2.94 5-15-100-5.8 ; Denitrification Rate. Organic Carbon.
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2.7.6. Texture6 (Sandy Clay L oam)

No further subdivisions possible.
2.7.7. Texture7 (Sandy Loam)

The sandy loam dataset is divided into the follaysubsets 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&M=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#435-90-7.6 (n=7) and 7-35-120-7.6
(n=7).

All of the sandy loam subsets have only one nitaecentration value and the only
databases to show a significant correlation betwbendenitrification rate and organic

carbon are 7-28-20-4.7, 7-28-20-6.5,7-28-50-6.8-52-8 and 7-28-133-8 (Figure 2.95 -
Figure 2.99).

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 (%)
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Figure 2.95 7-28-28-4.7; Denitrification Rate. \@yganic Carbon.
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Texture 7 Teperature 28 WFP 28 pH 6.5 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = 0.6783 +2.490 OC (%)
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Figure 2.96 7-28-28-6.5; Denitrification Rate. \@yganic Carbon.

Texture 7 Teperature 28 WFP 50 pH 6.5 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = 0.657 +5.261 OC (%)
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Figure 2.97 7-28-50-6.5; Denitrification Rate. \@yganic Carbon.
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Rdn (kgN ha-1 d-1)

Texture 7 Teperature 28 WFP 50 pH 8 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = 0.277 + 6.085 OC (%)
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Figure 2.98 7-28-50-8; Denitrification Rate \@rganic Carbon.

Texture 7 Teperature 28 WFP 133 pH 8 : Denitrification Rate Vs. Organic Carbon.
Rdn (kgN ha-1 d-1) = 9.344 +4.385 OC (%)

16
S 0.543180
R-Sq 95.1% *
15 ~
a ~
) —
" -~
£ 141 -~ *
2 ~
E) -
~ /
5 —
o 13- -
/
/
/
12{ *~
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
0C (%)

Figure 2.99 7-28-133-8; Denitrification Rate \@¥ganic Carbon.
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2.7.8. Texture8 (Silt Loam)

The silty loam database is subdivided into 8-3-58169),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#6-10), 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-=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-W®B1 (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),87%7 (n=9),and8-25-90-7.3 (n=9).

The majority of the subsets have only one orgaarban value and those with more than
three unique organic carbon values do not demdas#asignificant linear correlation
between the denitrification rate and organic carfdre only linear relationship obtained

is between the denitrification rate and nitrateasgmration (Figure 2.100 - Figure 2.107)

Texture 8 Teperature 4 WFP 75 pH 6 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.005474 + 0.01689 NO3- Conc( pgN g-1 soil)
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Figure 2.100 8-4-75-6; Denitrification Rate Wtrate Concentration.
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Texture 8 Teperature 6 WFP 65 pH 6 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.005541 +0.02171 NO3- Conc( pgN g-1 soil)
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Figure 2.101 8-6-65-6; Denitrification Rate Wtrate Concentration.

Texture 8 Teperature 10 WFP 61 pH 6 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.002176 + 0.02293 NO3- Conc( pgN g-1 soil)
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Figure 2.102 8-10-61-6; Denitrification Rate Wstrate Concentration.
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Texture 8 Teperature 14 WFP 73 pH 6.2 : Denitrification Rate Vs. Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.1244 + 0.02652 NO3- Conc( pgN g-1 soil)
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Figure 2.103 8-14-73-6.2; Denitrification Rate.Witrate Concentration.

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( pgN g-1 soil)
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Figure 2.104 8-15-69-6.2; Denitrification Rate.Witrate Concentration.
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Texture 8 Teperature 20 WFP 84 pH 7.1 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = - 0.0158 + 0.001641 NO3- Conc( ugN g-1 soil)
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Figure 2.105 8-20-84-7.1; Denitrification Rate.Witrate Concentration.

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( pgN g-1 soil)
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Figure 2.106 8-20-88-7.1; Denitrification Rate.Witrate Concentration.
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Texture 8 Teperature 20 WFP 89 pH 7.1 : Denitrification Rate Vs.Nitrate Concentration
Rdn (kgN ha-1 d-1) = 0.1588 + 0.002485 NO3- Conc( ugN g-1 soil)
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Figure 2.107 8-20-89-7.1; Denitrification Rate.Witrate Concentration.

2.7.9. Texture9 (Silty Clay)

No further subdivision possible.

2.7.10. Texture 10 (Silty Clay Loam)

The silty clay loam dataset can be divided intor fewbsets 10-18-100-6.8 (n=3), 10-25-

60-6.5 (n=9), 10-25-75-6.5 (n=9) and 10-25-90-6159). None of the subsets show a
significant correlation between the denitrificati@te and organic carbon or pH.

2.7.11. Texturell (Silt)

No data

2.7.12. Texturel12 (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 regsion equations are shown in Appendix
E. The correlation coefficients increase for thejanty of the subclasses as more
controlling factors of the denitrification rate dieed to constant values. While it is not
as evident as demonstrated by Anderson (1998)démérification rate is positively

correlated to the amount of organic carbon pres@. is however not the sole

controlling factor in the equation (Weier et aB9B; Laverman et al., 2001).

It is only when other factors are fixed that thiatienship can be clearly seen. Even with
the breakdowns as conducted in this section treioekhip between the denitrification
rate and organic carbon is not robust enough tadedul as a predictive tool. The
application of these regression equations to pretdaitrification while untested can at
best be applied only to the areas as specifiedhbycbde (page 41) and universal

application is doubtful.

This methodology while being the simplest possitdlehnique to obtain a quick and
rough estimate of the denitrification rate is nélveless fraught with the need for a
substantial amount of good quality data. Given #agious issues with measuring
denitrification it may be several decades beforehsa comprehensive database is
available. The application of this method is thusted to data available and can at best
be used only in similar and already known condgictl
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CHAPTER THREE

3. MONTE CARLO ANALYSIS

3.1. I ntroduction

The linear regression equations obtained from Gmaptare divided into the following

categories.

* Equations of R, Vs. OC based on the breakdown of Texture , Tentperand
WFP.

» Equations of i, Vs. OC based on the breakdown of Texture, Tempexrat?WFP
and Nitrate Concentration.

» Equations of &, Vs. OC based on the breakdown of Texture, TenwperaWFP
and pH

Treating each of these sets of equations as aatsalf their own it is then possible to
look at the coefficients of the equations as aofeandom variables. As both the slope
and the intercept of the linear regression can #akepossible value and these values are
unknown to the authors, it is justifiable to assuhed the slope and intercept are random

variables.

Monte Carlo simulation is a type of simulation thelies on repeated random sampling
and statistical analysis to compute the resulhtarest. This method of simulation is very
closely related to random experiments for which #ipecific result is not known in
advance. In this context, Monte Carlo simulation ba considered as a methodical way

of doing so-called what-if analysis.

The equations developed in section 2 may be gallgriexpressed as

Ry =M*0OC+C ----Equation 3.1
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where, M is the slope of the linear regressiortliergiven linear regression and C is the

intercept.

If we consider the slope and the intercept as nandariables we can then use the Monte
Carlo method to generate various sets of slopes iataicepts. Since there is a

relationship between all the slopes and interciEpteach subset we can generate various
‘M’ and then obtain ‘C’ based on ‘M’. The direchkar relationship between the slopes

and the intercepts of each class which can be sspdeas

C=1-S*M ----Equation 3.2

where | is the intercept and; $s the slope once the individual slopes and iefets of

each linear regression from a given database attegl

Substituting the value of C from Equation 3.2 guBtion 3.1 we obtain,

R, =M 0Oc-S M +1, ---- Equation 3.3

Thus by generating several values of M we may aldaveral possible values of.Ror

a given value of OC. As long as the random samgliesslarge enough the mean of the
randomly generated denitrification rate will be negentative of the population mean.
Hence by averaging out the values we could themaigtiget a value that is close to the
actual value true of & While this may not necessarily give us an exate of R, we
can still estimate a range within which the dehdaition rate will occur.. In order to have
as much useful information as possible, all theegated denitrification rates can be
converted to a histogram and the range of the wfecation rate may provided,

accompanied with a probability of occurrence wittiia specified range.

The methodology may be summarized as follows
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- Determine the distribution of all of the slopes & given category.

- Plot all the slopes and intercepts for a givelegary and determine, &nd M

- Generate various values of slopes and for eage®valuate an intercept based
on the information from the previous step.

- For a given OC value, determine the denitrificatrate for every slope
generated and corresponding intercept

- Average the denitrification rates and plot adgsam of the denitrification rates.

The above methodology is applied to the differesmtadets as outlined in the sections

below.

3.2. Analysisfor Organic Carbon

3.21. Texture-Temperature-WFP

The equations from the texture-temperature and WeBkdown are selected based on a
correlation coefficient value of 0.4 or greater ihtercepts and the slopes for each of
the 14 equations are plotted and the relationshgears to be linear (Figure 3.1) with a

extremely strong correlation®( 0.96). A Lognormal probability plot of M reveatisat

the data is log-normally distributed (Figure 3.2).

Texture-Temperature-Water Filled Porosity
Intercept = 8.532 - 2.871 Slope

100

Regression
—_— 95% CI
95% PI

S 27.2026
R-Sq 96.4%

-100 1

-200 1

Intercept (C)

-300 ~

-400

-500 1

0 20 40 60 80 100 120 140 160
Slope (M)

Figure 3.1 Intercept Vs. slope (Texture-TempeeaiVFP).
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Hence for the first set of equations (texture-terapge and water filled porosity),

Ry =M*0OC+C ---- Equation 3.4
C =8.532-2.81* M ----  Equation 3.5
R,, =expM)Oc- 2810expM ) +8.532 ----Equation 3.6

Probability Plot of Slope
Lognormal - 95% CI

Loc 0.8739
95 | Scale 2.567
N 12
9071 | ap 0.293
goJ | P-Value  0.540
704
t 60
g 504
g o
30
201
10
5
1 T T T T T T T T
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000

Slope

Figure 3.2 Probability plot (Texture-TemperatuvéP).

The equations above are used to generate 1000fYethff denitrification values using
MATLAB, the average of the generated results wasntltompared to the actual
measured value. The maximum and minimum generadkees are also noted. For the
organic carbon values with more than one deni#iion 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 Randoneggion for Texture-Temperature-
Water Filled Porosity.

Cg{)%ini(gm ) A(F:;[;al Gens::\ted Minimum | Maximum | Error | % Error x\gtnhgi]r;
0.60 457 8.46 0.00 1027 | -3.88 | 8512 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 1087 | -2.23 | 3241 Y
1.26 0.22 9.19 0.00 10.93 | -8.97 | 4077.27 Y
1.32 8.50 9.18 0.00 1099 | -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 1231 | -8.45 | 30179 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 @angc carbon values (OC 0.60 — 2.64 %)
are within the range predicted by the Monte Cantoutation. The actual denitrification

rate for the higher organic carbon (> 3.10%) valieesutside the range predicted by the
Monte Carlo analysis. The errors in many casesoaez 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-gdldown are selected based on a
correlation coefficient value of 0.4 or greatee thtercepts and the slope for each of the
equations are plotted and the relationship is liméth an extremely strong correlatiors (r

=0.96). A Lognormal probability plot reveals thiaé data is log-normally distributed.

The same procedure is applied to the second skdtaf Hence the equations for texture-

temperature and water filled porosity used in thend¢ Carlo Generation are,

Texture Temperature WFP pH
Intercept = 11.17 - 3.118 Slope

S 10.2732
04 R-Sq 99.4%
R-Sq(adj) 99.3%
-100 —— Regression
_ 95% CI
'E. 95% PI
@ -200
g
s
-300
-400-
-500- T T T T T T T T T
0 20 40 60 80 100 120 140 160
Slope
Figure 3.3 Intercept Vs. slope (Texture-TempestVFP-pH).

110



Probability Plot of Slope

Lognormal - 95% CI

99
Loc 1.401
954 Scale 1.769
N 17
077 ap 0.639
80 P-Value 0.079
‘E 70
60
§ 501
& ¥
30
20
10
5_
1 T T T T T
0.01 0.1 1 10 100 1000
Slope
Figure 3.4  Probability plot (Texture-TemperatWFP-pH).

