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ABSTRACT 

 

Because of their position in the landscape, riparian zones can function as a 

buffer between waterways and excess nutrient inputs from the terrestrial 

environment. Riparian zones have the potential to remove large amounts of 

nitrate through the process of denitrification. Denitrification is considered a 

permanent removal of N because nitrate is transformed into N2O and N2. While 

removal of nitrate via denitrification can improve water quality, there are 

potential negative effects of denitrification because N2O is a greenhouse gas. 

Understanding controls on whether denitrification results in N2O versus N2, is 

important for riparian zone management. 

 

The overall research question of my thesis was “What controls rates of 

denitrification and N2O production in riparian zones and their associated 

streams?” Laboratory methods were used to examine the spatial and temporal 

variability in potential denitrification rates and the proportion of nitrate 

transformed to N2O in riparian zone soils and stream sediments. In-situ fluxes of 

N2O and two other greenhouse gases, CO2 and CH4, were also measured in 

riparian zones and streams. The research was conducted in South-East 

Queensland in the subtropics, a climate type that is underrepresented in the 

literature on riparian zone nitrogen cycling. 

 

In the first research component, denitrification potential, N2O production and the 

N2O/(N2O + N2) ratio was determined in soils and stream sediments in three 

catchments. A pair of sites with differing vegetation type, grass versus trees, 

was selected in each catchment to investigate the influence of riparian zone 

vegetation. The six sites were sampled during both the wet and dry season. 

Soils were incubated with and without acetylene. With added acetylene, the 

transformation from N2O to N2 by enzymes is inhibited, allowing denitrification 

potential to be measured as the total accumulation of gaseous N (N2O and N2). 

The denitrification potential (with acetylene) and N2O production (without 

acetylene) were used to calculate the N2O/(N2O + N2) ratio. The highest rates of 

denitrification and N2O production were observed the in shallow soils with 

added nitrate. Within shallow soils, potential denitrification rates ranged from 

0.51 to 10.08 mg N kg-1 dry soil day-1 and 0.10 to 9.28 mg N2O kg-1 dry soil  



 

 xi

day-1 for N2O production. A consistent seasonal pattern was not observed, and 

both treed and grassed sites supported high denitrification rates. With the 

addition of nitrate, the N2O/(N2O + N2) ratio was over 0.50 for most shallow 

soils. The ratio was zero for most stream sediments due to the fact that N2O 

production rates were generally below detection limit.  

 

In the second research component, N2O, CO2 and CH4 fluxes were measured 

at the six study sites using static chambers. Fluxes ranged from 0.0 to 14 µmol 

N2O m-2 h-1, 1,170 to 18,500 µmol CO2 m
-2 h-1, and -151 to 3,030 µmol CH4 m

-2 

h-1. N2O fluxes were best predicted by soil moisture content and temperature, 

and fluxes were generally higher in the grassed sites. CO2 fluxes were lowest in 

stream sediments while production of CH4 was 95 times higher in stream 

sediments compared to shallow soils. Overall, when fluxes were converted to 

CO2-equivalents to compare their global warming potential (GWP), N2O was 

only a minor component for both riparian soils and stream sediments. CO2 

fluxes comprised nearly 95% of the total GWP from riparian soils while the 

impact of CH4 was highest in stream sediments, reaching up to 70% of the total 

GWP. Riparian soils and stream sediments did not appear to be a large source 

of N2O, but because soil moisture was relatively low during the times that 

sampling occurred, even in the wet season, additional measurements during 

periods of riparian soil saturation and transient moisture conditions are needed. 

 

To further investigate the very low rates of N2O production in stream sediments, 

the third research component manipulated nitrate and labile carbon 

concentrations in laboratory assays. Denitrification potential, N2O production 

and the N2O/(N2O + N2) ratio were measured in sediments from six streams (the 

three treed sites from components 1 and 2, plus three additional streams). 

Varying concentrations of nitrate from 0 to 50 mg N L-1 were added to the 

sediment, and 30 mg C L-1 of acetate were added to some replicates as a 

source of labile carbon. Without the addition of nitrate, denitrification potential 

was below 1 mg N kg-1 dry soil day-1 with maximum rates of 36 mg N kg-1 dry 

soil day- 1 for sediments with 50 mg N L-1 and 54 mg N kg-1 dry soil day-1 at 50 

mg N L-1 with added acetate. With the exception of one stream, N2O production 

was below 1.5 mg N kg-1 dry soil day-1 across all treatments. One stream had 

very high rates of N2O production (up to 12 mg N kg-1 dry soil day-1), but only at 



 

 xii

nitrate concentrations greater than 10 mg N L-1.  Overall, the results of this study 

suggest that the production of N2O from streams will not be a significant 

contributor to atmospheric pollution by greenhouse gases.   

 

For both riparian soils and stream sediments, a general trend of increasing N2O 

production with increasing nitrate concentrations was observed. This suggests 

that it is important to manage nutrients as close to their sources as possible to 

minimise the concentrations of nitrate in ground water and surface water.  

Riparian soils and stream sediments were very different with respect to the 

magnitude of N2O production. An interesting area of future research will be 

examining the composition and metabolic diversity of the microbial communities 

in these two different environments. A recent concern raised by natural 

resource managers is that N2O emissions may be increased by revegetating 

riparian zones to try to increase denitrification potential. The findings of this 

thesis suggest that N2O emissions from riparian zone soils and stream 

sediments are not a substantial component of overall greenhouse gas 

emissions from riparian/stream ecosystems. If riparian restoration through 

revegetation decreases the temperature and increases the organic carbon 

content of riparian soils and stream sediments, N2O production may be further 

reduced. 
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CHAPTER 1:  
INTRODUCTION 

 

1.1 NITROGEN IMPACTS ON WATERWAYS 

Human activity has drastically altered the nitrogen cycle on a global scale, 

resulting in greater exports of nitrogen to freshwater ecosystems (Vitousek et al. 

1997, Caraco and Cole 2001). The two primary anthropogenic sources of 

nitrogen are nitrogen fertilizers and burning of fossil fuels (Galloway et al. 2004, 

Elliot et al. 2007). The use of fertilizers has greatly increased worldwide (IFA 

2006) and in Australia (Hunter 2000, AGO 2007) over the past three decades. 

Extensive use of nitrogen fertilizers leads to excess concentrations of nitrogen 

in waterways through groundwater and surface runoff (Matson et al. 1997, 

Driscoll et al. 2003). This is of particular concern because high concentrations 

of nitrogen can cause severe negative effects including algal blooms, depleted 

oxygen and a decrease in species richness and abundance (Libes 1992, 

Morrisey et al. 2003, Cardoso et al. 2004, Nijboer and Verdonschot 2004, Jalali 

2005). Furthermore, nitrogen is often a primary limiting nutrient in many coastal 

(Howarth and Marino 2006, Hakanson et al. 2007) and river ecosystems (Cey et 

al. 1999, Mosisch et al. 2001, DeLaune et al. 2005). It is critical to investigate 

and implement management strategies that mitigate nitrogen loads entering 

waterways (Peterjohn and Correll 1984, Day et al. 2003). Vegetated riparian 

buffer zones are one management strategy that can potentially reduce the 

amount of nitrogen entering waterways (Hunter and Faulkner 2001, Spruill 

2004).  

 

1.2 RIPARIAN BUFFER ZONES 

Located at the interface between terrestrial and aquatic ecosystems, riparian 

zones play a key ecological role as well as serve as a buffer between terrestrial 

human activities and waterways (Peterjohn and Correll 1984, Jordan et al. 

1993, Wenger and Fowler 2000, LaMontagne et al. 2003, Carline and Walsh 

2007, Pinay et al. 2007). Vegetated riparian zones provide habitat for terrestrial 

and aquatic life as well as contribute to the stabilization of stream banks and 

floodplains (Tabacchi et al. 1998, Abernethy and Rutherfurd 1999, Wenger and 

Fowler 2000, Zaimes et al. 2004). Through shading, riparian trees contribute to 

maintaining healthy waterways by moderating light and temperature regimes 
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(Bunn et al. 1999, Rutherford et al. 2000, Yamada et al. 2007). Riparian 

vegetation also traps sediment and helps remove nutrients, such as phosphate 

and nitrogen, entering from shallow groundwater and surface runoff in adjacent 

agricultural areas (Groffman et al. 1992, Vought et al. 1994, Cey et al. 1999, 

Schoonover et al. 2005, Rassam et al. 2006).  

 

There are several biological mechanisms through which excess nitrogen is 

removed in riparian zones, such as uptake and assimilation by plants and 

microbes (Hanson et al. 1994, Hefting and de Klein 1998). However, these 

processes are not a permanent sink, and immobilized N will eventually return to 

the soil (Hedin 1998). Over the past two decades, research has focused on 

denitrification in riparian zones because this process permanently removes 

nitrogen from the soil in a gaseous form (Knowles 1982). Denitrification is most 

active in soils that are rich in organic matter and have high moisture content and 

low oxygen; all characteristics commonly found in riparian zones (Schipper et 

al. 1993). 

 

1.3 NITRATE REMOVAL BY DENITRIFICATION  

Denitrification is the process in which heterotrophic bacteria reduce NO3
- to 

nitrous oxide (N2O) gas, which is then further reduced to dinitrogen gas (N2) 

(Eq. 1.1, Nishio et al. 1983, Cornwell et al. 1999). Denitrification occurs in 

anoxic conditions where oxygen is unavailable and nitrate is used as the 

terminal electron acceptor. Organic carbon is generally assumed to be the 

energy source used by microbes in denitrification, but there are other less 

studied denitrification pathways as well. Some of these pathways include 

anaerobic ammonium oxidation (anammox), dissimilatory nitrate reduction to 

ammonium (DNRA) and chemoautotrophic denitrification in which the reduction 

of nitrate is coupled with processes like manganese, sulfide or iron oxidation 

(Burgin and Hamilton 2007). If denitrification is not carried through to 

completion, N2O can be produced (Firestone 1980). Though removal of NO3
- by 

denitrification is advantageous from a water quality perspective, N2O is a 

greenhouse gas and emissions may contribute to adverse environmental effects 

(Groffman et al.1998, Baird 2003).  
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                                                      Denitrification                           (Eq. 1.1) 
     NH3       NH2OH        NO2

-       NO3
-        NO      N2O       N2 

     Nitrification            
                                               
 

 

1.4 GREENHOUSE GASES 

Understanding the global N2O budget is of great importance because one 

molecule of N2O has the ability to enhance global warming up to 298 times 

greater than one molecule of carbon dioxide (IPCC 2007). N2O has been 

estimated to contribute approximately 6% to the overall greenhouse effect 

(Libes 1992). In 2004, the average atmospheric concentration of N2O was 318.6 

ppb and increasing by 0.8% ppb per year (Japan Meteorological Agency 2007). 

Soil N2O production contributes 70% to the total amount of N2O in the global 

budget (Mosier 1998). N2O also contributes to the destruction of the 

stratospheric ozone layer by catalyzing the conversion of O3 to O2 (Baird 2003).  

 

Besides denitrification, nitrification is the other main soil process that is 

responsible for N2O production (Eq. 1.1, Usui et al. 2001, Bauza et al. 2002, 

Khalil et al. 2004). During nitrification, bacteria oxidize ammonium to nitrite, 

followed by the oxidation of nitrite to nitrate (Kaplan 1983, Lohse et al. 1993). 

N2O is formed through nitrification as a byproduct of NH3 oxidation or 

incomplete oxidation of NH2OH. Nitrification is generally considered to require 

oxygen and would therefore occur in oxic soils with a moisture content typically 

ranging between 20 – 60% (Bateman and Baggs 2005).   

 

In addition to N2O, riparian zones could also be sources of the greenhouse 

gases carbon dioxide (CO2) and methane (CH4). These gases are increasing at 

a rate of 1.1 and 0.8% per year, respectively (IPCC 2001, Rask et al. 2002). 

CO2 is produced in soils through respiration by plant roots, soil microbes and 

other soil organisms (Campbell et al. 1999, Ryan and Law 2005). CH4 

production is from methanogens in anoxic soils through the process of 

methanogenesis, while CH4 is consumed by methanotrophs in oxic soils (Le 

Mer and Roger 2001). The balance between these two processes determines 

whether there is net consumption or release of CH4. 

 N2O 

 N2O 
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In 2005, the estimated total of greenhouse gas emissions from Australian 

agricultural soils was 87.9 Mt (million tonnes), with N2O and CH4 accounting for 

85.3 and 59.5%, respectively (AGO 2007). In 1999, Australia’s total N2O 

emission rates, from all anthropogenic and natural sources, surpassed 94 kt of 

N2O, and was 2.5 times higher than the allowable amount from the Kyoto 

Protocol (Dalal et al. 2003). The main source of CO2 emissions is the burning of 

fossil fuels for energy, and CO2 is by far the largest contributor to greenhouse 

gases with an estimated 415.5 Mt per year in Australia. Currently, CO2 

emissions are considered to be negligible in agricultural lands, and forested 

areas are a net sink from C sequestration (Sauerbeck 2001, IPCC 2007).  

 

To compare the relative impact of N2O, CO2 and CH4, the three most abundant 

greenhouse gases in the atmosphere, the concept of Global Warming Potential 

(GWP) has been developed. Due to anthropogenic contributions to climate 

change, the Intergovernmental Panel on Climate Change (IPCC) has recently 

increased the estimated GWP for both CH4 (25) and N2O (298) over a 100-year 

period (IPCC 2007). However, greenhouse gas (GHG) emissions have been 

studied in relatively few riparian zones and the controls on emission in these 

ecosystems are still poorly understood.  

 

1.5 ENVIRONMENTAL FACTORS CONTROLLING DENITRIFICATION AND 

N2O PRODUCTION 

From Equation 1, it would be expected that nitrate is the main limiting factor in 

the rate of denitrification. Several additional factors influence denitrification rates 

and N2O production, including moisture, organic carbon, pH, soil texture and 

temperature (Jordan 1998, Simek et al. 2002, Hill et al. 2004, Holtan-Hartwig et 

al. 2005, Ullah et al. 2005). Because most heterotrophic denitrifiers prefer to 

use oxygen if it is present, removal of nitrate via denitrification is typically 

assumed to take place under anoxic conditions (Tiedje 1982). Saturated 

conditions often promote anoxia in soils through reducing the diffusion of 

oxygen. Microbial respiration also contributes via consumption of available 

oxygen. Organic carbon provides the energy source for aerobic microbial 

respiration to consume oxygen, along with heterotrophic denitrification under 

anoxic conditions (Nielsen et al. 1990).  
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Saturated conditions and high organic carbon concentrations from vegetation 

are two factors that result in higher denitrification potentials in riparian zones 

compared to other environments. Shallow riparian soils with high organic 

carbon have been shown to support particularly high rates of denitrification 

(Brettar and Hofle 2002, Bernal et al. 2003, Hill and Cardaci 2004).  