C=11.17-3.118 M

Ry, =expM)OOc-3.1180expM) +1117

Results

---- Equation 3.7

---- Equation 3.8

Table 3.2 Results of the Monte Carlo Random o for Texture-Temperature-
Water Filled Porosity-pH

Cg[)%ini(g@ Ag;al Gens:?ted Minimum | Maximum | Error % Error x\g;hg;re]
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
0.34 0.22 7.14 0.00 10.00 | -6.92 | 314545 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

Cg{)%in& ) A(F:;[;al Gens::\ted Minimum | Maximum | Error | % Error x\gtnhgi]r;
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
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 | -861 | 80561 Y
2.90 0.02 11.59 0.00 1257 | -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 | 31563 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 angc carbon values (OC 0.60 — 2.90 %)
are within the range predicted by the Monte Canoutation. The actual denitrification

rate for the higher organic carbon (> 2.90%) valieesutside the range predicted by the
Monte Carlo analysis. Once again, the errors inyr@ases are over a 1000% and this

makes the simulations unreliable.
3.23. Texture-Temperature-WFP-Nitrate Concentration

The equations from the texture-temperature-WFRateitconcentration breakdown are
selected based on a correlation coefficient vafug4 or greater, the intercept is plotted
against the slope for each of the equationstlaadelationship appears to be linear with
an extremely strong correlatiorf & 0.97). The probability plot again reveals that tata

is log-normally distributed.
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Texture-Temperature-WFP-Nitrate Concentration
Intercept = 9.389 - 3.210 Slope
Regression
0 _ 95% CI
95% PI
-200- S 40.5118
R-Sq 96.8%
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e
[J]
g
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Figure 3.5 Intercept Vs. slope (Texture-TempemtVFP-Nitrate Concentration).

Probability Plot of Slope
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Figure 3.6  Probability plot (Texture-TemperatWFP-Nitrate Concentration).

The equations for texture-temperature and watkdfiborosity used in the Monte Carlo

Generation are,
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C =9.389-3.210: M

R,, =expM)0Oc-3.2100expM) +9.389

Results

---- Equation 3.9

---- Equatiori@.

Table 3.3 Results of the Monte Carlo Random gioa for Texture-Temperature-
Water Filled Porosity-Nitrate Concentration.

rganie % Error Ig\{';i:whg;re]
Carbon Actual Generated

(%) Run Ran Minimum | Maximum Error

0.25 0.10 8.09 0.00 9.92 7.99 | 799000 | ¥
0.38 7.92 8.23 0.00 10.05 -0.31 391 Y
0.50 4.93 8.37 0.00 10.17 -3.45 69.78 M
0.52 5.70 8.47 0.00 10.19 277 48.60 Y
0.60 4.97 8.56 0.00 10.27 -3.59 72.23 M
0.65 0.99 8.51 0.00 10.32 752 | 75960 M
0.72 0.17 8.64 0.00 10.39 846 | 498235 | ¥
0.73 3.49 8.59 0.00 10.40 510 | 14613 M
0.78 0.05 8.67 0.00 10.45 gL | 17240001 ¥
0.80 0.04 8.74 0.00 10.47 870 | 2170001 ¥
0.81 117 8.71 0.00 10.48 754 | 64444 v
0.89 1.62 8.80 0.00 10.56 718 | 44821 Y
0.96 0.16 8.90 0.00 10.63 874 | 46230 | ¥
0.99 0.16 9.06 0.00 10.66 oo | %6230 | ¥
1.09 0.32 9.02 0.00 10.76 870 | 2Mi8TS 1Y
1.12 5.58 9.08 0.00 10.79 351 62.72 M
113 0.03 9.05 0.00 10.80 90z | 3000667 1 ¥
1.14 0.03 9.09 0.00 10.81 006 | 3020000 | Y
1.20 6.88 9.18 0.00 10.87 -2.30 33.43 Y
1.26 0.22 9.27 0.00 10.93 905 | 364 ¥
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Table 3.3 Continued

Within
Organic Carbon (%) | Actual R4, | Generated Ry, | Minimum [ Maximum | Error % Error Range

1.32 8.50 9.37 0.00 1099 | -086 | 1924 Y
1.44 0.14 9.47 000 | 1111 | -o33 | 900429

1.56 0.32 9.56 0.00 1123 | 004 | 288750 | Y
1.67 131 9.72 0.00 11.34 | a1 | 64198 Y
1.68 0.25 9.79 0.00 11.35 | -954 | 381600 | ¥
1.71 2.06 9.82 0.00 11.38 | 776 | 37670 Y
1.80 0.05 9.94 000 | 1147 | -9gg | 1978000 ) ¥
181 1.20 9.92 0.00 1148 | 872 | 72667 Y
2.00 1.27 10.19 0.00 1167 | 891 | 70236 [ Y
2.10 0.09 10.32 0.00 11.77 | -1023 | 1136667 | Y
2.15 3.82 10.38 0.00 1182 | -655 | 17473 Y
2.20 423 10.47 0.00 11.87 | 624 | 14752 Y
2.51 1.97 10.94 0.00 1218 | -8og | 4033 Y
2.90 0.02 11.92 000 | 1257 |-11.90| 290000 | ¥
2.95 1.93 15.01 1262 | 9966 |-1308| °7772 N
2.96 0.74 15.26 1263 | 9922 |-1452| 190216 | N
3.00 3.60 15.91 1267 | 99.86 |-12.31| 34194 N
3.10 0.07 17.07 1277 | 9917 |-17.01| 2428571 | N
3.14 2.38 17.22 1281 | 99.98 |-14.84 | 52353 N
3.15 3.12 17.39 1282 | 99.89 |-14.27 | 737 N
3.20 5.40 17.28 1287 | 9955 |-11.88| 220-90 N
3.58 2.25 18.90 1325 | 99.79 |-16.65| 4090 N
3.69 2.24 19.12 1336 | 99.62 |-16.87 | >3°7 N
3.70 0.11 19.41 1337 | 99.99 |-19.31| 174545 | N
3.75 2.88 19.39 1342 | 9971 |-1651| °7326 | N
3.80 5.72 19.73 1347 | 99.86 |-1401| 2449 | N
5.00 0.02 22,64 1467 | 99.75 | -22.62 | 11310000 N
6.70 15.12 25.85 1637 | 9965 |-1073| 997 M
7.00 34.02 26.52 1667 | 10000 | 7.50 | "2%9° Y
7.60 5.67 27.44 1727 | 99.90 |-21.77| 3839 N
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The actual denitrification values for the lower angc carbon values (OC 0.60 — 2.90 %)
are within the range predicted by the Monte Cantoutation. The actual denitrification

rate for the higher organic carbon (> 2.90%) valieesutside the range predicted by the
Monte Carlo analysis. Once again, the errors inynmaases are over a 1000% and this

makes the simulations unreliable.

3.3.  Discussion and Summary

For all three categories the denitrification raéee within the predicted range for the
lower OC values but outside the range for highervafties. At an OC value of about

2.95 % there seems to be a distinct change in tinenddm/Maximum range in all three

categories. This is probably an artifact of the whg data is chosen. The errors are
however too large to be of any practical use. Tieer® definitive conclusion that can be
drawn from the three sets of results. Should #m@tdfication rate be solely dependent
on the organic carbon content, all of the actuahsneed values used in the Monte Carlo
analysis should lie within the range of the gerestatenitrification rate values. While this

is the case only for a small amount denitrificatrates it is consistent in all three Monte
Carlo analyses. The analysis while not entirelyceasful does nevertheless point to the

veracity that other factors play an important riol¢éhe rate of denitrification.

It may be ephemerally possible that the number esfitdfication values generated is
insufficient and hence does not capture the endinge of possible denitrification rates
for a given organic carbon. However, given the édangmber of values generated this is
highly unlikely and we can be sufficiently certairat the results are representative of the
population. In addition increasing the number dfigrated values by a factor of 100 does
not yield any significant improvement. Keeping imohthat the Monte Carlo simulations
and analysis are based only on organic carbonngcgssary to develop a method that is

capable of estimating the denitrification rate loge all the controlling factors.
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CHAPTER FOUR

4. MULTI REGRESSION ANALYSIS

Literature research and results from section 2 &ncertainly demonstrate that

denitrification is not merely a function of orgargarbon. This is evident since the linear
relationship between the denitrification rate amdaaic carbon as demonstrated by
Anderson (1998) is evident only when other contngllparameters are fixed at a
common value. In addition a cursory glance at eac#l indicates that in some cases
other parameters such as the water filled porositgven the nitrate concentration, may
exert stronger control on the denitrification ratln addition should the denitrification

rate be solely dependent on the organic carborengrall of the actual measured values
used in the Monte Carlo simulation should lie withthe range of the generated
denitrification rate values in the section 3. Asstis not the case only for a significant
amount of denitrification rates it points to theamty that other factors play an important
role in the rate of denitrification. It is thus eedingly likely that organic carbon may not
be the sole contributing factor when the denitafion rate is considered on a global
scale. Certainly the equations that are developexction 2, at best can only apply to a
local scale where the stipulated criteria are més.thus indispensible to consider all the

factors for estimation of the denitrification rate.

In order to determine the importance of the factbes may control the denitrification
rate a principal component analysis (PCA) is cotetlion the entire dataset. In addition
for each texture two sets of equations are develbpsed on a linear multi regression, an
equation using all the variables and an equatiangusnly the significant variables as
determined by literature research and supportetidPCA.

4.1. Principal Component Analysis

The advantage of PCA is that the data can be casgdeby reducing the number of
dimensions without a loss of much information ($3mi2002). In addition the as the
eigenvector with the highest eigenvalue is thegpos component of the dataset it points
to the relative importance of each of the varialf&sith, 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
NOj3 0.34 0.44 0.80 0.17 0.16

The PCA (Figure 4.1 and Table 4.1) results indidht@ almost 90 percent of the
variation can be explained by four factors. The P@Aaults also indicate that several
factors may have an equally controlling effect ba tesults. While it is difficult to say
with certainty which one of the five is the mosgrsficant 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 (Seaip literature research and a cursory
glance at the PCA results, texture, temperaturégemnidled porosity, organic carbon, pH
and nitrate concentration are expected to be then roantrolling factors for the

denitrification rate. A step-wise multi-regressianalysis is conducted on the entire

dataset in ‘R”.

Considering the data available from Table 4.2 tllewing equation can be developed.

R,, =- 2.439LC Bulk Density(g cm- 3)+0.01C NO3- Conc( pg N g - 1soil)-0.22C OC (%)
+1.44 pH - 0.01So0il Depth(cm)+ 0.12Temp(° C) + 0.04WFP(%)- 8.71.(R? = 010)

....... Equation 4.1

Table 4.2 Stepwise multi-regression analysic@mplete dataset.

Coefficients: Estimate Std.Error t-value Significance
Intercept -8.71 2.37 -3.68 rrx
Bulk Density (g crit) -2.39 1.13 -2.12 *
NO; Conc (g N g soil) 0.01 0.00 4.06
OC (%) -0.22 0.09 -2.31 *
pH 1.44 0.33 4.32 il
Soil Depth (cm) -0.01 0.01 -0.78
Temp (°C) 0.12 0.04 3.52 il
WEP (%) 0.04 0.01 4.00 il
Signif.Codes Signif.Codes Signif.Codes
0 k! 0.001 k! 0.01
0.01 - 0.05 0.1
0.1 1

This is certainly by no means a valuable regressioth the factors considered do not
reflect any significance in terms of prediction ahjity. The multi-regression analysis
from Table 4.2 suggests that, temperature, nitateentration, WFP and pH are the for
the most part the significant controlling factor the denitrification rate. This is
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indicated by the significant codes that are obthiinem the multi-regression. Of crucial

concern is the negative correlation between thérifesation rate and organic carbon.

To further analyze the multivariate relationship thata is subdivided based on textural
class. If the dataset large enough it is randomhded into two subsets, the first set is
the one from which the multi-regression equatiomrsderived and the second is a set to
test the effectiveness of the regression analyisiaddition for each of the textures two
equations are developed, the first using only tlénroontrolling parameters as indicated
by table 4.1 and the second equation using all dkeilable parameteres. The

development of two equations permits flexibilitytire number inputs needed.

Information from the test dataset along with theealeped equations are then used to
predict the rate of denitrification. The predictetes are them compared against the

actual denitrification rates.
421. Texturel (Clay)

The data of texture one is divided into two groups,first group comprises of 22 records
and is used for the development of the equatiohs.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 equatioresa@aveloped for texture one. The first
equation is based on all variables and the se@hdsed on the selected variables as

discussed earlier.

R,, = 0.92C Temperatue(°C)-0.80C WFP(%)- 246.08] OC (%)
- 460.040 pH - 0.03* Nitrate Concentraion (g N g™ soil)
- 970.550 Soil Depth(cm)+ 1.600 Bulk density (gmecm’®)
+538046(R* = 0.76).

----- Equation 4.2
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R,, = 1.60CTemperatue(°C)+0.05C WFP (%) - 14.25C OC (%)

-56.700 pH -0.04* Nitrate Concentraton (g N g™ soil)

----- Equation 4.3
+471.74 (R? = 069).

Table 4.3 Texture 1, Linear multi-regressionwatl 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 ( ug 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 (°C) 0.92 1.18 0.78
WEFP (%) -0.80 0.50 -1.59
Signif.Codes Signif.Codes
0 ekt 0.001 il
0.01 ! 0.05
0.1 1

Table 4.4 Texture 1, Linear multi-regressionvaelected variables (S)

Coefficients Estimate Std.Error t-value Significance
(Intercept) 471.74 99.2113 4.75 o
NO; Conc (g N g soil) -0.04 0.0256 -1.56
OC (%) -14.25 7.0945 -2.01 .
pH -56.70 11.0461 -5.13 ok
Temp (°C) 1.61 0.6657 2.42 *
WFP (%) 0.05 0.1125 0.4
Signif.Codes Signif.Codes Signif.Codes
0 Hekk! 0.001 il 0.01
0.01 ! 0.05 B 0.1
0.1 1

The two developed equations are applied to the dasiset and the results of the

predictions are shown here. The error is extrer@tlye in both cases and the reliability
of the predicative equation is objectionable.
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Table 4.5 Comparison of actual and predictedtdigration rate values.

Actual Ry, | Predicted Ry, | Predicted Ryy (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 406rpercent in spite of gootivalues.

The errors are too large to have any significaatlfgtive capability.
4.2.2. Texture2 (Clay loam)

Texture two (Clay loam) is divided into two groufise developmental group comprising
of 59 records, and the test group comprising ofet®rds.

Using the information from the tables below (TaBlé and Table 4.7) the following
equations are developed for texture two.

R,, = 0.26L Temperatue(°C)-0.22C WFP(%)-0.02C OC (%)
+1.020 pH -0.02* Nitrate Concentraion (g N g™ soil)
-0.110 Soil Depth(cm)+ 3.020 Bulk density (gmcm’®)
+669(R? = 046)

----- Equation 4.4

R,, = 0.28C Temperatue(°C)-0.21C WFP(%)-0.19C OC (%)
+0.830 pH -0.02* Nitrate Concentraion (4gN g*soil) - Equation 4.5
+9.35 (R?* = 045
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Table 4.6 Texture 2, Linear multi-regressionvaltiables.

Coefficients Estimate Std.Error t-value | Significance
Intercept 6.69 11.80 0.57
Bulk Density (g crit) 3.02 6.57 0.46
NOs Conc (g N g 0.02 0.01 3.56 o
soil)
OC (%) 0.02 0.53 0.01
pH 1.02 1.22 0.83
Soil Depth (cm) -0.11 0.12 -0.90
Temp (°C) 0.26 0.23 1.14
WFP (%) -0.22 0.06 -3.58 ok
Signif.Codes Signif.Codes Signif.Codes
0 k! 0.001 k! 0.01
0.01 - 0.05 0.1
0.1 1

Table 4.7 Texture 2, Linear multi-regressionvgelected variables (S)

Coefficients Estimate Std.Error t-value | Significance
(Intercept) 9.35 9.31 1.00
NOs Conc (ug N g soil) 0.02 0.00 4.73 i
OC (%) -0.19 0.29 -0.66
pH 0.83 1.07 0.77
Temp (°C) 0.28 0.20 1.40
WFP (%) -0.21 0.06 -3.75 il
Signif.Codes Signif.Codes Signif.Codes
0 ekt 0.001 k! 0.01
0.01 ! 0.05 0.1
0.1 1

The two equations are applied to the test datas@ttlee results of the predictions are
shown below. The error is large and unacceptaldecd the use of the predicative

eqguations is invalid.
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Table 4.8 Texture 2, Comparison of actual amdljgted denitrification rate values.

Actual Ry, | Predicted Ry, | Predicted Ry, (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

4.23. Texture3(Loam)

The loam database is divided into two groups. Tirst §roup comprises of 83 records

and is used for the development of the equatiohs. Second contains 18 records and is

used for assessment.

Using the information from the tables above théofeing equations are developed for

loam.

R, = 0.44CTemperate(°C)+0..01C WFP(%)-1.24C OC(%) +5.53C pH
- +0.00° Nitrate Concentrain (#gN g™ soil)} 0.13] Soil Depth(cm)

-13.9471Bulk densitygmcni®) - 2109(R? = 03).
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R, = 0.25CTemperatue(°C)- 0.04C WFP(%)-0.93C OC (%)

+3.390 pH -0.04* Nitrate Concentraion (#gN g™ soil) - Equation 4.7
-18.18(R* = 0.2)
Table 4.9 Texture 3, Linear multi-regressionwatl variables.
Coefficients Estimate Std.Error t-value | Significance
Intercept -21.09 10.17 -2.07 *
Bulk Density (g crit) -13.94 7.17 -1.95
NO; Conc (ug N g
soil) 0.00 0.01 0.38
OC (%) -1.24 0.47 -2.65 *
pH 5.53 1.37 4.04 il
Soil Depth (cm) 0.13 0.16 0.79
Temp (°C) 0.44 0.13 3.33 **
WEFP (%) 0.01 0.03 -0.06
Signif.Codes Signif.Codes Signif.Codes
0 Mkt 0.001 k! 0.01
0.01 ! 0.05 0.1
0.1 1

Table 4.10 Texture 3, linear multi-regressioth selected variables (S)

Coefficients Estimate Std.Error t-value | Significance
(Intercept) -18.18 7.49 -2.43 *
NO; Conc (g N g soil) 0.01 0.01 0.57
OC (%) -0.93 0.46 -2.03 *
pH 3.39 1.14 2.96 *
Temp (°C) 0.25 0.12 2.09 *
WEP (%) -0.04 0.03 -1.28
Signif.Codes Signif.Codes Signif.Codes
0 il 0.001 k! 0.01
0.01 ! 0.05 0.1
0.1 1
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Table 4.11 Comparison of actual and predictettdication rate values.

Actual Ry, | Predicted Ry, | Predicted Ry, (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 dasiset and the results of the

predictions are shown above. The errors are t@e lar have any predictive capability.
4.2.4. Texture4 (Loamy Sand)

No significant analysis possible due to limitedadat

4.25. Texture5 (Sand)

The sand database is divided into two groups,iteedgroup comprises of 84 records and
is used for the development of the equations ardséitond contains 19 records and is

used as an assessment

Equation 4.8 and Equation 4.9 are developed usiegriformation from Table 4.12 and
Table 4.13).
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Table 4.12 Texture 5, Linear multi-regressiothwvall variables.

Coefficients Estimate Std.Error t-value Significance
Intercept -21.73 12.57 -1.73

Bulk Density (g cri?) 10.35 7.76 1.33

NO; Conc (g N g 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 (°C) -0.01 0.08 -0.19

WFP (%) 0.03 0.02 1.90 .
Signif.Codes Signif.Codes Signif.Codes
0 il 0.001 s 0.01

0.01 ! 0.05 0.1

0.1 1

Table 4.13 Texture 5, Linear multi-regressiothvgelected variables (S)

-5.98(R? = 029).

127

Coefficients Estimate Std.Error t-value | Significance
(Intercept) -5.98 2.17 -2.75 **
NO; Conc (g N @ soil) 0.01 0.00 1.99
OC (%) 0.93 0.48 1.95
pH 0.63 0.39 1.64
Temp (°C) 0.00 0.07 0.00
WEFP (%) 0.02 0.01 1.69 .
Signif.Codes Signif.Codes Signif.Codes
0 ! 0.001 il 0.01
0.01 ! 0.05 0.1
0.1 1
R,, = - 0.01CLTemperatue(°C)+0..03C WFP(%)+ 1.34C OC (%)
+0.740 pH +0.00* Nitrate Concentraion (ugN g™ soil) )
. . T Equation 4.8
-0.010 Soil Depth(cm)+ 10.350 Bulk density (gmenm™)
-2173(R* = 032).
R,, = 0.00CTemperatue(°C)+0.02C WFP(%)+0.93C OC (%)
+0.630 pH +0.01* Nitrate Concentraion (ugN g™ soil) - Equation 4.9



The two equations are applied to the test datasettlze results of the predictions are
shown below. The error is large and hence the udstheo predicative equations is

unacceptable.

Table 4.14 Comparison of actual and predictettdication rate values.

Actual Ry, | Predicted Ry, | Predicted Ry, (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. Textureb6 (Sandy Clay L oam)
No analysis possible due to a limited amount ohdat
4.2.7. Texture7 (Sandy loam)

The sandy loam dataset is divided into two groubps, first group comprises of 143
records and is used for the development of the temsaand the second contains 38

records and is used as an assessment.
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Table 4.15 Texture 7, Linear multi-regressiomgsll variables.

Coefficients Estimate Std.Error t-value | Significance
Intercept -7.85 15.45 -0.51
Bulk Density (g crit) 1.64 9.20 0.18
NO; Conc (g N g soil) 0.01 0.00 8.86 i
OC (%) -0.31 0.89 -0.34
pH 0.90 0.26 3.44 i
Soil Depth (cm) -0.14 0.06 -2.13 *
Temp (°C) -0.05 0.04 -1.19
WFP (%) 0.06 0.01 8.53 i
Signif.Codes Signif.Codes Signif.Codes
0 Mot 0.001 s 0.01
0.01 ! 0.05 0.1
0.1 1

Table 4.16 Texture 7, Linear multi-regressiomgselected variables (S)

Coefficients Estimate Std.Error t-value Significance
(Intercept) -8.76 2.04 -4.31 o
NOs Conc ( ug N g soil) 0.01 0.00 9.66 o
OC (%) -0.49 0.26 -1.91
pH 0.93 0.27 3.50 ok
Temp (°C) 0.01 0.03 0.18
WFP (%) 0.06 0.01 8.62 ok
Signif.Codes Signif.Codes Signif.Codes
0 Hekk! 0.001 ekt 0.01
0.01 - 0.05 0.1
0.1 1

Using the information from the tables below (Ta#l&5 and Table 4.16) the following

equations are developed for Sandy loam.
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R;, = -0.05L Temperatue(°C)+0..06C WFP(%)-0.31C OC (%)
+0.900 pH +0.01* Nitrate Concentraion (xg N g™ soil)
-0.140 Soil Depth(cm)+1.640 Bulk density (gmcm’®)

- 785(R? = 076).

Equation 4.10

R,, = 0.01CTemperatue(°C)+0.06 C WFP(%)-0.49C OC (%)
+0.930 pH +0.01* Nitrate Concentraion (g N g™ soil)
- 8.76(R* = 075).

Equation 4.11

The two developed equations are applied to thedastset. The errors are once again

too large to be used to predict denitrificatioresat

Table 4.17 Comparison of actual and predictettdication rate values

Actual Ry, | Predicted Rq, | Predicted Ry, (L) | Error | Error (L) % Error % Error (S)
5.9433 4.29 417 -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
41213 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 115132857 |  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. Texture8 (Silty Loam)

Texture eight is divided into two groups, the figsgbup comprises of 202 records and is
used for the development of the equations anddbensl contains 58 records and is used

as an assessment.