 

Experimentally, the rate of denitrification is often found to be limited by nitrate 

concentration until nitrate is present in excess (Jordan et al. 1998, Clement et 

al. 2002, Hunt et al. 2004). At this point, organic carbon has been found to limit 

denitrification rates in some (Wall et al. 2005, Arango et al. 2007) but not all 

cases (Schipper and Vojvodic-Vukovic 2001, Herrman et al. 2007).  

 

Controls on N2O production via denitrification and nitrification are less well 

understood than controls on the rates of the overall processes. For a given soil, 

the concentration of oxygen is considered to control whether observed N2O 

productions are from denitrification or nitrification (Bateman and Baggs 2005). 

Because soil moisture is linked to oxygen availability, nitrification is considered 

to dominate under low soil moisture (Linn and Doran 1984), while denitrification 

dominates under saturated conditions (Dobbie et al. 1999). N2O production has 

been shown to decline as soil C:N ratios increase in both field studies 

(Klemedtsson et al. 2005, Ernfors et al. 2007) and manipulated experimental 

assays (Hunt et al. 2007).  

 

1.6 THESIS OUTLINE 

The overall research question addressed by my research is “What controls 

rates of denitrification and N2O production in riparian zones and their associated 

streams?” Specifically, my research examines the spatial and temporal 

variability in potential denitrification rates and the proportion of nitrate 

transformed to N2O as well as quantifying in-situ fluxes of N2O and other 

greenhouse gases. I use a combination of contrasting field sites and 

manipulative laboratory experiments to explore controls on denitrification 

potential and N2O production. The study sites are in South-East Queensland, 

Australia, which is a subtropical region and a climate type that is unrepresented 

in the literature on riparian zone denitrification.  
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In Chapter 1, I present an overall introduction to denitrification and N2O 

production and why riparian zones are areas of particular interest for these 

processes. In Chapter 2, I present data from laboratory experiments that 

measure potential denitrification rates and N2O production to investigate the 

influence of riparian zone vegetation type (trees or grass). In Chapter 3, I focus 

on in-situ measurements of N2O, CO2 and CH4 from the same riparian sites. 

Results from Chapter 2 and 3 suggested N2O production was very different in 

streams compared to riparian zones. Therefore, in Chapter 4, I manipulate 

nitrate and carbon concentrations during laboratory measurements of potential 

denitrification and N2O production to explore the influence of these two factors 

in six different streams. Chapters 2 - 4 are in the general format of journal 

articles. The introductions for these chapters are relatively brief, as some 

aspects of the background materials have been provided in Chapter 1. In 

Chapter 5, I provide a synthesis of the findings across all three components of 

the thesis and provide implications for future management of greenhouse 

gases. 
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CHAPTER 2: 
THE INFLUENCE OF RIPARIAN VEGETATION ON 

DENITRIFICATION AND THE PRODUCTION OF NITROUS OXIDE 
 

2.1 INTRODUCTION 

As described in Chapter 1, waterway degradation from NO3
- loading is a 

worldwide environmental problem. One preventative management option that is 

deemed effective in reducing the amount of nitrate and other nutrients entering 

waterways from terrestrial environments is the use of vegetated riparian zone 

buffers. Planting trees, or otherwise increasing vegetative cover, is seen as an 

important part of riparian zone restoration to increase soil organic carbon and 

therefore denitrification potential (Hunter 2000). Carbon sources from leaf litter, 

roots and other organic materials are generally highest in shallow soils and 

decrease with depth (Parkin and Meisinger 1989). However, patches of organic 

carbon can also occur at depth (Hill et al. 2000, Kellogg et al. 2005). When soil 

rich in organic carbon becomes saturated, either by high groundwater tables or 

high stream levels, suitable conditions for denitrification occur (Hunter et al. 

2006). While the importance of NO3
- removal by denitrification from riparian 

zones is well documented, the incomplete process of denitrification results in 

N2O production. Since N2O is a potentially harmful greenhouse gas, the 

question then arises whether planting vegetation along riparian zones to 

increase denitrification potential, is reducing one environmental pollutant 

(nitrate) by transforming it into another (N2O)? 

 

While the influence of environmental factors such as nitrate, organic carbon, soil 

moisture and pH, on denitrification is well understood, there is still considerable 

uncertainty about controls on the relative proportions of N2O and N2 produced in 

riparian zones. Recent studies have adopted the use of the N2O:N2 ratio as a 

means of describing changes in N2O production via denitrification (Mathieu et 

al. 2006, Ciarlo et al. 2007). When nitrate concentrations are low, the N2O:N2 

ratio is likely to be low because microbes are more likely to reduce nitrate 

completely to N2 by using N2O as their terminal electron acceptor (Firestone 

1980, Wlodarczyk et al. 2004). However, as the concentration of nitrate 

increases, the N2O:N2 ratio is likely to increase because it becomes more 

energy efficient for microbes to use nitrate as their terminal electron acceptor as 

opposed to N2O (Knowles 1982). Under laboratory conditions, Weier et al. 
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(1993) reported that when nitrate was present in soils, the addition of organic 

carbon not only increased denitrification rates but also resulted in lower N2O:N2 

ratios. High organic matter content in riparian soils can result in overall lower 

N2O production via denitrification (Hunt et al. 2007). However, other studies 

have found high N2O production, despite the addition of organic carbon, when 

nitrate concentrations are non-limiting. Understanding how environmental 

factors regulate N2O production is necessary to determine the risk of high 

emissions of this greenhouse gas from riparian zones.  

 

The aims of this study were to (i) quantify denitrification rates and N2O 

production in riparian buffer zones and their associated streams, (ii) determine 

the N2O:N2 ratio during denitrification and (iii) investigate the influences of 

environmental factors on these rates and ratio. To achieve these aims, a 

laboratory assay was used to quantify potential denitrification rates and N2O 

production in three catchments in South-East Queensland, Australia. To obtain 

a range of environmental conditions, a well vegetated and a sparsely vegetated 

site in each catchment was selected with the assumption that these sites would 

differ in soil organic carbon. Similarly, all sites were studied in both the wet and 

dry season to achieve differences in soil moisture. It was predicted that potential 

denitrification rates and N2O production would be higher in the wet season, 

coinciding with wetter, more anoxic, soils. It was also predicted that 

denitrification rates within well vegetated riparian zones would be higher, but 

with lower N2O:N2 ratios, than sparsely vegetated sites due to higher organic 

carbon concentrations, provided NO3
- concentrations are low.  

 

2.2 MATERIAL AND METHODS  

2.2.1 Study Sites 

This study was conducted in three catchments in South-East Queensland: 

Sandy Creek in the Stanley Catchment, Running Creek in the Maroochy 

Catchment and Logan Creek in the Logan-Albert Catchment (Figure 2.1). This 

is a subtropical region of Australia with two main seasons, a wet summer and 

dry winter. Mean annual precipitation at Sandy, Running and Logan creeks is 

988, 1694 and 1021 mm, respectively, with mean daily temperature ranging 

between 13.5-29.1˚C across a 50 year period (BOM 2007). Within each 

catchment, two stream reach sites were selected with varying riparian 
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vegetation cover, one with abundant vegetation including trees (well vegetated) 

and another with no or few trees and dominated by grass (sparsely vegetated).  

 

A detailed table listing site specific information can be found in Appendix A, 

Table 1. The Sandy Creek well vegetated site (Sv) is located at 26˚ 54' 35"S 

152˚ 36' 70"E, with an elevation of 338 m and the sparsely vegetated site (Ss) is 

located 26˚ 53' 30"S 152˚ 36' 40"E with an elevation of 132 m. The two sites are 

approximately 3.5 km apart and both are on cattle grazing properties. Riparian 

soils at both sites consisted of fine sand with small deposits of silt in shallow 

and middle layers. The well vegetated site has riparian vegetation on both sides 

of the stream that consists mostly of Weeping lilly pilly, (Waterhousia floribunda) 

and Native Elm trees (Aphananthe philippinensis). The bank full width is 10-11 

m and stream sediment consists of fine to coarse sand. The stream water 

averaged 0.1 m in depth in the wet season and contained only small pools in 

the dry season. The two Running Creek sites are located close to one another, 

approximately 250 m apart, at 26˚ 31' 20"S 152˚ 56' 80"E, with an elevation of 

25 m (Figure 2.1). These sites are on a horse farm with large areas of woodland 

and rainforest vegetation. The soils at the well vegetated site (Rv) are a mixture 

of silt and light to medium clay loam. The vegetation is predominantly King Palm 

trees, (Archontophoenix cunninghamiana). The sparsely vegetated site (Rs) is 

dominated by tall grass and the soil is a mixture of fine sand and light to heavy 

clay. The stream at both sites is between 3-5 m wide with an average water 

depth of 0.4 m. At Logan Creek, the well vegetated (Lv) and sparsely vegetated 

(Ls) sites are also located close to one another, approximately 750 m apart, at 

27˚ 40' 20"S 153˚ 00' 71"E, with an elevation of 20 m. These sites are in areas 

used for cattle and horse grazing. All the trees at Lv are Casuarina glauca with 

many patches of weeds. The bank to bank width was 18 m, and water depth at 

the times of sampling averaged 2 m. The vegetation at Ls consisted of mostly 

dense grass and a few shrubs. At this site, the bank full width was 12.5 m and 

the average water depth was 0.2 m. Soils at these sites were mostly medium to 

heavy clay, and a thick algal mat covered the sediment surface in the stream.  
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Figure 2.1     Location of study sites in South-East Queensland catchments.  

 

2.2.2 Field procedures 

Sites were sampled in the wet season (February) and the dry season (October) 

of 2005. Within each site, three positions were selected for sampling: outside 

the riparian zone (OR), inside the riparian zone (IR) and in the stream channel 

(SR). A soil core was taken from IR and OR and separated into three depth 

increments: shallow (S), 0-30 cm; middle (M), 30 cm to midway to the 

groundwater table; and deep (D), midway to one metre below the water table. 

The stream sediments were divided into two depths: benthic (B), from 0-2 cm, 

and hyporheic/sub-surface (SS), from 2-10 cm. These sediments were a 

composite of multiple samples collected within the stream. For simplicity, 

riparian soils and stream sediments will be collectively referred to as “soils.” 

Soils from each position and depth within a site were collected and sieved with 

a 5 mm mesh. Stream water was filtered using a peristaltic pump and 14 cm 

glass-fibre filter (nominal pore size, 0.7 µm). On the day of collection, a small 

portion of each soil type was dried overnight to estimate the percent moisture. 

The remaining soil was stored overnight at a constant temperature similar to the 

temperature of the soil at the field sites (22˚C), and filtered stream water was 

stored at 4˚C.  

Running Creek 
Maroochy Catchment 

Sandy Creek 
Stanley Catchment 

Logan Creek 
Logan-Albert Catchment 

Australia 
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2.2.3 Measurements of denitrification potential, N2O production and the 

N2O/(N2O + N2) ratio 

Denitrification was measured using the acetylene block technique (Smith and 

Tiedje 1979). Acetylene (C2H2) inhibits the transformation of N2O to N2. 

Therefore, the gas that would normally be transformed into N2 stays in the form 

of N2O. This allows the total accumulation of gaseous N (N2O and N2) to be 

measured. In this study, this is referred to as ”potential denitrification”. When 

acetylene is not added, the N2O gas is free to transform to N2, allowing N2O 

production to be measured. The proportion of N2O during denitrification, which 

is defined as the N2O/(N2O + N2) ratio, can then be calculated (Aulakh and Paul 

1984).  

    N2O-N without C2H2    =      N2O               (Eq. 2.1)    
                                 N2O-N with C2H2           N2O + N2           

 

Twelve replicate soil samples from each position and depth at each site were 

placed into 250 ml bottles. The percent moisture was used to calculate the 

weight of soil needed for each sample with a target of 80 g of dry soil. Stream 

water purged with N2 gas was then added to form slurries with a 1:1 ratio of dry 

soil: water by weight. Acetylene (10% headspace by volume) was added to six 

bottles to measure potential denitrification rates and the other six bottles were 

incubated without acetylene to measure N2O production via denitrification. For 

each set of six bottles, nitrate was added to three bottles by adding 1 ml of a 

concentrated KNO3 solution (1.75 mg KNO3  per 1 ml of solution) to raise the 

concentration of NO3
- in the slurry water by 3 mg N L-1. One ml of deionised 

water was added to the other half as a control treatment. The bottles were 

sealed and flushed with N2 gas for two minutes to create anoxic conditions.  

 

Headspace N2O concentration was analysed 3 times over the course of 8-12 

hours by removing 100 µL of headspace from each bottle and injecting it into a 

gas chromatograph with an electron capture detector (HP/Agilent 6890, µECD 

using 10% CH4 in Ar as the carrier gas). The Bunsen coefficient was used in 

calculations to account for dissolved N2O in the slurries (Tiedje 1982). The 

slope of the line of the N2O concentration in the bottles versus time was then 

calculated to estimate the rate of production over time. Rates were converted to 

units of mg N kg-1 dry soil day-1 using the dry weight of soil in each bottle. 

N2O/(N2O + N2) ratios were calculated using the mean of three replicates with 
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acetylene (denitrification potential) divided by the mean of three replicates 

without acetylene (N2O production), and therefore consist of a single value.  

 

2.2.4 Soil and water analysis 

Two additional replicate slurries from each soil layer were prepared to 

characterize water chemistry at the start of the incubation. Each slurry was 

centrifuged and the supernatant was filtered through a 0.45 µM membrane filter. 

Samples of supernatant were then frozen until analysed. Nitrate and ammonium 

(mg N L-1) concentrations were analysed using colorimetric assays by flow 

injection analysis (Lachat QuikChem 8000 analyser). Dissolved organic carbon 

(mg C L-1) concentrations were analysed with a Total Organic Carbon Analyser 

(Oceanography International Analytical model 1010 with multisampler model 

1051).  