Table 4.18 Texture 8, Linear multi-regressidrvatiables.

Coefficients Estimate Std.Error t-value Significance
Intercept -6.90 7.17 -0.96

Bulk Density (g crit) -3.23 4.60 -0.70

NOs Conc ( ug N g 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 (°C) 0.11 0.05 2.36 *

WFP (%) 0.03 0.01 2.39 *
Signif.Codes Signif.Codes Signif.Codes
0.00 P! 0.00 k! 0.01

0.01 ! 0.05 0.10

0.10 1.00
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Table 4.19 Texture 8, Linear multi-regressiomited variables (L).

Coefficients Estimate Std.Error t-value Significance
(Intercept) -39.32 10.13 -3.88 i

NO; Conc (g N g soil) 0.01 0.00 -0.37

OC (%) 0.77 0.35 2.17 *

pH 5.45 1.56 3.50 il

Temp (°C) -0.06 0.10 -0.61

WEFP (%) 0.03 0.03 1.35

Signif.Codes Signif.Codes Signif.Codes
0 k! 0.001 k! 0.01

0.01 ! 0.05 0.1

0.1 1

Equations developed for the silty loam texture Hasethe tables above,

R,, = 0.11 CTemperatue(°C)+0.03C WFP(%)+0.10C OC (%)
+1.0600 pH +0.01* Nitrate Concentraion (ugN g™ soil)
-0.020 Soil Depth(cm)- 3,230 Bulk density (gmecm’®)

- 690(R? = 016).

..... Equation 4.12

R,, = -0.06[ Temperatue(°C)+0.03C WFP(%)-0.77C OC (%)
+5.450 pH +0.07* Nitrate Concentraion (ugN g™ soil) - Equation 4.13
-39.32(R* = 012

Equation 4.13 seems to have a better predictienthan Equation 4.12 however neither
of the equations are reliable enough to be useutefictive equations as the errors are

large.
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Table 4.20 Comparison of actual and predictettdigcation rate values

Actual Ry, | Predicted Ry, | Predicted Ry, (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 Ry, | Predicted Ry, | Predicted Ry, (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

429. Texture9 (Silty Clay)

Texture nine is divided into two groups, the figgbup comprises of 24 records and is
used for the development of the equations andehbersl contains 6 records and is used

as an assessment.

Table 4.21 Texture 9, Linear multi-regressiomgsll variables.

Coefficients Estimate Std.Error t-value Significance
Intercept 98.16 23.15 4.24 il

Bulk Density (g crit) -16.89 13.15 -1.28

NOs Conc (g N g soil) -0.88 0.19 -4.7 ok

OC (%) 0.43 0.30 1.42

pH -0.44 0.48 -0.92

Soil Depth (cm) -4.08 0.84 -4.85 rkk

Temp (°C) -0.51 0.07 -7.16 rkk

WEFP (%) 0.08 0.02 5.01 el
Signif.Codes Signif.Codes Signif.Codes
0.00 il 0.00 k! 0.01

0.01 ! 0.05 0.10

0.10 1.00
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Table 4.22 Texture 9, Linear multi-regressiomgselected variables (S)

Coefficients Estimate Std.Error t-value Significance
(Intercept) 6.42 4.64 1.38

NO; Conc (g N g soil) -0.03 0.11 -0.27

OC (%) 0.70 0.23 3.02 i

pH -0.14 0.75 -0.18

Temp (°C) -0.28 0.08 -3.26 i

WEFP (%) 0.02 0.02 111

Signif.Codes Signif.Codes Signif.Codes
0 k! 0.001 k! 0.01

0.01 ! 0.05 0.1

0.1 1

Equations for texture nine are developed basedatne™.21 and Table 4.22

R,, = - 0.51 CTemperatue(°C)+0..08C WFP(%)+0.43C OC (%)
-0.440 pH -0.88Nitrate Concentraion (xg N g™ soil)
- 4.080 Soil Depth(cm)- 16.890 Bulk density (gmcm’®)

+9816(R? = 088)

R,, = - 0.28CTemperatue(°C)+0.017C WFP(%)+0.699C OC (%)
-1.40 pH -0.03* Nitrate Concentraion (g N g™ soil)

+6.42(R? = 066).

Equation 4.14

Equation 4.15

Table 4.23 Comparison of actual and predictettdication rate values

Actual Predicted | Predicted Error % E % Error
o Error
Ran Ran Ran (L) Error (L) (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 thectex$ variables are better at
predicting the denitrification rate. The improvermenhowever not sufficient enough for

it to be used with any confidence.
4.2.10. Texturel0 (Silty Clay L oam)

Texture ten is divided into two groups, the firsbgp comprises of 55 records and is used
for the development of the equations and the seconthins 16 records and is used as an

assessment

Equations for silty clay loam are developed basedtle information below, the

coefficient of determination for both equation®i28.

R,, = -0.17 CTemperatue(°C)+0..03C WFP(%)-1.75C OC (%)
+9.740 pH + 0.03Nitrate Concentraion (ugN g™ soil) - Equation 4.16
-0.080 Soil Depth(cm)+ 8.530 Bulk density (gmem®) — 6345

Ry, = -0.1400Temperatue( °C)+0.030WFP(%) -2.500C (%) +9.50 pH

+0.02* Nitrate Concentraon (ugNg*soi)-52.5 Equatlon 4.17

Table 4.24 Texture 10, Linear multi-regressisimg all variables.

Coefficients Estimate Std.Error t-value | Significance
Intercept -63.45 60.63 -1.05

Bulk Density (g crif) 8.53 41.27 0.21

NOs; Conc (pg N g soil) | 0.03 0.01 0.89

OC (%) -1.75 4.25 -0.41

pH 9.74 2.89 3.37 xx

Soil Depth (cm) -0.09 0.41 -0.21

Temp (°C) -0.17 0.29 -0.58

WFP (%) 0.03 0.12 0.25

Signif.Codes Signif.Codes Signif.Codes
0.00 k! 0.00 bl 0.01

0.01 ! 0.05 0.10

0.10 1.00
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Table 4.25 Texture 10, Linear multi-regressising selected variables (S)

Coefficients Estimate Std.Error t-value | Significance
(Intercept) -51.5 20.62 -2.5 *
NOs Conc ( ug N g soil) 0.02 0.01 111
OC (%) -2.53 1.75 -1.44
pH 9.52 2.64 3.6 ek
Temp (°C) -0.14 0.26 -0.55
WFP (%) 0.03 0.11 0.27
Signif.Codes Signif.Codes Signif.Codes
0 k! 0.001 ! 0.01
0.01 e 0.05 0.1
0.1 1

The two developed equations are applied to the dasiset and the results of the
predictions are shown below. The errors are largkthis set of equations is unable to

predict the denitrification rate.

Table 4.26 Comparison of actual and predictettdication rate values

Actual | Predicted | Predicted Error % Error % Error
Ran Ran Ran (L) | Error L ° (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. Texturell (Silt)

No data available

4212. Texturel2 (Sandy Clay)
No data available

4.2.13. Texture 13 (Peat)

Of the 16 available records seven are missingrataiconcentration value, in addition
the pH for the majority of the data is the same #rate is not much variation in the
temperature and density. As a result it is decidetl to conduct a multi-regression
analysis on the pear dataset as any regressiomethtia possibly unreliable.

43. Summary

The results from the linear multi-regression wihiisplaying considerable improvements
in the coefficient of determination across all sks are however not capable of

accurately predicting the denitrification rate.

In addition to using all the factors, multi-regress analysis is carried out on each
textural set again using only the significant fastas determined by step wise multi
regression. This set of equations while not showithis work does not yield any new
significant information to the task at hand.

The error between the actual measured denitriinatalues and the predicted values is
in many cases in excess of a 1000 percent. White ishcertainly indicative of the
complexity of the problem what is equally confusisghe negative correlation between
the denitrification rate and organic carbon in sarhéhe textures. While a great deal of
information about denitrification and the rate dtiet it occurs is yet to be conclusively
established , the one known condition is that asatfmount of organic carbon increases
the denitrification rate increases. There are sgwperiments that support this relation,
chief of which is Anderson’s (1998) linear regressithis is further supported by the

results in chapter two.
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Overall it is interesting to note that equatioeseloped using only the significant factors
as determined by a stepwise multi-regression whitaing the same correlation
coefficient are better at predicting the denitafion rate when compared to the equations
developed using all the variables. It is also ergly interesting that the significant

variables change between textures.

The use of the equations developed in this sectiost thus be viewed with caution and
with the understanding that it is more than likelyat any predictions based on this
section will result in errors in the estimationtb& denitrification rate. If nothing else, it
can certainly be stated that denitrification is ragess that is possibly related to the
controlling factors in a non linear complex relasaip. It would thus be difficult to
imitate such a relationship using conventionalistiatl methods.
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CHAPTER FIVE

5. ANALYSISUSING NEURAL NETWORKS

Attempts to establish relationships between theitdgration rate and the various
controlling parameters using conventional sta@timethods have met with limited
success. It is clear that any attempt to develgpreeralized set of equations to estimate
the denitrification rate requires a method thatcaépable of dealing with multiple
variables and the complex non-linear relationshipgt are characteristic to

denitrification. Artificial neural networks (ANNgjossess such a capability.

Logistic regression models can also be used to hmmtaplex nonlinear relationships
between independent and dependent variables; howleigerequires an explicit search
for these relationships and may require complexstamations of predictor or outcome
variables (Tu, 1996). Appropriate transformationaymmot always be available for
improving model fit, and significant nonlinear retaships may go unrecognized by
model developers (Tu, 1996). Neural networks hdnee ability to detect all possible
interactions between predictor variables. The mddger of a neural network gives it the
power to detect interactions or inter-relationshyp$ween all of the input variables (Tu,
1996).

5.1. I ntroduction

Artificial neural networks (ANNs), sometimes simptglled a neural networks are a
mathematical model or a computational model thauktes the structure or functional
aspect of a biological neural network. In many same ANN is an adaptive system that
changes its structure based on information thavdléhrough the network during the
training phase (Fausett, 1994).

An artificial neural network is specified by: (MayBaese, 2009):

. An architecture: this is a set of neurons and licisnecting the neurons, with
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each link having a predetermined weight
. A model: this is the information processing compurad the neural network
. A learning algorithm: this is the set rules witkwhich the network will learn

based on the training data provided

Input layer Output layer
of of
source nodes neurons

Figure 5.1 Single Layer Feed Forward Network ybteBaese, 2009)

There are many different types of artificial neunatworks, this work uses the simplest
and the most widely used type of network, i.e. FEedvard Neural Network. In this

type of a network, the information moves in onlyeadirection, forward, i.e. from the

input nodes, through the hidden nodes (if any) tanthe output nodes. There are two
main types of feed forward neural networks, a gigler and multi layer. A single-layer

network (Figure 5.1) is a network which consistaaingle layer of nodes; the inputs are
fed directly to the outputs via a series of weightsthis way it can be considered the
simplest kind of feed-forward network. The (McCulePitts) perceptron (Figure 5.2) is
a single layer NN with a non-linear sign functidime sum of the products of the weights
and the inputs is calculated in each node, anthafualue is above a predetermined
threshold (typically 0) the neuron is activated aakks the activated value; otherwise it
takes the deactivated value. The multilayer feeddod neural network (Figure 5.3)

consists of multiple layers of computational unitssually interconnected in a feed-
forward way. Each neuron in one layer has directhections to the neurons of the

following layer.
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Figure 5.2 McCulloch-Pitts (Meyer-Baese, 2009).

3-4-2 Network

Output
fayer

Input
layer

Hidden Layer

Figure 5.3 Multi- Layer Feed Forward Network (\de-Baese, 2009).

5.2. Previouswork

Almasri & Kaluarachchi (2005) have shown that M@uNeural Networks (MNN) can
be used to predict the nitrate distribution in grdwater using the on-ground nitrogen
loading and recharge data. In order to study tiséridution of nitrates in the Sumas-
Blaine aquifer in Whatcom County (Washington Statimey created a MNN and
compared the results to that of a classical fateteansport model. Their results indicate
that the perfromance of the MNN is better thanANN, and that the MNN can provide
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rational predictions in contaminated areas. Whilenawledging that the perfromance of
the MNN was less than the classical fate and t@msmodel, they found that the
accuracy is good enough for it to be considereal @m®liminary tool of analysis.

In a recent study Zuo (2008) has shown that itasspple to estimate the amount of
nitrogen removal due to denitrification using atifiaral neural network. The artificial

network was created using MATLAB Neural Network Thox 4, and had nine input
nodes and three output nodes. After training thivor, accuracies for prediction of
nitrate concentrations was + 10 % thus demonsgatitat accurate predictions are

possible.

In a study of denitrification in a constructed vaeidl in Seoul, South Korea, Song et al.
(2006) were successful in using a multi-layer penam network to predict
denitrification. Their results show 91% accuracythe prediction of denitrification
suggesting that ANNs can be a powerful tool inneating the rate of denitrification.

While the above works suggest the ANNs are usefulthe estimation of the
denitrification rate, all of the studies are baseda very small local database. The
selection of the data in this manner in essenceresshe success of using an ANN to

predict denitrification.

The first attempt to apply ANNSs in predicting thendgrification rate across wider region

is by Oehler et al., (2010). They designed an ANMNsitnulate N emissions from the

denitrification process at the field scale. Thefmenance of the ANN outside the training

(calibration) dataset space is not assessed amanitdisplay physically unrealistic

behavior (Oehler et al., 2010). To improve predittiaccuracy and increase model
generality Oehler et al., 2010 suggest that theldete will need to be larger to account
for various types of soil (with more clay notablyijhe database used in this work
contains 1129 records as opposed to the 449 reasatkby Oehler et al. (2010).

5.3.  Building the neural network and code
Based on the work done by Oehler et al., (2010p, 2008) and Song et al (2006), a two

layer feed-forward network with sigmoid hidden lesy@nd linear output neurons was
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developed. In order to control over-fitting and epéndent validation the dataset from
each texture is divided into three subets; trairseg(80%), validation set (10%) and test
set (10%). The ANN training is performed on thetbme training set only. The sole
purpose of the validation set is to prevent thevodt from over —fitting. The test dataset
is used as a measure of the networks performanwe.nétwork is trained with the
Levenberg-Marquardt back-propagation algorithm luihé¢ mean squared error cannot

minimized any further.

The development of the networks in this work maybeeralized as follows:

1) Divide the database based on texture.

2) Random subdivision of the dataset into three sshdedining, validation and
testing

3) Development of the ANN

a. Choose the number of input nodes based on the pteesrselected

b. Choose the number of hidden layers and nodes. ptimam number
of hidden nodes and hidden layers is dependenh@mamplexity of
the modelling problem.

c. Train the network: Using the training dataset tiile 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 thedpfimed required level of
accuracy with the simplest possible ANN structure.,(the fewest nodes)
because this minimizes training time, improves oekwgeneralization and
lessens over-fitting effects.

5) If the evaluation is unsatisfactory, repeat ste@sahd change the number of

nodes.
To aid in the development of the ANN, the datasetdivided based on texture.

Information from each textural class is then fedbithe ANN. This leads to the
development of 8 distinct subsets of the ANN depmlent. Initially the ANN was
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developed in MATLAB using it's ANN toolbox, eventliato automate the process

codes were developed for the development and aseassf the ANN.

Several networks were created and evaluated; t@ kesck of the networks the
convention used to label the network is ANN 5-7-@gre the first number represented
the texture, the second the number of input nodesthus the number of input data

required and the third number represented the nuofidedden nodes.

Initially only four parameters are considered; oigacarbon, temperature, water filled
porosity and nitrate concentration. As there aréy dour parameters considered, a
network with four input nodes, two hidden nodes ané output node is developed for
each texture (X-4-2 network, where X representdektural class).

The network is trained repeatedly till there isimprovement in perfromance. For each
new training run the weights and biases are reseeto. If after a repeated number of
training runs (30) there is no improvement in thsuits the number of hidden nodes is
increased and the process restarted. This prosesmtinued till there is no significant

improvement in the results. A maximum limit of tvemidden neurons is set before the

entire set of networks developed for the texturgiandoned.

Besides the four selected parameters above, netwweke developed by gradually
increasing the number of input variables and ththes number of input nodes. This
resulted in an improvement in the accuracy of savheghe networks. During the
development of artificial networks for Sand, Saddgm and Clay the best results are
obtained with 20 hidden neurons, this is true reigas of the number of inputs. In many
cases the results of the networks did not diffecimbetween the use of 15-20 hidden
neurons. In order to keep a consistent fromatetivarks are developed using 20 hidden
neurons. The necessity to use a higher number dafehi neurons is reflective of the
complexity of the process. The use of such a largaber of hidden nodes necessitates
scrutiny of the network to prevent over-fittingetlise of the validation dataset is thus

essential to the process.
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Eventually the final set of networks evaluated eorgd 7 input Nodes, 20 hidden nodes
and one output node. This corresponded to the it jpgrameters that were compiled for
each denitrification value. Each network is evaddain terms of the error (Error =

(Predicted— Observe()
Observed

Predicted— Observed) or percentage error descag@@rror = [1100.

While the database used in this work is more thauwbtk the amount used on Oehler et
al. (2010) it is still insufficient to expand theethod to encompass all possible textural
and soil profile scenarios. Due to the paucityte tlata no attempt is made to develop
neural networks for the following textures; Silo(data), Sandy clay (no data), Loamy
sand (n=4) and Sandy clay loam (n=5). While nenstlvorks are developed for clay
(n=27), it is done with the understanding that tlesults bound to be unreliable.
Realistically, the only networks that may be coeed reliable are Clay Loam (n=77),
Loam (n=102), Sand (n=103), Sandy Loam (n=181)ySdam (n=260), Silty clay
(n=283) and Silty clay loam (n=71).

54, Results

54.1. Texturel (Clay)

With only 27 records the dependability of the natwdeveloped for the clay subset is
unreliable. One record is deleted due to a misgaige and the network is developed on
the remaining 26 records. The network used is ANN2D. As can be seen in Figure 5.4,
when compared to the earlier methods, the netwerkgms quiet well for the training
and validation but does not perfrom as well for tinst dataset. This is because the ANN
does not have sufficient data to learn. The emoges from 1117 % - 0.62 %. There are
five denitrification rates with high error percegés (> 100 %), these are mainly from the
test dataset, the percent error for the trainirgdj\alidation dataset is between 87.08 % -
0.62 %.
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Figure 5.4 ANN 1-7-20

54.2. Texture2 (Clay Loam)

The clay loam dataset is made of 77 records thissdais reduced to 69 records due to
eight missing values. The network developed fa tekture has a percentage error range
of 1449 % - 1.35 % (Figure 5.5). Only ten of thevd®ues have an error of over a 100%.
This is the best perfroming network that had bemretbped for this texture. The network
predicts the denitrification rate to within a reasble error for the higher rates but seems
to have trouble with the lower denitrification rateThis may be due to the networks

inability to discriminate between values that dose together.
54.3. Texture3 (Loam)

The loam dataset is made up of 102 records; okthdshave missing data. The network
developed for this texture is ANN 3-7-20. The petage error is between 542% - 0.17%
(Figure 5.6). Only eight of the 102 values haveeaor of over a 100%. This network as

well seems to have trouble predicting denitrifioatrates at the lower end of the scale.
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54.4. Texture5 (Sand)

The sand dataset is made up of 103 records; o¢ thbdhave missing data. The network
developed for this texture is ANN 5-7-20. this I tbet perfroming network of all the
developed ANNs. The percentage error is betweer?0184.10% (Figure 5.7). Only
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three of the 89 values have an error of over a 100Mile the perfromance of this
network is by far the best, the errors are stiliha&t lower end of the scale. The network
ANN 5-7-20 is applied to two subdivisions in Jaakgitie and the results are described
in section 7.3. The network, its weights and biasesdescribed in detail in appendix F.
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Figure 5.7 ANN 5-7-20

545. Texture7 (Sandy Loam)

The sandy loam dataset has 181 records of dats. ddtaset is missing 76 nitrate
concentration values and four water filled poros#jues. Thus only 105 records of data
are useable. The main network in use is ANN 7-7f2Qure 5.8). The percent error
ranges from 277.78% — 1.05%. The network is noe abl accurately predict the
denitrification rates; however at higher denit@fion rates the accuracy of the network

seems adequate.
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54.6. Texture8 (Silt Loam)

The database has 260 records of silt loam, thexeldrmissing values reducing the
number of useable records to 248. The main netiotse is ANN 8-7-20. The percent
error for this network ranges from 2000% - 75 %g(ffe 5.9) and is by far the least
accurate of the networks developed. The largests@are for the lower denitrification

rates.
54.7. Texture9 (Silty Clay)

There are 283 records for silt clay of these ohhgé have missing values. The network
in use is ANN 9-7-20. The percent error for thiswegk ranges between 5 % - 160 %
(Figure 5.10). This network has the greatest amofirerrors at the lower end of the

scale, for higher denitrification rates the netwpridicts the rates relatively accurately.
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54.8. Texture 10 (Silty Clay Loam)

Texture 10 is composed of 71 records with nine imgssalues. The network is almost
perfectly trained but is not accurate in predicting denitrification rate. The errors range
from 115.6% -7.2%. The errors for this network higher when the denitrification rates

are lower.
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Figure 5.11 ANN 10-7-20

55  Summary

In general the ANNs achieve a better performaneaa #xisting models. It is purely due
to a lack of accurate data that a reliable netwsrkinable to be developed for some
textures. In several situations there is a conalder improvement in the networks
performance by deleting data that are identifiegh@ssibly outliers. This however does
have the disadvantage of reducing the number ofdsaused and by discarding spurious

data the networks could possibly be subject toastfip bias.
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In addition a constant factor to the failure of thetworks is the lack of higher
denitrification rates. The neural networks seembimdo discriminate any consistent
pattern when the range of the denitrification rageat the lower end of the scale. A
possible method to overcome this issue would becébe up the denitrification rates by
multiplying them by an appropriate factor. Attemptsdeveloping ANNs by scaling up
the denitrification rates are met with little susseThis is primarily because the ANNs
are unable to discriminate between the large waoétinputs and the narrow range of
denitrification rates. There are other ANNs that aapable of this task but this will
require further research into both the use of demeavorks and the idiosyncrasies of
denitrification. Once an accurate set of netwonksestablished the ability to implement
the networks into programs like Arc-GIS and similaiormation systems adds value to
the ANN.

While there is no easy solution to the problem thaet out, unquestionably ANNs are a
very powerful tool in estimating the denitrificatioate. It is the author’s firm belief that
ANNSs are a functional and powerful tool in the ques find a simplified model to

estimate denitrification rate.
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CHAPTER SIX

6. USEOFISOTOPESTO ESTIMATE LOSSOF
NITRATESDUE TO DENITRIFICATION.

It is well known fact that denitrification is a bogjical anaerobic process which involves
the reduction of nitrate to nitrogen by heterotiopbacteria such a$aracoccus
denitrificansand various pseudomonads. While the process ies@everal stages in the
conversion of nitrate to nitrogen it may be sumnugdand expressed as a single step

reaction (Equation 6.1).

2NQ; +10€ +12H* _ N, +6H,0 e Equation 6.1

As the reaction is biologically mediated it is areversible biogeochemical reaction that
is accompanied by significant fractionation becaokéhe bacterial preference for the
lighter isotope. Like other irreversible biogeocheah reactions, denitrification is
accompanied by significant isotope fractionationttw light isotope (i.e.X*N or *°0).
This fractionation results in enrichment of theideal NO; in the heavier isotope (i.e.,
5N and*®0) (Chen and McQuarrie, 2005).