 

2.2.5 Statistical analysis 

One-way ANOVAs were performed on all replicates for potential denitrification 

rates and N2O production and for the average values for N2O/(N2O + N2) ratios 

and soil characteristics (DOC, NO3
-, and NH4

+ from soil slurries) to test for 

spatial differences between depths at each site. Paired t-tests were used to 

examine differences between seasons at each site. Stream sediments were 

analysed separately from riparian soils, using paired t-tests to examine 

differences between seasons at each site and spatial differences between 

paired sites (well and sparsely vegetated). Differences between the benthic and 

hyporheic depths were not significantly different and therefore were pooled for 

stream analysis. Two-way ANOVA was used to determine the effects of site 

type (well or sparsely vegetated) and position (OR or IR) in both seasons on 

potential denitrification rates, N2O production, N2O/(N2O + N2) ratios and soil 

characteristics. Multiple and simple regression models were used to examine 

the influences of ambient NO3
- or DOC concentrations on denitrification rates, 

N2O production and N2O/(N2O + N2) ratios. Regressions were performed for 1) 

all positions and depths and 2) for shallow soils separately, with and without 

added nitrate. Homogeneity of variance was tested with Levene’s test and, if 

necessary, data were log + 1 transformed (Underwood 1990). All statistical 

analyses were done using SPSS 14.0 (SPSS 2001).  
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2.3 RESULTS  

2.3.1 Soil characteristics 

Across all sites and seasons, NO3
- (P <0.001) and DOC concentrations (P 

<0.001) were significantly higher in surface soils and decreased dramatically 

with depth (Table 2.1). Dissolved organic carbon was usually highest in stream 

sediments compared to riparian soils at the two clay-rich sites and lower in 

stream sediments at Sandy Creek. No significant differences in soil moisture 

content, NO3
- or DOC concentrations (P >0.05) were found between seasons. 

However at most sites, mean NO3
- concentrations were higher in the wet 

season. Differences in NO3
- and DOC concentrations between the paired sites 

(well and sparsely vegetated) and between positions in well vegetated sites, 

were not significant in either season or for any site considered (data not shown).  

 

2.3.2 Potential denitrification rates, N2O production and N2O/(N2O + N2) ratios  

Potential denitrification rates and N2O production were highest in shallow soils 

in both seasons and across all sites (Figure 2.2). Within shallow soils, potential 

denitrification rates ranged from 0.51 to 10.08 mg N kg-1 dry soil day-1 and 0.10 

to 9.28 mg N2O-N kg-1 dry soil day-1 for N2O production. The N2O/(N2O + N2) 

ratios ranged from 0.0 to 1.11 in shallow soils (Table 2.2). Rates of 

denitrification and N2O production in middle and deep soils were below 1 mg N 

kg-1 dry soil day-1 and were often undetectable throughout most sites and 

seasons (Appendix A, Table 1). Nitrous oxide production was not detected in 

any of the stream sediment across all sites. Further results focus on riparian 

shallow soils unless otherwise stated.
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Table 2.1     Ambient NO3
- (mg N L-1) and DOC (mg C L-1) concentrations from slurries in the three different positions and 

depths at the six study sites for wet and dry season measurements. Values represent the mean (± SE) of three 
replicates. 

 

  Sandy Creek  Running Creek Logan Creek 
  Well vegetated (Sv) Sparsely vegetated (Ss) Well vegetated (Rv) Sparsely vegetated (Rs) Well vegetated (Lv) Sparsely vegetated (Ls) 

  NO3
- DOC NO3

- DOC NO3
- DOC NO3

- DOC NO3
- DOC NO3

- DOC 
Wet Season                     

B 0.32 (0.02) 7.69 (0.33) 0.32 (0.00) 7.46 (0.00) 0.00 (0.00) 24.5 (0.84) 0.00 (0.00) 15.5 (0.96) 0.00 (0.00) 24.9 (0.81) 0.00 (0.00) 23.9 (1.17) 

SS 0.27 (0.03) 7.43 (0.26) 0.25 (0.04) 9.12 (0.43) 0.00 (0.00) 21.2 (0.71) 0.00 (0.00) 15.9 (0.13) 0.00 (0.00) 12.7 (0.14) 0.00 (0.00) 39.3 (0.00) 

IRS 0.46 (0.01) 15.2 (0.67) 1.75 (0.20) 11.2 (2.95) 4.46 (0.21) 11.3 (0.13) 1.04 (0.09) 4.80 (0.02) 5.04 (0.24) 16.1 (0.93) 1.39 (0.16) 18.9 (1.24) 

IRM 0.41 (0.04) 10.4 (0.38) 0.98 (0.11) 9.62 (0.29) 1.22 (0.03) 10.7 (0.73) 0.02 (0.00) 2.48 (0.16) 0.07 (0.03) 7.99 (1.79) 0.01 (0.00) 8.97 (0.03) 

IRD 0.06 (0.00) 8.74 (0.25) 0.31 (0.02) 8.85 (0.34) 0.00 (0.00) 10.6 (0.68) 0.48 (0.06) 2.77 (0.25) 0.02 (0.01) 8.04 (0.02) 0.03 (0.01) 8.71 (0.59) 

ORS 0.91 (0.12) 10.9 (0.46) 2.12 (0.34) 13.9 (0.31) 1.17 (0.15) 7.59 (0.32) 0.06 (0.01) 6.77 (0.31) 0.10 (0.01) 21.5 (0.87) 0.79 (0.01) 24.5 (1.44) 

ORM 0.13 (0.01) 6.97 (0.41) 0.16 (0.01) 9.44 (0.26) 0.15 (0.01) 3.08 (0.03) 0.28 (0.03) 3.24 (0.37) 0.03 (0.00) 10.3 (0.33) 0.01 (0.01) 11.9 (0.24) 

ORD 0.10 (0.01) 6.33 (0.78) 0.15 (0.03) 7.32 (0.22) 0.03 (0.01) 3.56 (0.25) 0.07 (0.01) 3.22 (0.30) 0.26 (0.04) 7.95 (0.43) 0.01 (0.01) 25.5 (0.28) 

Dry Season                     

B 0.12 (0.00) 8.67 (0.65) 0.09 (0.00) 9.07 (0.29) 0.02 (0.00) 11.7 (0.12) 0.02 (0.00) 10.4 (0.12) 0.02 (0.00) 15.8 (1.14) 0.02 (0.00) 14.9 (8.60) 

SS 0.09 (0.01) 6.37 (0.87) 0.18 (0.01) 6.65 (0.02) 0.04 (0.02) 20.7 (4.21) 0.02 (0.00) 9.2 (0.62) 0.03 (0.01) 28.7 (0.54) 0.02 (0.01) 24.2 (0.84) 

IRS 0.29 (0.00) 20.2 (0.38) 0.61 (0.11) 14.6 (0.54) 1.49 (0.09) 15.2 (0.21) 1.90 (0.39) 3.9 (0.13) 0.88 (0.07) 13.7 (0.61) 0.44 (0.08) 21.9 (0.70) 

IRM 0.05 (0.01) 13.9 (0.15) 0.34 (0.08) 8.07 (0.02) 0.50 (0.06) 9.76 (0.15) 0.40 (0.13) 3.6 (0.18) 0.23 (0.02) 7.4 (0.31) 0.01 (0.00) 7.60 (0.30) 

IRD 0.03 (0.00) 6.17 (0.54) 0.06 (0.00) 6.00 (0.39) 0.11 (0.06) 22.2 (0.60) 0.04 (0.00) 7.7 (0.08) 0.37 (0.01) 13.4 (0.24) 0.07 (0.01) 7.90 (0.45) 

ORS 0.45 (0.09) 16.7 (3.67) 0.51 (0.04) 10.5 (0.74) 0.04 (0.00) 12.2 (1.23) 0.91 (0.08) 5.6 (0.19) 0.49 (0.01) 17.6 (0.50) 0.52 (0.14) 19.5 (0.75) 

ORM 0.06 (0.01) 5.17 (0.36) 0.03 (0.00) 6.55 (1.06) 0.03 (0.00) 6.62 (0.09) 0.12 (0.00) 2.5 (0.15) 0.07 (0.01) 10.3 (0.17) 0.02 (0.00) 11.1 (0.23) 

ORD 0.04 (0.00) 5.58 (0.81) 0.08 (0.00) 5.35 (0.05) 0.03 (0.00) 5.93 (0.17) 0.10 (0.00) 2.7 (0.22) 0.20 (0.02) 13.9 (0.84) 0.02 (0.00) 11.1 (0.07) 

B = benthic sediments, SS = subsurface stream sediments, IRS = Inside riparian shallow layer soils, IRM = Inside riparian middle layer soils, IRD = Inside riparian 
deep layer soils, ORS = Outside riparian shallow layer soils, ORM = Outside riparian middle layer soils, ORD = Outside riparian deep layer soils.
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                 Sandy                     Running                    Logan                      Sandy                    Running                     Logan          
Figure 2.2     Denitrification, N2O and N2 production from surface soil (0-30 cm) in well vegetated (a,c) and sparsely vegetated 

(b,d) riparian zones. Positions outside (OR) and inside (IR) the riparian zone and in stream sediments (SR) are 
shown for both control and NO3

- treatments. (a) and (b) graphs are wet season values and (c) and (d) graphs are 
dry season values. Total denitrification is represented by the total bar height. The N2O and N2 components of 
total denitrification are shown with solid and diagonal line patterns, respectively. Values represent the mean (± 
SE) of three replicates.
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Table 2.2     N2O/(N2O + N2) ratios from laboratory incubations of soils with (N) 
and  without (C) added nitrate. *Values above 1 indicate rates in 
non-acetylene bottles were greater than acetylene treated. NA = 
undetectable rates in both denitrification and N2O production. SR = 
represents the mean value of benthic and subsurface stream 
sediment ratios (n = 2).  

 
  Sandy Creek  Running Creek Logan Creek 
  Treatment Sv Ss Rv Rs Lv Ls 
Wet season               

ORS C 0.75 0.51 0.51 0.00 0.00 0.00 

 N 0.99 1.11* 0.78 0.76 0.47 0.50 

IRS C 0.38 0.06 1.06* 0.05 0.92 0.00 

 N 0.68 0.06 0.96 0.84 0.78 0.49 

SR C 0.00 0.00 0.00    NA 0.00    NA 

 N 0.00 0.02 0.00 0.00 0.00 0.00

Dry season             

ORS C 0.06 0.18 0.19 0.39 0.01 0.01 

 N 0.34 0.95 0.83 0.97 1.16* 0.73 

IRS C 0.06 0.38 0.57 1.08* 0.74 0.03 

 N 0.46 0.97 0.91 0.98 0.68 0.65 

SR C 0.00 0.00    NA    NA    NA    NA 

  N 0.04 0.00 0.00 0.00 0.00 0.01 

 

2.3.3 Seasonal variability 

Overall, a consistent seasonal pattern was not observed in potential 

denitrification rates, N2O production or N2O/(N2O + N2) ratios (Table 2.3, Figure 

2.2). However, significant temporal variations were found at individual sites. At 

Sv, significant differences were found in denitrification rates, N2O production 

and N2O/(N2O + N2) ratios. Potential denitrification rates and N2O production in 

nitrate treatments were higher in the dry season, whereas significantly higher 

N2O production in control treatments was observed in the wet season. 

Denitrification rates and N2O production in control soils in both Running Creek 

sites (Rv and Rs) were significantly different between seasons but showed 

different seasonal patterns at each site. Highest denitrification rates and N2O 

production were found at Rv in the wet season, whereas higher denitrification 

rates and N2O production at Rs were found in the dry season. Seasonal 

variability at Logan Creek was low with similar denitrification rates and N2O 

production between seasons and slightly higher N2O production and N2O/(N2O 

+ N2) ratios in nitrate treated soils at Ls in the dry season.  
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Table 2.3     Results of t-tests showing seasonal differences in potential denitrification 

rates, N2O production and N2O/(N2O + N2) ratios in the shallow riparian 
soils among the six sites for treatments with (N) and without (C) added 
nitrate. Significant P values (P <0.05) are shown in bold. 

                                
  Sandy Creek   Running Creek Logan Creek 
N process Treatment Sv Ss Rv Rs Lv Ls 

Denitrification C 0.699 0.001 0.011a 0.011a 0.365    0.119 

 N 0.001 0.047    0.285 0.373 0.551 0.111 

N2O C  0.014a 0.279a 0.001a 0.001a 0.100 0.221 

 N 0.014 0.193a 0.388    0.270 0.687 0.076 

N2O/(N2O+N2) C  0.016a 0.972a 0.017 0.009a 0.430 0.237 

 N  0.008a 0.148a 0.920 0.419 0.195 0.002 
adata were log+1 transformed 

 

2.3.4 Differences between well and sparsely vegetated sites 

Significant differences were observed in both seasons for denitrification rates, 

N2O production and N2O/(N2O + N2) ratios in both treatments between paired 

sites in all three catchments (Table 2.4). Significantly higher denitrification rates 

and N2O production within nitrate treatments at Sandy and Logan Creeks were 

generally found in the sparsely vegetated sites compared to the well vegetated 

sites. In contrast, denitrification rates and N2O production in control treatments 

were generally higher in the well vegetated sites for these two catchments 

(Figure 2.2, Table 2.4). The well vegetated site at Running Creek had 

significantly higher denitrification rates and N2O production than the sparsely 

vegetated site in the wet season, in both treatments, while significantly lower 

denitrification rates and N2O production in control treatments were found in the 

well vegetated site in the dry season. 

 

2.3.5 Variation among positions within sites 

Within sites, potential denitrification rates and N2O production in shallow soils 

were significantly different between positions for both seasons and treatments 

(Table 2.4). Sandy Creek had higher denitrification rates in control treatments in 

OR, compared to IR, in both sites. Both sites at Running Creek displayed higher 

denitrification and N2O production from IR, resulting in a significant interaction 

between sites and positions. Similarly, denitrification potential in OR control 

treatments at Lv were lower than IR and had undetectable N2O production, 
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whereas N2O production in control treatments in IR were approximately 80% of 

the total denitrification rate (Table 2.4, Figure 2.2).
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Table 2.4     Results of two-way ANOVAs showing differences between well and sparsely vegetated sites at each 
                    catchment for denitrification rates, N2O production and N2O/(N2O + N2) ratios for shallow soils for  
                    treatments with (N) and without (C) added nitrate for wet and dry season measurements. Sites  
                    (well and sparsely vegetated) and positions (OR and IR) are the main effects. Significant P values  
                    (P <0.05) are shown in bold. 
               