6.1. Useof dual isotopesto identify denitrification

Several investigators used the dual-isotop€N and 6'°0) approach to investigate
denitrification in groundwater (Bottcher et al. D99Wassenaar 1995; Aravena and
Robertson 1998; Grischek et al., 1998; Cey et391 Mengis et al. 1999; Devito et al.
2000, Lobnik et al., 2008). These investigatorsenbed a relatively strong correlation
between measured values &N and3'?0. A potential benefit of analyzing both the
5N and 3'°0 of NOy is that oxygen isotopic compositions vary systécadly with

nitrogen isotopic compositions during denitrificati (Kendall 1998). Using the dual-
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isotopic approach should therefore provide hightymplementary and convincing

evidence for the occurrence of denitrification. é@land MacQuarrie, 2005).

Bottcher et al. (1990) studied microbial denit@afion in a sand aquifer and concluded
from the measured isotope ratios that there iseatirelationship betweé°N anda'®0
values, with™N fractionating by a factor of 2.1 more th&®. Aravena and Robertson
(1998) reported a linear correlation &fO versusd'®N with a slope of 0.48, a result
similar to that of Bottcher et al. (1990). Cey @t @999) found a similar linear
relationship betweed*®0 andd™N values in a riparian zone aquifer in southernafiat
and used this linear relationship as additionaldence for denitrification in the
groundwater system. Mengis et al. (1999) and Dewital. (2000) also find a similar

linear relationship betwea?0 and3™N values in groundwater in river riparian zones.

6.2. Derivation of the method

Chen and MacQuarrie (2005) demonstrated the theakaeason for the relationship

between>™N andd'®0. Based on their theoretical reasoning it canHosvs that;

OP°N=9°N+&, In% ---- Equation 6.2
0
15~ — 515 Ct H
0,°0=9,"0+&, InC— ---- Equation 6.3
0
0’0 =a+bdo"°N ---- Equation 6.4
Where,

15N
14 N
sample

———-1{[11000
[ 15N J
14
N standard
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o
160
sample
16,
O standard

E= 103(1_ﬂ)
B

00 = —1|[1000

a = Regression constant

b = Fractionation ratio &0/ en.

€o = The enrichment factor of Oxygen during denication.

en = The enrichment factor of Nitrogen during defiitation .

SO =Kk16 /k18 is the kinetic isotope effect for oxygen, &ié andkl8 are the reaction
rate constants for R0; and N°0;

Based on Equation 6.2 it can be seen that the iequéikes the from of linear

equationy = mL x +c, this means that ®"N; is plotted against In (o), the resulting

slope and intercept will give the valuesegfand (O5°N ).

An enrichment factorg can hence be approximated using dual isotopesnérate
concentration. The enrichment factor is the ratelach the residual pool of solution is
enriched in the isotope i.e., the rate at which &% increases as denitrification

proceeds.

Based on experimental data several authors havelfthat the range of the enrichment
factor associated with complete denitrification detween -17 to —-29%. (Bates et
al.,1998; Bates and Spalding,1998; Blackmer andnBex,1911; Bottcher et al.,1990;
Mariotti et al.,1981,1988; Smith et al.,1991; Spaddet al.,1993; Spalding and Parrott,
1994). Since denitrification is a biologically mat#d process if there was no
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denitrification, nitrate would not be enriched 3PN and in effect there would be no

enrichment of the heavy isotope. This implies thatenrichment factor would be zero.

We assume that at any stage of denitrification imien region or location, the
enrichment factor for the system due to denitrifma would be any where between the
two extremes of complete denitrification and no ittéitation. As there are two
pathways for the reduction of nitrate in an ecaays{DNRA and denitrification) the
enrichment factor may have a value that lies betvikese two extremes.

In order to obtain an estimate of the nitrate reatbgiue to denitrification we may

1) Plot thed'®0 vs.3™N, to estimate the slope b (slope ~ 0.48)

2) Plotd™N vs. In (G/IC,) , i.e. the log of the fraction of nitrate remaigito estimate

€

3) Plote for 0, max denitrification and the value obtained
4) Determine the percent of nitrate lost due to ddigiéition from the resulting

graph

The example (Figure 6.1) shows how #8N—NO;~ isotope enrichment at a point on a
curve with a certain enrichment factor may be laited to denitrification and
assimilation (plants and microorganisms). An anedytderivation of the process is
presented by Wang (2011).

A Rayleigh curve with enrichment factor due to omlgnitrification €°) is — 17%o
(literature value from Blackmer and Bremner (19%&/kurve withe® = 0%o represents a
system with only assimilation, and a curve with= — 8%. represents a wetland system
with both denitrification and assimilation. If tH@mal NO; concentration represents a
loss of 70% (remaining fraction of 0.3), about 6{®4!3/0.70) of the N@ loss would be

attributed to denitrification while about 39% (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 toittditation (Lund et al., 2000).

Lund et al. (2000) have used this method to esérttad percent of nitrate removed due
to denitrification in a wetlands environment in #oarn California. Using this method
and by considering a laboratory derived value of%las the enrichment factor strictly

due to denitrification, 63 % of the losses couldabebuted to denitrification.

The main disadvantage to this approach is thaetisea range of enrichments factors for
denitrification. The enrichment factors are deridembed on laboratory testing and as
such there is a wide range of values that can leel, ushile this may possibly be

attributed to differences in methodology it may giessible that the differences in the
enrichment factor are due to different denitrifioat rate constants and substrate

concentration. (Ostrom et al., 2002).

Pintar et al. (2008) and Sovik and Morkved (200&Yéhused this method to estimate the
percent of nitrate lost due to denitrification wetlands and have found that isotopes can
be a useful semi-quantitative tool to quantify ddfncation. Several other authors

(Steingruber et al., 2001; Smith et al., 1978, 20Bd4ve used isotopes to measure

denitrification.
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Using this method the percent of loss of nitrogaa tb denitrification is obtained for the
study areas in Jacksonville (FI). While it was idifft to know the initial nitrate
concentrations we could assume the standard of &%imgr the highest nitrate
concentration value to beyCAs this is a very conservative estimate the tesstimated
denitrification rate would be a minimum possibledoBased on the above methodology
and assumptions we estimated 26 - 82% of nitrateved in the Jacksonville area that

can be attributed to denitrification.

6.3. Useof isotopesto estimate the loss of Nitrogen dueto
denitrification.

Between September 2009 and December 2010 samptescaiected from three study
locations and an isotopic analysis is conductedhat Colorado Plateau Analytical

Laboratory, Arizona. The results are applied toghgly sites

The data shows that denitrification is taking placell the study areas, all of the regions

show an increase &1°0 asd™°N increases.
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Figure 6.2 3'%0 vs.3"°N Eggleston Heights (April 2010).
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Table 6.1 Eggleston Heights (April 2010).

Sub-division : Eggleston Heights

Enrichment Factor (%o) : -3.9

Location Ci/Cy % Loss (Rqgn)
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

3®0oVs. 3N

12

y = 0.4928x + 0.2287 .
101 R? =0.9342

6180
o

515N

Figure 6.3 3'%0 vs.3'"°N Eggleston (June, 2010).

Table 6.2 Eggleston Heights (June, 2010).

Sub-division : Eggleston

Enrichment Factor (%.) : -3.69

Location Ci/Cy % Loss (Rqgn)
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 &0 vs.3"™N Eggleston Heights (September 2010).

Table 6.3 Eggleston Heights (September, 2010).

Sub-division Eggleston Heights
Enrichment Factor (%o) -4.8

Location Ci/Cy % Loss (Rqgn)
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 5°0 vs.8"N Julington Creek (April 2010).

Table 6.4 Julington. Creek (April 2010).

Sub-division Julington
Enrichment Factor (%o) -2.2
Location Ci/Cy % Loss (Rqgn)
CS-2 0.03 36.74
CS-SwW 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  3'%0 Vs.8"N Julington Creek (December, 2010).

Table 6.5 Julington Creek (December, 2010).

Sub-division Julington
Enrichment Factor (%o) -1.29
Location Ci/Co % Loss (Ryn)
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 Heighlimgton Creek and Lake Shore.
The areas are subdivisions within the city of Jaokgle which is a part of Duval County
and under the St Johns River management distrius fiegion is composed of well
drained soils. The primary aquifer for drinking emis the Floridian aquifer which is
overlain by the surficial aquifer. In most of Duv@bunty, the surficial aquifer system is
divided into two water-bearing units, the upperavaable unit and the lower limestone
unit. These two units are separated by sedimentswofpermeability and water cannot

easily move from one unit to the other.

The surficial aquifer system ranges in thicknessnfiess than 10 ft (3.03 m) in the St.
Johns River Valley to about 100 (30.3 m) ft in veestDuval County (Fairchild, 1972)
and is separated from the underlying Floridan a&jugystem by the intermediate
confining unit. The water-table unit is the uppartpof the surficial aquifer system and
consists of sediments ranging from 25 ft (7.5 mp@oft (15.15 m) that were deposited
during the formation of the marine terraces anccbealges associated with glaciation..
Geologically the surficial aquifer system is comg®f undifferentiated fine to medium-
grained quartz sands, siliciclastics, fine to ceaysained sand but could contain thin beds
of sandy clay (Miller, 1997; Davis, 1998; Belangé¢gl., 2009)

The three statistical methods developed in thikveme used to estimate a denitrification
rate; the methods while mainly statistical have afscluded the use of stable isotopes.
All the methods are applied to the three study saraad results are compared to

understand the importance of denitrification in &énea.

As this work is primarily concerned with denitriiton in saturated zone of the surficial

aquifer the water filled porosity is consideredo® 100 percent. Since temperature of the
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groundwater reflects the average year round terpere25°C is used, this is the average
yearly temperature for Jacksonville. In additiomasch of the aquifer is made up of sand
and gravel all predictions are based on texturgahd). Where required an assumed bulk
density of 1.25 gm cfhis used. The pH and organic carbon values arénsttdrom the
soil survey database from the Natural Resourcess&wation Service (NRCS), soill
Survey Geographic (SSURGO) database. The informatiom the NRCS data is
averaged for the area and additional sources ssidhesature data were then used to
gather input information for the Study area in axkille.

The following information is used to calculate tenitrification rates for the Lake Shore
region, Texture 5 (Sand), Temperature 20°C, WFRYd0as we are concerned with the
saturated zone, pH 5.2 (average pH of soils inréggon), bulk density 1.5 gm ¢

saturated thickness of 1000 cm, Organic carbonepésige of 2.1% and an average

concentration of 10.Ag N gm-1soil. All of the values were derived basadaverages.

7.1. Linear Regresson and Monte Carlo analysis

The closest equation that can be used is the lmegmession developed from 5-15-100-6
(Texture 5, Temperature 15, WFP 100, Nitrate Cotmagon 6). Based on Figure 2.60
the denitrification rate can be estimated usingfétiewing equation

Ry, =1.9840organiccarbon -0.3768 ---Equation 7.1

Based on an organic carbon value of 2.1 perceatjénitrification rate is estimated to be
3.7896Kg Nha'd™. As reaction rates are assumed to double for ed€rPC the

denitrification rate at 25 °C is 7.578% Nha'd™. In addition to using the equation
above the Monte Carlo simulation is run for an argaarbon value of 2.1 percent. The

simulation results in a predicted mean of 8.4&28 Nha'd ™ with a minimum value of

1.0025Kg Nha'd™and a maximum value of 11.738§ Nha'd™.
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7.2.  Multiple Regression

Three equations are used to estimate a denitidicaate, the first uses Equation 4.1 and
results in a negative estimated denitrificatiorerabhe second uses Equation 4.8 and
results in an estimated value of 4.38BNha'd™ the final uses Equation 4.9 and

results in a negative estimated rate of denittifoca The results are spurious and as the
coefficient of determination for the equations lane the results are viewed with caution.

While the value of 4.588g Nha'd™ is within the range of values estimated by the

Monte-Carlo method this method is perhaps the ldasdy to accurately estimate the rate

of denitrification.

7.3. Neural Network

For Lakeshore the following information is inputarthe ANN 5-7-20, temperature 25°C,
WFP (100%) as we are concerned with the saturateed, pH 5.2 ( average pH of soils in
the region), bulk density 1.5 gm &€msaturated thickness of 1000 cm, Organic carbon

percentage of 2.1% and an average concentrati@i@b gN gm™ soil. All of the

values are derived based on averages. Based cabtwe data it is estimated that the

denitrification rate in the Lake Shore region oé thacksonville City in Duval county
Florida is 8.339&g Nha'd™. The ANN used for Julington Creek and Eggleston

heights is the same as for lakeshore. The temperalFP and soil depth are the same as

for the Lakeshore region and the rest of the inadid is given in

Table 7.1 Summary of Input data for the studyaar

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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74. Summary

The information derived in this work is appliedtte three study areas in Jacksonville.
Each of the methods is an independent statisticalysis all be it on the same database.
The results of the four methods are, within reasoagreement. For the Lake Shore area

based on the hierarchal linear regression the rifesation rate is estimated to be

7.59Kg N ha*d™ . Using the Monte Carlo method the denitrificatiate is estimated to
be 8.4&Kg Nha'd™, with minimum possible value of 0.0Kg Nha'd™ and a
maximum possible value of 11.K4 Nha'd™. The multi-regression analysis yields a

value of 4.58&g Nha'd™; this is the only anomaly in the results that hdesen
obtained so far. Based on results from the ANN dagitrification rate is estimated at

6.69Kg Nha'd™. The results for all the areas are given below.

7.5. Summary of denitrification ratesfor 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 | 854 | 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 Netwods#ts
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 peesive method that will enable
environmental agencies to have a tool that is &blquickly assess the denitrification
rate. As such it is acknowledged that this is ngbrecise tool or a panacea to the
complexity of determining denitrification rates method to roughly estimate the loss
of nitrated due to denitrification. If detailed dkeification rates are required traditional

methods and field experiments are unavoidable.

8.1. Data Collection

In order to develop statistical relationships aablase containing 1198 records of
information is collated from literature and dirgotibtained from research scientists. Each
record has eight variables and a denitrificatiote.r&Vhile there are some records that
contain missing data, overall this accounts fos légmt three percent of the dataset. The
denitrification rates are reported in several ddfé units (Heinen, 2006) and are hence

converted to a common unitkf§ Nha'd™.

8.2. Statistical Analysis

Three different statistical methods are used tcebigva relationship between the factors
that control denitrification and the denitrificatiocate. Hierarchical Linear Regression,
Monte Carlo simulations, Multiple-Regression anelyand Neural Networks are used to
develop the relationships between the eight aviailphrameters in the database and the
denitrification rate. Each method developed hagditions but when used as described in
this work, it is possible to have a semi-quanti@atestimate of the denitrification rate.
Besides statistical analysis, isotope data is tsestimate the loss of nitrates due to

denitrification.
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8.3. Main Results

The linear equations offered some predictive cdjpgbbut they are limited to use in the
same area and conditions as the data that wastoiskstive the equations. At the very
best these equations provide an adequate indicafidhe possibility of denitrification
occurring in a given region and a rough estimatthefamount of denitrification that may
occur. This method is weighed down by the inacoyi@nd variability in measurement
techniques. In addition while organic carbon maybe of the most important factors for
denitrification it is careless to place the titletbe most important factor on it or any
given variable. There are several factors thateapeally important which is why the
regression equation improved as the data wereeativithsed on the factors as described
in chapter 2. The use of the equation developethis section is thus limited to the

environmental conditions specified in the code pdatg the equation.

The multiple-regression equations do offer someebgiredictive capability but once
again they fail to take into account the entireddtctors that control the denitrification
process. In addition they failed to capture the glem set of interactions between the
controlling factors and the denitrification rate.h/é overall they offered a better
correlation between the factors and the denittifica rate the equations were again
limited in their predictive capability. The drawlkawith the multi-regression is that the

system is unable to learn and adapt to the infaomats it progressed.

While there is no conclusive reason as to the miffee between the predictions using the
multi-regression analysis and linear regressioANNs for the same set of conditions a
look at the tables in chapter 4 leads one to belibat for each texture there is a set of
controlling variables which is different from théher textures. For example for clay the
important controlling variables are the nitrate @amtration and water filled porosity. For
sand the important variables are water filled pioyppH and nitrate concentration. For
silty loam the important variables are pH and orgararbon. There is perhaps a
relationship between the physical and chemical gnogs of each soil type and the

denitrification rate which needs to be further istigated.
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It is the inherent advantages of the ANN, BRT, andeneral ML that give the ANN an
advantage in predicting denitrification rates. Hdimlity to learn and decipher complex
relationships between each of the factors and ¢inérdication rate is the reason why the
ANN out perfroms the other two methods. While itnge that the error is large and in
some situations over 100% this is not due to théssical methodology but due to the

problems that are inherent to denitrification.

8.4. Recommendations

This work clearly shows that denitrification is reosimple process, and that to develop a
simplified field scale predictive model requiressightly complicated computational
process. One of the major limiting reasons to dgyialy simplified models is the lack of
information on the effect of combinations of twornore factors on denitrification (Weir
et al., 1993). ANNs can easily overcome this litndta

There are several additional avenues of reseailtlasilable to researchers willing to
develop simple denitrification models, chiefly thecus should be on different types
Neural Networks, research can be conducted intadpabilities of supervised feed-back
neural networks and additional feed forward neaetorks using different algorithms.
Neural networks can also be developed considengrification as a first order reaction

and relationships can be developed based on 8tefuler decay coefficient.

In addition to statistical methods, robust and etsyse field methods need to be
developed to be able to assess denitrificationniraecurate manner (Payne, 1991). In
addition the problems inherent with the acetylamahition technique, the effect of pH
on the formation of BD and N need to be assessed in the context of denitidicattes
and measurement techniques (Stevens et al., 1888k 2002, Simek et al., 2002).

There is a scarcity of data on denitrification sab@sed on field observations and this is
conceivably due to the cumbersome methodology wotiyreused in assessing
denitrification rates. Perhaps this is an area @/is¢éable isotope chemistry can assist in

the development of a new technique for field obatons. As shown in Chapter 6 stable
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isotopes can be particularly useful in estimatihg percent of nitrogen loss due to
denitrification. Research into the use of stabt#apes will need to be conducted to be
able to determine denitrification rates using saistopes. Research into the use of
stable isotopes may perhaps lead to an alternatatbod to obtain field denitrification

rates and thus allowing for the current gap irdfi@énitrification rated to be filled.

In précis one may say that, the inability to depel complete model to predict
denitrification on a field scale is not an issuenuddel development as much as it is a
matter of developing a good and robust techniquadasure denitrification rates on both
the lab and field scale. The methodology showthis work clearly demonstrates that
the basic principles on denitrification are welldenstood and that there are simple
methods that can deal with such a complex problEnme. development of an accurate
field scale model thus depends on precise datagheiad and to obtain this precise data

especially on the lower end of the scale a refieetinique is required.

Perhaps Allison (1955) is correct when he obsemhed in spite of several years of
research while the main mechanisms of nitrogen dosknown, the quantitative type of
data related to each type of loss are still inadegjuDavidson and Seitzinger (2006)
certainly agree that the observations are stiidviaée decades later. One of the possible
reasons for this apparent lack of progress is tatprocess of denitrification requires
integration across several disciplines and scH#lesan be said with some certainty that;
there is no single methodological procedure thdl sadlve the enigma of balancing
nitrogen budgets. However there could be a uniVeeggproach to quantifying
denitrification, ANNs are one such promising apptodo quantifying denitrification
(Oehler, 2010).
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APPENDIX A

DATASET ISAVAILABLE 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 teeitdfication rate there are several
units in which the denitrification rate is reportéteinen (2006) gave a brief description
of the various units and described four differemtas The conversion from each of these
units needs to be done with care as the units @perdlent on the methodology used.

With the conversion from point scale to field scale must accept certain factors and
assumptions as outlined below.

The results may not always be justifiable but witie paucity of data on the
denitrification rate it is difficult not to accepte inherent errors that may be introduced
in these conversions. The outlined here conversiogie are basic, but they are

mentioned in detail so that the underlying assuomgtican be fully understood.

Most literature will often report the bulk dens(py) and soil depth (d), it is by using these

two factors and other reported factors that weazanvert between the reported units.

mgN L™ d™ : Refers to the loss of nitrogen from a soiliion where L refers to the
volume of soil solution.

g Nm?2d™* :Referstothe loss of nitrogen on a soilveé basis.
g N kg™t d™ : Refers to the loss of nitrogen on a dry salght basis

kg N ha™d™ : Refers to denitrification in a certain layar.duch cases the user must

report the depth of the layer.

As an example of the variation in units, the datgsevided by Dr Oehler has

denitrification reported in units omg N kg™ d™ this is the same as denitrification

reported on a dry soil weight basis but differsvirg N kg™ d* only by a factor of 1%
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The reported units in the dataset from Tuchlokeimrkg N ha™d™ , as this was the
units of measurement that were chosen at the biegirof the project to work with, it

was decided to convert the units from Dr OehldwtdN ha™d™.

Conversion frommg N kg™ d™ to kg N ha™d™

Assumptions:-

1. To convert frommgN kg™ d™ to g N kg™ d™* divide mgN kg™ d™* by 1000
(103, and further to convert fromg N kg d* to kg N kg?*d™ divide
mg N kg™ d™* by 1000 (1G).

2. Since bulk densityn) is Mass Lengtfi (kgm™), to convert frommg N kg™ d™

to kg N ha*d™

a. Multiply mgN kg™ d* by 10° to obtainkg N kg™d™
Multiply g N kg™ d™ by 10° to obtainkg N kg™d™

b. Multiply kg N kg™ d™ by density inkgm™

kgN _kg _ kgN
kgd m? m®d

i, KON 9 498 - kN kg _ koW
kgd cn? kgd m? m* d

iii. Since one hectare is 100 m x 100 m, and when fiegart units
we must specify the depth, keeping with the origdetaset this is
defined for 10cm.
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m>=m*m*m
100cm=1m

m*m*cm*100

kgN _ kgN
m*d m?cm[100d

,since we require it for a 10cm depth

kgN
m?[010* cm[1100d

(1 square meter = 0.0001 hectare{)0

kgN _ kgN
m?010°3cm10d had

(we require it for a 10cm depth)

kgN F 107 = kgN

Vi.
mid ha d

mg N kg™ d™ by 10° to obtainkg N kg™*d™

Given in the dataset

1. mgNkg™*d™
gm

n.3

3. Units needem
had

2. pin

Steps used Factor
mgN kg? d*to kg N kg*d™ 10°
gmem?® tokg m® 10°
kg Nm*d™*tokg Nha'd™ 10°

To convert frommg N kg™ d™ to kg N ha™d™ Multiply by densityin gmeni®
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Conversion frommgN L d*tog N m=>d™

mgN L™ d™ refers to the loss of nitrogen from a soil solntiwhere L refers to the

volume of soil solution.

1. To convert frommgN L" d™ to g N L"d™" divide mgN L™"d™ by 1000

(103).
5 mgN _gN0®
"~ Ld L d
Sincel1L=10m?
gN gN
3. = :
Ld m*103d
mgN _gNO0?
4. =
Ld mPflo3d
mgN gN
5 ——=
Ld m’d

As this is per liter of liquid the equivalent for sail solution would be to factor in
porosity. Soil solution = Volume of soil * Porositas we do not have ether the soil

porosity or particle density we assume a porodiy.25.

gN

m*d

6. mgN [Porosity=
Ld
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Conversion fromg N m® d*tog N kg™ d™

g N m™ d'refers to the loss of nitrogen on a soil volumehas

1. Since bulk density p) is Mass Lengti (kgm™), to convert from
gNm3*d*togNkg™*d™*dvide g Nm?2d™* byp.

3
gN —m"_gN
m’d kg kgd

Convert fromg N kg™ d*tokg N ha™*d™

1. gNKgtd™*o®*=kgNkg™*d™

kgN .. . kg kgN
2. ——[Bulk Density(—- )=
kg d A m? ) m® d
3. kgN _ kgN ,since we require it for a 10cm depth

m*d m?cm[1100d

kgN
m? cm[1100d

1 square meter = 0.0001 hectare{j10

_ kgN
hal110= cm[110d

3
kgN 1o = kgN

4.
m®d had
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9N guKk Density (kggj -k N

, 9N (Bulk Density(ij*l03 .