    Sandy Creek   Running Creek  Logan Creek 
  Treatment Sites Positions S x P  Sites Positions S x P  Sites Positions S x P 
Wet Season                     

Denitrification C 0.001 0.610 0.170  0.001 0.001  0.001a  0.001 0.001 0.001 
 N 0.001 0.077 0.137  0.001 0.001 0.001  0.001 0.001 0.260 

N2O C 0.021 0.001 0.008  0.001 0.001 0.001  0.001 0.001  0.001a 
 N 0.002 0.001  0.001a  0.001 0.001  0.001a  0.039 0.001 0.007 
N2O/(N2O+N2) C 0.008 0.005  0.571a  0.001 0.006  0.031a  0.001 0.001  0.001a 
 N 0.055 0.001 0.007  0.675 0.209 0.822  0.130 0.155 0.131 

Dry Season                       

Denitrification C 0.010 0.008 0.247  0.001 0.001  0.001a  0.026 0.004 0.050 
 N 0.023 0.097 0.033  0.017 0.001 0.007  0.001 0.119 0.038 
N2O C 0.001 0.337 0.282  0.001 0.001 0.095  0.001 0.001  0.001a 
 N 0.010 0.025  0.001a  0.946 0.001 0.090  0.016 0.001 0.002 
N2O/(N2O+N2) C 0.001 0.038 0.054  0.001 0.091 0.200  0.001 0.001  0.001a 

  N 0.001 0.527 0.815   0.256 0.818 0.637   0.001 0.001  0.002a 
adata were log+1 transformed.
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2.3.6 Stream sediments 

Potential denitrification rates in stream sediments for control treatments were 

only detectable at Sandy and Logan Creek, where they ranged from 0.01 and 

0.79 mg N2O-N kg-1 dry soil day-1 and 0.03 and 0.05 mg N2O-N  

kg-1 dry soil day-1, respectively (Figure 2.2). Denitrification rates did not differ 

significantly between benthic and hyporheic sediments. Therefore, the values 

were pooled to represent the stream sediments. Potential denitrification rates 

were significantly different between seasons in control treatments at Sv, with 

higher rates in the wet season (Table 2.5). Stream sediment denitrification rates 

in nitrate treatments were significantly higher at Ss and Rv in the dry season 

compared to the wet season.   

 
Significant differences between paired sites were found at all three catchments 

(Table 2.6). Similar to riparian soils, Running Creek demonstrated different 

spatial patterns in each season, where higher potential denitrification rates in the 

wet season were found in the sparsely vegetated site and higher denitrification 

rates in the dry season were observed in the well vegetated site (Figure 2.2, 

Table 2.6). Potential denitrification rates in stream sediments at Sandy Creek 

were generally higher in the sparsely vegetated site for both seasons.  

 

Table 2.5     Results of t-tests showing seasonal differences in potential denitrification  
                    rates for stream sediments. Significant P values (P <0.05) are shown in 
                    bold. NA= rates were below detection limit.                     

 
 
 
 
 
 
 
 
 
 
 
 
 

    Sandy Creek    Running Creek Logan Creek 
 Treatment Sv Ss Rv Rs Lv Ls 

Denitrification C 0.012 0.816    NA    NA    0.176    NA 

  N 0.170 0.020 0.003 0.463 0.163 0.059 
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Table 2.6     Results of t-tests showing differences in potential denitrification rates 
between well and sparsely vegetated sites at each catchment. 

                    Significant P values (P <0.05) are shown in bold. 
                                

  Treatment 
Sandy 
Creek 

Running 
Creek 

Logan 
Creek 

Wet Season       
 C 0.607     NA     0.187 

 N 0.229 0.001 0.351 

Dry Season    

 C 0.031     NA     NA 

  N 0.009 0.001 0.027 
 

2.3.7 Relationships with environmental factors 

Potential denitrification rates in control treatments, from all positions and sites, 

were strongly related to ambient NO3
- concentrations (R2 = 0.85, P <0.001, 

Figure 2.3a, Table 2.7). A similar but weaker relationship was found with 

ambient NO3
- concentrations in nitrate treatments (R2 = 0.36, P <0.001, Figure 

2.3b, Table 2.7). Multiple linear regression revealed that the combination of 

ambient NO3
- and DOC concentrations was the best predictor of potential 

denitrification rates in NO3
- amended soils (R2 = 0.58, P <0.001). Nitrous oxide 

production in both control and nitrate treatments was also significantly related to 

ambient NO3
- concentrations (R2 = 0.55, P <0.001 and R2 = 0.56, P <0.001, 

respectively; Figure 2.3c,d). N2O production in nitrate treated soils 

demonstrated a weaker but positive relationship with DOC concentrations (R2 = 

0.15, P <0.001, Figure 2.4).  
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Table 2.7     Results of linear regression analyses showing relationships   
                    between denitrification rates, N2O production and N2O/(N2O + N2) 
                    ratios with soil characteristics (NO3

- and DOC concentrations). 
                    Regressions were performed for all soil positions and depths as well  
                    as for shallow soils only. R2 values are shown with levels of  
                    significance indicated as * = P <0.05, ** = P <0.01, and *** = P  
                   <0.001. NA = A relationship was not found, (P >0.05).   
                                     
  Treatment NO3

- DOC 
All depths and positions   
Denitrification C 0.85***    NA 
 N 0.36*** 0.18*** 
N2O C 0.55***    NA 
 N 0.56*** 0.15*** 

Shallow riparian soils   

Denitrification C 0.86***    NA 
 N    NA    NA 
N2O C 0.46***    NA 
 N    0.40**    NA 
N2O/(N2O+N2) C    0.28*    NA 
  N    NA 0.30** 

 

Due to the high frequency of zero values in soils from middle and deep layers 

and stream sediments, regression was also performed for shallow riparian soils 

only (Table 2.7). Similar to the analysis for all depths, potential denitrification 

rates in shallow soils were strongly related with ambient NO3
- concentrations in 

control treatments (R2 = 0.86, P <0.001). However, a relationship with ambient 

NO3
- concentrations and nitrate treated soils was not found. Nitrous oxide 

production in shallow riparian soils had a slightly weaker relationship with 

ambient NO3
- concentrations than did potential denitrification rates (R2 = 0.46, P 

<0.001 and R2 = 0.40, P <0.002 for control and NO3
- treatments, respectively). 

No significant relationships between potential denitrification rates or N2O 

production and DOC concentrations in shallow soils were found. Ambient NO3
- 

concentrations explained 28% (P =0.012) of the variation in the N2O/(N2O + N2) 

ratio in shallow soils in control treatments, but no relationship was found for 

nitrate treatments (Figure 2.5a, Table 2.7). A negative relationship was found 

with N2O/(N2O + N2) ratio and DOC in nitrate treatments (R2 = 0.30, P =0.007, 

Figure 2.5b). No significant relationships were found between potential 

denitrification rates, N2O production or N2O/(N2O + N2) with soil particle size or 

moisture content.  
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Figure 2.3     Relationships between ambient NO3

- concentration and potential 
                     denitrification rates (a,b) and N2O production (c,d). Points   
                     represent mean (± SE) of three replicates for rates and production 
                     and (± SE) for two replicates for NO3

- concentrations. Data are   
                     from all positions and sites and both seasons. 
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Figure 2.4     Relationship between soil DOC concentrations and N2O production.  
                    Points represent mean (± SE) of three replicates for rates and  

production and (± SE) for two replicates of DOC concentrations. Data 
                      are from all positions and sites and both seasons for samples that 

received added nitrate.         
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Figure 2.5     Relationships between soil characteristics and N2O/(N2O + N2)                           

ratios. Ambient NO3
- concentrations for control treatments (a) and  

                    and DOC concentrations for nitrate treatments (b). Points 
represent mean (± SE) of two replicates for concentrations and a 
single value for ratios derived from three replicates of 
denitrification rates divided by three replicates of N2O production. 
Data are from shallow soils from all sites and both seasons. 
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2.4 DISCUSSION 

2.4.1 Potential denitrification rates and N2O production 

The range of potential denitrification rates and N2O production observed in this 

study was similar to previous studies from riparian zones in other parts of the 

world (Pavel et al. 1996, Clement et al. 2002, Hill et al. 2004). The highest rates 

of denitrification and N2O production were localized to the top layer of soil, 

decreasing dramatically with depth. This pattern has been observed in 

numerous studies and has been attributed to rates of denitrification being 

limited by low organic carbon availability at depth (Williams et al. 1997, Brettar 

and Höfle 2002, Puckett 2004). D’Haene et al. (2003) measured denitrification 

rates in agricultural soils to a depth of 90 cm and found that even with the 

addition of nitrate and organic carbon, denitrification rates in deep soils were 

significantly lower than surface soils. This suggests that something else was 

responsible for low rates at depth.  

 

It was predicted that there would be distinct seasonal differences in 

denitrification and N2O production in accordance with differences in rainfall 

between seasons. However, rainfall and subsequently soil moisture, were not 

significantly different between the two seasons and most likely accounted for 

the lack of a clear seasonal pattern in denitrification rates and N2O production. 

Australia has been under drought conditions since 1998 and South-East 

Queensland did not have a well developed wet season in summer 2005/2006 

(Healey 2005).  

 

It was hypothesized that there would be a distinct spatial pattern in rates of 

denitrification, where higher rates would be observed inside the well vegetated 

riparian sites due to higher carbon concentrations. Potential denitrification rates 

showed spatial and seasonal variability, but no consistent patterns across 

vegetation type. However, there were also no clear differences in carbon 

concentrations between or within sites. It appears that both grass and trees can 

supply adequate organic carbon for denitrification. Corre et al. (1999) found the 

average biodegradable dissolved organic carbon (%BDOC) was uniform across 

forest, C3 and C4 grasses and suggested that all three types of vegetation could 

support denitrifier activity. A study by Osborne and Kovacic (1993) measured 

denitrification rates from grass and forested riparian sites and found that both 
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were efficient at removing NO3
-. Clement et al. (2002) found similar 

denitrification rates in riparian wetlands across different vegetation types and 

suggested that each vegetation type had enough organic carbon to support 

denitrification. A study by Hefting et al. (2006) found higher denitrification rates 

in forested riparian zones, but the efficiency of nitrate removal was similar 

between vegetation types. They concluded that the higher denitrification rates 

were driven by higher NO3
- loading. Similarly, the relationship between organic 

carbon and potential denitrification rates was not strong in this study because 

nitrate appears to be the primary limiting factor.  

 

Potential denitrification rates from most shallow layer riparian soils increased 

significantly when amended with NO3
- (Figure 2.2), showing that denitrification 

rates were NO3
- limited (Jordan et al. 1998, Lowrance and Hubbard 2001).  NO3

- 

limitation was also suggested by the fact that when all sites were considered, 

potential denitrification rates in control treatments were strongly related with 

ambient NO3
- concentrations and showed a weaker but significant relationship 

with NO3
- amended soils (Figure 2.4). The significant relationship with DOC that 

was found only in nitrate amended soils suggests that DOC concentrations 

began to limit denitrification potential only when higher NO3
- concentrations 

were present. Several studies have found a similar shift in the factor controlling 

denitrification in streams and riparian soils (Wall et al. 2005, Ullah and Zinati 

2006, Inwood et al. 2007).  

 

Rates of N2O production also appear to be NO3
- limited as shown by the even 

greater response to addition of nitrate than seen for rates of denitrification 

potential. The average percent increase in N2O production between control and 

nitrate amended soils was 11 times greater than the increase in denitrification 

rates. Additionally, control and nitrate amended soils had similarly strong 

relationships between N2O production and ambient NO3
- concentrations (Figure 

2.2). When NO3
- is non-limiting, reduction of N2O to N2 becomes less favourable 

because it is more energy efficient for microbes to reduce NO3
- compared to 

N2O (Firestone 1980).  
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2.4.2 N2O/(N2O + N2) ratios 

The large range of 0 to 1.11 in N2O/(N2O + N2) ratios across the study sites is in 

agreement with other studies that evaluated the N2O ratio in temperate riparian 

zones (Mathieu et al. 2006, Oehler et al. 2007). The average N2O/(N2O + N2) 

ratio was 0.33 for control and 0.75 for NO3
- amended soils in shallow riparian 

soils across the six sites, supporting the hypothesis that an increase in NO3
-  

would result in higher proportions of nitrous oxide. Similarly, the N2O/(N2O + N2) 

ratios were positively related to ambient NO3
- concentrations (Figure 2.5). 

 

A negative relationship between N2O/(N2O + N2) ratios and DOC concentration 

was found in control treatments. This further supports the hypothesis that higher 

carbon concentrations will stimulate lower proportions of N2O (Firestone and 

Davidson 1989). For example, N2O production was undetectable in the control 

treatments at the sparsely vegetated site at Logan Creek, coinciding with high 

DOC concentrations (Figure 2.2b). Even in NO3
- amended soils, N2O was only 

about 50% of the total denitrification, at Logan Creek, which is a lower 

proportion of N2O compared to most other sites (Table 2.2). However, this 

observation was only in one position within one site. Additional research is 

needed to fully understand the relative role of carbon and NO3
- in controlling the 

proportions of N2O and N2 during denitrification in riparian soils. This issue is 

explored in more detail for stream sediments in Chapter 4. 

 

2.4.3 Stream sediments 

Similar to denitrification potential and N2O production in riparian soils, stream 

sediments were nitrate limited. In fact, there were very low ambient NO3
- 

concentrations, and measurable rates of potential denitrification in control 

treatments were only observed at Sandy Creek (Figure 2.2, Table 2.1). Rates of 

N2O production in stream sediments were consistently below detection limit. On 

the other hand, DOC was usually slightly higher in the stream sediments 

compared to adjacent riparian soils. Thus when NO3
- was added, enough 

carbon may have been available for completion of denitrification to N2 (Wick et 

al. 2005, Hunt et al. 2007). There also may be a difference in the composition of 

the microbial community between riparian and stream sediments. Some 

denitrifiers do not have nitrous oxide reductase enzymes capable of reducing 

N2O to N2 (Payne 1981). It is possible that a larger community of denitrifiers 
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with the ability to reduce N2O to N2 was present in stream sediments. A study 

by Rich and Myrold (2004) found that the microbial communities in riparian and 

agricultural soils were closely related, whereas in-stream microbial communities 

were distinctly different. If NO3
- concentrations are often lower in stream 

sediments compared to riparian soils, then the N2O reductase enzyme would be 

essential for the microbial community (Knowles 1982).   

 

2.4.4 Conclusions  

The results of this study demonstrated that nitrate removal by denitrification can 

occur in both well and sparsely vegetated riparian zones. Ambient NO3
- 

concentrations had the greatest influence over denitrification and N2O 

production. With the addition of nitrate, DOC also became a controlling factor on 

potential denitrification rates and to a lesser extent, N2O production. With the 

addition of nitrate, the N2O/(N2O + N2) ratios in the shallow riparian soils 

indicated that N2O production was the dominant gas emitted during 

denitrification. This suggests that riparian zones that are prone to high levels of 

NO3
- may exhibit high net N2O emission. Increased focus needs to be directed 

towards quantifying N2O production during denitrification in conjunction with 

development of management strategies for riparian zone rehabilitation and 

construction. Ideally, developing an effective strategy to promote high 

denitrification rates while sustaining low N2O production would be the best 

solution to manage NO3
- removal in riparian zones.  
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CHAPTER 3:  
N2O, CO2, AND CH4 FLUXES IN RIPARIAN ZONES  

 

3.1 INTRODUCTION 

As shown in Chapter 2, riparian zones can be a source of the greenhouse gas 

N2O if nitrate concentrations in soils are high. Other environmental conditions 

that are often associated with riparian zones, such as high levels of organic 

carbon and low levels of oxygen, are also conducive to microbial processes that 

contribute to two additional greenhouse gases (GHGs), CO2 and CH4 (Correll 

1997, Hill and Cardaci 2004, Hunt et al. 2006). 

 

Multiple biological processes are involved in the cycling of all three of these 

greenhouse gases, with soil microbes playing important roles in both 

consumption and production. The net flux of these gases is dependent on 

microbial activity, soil properties and other environmental conditions such as 

soil moisture, temperature, pH and carbon and nitrate concentrations (Dobbie 

and Smith 1996, Maljanen et al. 2003, Qi et al. 2005, Ambus and Robertson 

2006, McLain and Matens 2006, Cleveland et al. 2007, Cisneros-Dozal et al. 

2007, Li et al. 2006, Tate et al. 2007, Zhang et al. 2007). N2O fluxes generally 

increase with increasing soil moisture (Adviento-Borbe et al. 2006, Liu et al. 

2007), but the moisture content associated with maximum N2O fluxes varies 

across studies. Ciarlo et al. (2007) found the highest N2O fluxes at 80% water-

filled pore space (WFPS) in grassland soils, while Granli and Bockman (1994) 

found maximum N2O fluxes at 30% WFPS. The production of CO2 has been 

found to increase with increasing soil moisture until soils become anoxic, at 

which point production of CO2 decreases (Davidson et al. 1998, Xu and Qi 

2001). CH4 is only produced in anoxic conditions and would therefore be 

expected to be at a maximum under high soil moisture content (Wang et al. 

1993, Sundh et al. 1994).  

 

The influence of temperature is similar across all three GHGs. As soil 

temperatures increase, microbial activity is stimulated, resulting in an increase 

in GHG fluxes (Kumar et al. 2002, Lin et al. 2005, Liu et al. 2008). In addition to 

temperature, the presence of organic matter stimulates methanogenic activity 

and microbial respiration, resulting in greater fluxes of CH4 and CO2 (Morishita 
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et al. 2003). Another influential factor affecting all three greenhouse gases is 

inorganic nitrogen (Shrestha et al. 2004). High nitrate and ammonium 

concentrations in soil have been linked to increases in N2O fluxes and have 

been reported to inhibit CH4 consumption, resulting in a net increase in CH4 

emission (Goulding et al. 1996, Azam et al. 2002, Kravchenko et al. 2002).  

 

Several studies have measured GHG fluxes in Europe riparian zones (Hefting 

et al. 2003, Dhondt et al. 2004, Teiter and Mander 2005), while fewer studies 

have focused on subtropical regions (but see Maddock et al. 2001 and Allen et 

al. 2007). Gas fluxes from tropical rain forests in Australia ranged between 

0.075-5.5 µmol m-2 h-1 for N2O and between 2096-3121 µmol m-2 h-1 for CO2 

(Kiese and Butterbach-Bahl 2002, Butterbach-Bahl 2004). N2O fluxes from a 

subtropical forest study in southern China were higher than fluxes found in 

Australian soils, while CO2 fluxes were substantially lower than those in 

Australian soils (Tang et al. 2006).  

 

To guide management practices in the rehabilitation of riparian vegetation, 

further knowledge is needed about GHG fluxes from riparian zones. It is 

particularly important to understand the interaction between N2O, CO2 and CH4 

because managerial strategies that may reduce one gas may consequently 

increase another (IPCC 2001). The aims of this study were to (i) quantify and 

compare N2O, CO2 and CH4 fluxes from well vegetated and sparsely vegetated 

riparian sites and (ii) examine the main environmental factors potentially 

affecting greenhouse gas fluxes; specifically, organic carbon, nitrate and 

moisture content of soils. GHG fluxes were quantified in both the wet and dry 

seasons from the same six sites described in Chapter 2: paired well vegetated 

and sparsely vegetated riparian zones in three catchments in South-East 

Queensland, Australia (Figure 2.1, Chapter 2). Sites and sampling times were 

chosen in an attempt to obtain a range of environmental conditions, particularly 

with respect to organic carbon and moisture content. In addition, soil N2O and 

CO2 fluxes were measured from one pair of sites several times over the course 

of two years to potentially encompass a greater range of environmental 

conditions.  
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3.2 MATERIAL AND METHODS  

3.2.1 Gas flux measurements 

Fluxes of N2O, CO2 and CH4 were measured simultaneously using static 

chambers (Livingston and Hutchinson 1995). Cylindrical PVC chambers 

(diameter = 10 cm, height = 20 cm) were inserted into the soil to a depth of 10 

cm creating a headspace volume of 850 cm3. To quantify spatial variation in gas 

fluxes, three replicate chambers were placed in three positions at each site: 

outside the riparian zone (OR), inside the riparian zone (IR) and in the stream 

(SR) in both well vegetated and sparsely vegetated sites. Chambers placed in 

streams were inserted into the sediment until the water depth reached 10 cm. 

They were placed close to the stream bank so the amount of PVC inserted into 

the sediment could be maximized, (typically between 2 - 5 cm). Gases were 

sampled four times during an incubation period of four hours using a 60 ml 

syringe that was inserted through rubber stoppers fitted to the side of the 

chambers. 20 ml of the collected gas sample was then injected into a pre-

evacuated 12 ml vial. Samples were analyzed within 24 hours of collection 

using a Varian 3800 TCD/FID gas chromatograph. Gas fluxes (ppmv/hr) were 

calculated using linear regression to determine the slope of gas concentration 

versus time. Gas fluxes were converted to units of µmol m-2 h-1 by using the 

headspace volume of the area enclosed.  

 

All three catchments were measured in the dry season (October 2005) and the 

wet season (February 2006). CO2 fluxes could not be measured for the dry 

season because of equipment failure and are only reported for the wet season. 

Additional measurements of N2O fluxes were made from the paired sites at 

Sandy Creek in October 2004 (dry season) and June 2005 (winter season) to 

better estimate annual fluxes and to study the effects of climatic factors over a 

longer time period. For simplicity, this will be referred to as the “Sandy Creek 

experiment.” Details of average rainfall and temperatures for the months that 

samples were collected can be found in Appendix B, Table 1. 

 

3.2.2 Soil and water analysis 

Soil, stream water and air temperatures were recorded at the beginning and 

end of each sampling period. At the completion of the chamber sampling, soil 

and stream sediments directly underneath each chamber were collected to 
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measure pH, percent moisture, bulk density and total organic matter. A 1:5 soil 

to deionized water suspension method was used to prepare the soil for pH 

measurements (Rayment and Higginson 1992), which were made using a TPS 

pH meter. Soil moisture content was determined by oven drying soil at 70°C for 

48 hours and bulk density was calculated from intact soil cores taken under 

each chamber by dividing weight by volume. Water-filled pore space (%WFPS) 

was calculated from measured bulk density and soil moisture with an assumed 

particle density of 2.65 g/cm3 (Blake and Hartge 1986). Nitrate and ammonium 

concentrations from soil slurries used in Chapter 2 were analyzed using 

colorimetric assays by flow injection analysis using a Lachat QuikChem 8000 

analyser. Organic matter content (%OM) was measured by loss on ignition at 

400˚C for 12 h (Nelson and Sommers 1996).  

 

3.2.3 Statistical analysis 

T-tests were performed to test differences between wet and dry seasons for 

environmental parameters and GHG fluxes at each site. One-way ANOVA was 

performed for the Sandy Creek experiment to test for seasonal differences 

among the four different sampling periods. Pearson’s correlation analysis was 

used on environmental parameters in the wet (Feb. 06) and the dry season 

(Oct. 05) across all sites and for the four sampling periods at Sandy Creek. 

Two-way ANOVAs were used to compare the differences in fluxes between well 

and sparsely vegetated sites and positions (OR, IR and SR for N2O and CO2 

and OR and IR for CH4) for each catchment for each season. Two-way 

ANOVAs were also used to compare N2O and CO2 fluxes between sites and 

positions for the Sandy Creek experiment (SPSS for Windows 12.01, SPSS). 

Prior to analysis, normality tests were performed on all data. All CO2 data and 

N2O in the dry season were normally distributed and N2O fluxes in the wet 

season were log + 1 transformed where necessary (Underwood 1990). In order 

to transform the negative values of CH4 fluxes, all data from riparian soils were 

increased to positive values by adding 2.5, while CH4 fluxes from stream 

sediments were left as raw data. Both linear and nonlinear regression analyses 

were performed to investigate the influence of environmental parameters on 

GHG fluxes for riparian soils and stream sediments separately. Due to the high 

variability in CH4 fluxes between soils and stream sediments, ANOVA and 

regression analysis were done separately for these positions.  
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3.3 RESULTS 

3.3.1 Soil characteristics 

Throughout the sampling period and across all sites, riparian soil temperature 

ranged between 25-37°C while stream sediment temperatures were lower, 

ranging between 21-29°C. Total organic matter (P <0.001) and nitrate 

concentrations (P =0.003) across all positions were significantly different 

between seasons, with higher values found in the wet season (Table 3.1). This 

was also observed for soil moisture in riparian soils (P =0.004). The highest pH 

values were found at Sandy Creek, ranging between 6.0 and 7.1, with lower 

values at Running Creek (range 4.3-6.3) and Logan Creek (range 4.8-5.8). 

Pearson’s correlation analysis revealed %OM was negatively correlated with 

bulk density (R = 0.69, P <0.001), pH (R = 0.52, P <0.001) and soil temperature 

(R =0.34, P <0.001) and positively correlated with %WFPS (R =0.39, P <0.001, 

Table 3.2). Highest %WFPS and %OM content and lowest bulk density values 

were found at Running Creek, whereas Sandy Creek had the lowest %WFPS 

and %OM content and highest bulk density values (Table 3.1).  

 

Table 3.1     Soil characteristics at the six study sites for wet and dry season 
                      measurements. Values represent mean (±SE) of three replicate 
                      chambers in each position (OR = outside riparian zone, IR =    
                      inside riparian zone, SR = stream sediments). Soil temperature is   
                      the average from the beginning to the end of the sampling period.  
                 

Wet 
season pH %WFPS 

Soil temp 
 (oC) 

BD 
(g cm-3) %OM 

NO3
-  

(mg N L-1) 
NH4

+ 
(mg N L-1) 

Sv        

OR 6.20 (0.10) 3.80 (0.17) 29 (0.33) 1.15 (0.03) 1.55 (0.21) 0.91 (0.13) 0.03 (0.00) 

IR 6.46 (0.06) 6.69 (0.57) 27 (0.00) 1.11 (0.04) 3.29 (0.74) 0.46 (0.01) 0.19 (0.00) 

SR 7.08 (0.03) 9.85 (0.87) 25 (0.13) 1.47 (0.04) 0.18 (0.01) 0.32 (0.02) 0.02 (0.01) 

Ss        

OR 6.02 (0.10) 8.11 (1.97) 37 (1.86) 0.95 (0.08) 5.43 (1.22) 2.12 (0.34) 0.05 (0.00) 

IR 6.29 (0.12) 7.65 (1.61) 37 (1.86) 1.09 (0.07) 4.91 (0.44) 1.75 (0.20) 0.07 (0.00) 

SR 6.38 (0.16) 13.4 (1.94) 29 (0.44) 1.42 (0.03) 0.26 (0.06) 0.32 (0.02) 0.02 (0.01) 

Rv        

OR 4.33 (0.05) 22.2 (1.09) 29 (0.58) 0.82 (0.03) 9.02 (1.30) 1.17 (0.15) 0.49 (0.08) 

IR 5.17 (0.01) 29.9 (0.90) 24 (0.00) 0.75 (0.01) 16.6 (0.78) 4.46 (0.21) 0.12 (0.02) 

SR 5.12 (0.01) 61.9 (0.21) 25 (0.12) 0.74 (0.01) 7.81 (0.22) 0.00 (0.00) 2.06 (0.18) 

Rs        

OR 6.35 (0.17) 28.5 (0.41) 29 (0.58) 0.76 (0.04) 6.30 (0.21) 0.06 (0.02) 0.19 (0.02) 

IR 4.85 (0.21) 33.4 (1.43) 24 (0.00) 0.85 (0.02) 9.87 (0.31) 1.04 (0.09) 0.14 (0.01) 

SR 5.37 (0.05) 59.6 (4.23) 25 (0.12) 0.98 (0.02) 9.43 (0.94) 0.00 (0.00) 1.40 (0.04) 

Lv        
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OR 5.78 (0.02) 21.2 (1.30) 27 (1.45) 0.75 (0.05) 13.4 (1.16) 0.03 (0.01) 0.14 (0.01) 

IR 5.69 (0.03) 24.1 (1.36) 24 (0.58) 0.89 (0.06) 11.0 (1.24) 5.04 (0.24) 0.11 (0.02) 

SR 4.82 (0.03) 52.0 (0.58) 25 (0.62) 0.98 (0.02) 15.8 (3.45) 0.00 (0.00) 1.15 (0.10) 