Bulk density
gm10° _ kg
cn® c®
gm*10° _ kg
cr*10°° N
am, e= ke
o m?
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i

Convert From Multiply by Convert to Remarks

mgN kg™* d™* | 10° gNkg™d™® |1g=1000mg

mgN kg™® d™* | 10° kg N kg™d™

mg N kg™ d™* | Bulk Density kgm?)*10° | kgNha™*d™

mg N kg™ d™ | Bulk Density (gcm™) kgNha™*d™

g N Kg™d™ | Bulk Density kgm™) kgNha'd™ | See Above

g N Kg™d™?* |BulkDensity (@gcm?)*10® | kg N kg*d™ | 1 Kg =1000 g

kg N kg™d™ | Bulk Density kgm™) kgNm=2d™

kg N kg*d™ | Bulk Density (gcm™®)*10° | kgNm=d™

mgN L*d™* |10° gNL*d?* |1g=1000mg;1L=1Idm’

mgN L' d™ g Nm?d™ |*Do notuse in calculation

mg N L d Porosity g N m gt Soil solution = Volume of
soil * Porosity

gNL'd™ 10° g Nm=@d™ |*Do notuse in calculation

gNkg*d* |10° kgNkg™d™

g N kg™ d™?* | Bulk Density kgm™) gNm3d™*

g Nkg*d™? |BulkDensity kgm®)*10° | g N hatd™

g N kg™ d™* | Bulk Density kgm™) kgNha*d™

g N m g Porosity’ mgN L d Soil solution = Volume o
soil * Porosity

gNm=3d* Bulk Density kgm=)* gNkg?*d™
100cm=1m

kgNm=d™ 10° kgNhad™ L - 10 ha

gem® 10° kgm™
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APPENDIX C

STATISTICSFOR DATASETS

Texturel
Variable Count N* Mean StDev Variance | Minimum | Median | Maximum | Mode
Temp 27 0 17.33 5.52 30.46 5 20 30 20
WEP 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 324115 | 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
Ran 77 0 3.61 9.05 81.91 0 0.62 46.57 0.4716/46.57

Texture3
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
OoC 102 0 3.848 2.065 4,266 0.6 4,18 8.052 418
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
Ran 102 0 1.58 6.04 36.481 0 0.054 43.301 0.0037736
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Texture4

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 *
Ran 4 0 2.73 2.95 8.67 0.14 2.32 6.14 *
Textureb
Variable Count | N* Mean StDev Variance | Minimum | Median | Maximum | Mode
Temp 103 0 18.01 6.037 36.441 2 15 25 15
WEP 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 | O 11.5 411 4
Ran 103 0 1.212 2.433 5.92 0 0.124 13.23 0.0003/0.0005
Texture6
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 *
OoC 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
Ran 5 0 0.145 0.258 0.067 0.01 0.034 0.605 *
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Texture7

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
Ran 181 0 2.916 5.895 34.749 0 0.098 37.026 0.0014
Texture8
Variable Count | N* Mean StDev Variance | Minimum | Median | Maximum | Mode
Temp 260 0 15.658 | 7.033 49,469 3 15 25 25
WEP 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 55 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
0.01408/
Ran 260 0 1.068 5.569 31.012 0 0.022 77.76 0.01584
Texture9
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
Ran 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
Ran 71 0 8.73 22.69 515.03 0 0.76 157.2 0.002
Texture13
Variable Count | N* Mean StDev Variance | Minimum | Median | Maximum | Mode
Temp 16 0 16.25 4.7 22.07 10 16 25 20
WEP 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,
Ran 16 0 4.47 10.8 116.56 0 0.33 34 *
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APPENDIX D

EQUATIONSDERIVED BASED ON SECTION 2

Texture-Temperature-Water Filled Porosity

Code Equation R-Squared
01-13-100 Rgn = 0.01*OC +0.21 0.32
02-20-71 Rgn = 0.01* OC + 0.13 0.22
02-20-94 Rgn = 0.03*OC + 0.24 0.57
02-20-97 Rgn = 0.72*0OC - 1.55 1.00
02-20-99 Rgn = 0.05*OC + 0.14 0.90
02-25-100 Rgn = 3.36* OC + 2.33 0.04
03-25-100 Rgn = 1.05*OC - 0.34 0.99
05-15-100 Rgn = 0.46* OC + 0.34 0.13
05-25-60 Rgn = 12.97*OC - 27.00 0.24
05-25-75 Ran = 65.12*0OC - 136.26 0.33
05-25-90 Ran = 46.21*OC - 95.83 0.20
07-20-100 Rgn = 2.16* OC + 19.29 0.00
07-28-20 Ran = 4.45* OC - 1.45 0.55
07-28-50 Rgn = 6.00* OC - 0.42 0.68
07-28-133 Rgn = 5.66* OC + 7.10 0.41
07-35-60 Rgn = 0.08* OC + 1.07 0.00
08-20-34 Rgn = 0.00* OC + 0.00 1.00
08-20-100 Rgn = 0.83* OC + 12.79 0.00
08-25-60 Rgn = 0.07*OC - 0.15 0.10
08-25-75 Rgn = 2.59* OC - 7.37 0.16
08-25-90 Ran = 2.64* OC - 3.08 0.02
09-07-100 Rgn = 0.00* OC + 0.03 0.81
09-15-25 Rgn = 0.01* OC + 0.04 0.08
09-25-100 Ran = 1.19*OC - 1.23 0.99
09-30-100 Ran = 1.22*0OC - 1.13 1.00
10-20-52 Ran = 88.44*0OC - 175.23 0.77
10-25-75 Rgn = 11.88*OC - 36.91 0.55
10-25-90 Rgn = 148.01*0C- 458.15 0.49
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Texture-Temperature-WFP-pH

Code Equation R-Squared
02-20-100-6.8 Rgn = 0.09*0C -0.12 0.65
05-15-100-5.4 Rgn = 0.49*OC +0.13 0.60
05-15-100-5.8 Rgn = 3.98*0C -0.21 0.70
05-15-100-5.9 Rgn = 0.79*OC - 0.05 0.61
05-25-60-7.4 Rgn = 12.97*0C - 27.00 0.24
05-25-75-7.4 Rgn = 65.12*OC - 136.26 0.33
05-25-90-7.4 Rgn = 46.21*OC - 95.83 0.20
07-28-20-4.7 Rgn = 5.46*0C - 2.67 0.81
07-28-20-6.5 Ran = 2.49*OC + 0.68 0.86
07-28-20-08 Rgn = 6.81*OC - 4.16 0.56
07-28-50-6.5 Ran = 5.26*OC + 0.66 0.85
07-28-50-08 Rgn = 6.08*OC + 0.28 0.83
07-28-133-4.7 Rgn =5.23*0OC + 6.01 0.42
07-28-133-6.5 Rgn = 7.26*0OC + 6.07 0.48
07-28-133-08 Rgn = 4.38*0OC + 9.34 0.95
07-35-60-7.6 Rgn = 0.08*OC + 1.07 0.00
08-25-60-07 Rgn = 0.72*OC - 2.08 0.51
08-25-60-7.3 Rgn = 2.59*0C - 9.61 0.40
08-25-75-07 Rgn = 10.27*OC - 29.93 0.37
08-25-75-7.3 Rgn = 49.45*0C - 183.20 0.35
08-25-90-07 Rgn = 96.60*OC -279.84 0.47
08-25-90-7.3 Rgn = 116.47*0C - 430.39 0.30
10-25-60-6.5 Rgn = 0.10*OC - 0.30 0.16
10-25-75-6.5 Rgn = 11.88*0OC - 36.91 0.55
10-25-90-6.5 Rgn = 148.01*OC - 458.15 0.49
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Texture-Temperature-WFP-Nitrate Concentration.

Code Equation R-Squared
02-25-100-100 | Ry, = 0.915302*0OC - 0.732207 0.93
05-15-100-06 | Ry, = 1.98356*0OC - 0.376795 0.98
05-25-60-142 | Ry, =12.91*0OC - 26.4295 0.23
05-25-60-280 | Ry = 26.01*OC - 54.6148 1
05-25-75-03 Rgn = 0.07*OC - 0.1105 0.07
05-25-75-142 | Ryn = 63.86*OC - 133.498 0.94
05-25-75-280 | Rgp =131.43*0OC - 275.162 0.96
05-25-90-03 R4 = 0.03*OC + 0.0108333 0.14
05-25-90-142 | Ry, = 46.86*0OC - 97.24 0.68
05-25-90-280 | Ry, =91.73*0OC - 190.264 0.6
07-25-100-100 | Ryp = 0.474271*OC + 0.589114 0.29
07-28-20-600 | Ry, =5.11639*0OC - 2.3022 0.61
07-28-50-600 | Ry, = 6.65906*0OC - 1.23802 0.7
07-28-133-600 | Ry, = 3.88095*0C + 9.34347 0.3
08-25-60-06 Rgn = 0.15*OC - 0.544167 0.8
08-25-60-43 Rgn = 0.07*OC - 0.1945 0.64
08-25-60-145 | Ry = 5.35*0OC - 19.8512 0.86
08-25-60-182 | Ryy =1.18*OC - 3.42833 0.93
08-25-60-283 | Ry = 2.28*OC - 8.44933 0.95
08-25-60-320 | Rgqn = 0.9*OC - 2.62033 0.79
08-25-75-06 Rgn = 1.7*OC - 6.276 0.99
08-25-75-43 Rgn = 1.03*OC - 2.9715 0.81
08-25-75-145 | Ryy = 37.01*OC - 136.315 0.76
08-25-75-182 | Ry, = 22.08*0OC - 64.362 0.79
08-25-75-283 | Ry, = 109.63*OC - 407.007 0.83
08-25-75-320 | Ry, = 7.71*OC - 22.4415 0.87
08-25-90-43 Rgn = 15.99*OC - 46.1068 0.89
08-25-90-145 | Ry = 84.54*0OC - 311.871 0.95
08-25-90-182 | Ry = 99.29*0OC - 286.578 0.82
08-25-90-283 | Ryy = 265.03*OC - 980.084 1
08-25-90-320 | Ryqp =174.52*0OC - 506.827 0.98
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09-15-25-09 Rgn = 0.0106688*0OC + 0.0400373 | 0.08
09-30-100-09 | Rg4n =0.0677139*OC + 0.114728 | 0.62
10-25-60-228 | Ry, = 0.21*OC - 0.642167 0.44
10-25-60-366 | Ry, = 0.11*OC - 0.340833 0.75
10-25-75-89 Rgn = 16.53*OC - 51.4658 0.82
10-25-75-228 | Ry, = 16.43*0C -50.9488 1

10-25-75-366 | Rgn = 2.67*OC-8.3095 0.84
10-25-90-89 Rgn = 41.27*0C-127.283 0.82
10-25-90-228 | Ry, = 125.27*0C-386.093 0.75
10-25-90-366 | Ry, = 277.48*0C-861.08 0.98
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COEFFICIENT OF DETERMINATION FOR ALL
EQUATIONS OF CHAPTER 2

APPENDIX E

Texture-Temperature
Code Rgn - OC Code Ran-WFP Code Rgn - pH Code Ran - N_OS-
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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Ran - NOs

Code R4, - OC Code Ran-WFP Code Rgn - pH Code ]
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 R4, - OC Code Ran-WFP Code Rgn - pH Code Ran - N_OS-
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 Rg4n - OC | Code Rgn - pH | Code Rgn - 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 Rg4n - OC | Code Rgn - pH | Code Rgn - 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 Rg4n - OC | Code Rgn - pH | Code Rgn - 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 Rg4n - OC | Code Ran - 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 Rg4n - OC | Code Ran - 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 Rg4n - OC | Code Rgn - 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 R4 - OC | Code Rgn - 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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