Ls        
OR 5.74 (0.01) 30.2 (3.17) 27 (1.45) 0.89 (0.10) 12.6 (1.47) 0.79 (0.01) 0.14 (0.01) 

IR 5.72 (0.02) 26.7 (0.24) 27 (1.45) 0.76 (0.04) 12.8 (0.20) 1.39 (0.17) 0.15 (0.02) 

SR 5.30 (0.11) 60.6 (0.88) 24 (1.37) 0.99 (0.02) 10.0 (0.36) 0.00 (0.00) 1.35 (0.14) 

Dry season              

Sv        

OR 5.87 (0.15) 3.49 (0.53) 29 (1.52) 1.15 (0.03) 2.05 (0.20) 0.45 (0.09) 0.13 (0.04) 

IR 6.03 (0.02) 8.15 (0.57) 24 (1.52) 1.10 (0.04) 2.31 (0.37) 0.30 (0.02) 0.10 (0.00) 

SR 6.93 (0.14) 5.94 (0.41) 25 (1.52) 1.47 (0.04) 0.27 (0.06) 0.11 (0.01) 0.02 (0.01) 

Ss        

OR 5.93 (0.06) 7.13 (1.30) 37 (1.54) 0.95 (0.08) 4.94 (0.90) 0.51 (0.04) 0.04 (0.00) 

IR 6.26 (0.01) 1.91 (0.16) 37 (1.52) 1.09 (0.07) 2.08 (0.49) 0.61 (0.01) 0.06 (0.11) 

SR 6.73 (0.18) 1.06 (0.73) 29 (1.54) 1.42 (0.03) 0.81 (0.50) 0.13 (0.01) 0.01 (0.01) 

Rv        

OR 4.32 (0.03) 9.06 (0.58) 32 (1.45) 0.82 (0.03) 4.17 (0.52) 0.04 (0.00) 0.21 (0.02) 

IR 4.96 (0.08) 25.2 (0.79) 27 (3.33) 0.75 (0.01) 6.86 (1.06) 1.50 (0.09) 0.16 (0.00) 

SR 4.97 (0.01) 58.8 (1.58) 21 (0.58) 0.75 (0.09) 7.92 (0.50) 0.03 (0.01) 3.89 (0.28) 

Rs        

OR 6.21 (0.22) 20.8 (0.56) 31 (2.66) 0.76 (0.04) 4.06 (0.02) 0.91 (0.08) 0.30 (0.02) 

IR 4.97 (0.25) 23.3 (0.60) 31 (2.66) 0.87 (0.02) 5.55 (0.17) 1.90 (0.39) 0.05 (0.02) 

SR 5.04 (0.11) 75.9 (2.23) 21 (0.57) 0.93 (0.06) 9.22 (0.31) 0.02 (0.00) 0.73 (0.04) 

Lv        

OR 5.70 (0.09) 18.6 (0.95) 29 (0.67) 0.75 (0.05) 7.95 (0.07) 0.49 (0.01) 0.16 (0.01) 

IR 5.50 (0.04) 20.3 (0.67) 23 (0.00) 0.89 (0.06) 7.14 (0.60) 0.88 (0.07) 0.05 (0.00) 

SR 4.82 (0.03) 46.7 (1.98) 25 (1.67) 0.99 (0.01) 5.96 (0.33) 0.02 (0.01) 0.56 (0.01) 

Ls        

OR 5.57 (0.01) 29.1 (1.99) 29 (0.67) 0.89 (0.10) 10.5 (0.54) 0.52 (0.14) 0.11 (0.02) 

IR 5.43 (0.02) 25.7 (1.39) 23 (0.00) 0.75 (0.04) 8.76 (2.09) 0.44 (0.08) 0.13 (0.01) 

SR 5.30 (0.11) 39.7 (3.01) 25 (1.67) 0.99 (0.01) 5.82 (0.75) 0.02 (0.01) 0.88 (0.06) 

 
 
Table 3.2     Pearson's correlation coefficients showing relationships among soil 

characteristics across all sites and positions and both seasons. 
Values of R are shown with levels of significance indicated as * = P 
<0.05, ** = P <0.01, and *** = P <0.001. 

                     

 pH %WFPS 
Soil temp

 (oC) 
BD 

(g cm-3) %OM 
   NO3

-  
(mg N L-1) 

%WFPS    -0.45**      

Soil temp (oC)     0.21*    -0.57**     

BD (g cm-3)     0.64**    -0.24*     0.08    

%OM    -0.52**     0.39**    -0.34**    -0.69**   

NO3
- (mg N L-1)    -0.07    -0.21*    -0.07    -0.23*     0.29**  

NH4
+ (mg N L-1)    -0.41**     0.73**    -0.39**    -0.26**     0.36**    -0.31** 
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3.3.2 N2O fluxes 

Variations in N2O fluxes between seasons were not significantly different at 

most sites (Table 3.3). However, fluxes were generally higher in the wet season 

(Figure 3.1). N2O fluxes displayed large spatial variation between and within the 

well and sparsely vegetated sites. N2O fluxes in sparsely vegetated sites 

ranged from 0.0 to 14 µmol N2O m-2 h-1, while the rates from the well vegetated 

sites ranged from 0.0 to 0.6 µmol N2O m-2 h-1. The two largest N2O fluxes were 

observed at Running Creek in the wet season at the sparsely vegetated site, 

inside riparian zone at 14 ± 3.7 µmol N2O m-2 h-1 and outside the riparian zone 

at 7.3 ± 3.5 µmol N2O m-2 h-1. Across all three catchments, mean N2O fluxes 

were more similar in the dry season with a coefficient of variation (CV) of 32%, 

compared to the wet season with a CV of 60%.  

 

Significant differences in N2O fluxes between the well and sparsely vegetated 

sites were found at Sandy Creek and Running Creek in the dry season (Table 

3.4). Sandy Creek produced more N2O from the well vegetated site while 

Running Creek had higher N2O production in the sparsely vegetated site 

(Figure 3.1). A significant difference between positions at Running Creek was 

found; however, a significant interaction between site and position was also 

observed. N2O fluxes from riparian soils demonstrated an exponential 

relationship with %WFPS (R2 = 0.38, P <0.001, Figure 3.2). No relationships 

between N2O fluxes and pH, bulk density, temperature, NO3
-, NH4

+ or %OM 

were significant in either riparian or stream sediments.  

 

Table 3.3     Results of t-tests showing seasonal differences in N2O and   
                    CH4 fluxes for the six sites. Significant P values (P <0.05) are    
                    shown in bold. 
                     
 Sv Ss Rv Rs Lv Ls 

N2O 0.244 0.243 0.616 0.025 0.153 0.153 

CH4 0.503 0.617 0.211 0.314 0.203 0.980 
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Table 3.4     Results of two-way ANOVAs showing differences in N2O, CO2 and CH4 fluxes between the well and sparsely vegetated sites 
at each catchment in the wet and dry season where sites (well and sparsely vegetated) and positions (OR, IR and SR for 
N2O and CO2 and OR and IR for CH4) are the main effects. Significant P values (P <0.05) are shown in bold. 

  

    Sandy Creek   Running Creek  Logan Creek 
 Gas Sites Positions S x P  Sites Positions S x P  Sites Positions S x P 
Wet Season             

  N2O 0.639 0.298  0.046a  0.001 0.001 0.001  0.286 0.172  0.061a 

  CO2 0.895 0.002 0.041  0.155 0.001 0.668  0.001 0.004 0.583 

  CH4 0.001 0.027 0.194  0.562 0.513  0.063a  0.249 0.109 0.112 

Dry Season             

  N2O 0.002 0.571 0.351  0.001 0.001 0.001  0.398 0.125 0.022 
  CH4 0.777 0.005 0.001a  0.853 0.110  0.571a  0.714 0.280  0.639a 

adata were log+1 transformed 
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                   vegetated riparian sites. Values represent mean (±SE) of three   
                   replicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1     N2O fluxes at Sandy (a), Running (b) and Logan (c) creeks in the   

outside and inside riparian positions and in stream sediments in 
the wet and dry season. Dark bars represent the well vegetated 

                      sites and light bars represent the sparsely vegetated sites. 
                      Values represent mean (±SE) of three replicates. 
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Figure 3.2     Relationship between N2O flux and %WFPS in riparian soils. 
                      Each point represents a single value from each chamber. 
 

3.3.3 CO2 fluxes 

CO2 fluxes ranged from 550 to 25,500 µmol CO2 m
-2 h-1 (Figure 3.3). 

Differences between well and sparsely vegetated sites were found at Logan 

Creek with higher fluxes in the sparsely vegetated site (P <0.001, Table 3.4). 

Although statistically not significant, Running Creek followed the opposite 

pattern with higher fluxes at the well vegetated riparian site (Figure 3.3). There 

were significant within-site differences between positions at all three 

catchments. CO2 fluxes in stream sediments were lower than riparian soils 

across all sites.  

 

%WFPS and %OM explained 51% and 58% of the variation in CO2 fluxes 

across all sites in riparian soils (Figure 3.4). Weaker negative relationships were 

found between CO2 flux and bulk density (R2 = 0.34, P <0.001) and pH (R2 = 

0.31, P <0.001). No relationships between CO2 fluxes and temperature, NO3
-, or 

NH4
+ were found.  
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Figure 3.3     CO2 fluxes at Sandy (a), Running (b) and Logan (c) creeks in the   
                      outside and inside riparian positions and in stream sediments. 

Dark bars represent the well vegetated sites and light bars 
represent the sparsely vegetated sites. Values represent mean 
(±SE) of three replicates.      
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Figure 3.4     Relationship between CO2 flux and DOC (a) and %WFPS (b) in  
                     riparian soils. Points represent single value from each chamber. 
             (a) data set includes wet season only and (b) both seasons 

 

3.3.4 CH4 fluxes  

Both net consumption and emission of methane was observed at each 

catchment in both stream sediments and riparian soils (Figure 3.5). Methane 

fluxes covered a range of -1.9 to 32, and -151 to 3030 µmol CH4 m
-2 h-1 in 

riparian soils and stream sediments respectively. Within the well vegetated 

sites, the CV was 129% while the sparsely vegetated sites had a lower CV 

value of 56%. No significant differences in seasonal CH4 fluxes were found at 

any site for riparian soils or stream sediments (Table 3.3). The highest 

emissions were found in stream sediments in the sparsely vegetated site at 

Logan Creek, while the largest consumption of CH4 was found in the well 

vegetated site at Running Creek (Figure 3.5). Due to the substantial difference 

in emission and consumption rates between terrestrial and stream sediments (P 

<0.001), statistical analysis was done separately for these positions (Table 3.4). 

In riparian soils, differences in CH4 fluxes between well and sparsely vegetated 

sites were found in the wet season at Sandy Creek with higher consumption 

rates at the well vegetated site. No significant differences between or within 

sites were found at Logan Creek and Running Creek (Table 3.4). CH4 fluxes in 

stream sediments were not significantly different between the well and sparsely 

vegetated sites (data not shown). However, stream CH4 fluxes were higher in 

C
O

2
 fl

ux
 (

u
m

o
l m

-2
 h

-1
)



 41

-2

0

2

4

6

-4

0

4

8

12

16

20

24

-2

0

2

4

6

Outside     Inside                       Outside     Inside   
            Wet                                  Dry

0

400

800
1200

1600

2000

2400

2800

3200

a)

c)

b)

d)

S        R        L                     S        R        L
        Wet                              Dry

the sparsely vegetated sites in the dry season and higher in the wet season. 

The variation in CH4 fluxes in stream sediments were best explained by CO2 

flux (R2 = 0.22, P =0.032) and ambient NH4
+ concentration (R2 = 0.55, P =0.003, 

Figure 3.6). The relationship between CH4 and CO2 for stream sediments was 

improved when the high values from the sparsely vegetated site at Logan Creek 

were excluded from analysis (R2 =0.49, P =0.017). No sediment relationships 

between any other environmental factor measured and CH4 fluxes were found 

when values were analyzed across all positions or from riparian soils only.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5     CH4 flux at Sandy (a), Running (b) and Logan (c) creeks in the   
                     (OR) outside and (IR) inside riparian positions. Fluxes in (SR) 

stream sediments (d) at each location in the wet and dry season 
(S = Sandy, R = Running, L = Logan). Dark bars represent the 

                      well vegetated sites and light bars represent the sparsely   
                      vegetated sites. Values represent mean (±SE) of three replicates. 
                      CH4 fluxes for stream sediments at Sandy Creek in the dry 

seasons were below detection limit.   

C
H

4
 fl

ux
 (

um
ol

 m
-2

 h
-1

)



 42

0 1000 2000 3000 4000 5000

-200

0

200

400

CO2 flux (umol m-2 h-1)

0 1 2 3

-200

0

200

400

600

800

1000

1200
b)

R2 = 0.25, P =0.003

a)

R2 = 0.49, P =0.017

Ambient NH4
+ (mg N L-1)

 
Figure 3.6     Relationship between CH4

+ and CO2 fluxes (a) and ambient NH4
+ (b) 

                      in stream sediments. Points represent a single value from each 
chamber. 

                      

3.3.5 Soil characteristics in the Sandy Creek experiment 

No significant differences in %WFPS or %OM were found across sampling 

times for the Sandy Creek experiment. Soil temperature was above 25°C for all 

sampling times except for June 2005, where the average soil temperature was 

lower at 19°C (Table 3.5). Nitrate and ammonium concentrations were highest 

in October 2004 (P <0.001), compared to Oct. 05 and Feb. 06 (concentrations 

were not measured in June 05). Results from Pearson’s correlation analysis 

revealed a strong correlation between NH4
+ and soil temperature (R = 0.62, P 

<0.01) and NO3
- concentrations (R = 0.63, P <0.01). Pearson’s correlation did 

not show a relationship between soil moisture and temperature (Table 3.6).  
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Table 3.5     Sandy Creek soil characteristics for four different sampling times in   
each position (OR, IR, SR). Values represent mean (±SE) of three 
replicate chambers. Soil temperature is the average from the 
beginning to the end of the sampling period. NA = data not 
measured. BD = value below detection limit. 

 

Sampling  
   time Sites pH %WFPS 

Soil temp
 (oC) %OM 

NO3
-  

(mg N L-1) 
NH4

+ 
(mg N L-1) 

Oct. 04 Sv       

 OR NA 14.3 (1.28) 39 (1.45) 0.70 (0.16) 2.73 (0.07) 0.17 (0.01) 

 IR NA 4.17 (0.50) 31 (0.58) 0.73 (0.09) 0.38 (0.03) 0.43 (0.25) 

 SR NA NA NA NA NA NA 

 Ss       

 OR NA 9.17 (0.57) 36 (2.50) 1.22 (0.02) 4.37 (0.90) 0.31 (0.02) 

 IR NA 14.1 (0.19) 36 (1.45) 2.81 (0.38) 1.97 (0.52) 0.34 (0.05) 

 SR NA NA NA NA NA NA 

June 05 Sv       

 OR 5.71 (0.07) 2.30 (0.84) 19 (0.81) 0.36 (0.03) NA NA

 IR 5.75 (0.05) 5.45 (0.27) 17 (0.58) 0.57 (0.03) NA NA

 SR 6.06 (0.15) 16.1 (0.74) 16 (0.33) BD NA NA

 Ss       
 OR 5.73 (0.08) 6.66 (1.37) 21 (0.58) 0.62 (0.10) NA NA

 IR 5.65 (0.07) 6.42 (0.56) 23 (0.81) 1.08 (0.24) NA NA

 SR 6.61 (0.28) 57.5 (2.32) 21 (0.58) 0.31 (0.01) NA NA

Oct. 05 Sv       

 OR 5.87 (0.15) 3.07 (0.47) 29 (1.52) 2.05 (0.20) 0.45 (0.09) 0.13 (0.04) 

 IR 6.03 (0.02) 8.13 (0.57) 24 (1.52) 2.31 (0.37) 0.30 (0.02) 0.10 (0.00) 

 SR 6.93 (0.14) 12.8 (0.61) 25 (1.52) 0.27 (0.06) 0.11 (0.01) 0.02 (0.01) 

 Ss       

 OR 5.93 (0.06) 8.21 (1.69) 37 (1.54) 4.94 (0.90) 0.51 (0.04) 0.04 (0.00) 

 IR 6.26 (0.01) 1.92 (0.19) 37 (1.52) 2.08 (0.49) 0.61 (0.01) 0.06 (0.11) 

 SR 6.73 (0.18) 2.37 (1.61) 29 (1.54) 0.81 (0.50) 0.13 (0.01) 0.01 (0.01) 

Feb. 06     Sv       

 OR 6.20 (0.10) 3.34 (0.16) 29 (0.33) 1.50 (0.20) 0.91 (0.00) 0.03 (0.00) 

 IR 6.46 (0.06) 6.64 (0.45) 27 (0.00) 3.19 (0.72) 0.46 (0.02) 0.19 (0.01) 

 SR 7.08 (0.03) 21.5 (2.32) 25 (0.13) 0.17 (0.01) 0.32 (0.01) 0.02 (0.00) 

 Ss       

 OR 6.12 (0.17) 10.7 (1.76) 37 (1.86) 5.58 (0.91) 2.12 (0.07) 0.05 (0.01) 

 IR 6.25 (0.10) 16.3 (0.95) 37 (1.86) 3.42 (1.62) 1.75 (0.03) 0.07 (0.01) 

 SR 6.43 (0.22) 27.7 (3.68) 29 (0.44) 0.27 (0.07) 0.32 (0.02) 0.02 (0.01) 
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Table 3.6     Pearson's correlation coefficients showing relationships among soil 
characteristics at Sandy Creek across the four sampling times. 
Values of R are shown with levels of significance indicated as * = P 
<0.05, ** = P <0.01, and *** = P <0.001.  

 

 pH %WFPS 
Soil temp

 (oC) %OM 
   NO3

-  
(mg N L-1) 

%WFPS     0.39**     
Soil temp (oC)    -0.14    -0.19    

%OM 0.58** 0.53**    -0.26*   

NO3
- (mg N L-1)    -0.36*    -0.08     0.32*    -0.49**  

NH4
+ (mg N L-1)    -0.38*     0.01     0.63**    -0.38**     0.62** 

 

3.3.6 N2O and CO2 fluxes at Sandy Creek 

N2O fluxes were low throughout the four sampling times and ranged from 0.01 

to 0.73 µmol N2O-N m-2 h-1. CO2 fluxes ranged from 320 to 16100 µmol CO2 m
-2 

h-1 (Figure 3.7). Significant seasonal differences were found in both N2O (P 

<0.001) and CO2 (P <0.001) fluxes, with highest fluxes found in October 2004 

and lowest in June 05 (Figure 3.7, Table 3.7). Significant differences in N2O 

fluxes were found between the well and sparely vegetated site in June 05 and 

Feb. 06 with higher fluxes in the sparsely vegetated site (Figure 3.7, Table 3.8). 

CO2 fluxes were also significantly higher in the sparsely vegetated site in June 

05 and Oct. 04. Similar to the patterns found from all three catchments, N2O (R2 

= 0.51, P <0.001) and CO2 (R
2 = 0.38, P =0.032) fluxes were positively related 

to %WFPS in riparian soils (Figure 3.8a, Figure 3.9a). A positive relationship 

was found between N2O and CO2 fluxes (R2 = 0.66, P <0.001, Figure 3.9c). 

Multiple regression analysis showed that NO3
- and NH4

+ explained 56% of the 

variation in N2O fluxes. Since sampling was over a longer time period, a greater 

range in temperature was observed. This revealed an exponential relationship 

between temperature and N2O flux (R2 = 0.50, P <0.001) and explained 57% of 

the variation in CO2 flux (Figure 3.8b, Figure 3.9b). No relationship with bulk 

density, pH, and %OM and N2O or CO2 fluxes were found in riparian soils or 

with any environmental variable in stream sediments. 
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Table 3.7     Results of one-way ANOVAs showing seasonal differences in N2O      
                    and CO2 fluxes among the four sampling periods for the Sandy  
                    Creek experiment. Significant P values (P <0.05) are shown in bold. 
                                    
 Sv Ss 

N2Oa 0.001 0.001 
CO2

a 0.001 0.001 
adata were log+1 transformed 

 
 
Table 3.8     Results of two-way ANOVAs showing differences at Sandy Creek 

in N2O and CO2 fluxes between the well and sparsely vegetated 
site at each sampling time. Sites (well and sparsely vegetated) and 
positions (OR, IR and SR) are the main effects. Significant P values 
(P <0.05) are shown in bold.  

 
Seasons Sites Positions S x P 
N2O    

Oct. 04 0.835 0.055 0.116 

June 05 0.045 0.069 0.503 

Oct. 05a 0.467 0.235 0.027 
Feb. 06 0.002 0.571 0.351 

CO2    

Oct. 04 0.002 0.049 0.862 

June 05 0.027 0.121 0.932 

Oct. 05     NA      NA     NA 

Feb. 06a 0.056 0.001 0.001 
adata were log+1 transformed 
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Figure 3.7     N2O and CO2 fluxes at Sandy Creek in the outside (OR), inside 

(IR) riparian positions and in stream sediment (SR). Dark bars 
represent the well vegetated sites and light bars represent the 
sparsely vegetated sites. Values represent mean (±SE) of three 
replicates. 
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Figure 3.8     Relationship between N2O flux and %WFPS (a), soil temperature   
                     (b), NO3

- (c) and NH4
+ (d). Points represent mean (± SE) of three     

                     replicates. 
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Figure 3.9     Relationship between CO2 flux and %WFPS (a), soil temperature 
                     (b) and (c) N2O flux. Points represent mean (± SE) of three  

replicates. 
                                            

3.4 DISCUSSION 

3.4.1 N2O fluxes 

In this study, the measured N2O fluxes were within the range found in tropical 

forests in Australia and other parts of the world (Kiese and Butterbach-Bahl 

2002, Arnold et al. 2005, Ambus and Robertson 2006, Tang et al. 2006). Water-

filled pore space was the main controlling factor explaining the variation in N2O 

fluxes. This is in good agreement with other field studies that found positive 

relationships with soil moisture (Smith et al. 1998, Metay et al. 2007). Soil 
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moisture content is an indirect indicator of oxygen availability. As soil moisture 

increases, oxygen begins to be depleted from the soils, thereby stimulating 

denitrification activity (Dobbie et al. 1999, Rudaz et al. 1999). However, most 

studies have found that %WFPS greater than 60% is needed before conditions 

are favourable for denitrification. Below 60% WFPS, nitrification is considered to 

be the key microbial process in N2O production (Abassi and Adams 2000, Wolf 

and Russow 2000). Maximum %WFPS from these sites was 38%, suggesting 

that N2O was predominantly produced by nitrification.  

 

3.4.2 CO2 fluxes 

Average CO2 fluxes from these riparian sites were higher than many previously 

reported for forested and riparian soils with similar characteristics (Maljanen et 

al. 2003, Ishizuka et al. 2005). Inubushi et al. (2003) reported fluxes of CO2 

from a tropical forest in Indonesia only as high 4550 µmol CO2 m
-2 h-1, and 

Kiese and Butterbach-Bahl (2002) observed fluxes in an Australian tropical 

forest with an even lower average of 3120 µmol CO2 m
-2 h-1. In this study, soil 

CO2 fluxes were five times higher ranging from 2790 to 25,500 µmol CO2 m
-2 h-

1. Although fluxes from stream sediments were lower than riparian soils, ranging 

from 550 to 4750 µmol CO2 m
-2 h-1(excluding fluxes from Ls = 10500 µmol CO2 

m-2 h-1), they were generally higher than fluxes from other studies in aquatic 

ecosystems. For example, a study by Hofman (2005) measured average CO2 

fluxes from coastal sandy sediments of 125 to 283 µmol CO2 m
-2 h-1. Similarly, a 

study by Hedin (1990) found CO2 fluxes from woodland streams ranged from 24 

to 340 µmol CO2 m
-2 h-1. 

 

While there was a positive relationship between CO2 flux and %OM, the organic 

matter content was not related to the vegetation type. Similar to the findings in 

Chapter 2, most of the well and sparsely vegetated paired sites in both seasons 

had similar %OM content. When observing CO2 fluxes from all three 

catchments and multiple periods of sampling at Sandy Creek, a clear spatial 

pattern was observed with higher fluxes in the sparsely vegetated sites. The 

higher fluxes of CO2 at Sandy Creek could be explained by the higher organic 

matter and %WFPS found at the sparsely vegetated site. However, the variation 

in CO2 fluxes at Logan Creek was not explained by patterns of organic matter 

or %WFPS, indicating another factor may be important.  
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The CO2 fluxes in this study were assumed to be produced by heterotrophic 

respiration. Environmental variables like leaf and root biomass were not 

measured in this study and fluxes from plant respiration could not be 

determined. Studies that have measured both autotrophic and heterotrophic 

respiration have found both processes to be significant contributors to CO2 

emissions (Gaumont-Guay et al. 2005). In this study, a notable factor at Logan 

Creek was the thick grass cover. It is possible that grass root respiration was 

responsible for some of the variation in CO2 fluxes rather than microbial activity. 

Most studies that have incorporated measurements of autotrophic and 

heterotrophic respiration have been done in forested areas (Tang et al. 2006, 

Arnold et al. 2005). Few studies have examined both processes simultaneously 

in riparian soils (Rier and King 1996). Petrone et al. (2008) measured net CO2 

fluxes from riparian grasslands with differing land use and found higher CO2 

production from agriculturally influenced riparian sites compared to undisturbed 

sites. They concluded that the higher CO2 production was related to elevated 

soil nutrients in agricultural riparian sites.  

 

3.4.3 CH4 fluxes  

Large spatial variations in CH4 fluxes have been measured across riparian 

forests and grasslands, ranging from high rates of CH4 consumption to relatively 

high rates of emissions (Wang et al. 2006a, Tang et al. 2006). In accordance 

with these findings, this study found highly variable consumption and emission 

rates in both riparian soils and stream sediments. Rates were also highly 

variable within sites and even within the three replicate chambers, as 

demonstrated by large standard errors that extend from both consumption and 

emission of CH4 from a few specific positions within a site.  

 

CH4 production in stream sediments in this study was higher than many 

previous studies (Hlavacova et al. 2006, Wilcock and Sorrell 2008). A study by 

Wang et al. (2006b) measured CH4 emissions in riparian marshes and found 

production was very high in areas with dense plant cover. Methane can be 

transported through plants due to pressure differences or by passive diffusion 

(Dacey 1981, Kludze and DeLaune 1994). The exceptionally high production of 

CH4 found at the Logan Creek site may be related to the thick algal mat in the 

stream. High production of CH4 is often associated with algal blooms and other 
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macrophyte covered areas (Wang et al. 2006a). A study by Smith et al. (2000) 

measured methane emission from floodplain soils and found methane 

emissions to be 5 times higher in the presence of macrophytes as long as soils 

were persistently moist. CH4 consumption by methanotrophic bacteria can only 

occur in the presence of oxygen. In this study, both consumption and emission 

of CH4 was found in stream sediments, which suggests that both 

methanogensis and methanotrophy were occurring.  

 

Another factor that can control CH4 fluxes is NH4
+ (Shrestha et al. 2004). In this 

study, CH4 consumption shifted towards net emissions as ammonium 

concentrations increased (Figure 3.6b). Methanotrophs have to compete with 

nitrifying and ammonium oxidizing bacteria for NH4
+, which can cause a 

reduction in methane consumption. This has been demonstrated in other 

experiments where the addition of fertilizers drastically decreases methane 

consumption and sometimes resulted in net emissions (Roslev et al. 1997, 

Veldkamp et al. 2001, Suwanwaree and Robertson 2005).  

 

3.4.4 Seasonal fluxes of N2O and CO2  

The Sandy Creek experiment highlighted the importance of sampling over long 

periods of time to obtain broader ranges in environmental variables. Only one 

environmental relationship with N2O flux was found when fluxes were measured 

in two seasons. Regression analyses using four sampling periods were more 

successful in explaining variation in N2O fluxes because the environmental 

variables in the Sandy Creek experiment covered a wider range of values. The 

influences of soil moisture and temperature on N2O and CO2 fluxes in this study 

are in good agreement with numerous studies from different ecosystems (Ruser 

et al. 2001, Khalil et al. 2002, Reth et al. 2005). Studies that have found 

exponential increases in N2O fluxes in relation to %WFPS usually cover a wide 

range of soil moisture content and attribute this relationship to the onset of 

anoxia resulting in the stimulation of denitrification (Qian et al. 1997, Pihlatie et 

al. 2004). However, the %WFPS at Sandy Creek was below 20% and fluxes of 

N2O were most likely from nitrification. Nitrification can be stimulated by soil 

moisture increases at low moisture content as long as the soils are still oxic 

(Bollmann and Conrad 1998).  
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It was predicted that fluxes would be highest in February coinciding with the wet 

season. Rainfall in the month of February 2006 was lower than the dry season 

in October 2005 and slightly lower than the winter season. Mean rainfall in 

October 2004 was the lowest across the four seasons but had the highest N2O 

and CO2 fluxes, in contrast to the prediction. One possible explanation for the 

higher N2O fluxes in October is the onset of rain at the end of the sampling day. 

The rapid increase in soil moisture content most likely stimulated microbial 

activity. Furthermore, nitrate and ammonium concentrations were highest in 

October 04; subsequently, nitrification and possibly denitrification were 

stimulated as it started to precipitate. Similar pulses of N2O emissions after 

rainfall or rewetting of soils have been found in field and laboratory conditions 

(Ruser et al. 2006, van Hare et al. 2005). The positive relationship with both 

NO3
- and NH4

+ suggests both nitrification and denitrification as sources of N2O. 

However, there was a significant correlation across sampling times between 

NO3
- and NH4

+ concentrations. It is more likely that N2O fluxes across all 

sampling times were produced by nitrification rather than denitrification because 

of the particularly low %WFPS.   

 

3.4.5 CO2-equivalents 

The global warming potential of CO2, N2O and CH4 were calculated by 

converting the N2O and CH4 fluxes into CO2-equivalents using multipliers of 298 

and 25, respectively. The contribution of N2O to net CO2-equivalents emissions 

were mostly low, but the high fluxes from Running Creek (3160 ± 1090) were of 

the same magnitude as some of the low CO2 fluxes (Table 3.9). CO2 emissions 

were mostly above 90% of the total GWP potential, while CH4 was mostly 

negligible in riparian soils. Average CH4 equivalent emissions in stream 

sediments were similar to CO2 emissions in the well vegetated sites but 

exceeded the CO2 emissions in the sparsely vegetated streams. Although CO2 

emissions were not recorded in the dry season, it is important to note the 

extremely high GWP of methane in the dry season. At Logan Creek, within the 

well vegetated site, CH4 equivalent emissions were nearly twice as much as 

any recorded CO2 emissions (Table 3.9). Overall, this suggests that in-situ 

fluxes of N2O and CH4 in the riparian zone soils were not major contributors of 

the CO2-equivalents compared to CO2 itself. Even the wet season soil moisture 
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contents were fairly low, however, and the relative importance of N2O and CH4 

under saturated conditions was only determined for stream sediments.  

 

Table 3.9     N2O and CH4 fluxes expressed as µmol CO2 equivalent m-2 h-1 from 
positions at the six study sites for wet and dry season. The IPCC 
conversion was used by multiplying N2O emissions by 298 and CH4 
fluxes by 25. 

 
  Wet season (February 2006) Dry season (October 2005) 

  N2O CO2 CH4 N2O CH4 

Sv      

OR 11.3 (10.2) 4355.7 (478.7) -4.70 (0.38) 14.8 (2.60) 6.00 (5.00) 

IR 0.38 (0.43) 3888.1 (739.1) -2.62 (0.50) 14.8 (1.56) -22.9 (2.79) 

SR 0.50 (49.4) 1223.1 (398.4) 11.8 (10.3) 10.1 (4.21) -3.25 (0.74) 

Ss      

OR 3.30 (2.40) 1941.7 (1429.9) -4.90 (3.50) 2.91 (0.79) -12.7 (1.04) 

IR 97.3 (60.6) 6651.5 (1265.8) 0.10 (0.84) 7.15 (0.34) -5.90 (0.24) 

SR 0.84 (8.60) 1168.3 (418.4) 4402.2 (3381.1) 6.97 (2.68) -0.70 (0.17) 

Rv      

OR 6.50 (4.68) 15048.5 (1752.8) -6.41 (13.2) 7.63 (3.12) 313.8 (252.0) 

IR 13.2 (69.2) 18460.6 (5747.5) -35.8 (13.5) 54.0 (19.2) -49.0 (3.15) 

SR 13.5 (3.20) 2273.9 (188.1) 2447.2 (1025.1) 18.2 (11.1) 12903.7 (7410.1) 

Rs      

OR 2273.7 (1477.1) 11981.1 (2613.2) -42.4 (7.58) 155.1 (14.2) 195.5 (170.4) 

IR 3153.9 (1087.1) 13931.2 (2597.3) 1.61 (28.3) 79.5 (19.8) 11.8 (0.64) 

SR 12.6 (7.18) 1711.6 (844.9) 5509 (3784.4) 8.35 (0.27) 5954.4 (1288.8) 

Lv      

OR 16.1 (1.09) 9610 (2192.9) -15.4 (4.5) 12.8 (7.17) 16.5 (13.5) 

IR 185.8 (111.9) 7396.4 (1441.3) 85.6 (79.1) 19.3 (0.15) -2.26 (2.35) 

SR 11.0 (4.46) 3131 (1320) 2962.3 (2965.7) 12.1 (1.53) 39647.9 (29474.7)

Ls      

OR 429.9 (245.6) 18089.2 (1338.8) -0.13 (5.11) 7.42 (3.88) 40.7 (54.0) 

IR 62.9 (11.1) 13095.4 (287.2) 0.28 (0.41) 7.16 (5.25) -5.27 (1.30) 

SR 8.88 (6.49) 10518.5 (20.0) 8706.6 (3351.9) 27.6 (3.49) 8531.6 (4781.2) 

 

3.4.6 Conclusions 

Results from this study show the importance of soil moisture and temperature 

on N2O and CO2 fluxes within riparian zones. N2O fluxes were controlled mostly 

by soil moisture, despite overall low %WFPS. The exponential relationship 

between N2O fluxes and WFPS found in soils with WFPS <40% and <20% 

suggests nitrification can be important in riparian soils in dry conditions. In 
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addition to soil moisture and temperature, organic matter content was an 

important factor for CO2 fluxes. Increases in the decomposition of organic 

matter and wetter soil moisture likely resulted in greater soil respiration. This 

study showed particularly high CO2 fluxes compared to previously reported 

fluxes in other riparian zone and grassland studies. Methane was consumed in 

most riparian soils but stream sediments showed considerable emissions of 

CH4. The presence of macrophytes in one stream may have resulted in high 

CH4 production.  

 

N2O fluxes were responsible for 0.11 - 4.8%, CH4 for -0.2 - 61% and CO2 for  

39 - 99.7% of the total GWP from the study sites. This indicates that N2O 

emissions did not have a significant impact on global warming potential from 

these riparian sites. Furthermore, the proportion of N2O contributing to GWP 

from the well vegetated sites was less than 1%. At least for the soil conditions 

under which the measurements were made, it appears that potential changes in 

N2O emissions due to riparian zone management actions, such as revegetation, 

are not a major concern. Further research is required to determine if this is the 

case under conditions where denitrification would be expected to be high, such 

as during periods when riparian zone soils are saturated.   

R2 = .22, p < .0

 



 55

CHAPTER 4: 
CONTROLS ON IN-STREAM DENITRIFICATION AND N2O 

PRODUCTION IN RIPARIAN ZONES                                                 
 

4.1 INTRODUCTION 

Riparian zone vegetation can help reduce the transport of NO3
- from the 

terrestrial environment to streams but removal rarely reaches 100% (Bobbink 

and Cauwe 2003, Hefting et al. 2006). Therefore, many streams receive 

appreciable loads of nitrate, particularly from human activities like agriculture 

(Rabalais et al. 2002). Once nitrate reaches the stream channel, the research 

focus shifts to in-stream processes that can remove nitrate, thus reducing loads 

that reach downstream ecosystems including estuaries and other receiving 

water bodies (Garcia-Ruiz et al. 1998, Alexander et al. 2007). Recent studies 

have suggested that streams can be important sites for removal of nitrate 

(Kellogg et al. 2005, Mulholland et al. 2004). Similar to riparian zones, microbial 

immobilization and plant uptake can reduce nitrate concentrations, but the 

process of denitrification is of particular interest because it can permanently 

remove nitrate from the ecosystem.  

 

Many studies have investigated controls on denitrification rates in streams, 

including the interplay between nitrate and organic carbon limitation (Kemp and 

Dodds 2002, Inwood et al. 2005, Arango and Tank 2008), but far fewer studies 

have focused on assessing carbon and nitrate controls on N2O production in 

stream sediments (but see Garcia-Ruiz et al. 1998, Beaulieu et al. 2008). Under 

low NO3
- concentrations, the input of organic carbon has been shown to 

significantly reduce the proportion of N2O during denitrification in both riparian 

and stream sediments (Ullah and Faulkner 2006, Sanchez-Martin et al. 2008). 

However, despite adequate carbon sources, high nitrate concentrations can 

lead to significantly higher proportions of N2O during denitrification (Hefting et 

al. 2006). 

 

The investigation of denitrification potential, N2O production and the N2O/(N2O + 

N2) ratio in Chapter 2 showed that stream sediments did not produce 

measurable amounts of N2O, despite high rates of denitrification potential when 

nitrate was added. The contrast between no N2O production in stream 

sediments, and the often high N2O/(N2O + N2) ratios in riparian soils, leads to 
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the question of what factors are favouring the complete reduction of NO3
- to N2 

in stream sediments. One possibility that was suggested in Chapter 2 is that 

due to the low ambient nitrate within the stream sediments, the added nitrate 

could have been quickly exhausted and completely reduced to N2. Furthermore, 

two sites had higher carbon concentrations in the stream compared to the 

riparian soils, which could have influenced the N2O/(N2O + N2) ratio. 

Understanding the reason stream sediments had favourable N2O/(N2O + N2) 

ratios may provide insight into ways of managing riparian zones to promote 

lower N2O production.  

 

The aim of this study was to investigate the influences of nitrate and organic 

carbon concentrations on potential denitrification rates, N2O production and 

N2O/(N2O + N2) ratios in stream sediments. A laboratory study was conducted 

in which stream sediments were incubated with differing concentrations of 

nitrate and labile organic carbon in the form of acetate. A range of streams were 

selected in both urban and rural landscapes with the goal of obtaining 

sediments differing in background organic carbon and sediment type, and these 

sediments were exposed to different concentrations of nitrate. It was predicted 

that the addition of nitrate to stream sediments would increase N2O production 

faster than the denitrification rate, resulting in higher N2O/(N2O + N2) ratios. It 

was also predicted that if N2O was detectable for any given nitrate 

concentration, adding organic carbon would decrease the N2O/(N2O + N2) ratio.  

 

4.2 MATERIAL AND METHODS 

4.2.1 Study Sites 

This study was conducted in six first order streams in South East Queensland. 

The six sites are in a subtropical region of Australia with mean annual 

precipitation between 988 and 1694 mm with mean daily temperature ranging 

between 14-29˚C (BOM 2007). Streams were selected to span a range of 

nitrate concentrations and benthic sediment organic carbon content as well as 

differences in sediment type (e.g. sandy or clay dominated). An attempt was 

made to standardize the riparian vegetation across stream reaches by selecting 

sites with well vegetated riparian zones. A detailed table listing site specific 

information can be found in Appendix A, Table 1.  
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Bulimba Creek is an urban subcatchment of the Lower Brisbane Catchment. 

Surrounding riparian vegetation at this site is dominated by the non-native 

Camphor Laurel (Cinnamomum camphora), while the stream substrate consists 

mostly of fine sand. Coochin and Mellum Creeks are located in the 

Pumicestone Region Catchment. Mellum Creek is located in Beerburrum State 

forest, approximately 3 km north of the Coochin Creek site. Both creeks were 

surrounded by Wattle (Acacia sp.), Spiny-headed mat-rush (Lomandra 

longifolia) and the common weed, Lantana. The stream substrate at Mellum 

was a mixture of fine sand and silt, while Coochin was mostly fine sand. The 

three other sites were the well vegetated riparian sites used in Chapter 2, 

Sandy, Running and Logan creeks, and are described in detail in Section 2.2.1. 

Briefly, Sandy Creek vegetation was dominated by Weeping lilly pilly and Native 

Elm. Stream benthic sediments were mostly fine sand underlain by coarse sand 

in the hyporheic sediments. Running Creek vegetation was mostly King Palm 

trees and the benthic sediments were dominated by silt. Logan Creek 

vegetation consisted of Casuarina glauca. The benthic stream sediments were 

a mixture of sand, silt and clay.  

 

4.2.2 Field procedures 

Sites were sampled between January and April of 2007. Benthic sediment (0-2 

cm) was collected for analysis at all streams except for Sandy Creek. This 

stream was dry at the time of sampling so samples were taken from a depth of 

2-10 cm where sediments were saturated. Sediments were collected with a 

plastic container that was 2 cm deep from a stream reach 20 m long, roughly in 

proportion to the habitat types present (i.e. pools, riffles, etc.). Sediment was 

homogenized by passing it through a sieve with 5 mm mesh. On the day of 

collection, a small portion of sediment was dried overnight to estimate the 

percent moisture. The remaining sediment was stored at 22˚C until used the 

following morning. Stream water was collected from each site and stored at 4˚C. 

Shallow groundwater was used from digging below the water table instead of 

streamwater for Sandy Creek sediments.  
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4.2.3 Measurements of denitrification potential, N2O production and the 

N2O/(N2O+N2) ratio 

Denitrification was measured using the acetylene block technique (Smith and 

Tiedje 1979) as described in Chapter 2. For this experiment, 13 treatments of 

various concentrations of nitrate and acetate were made with three replicate 

slurries each. Treatments consisted of 1) one unamended control treatment by 

adding 1 ml of deionised water to bottles, 2) seven nitrate treatments by adding 

1 ml of concentrated KNO3 to raise the concentration of NO3
- by 3, 5, 10, 15, 20, 

35 and 50 mg N L-1 and 3) five nitrate and acetate treatments adding 1 ml of 

concentrated KNO3
 to raise the concentration of NO3

- by 3, 5, 10, 15, and 50 mg 

N L-1 and 1 ml of concentrated acetate to raise the concentration by 30 mg C L-

1. A complete description of headspace N2O concentration analysis and 

calculations for measuring denitrification potential, N2O production and the 

(N2O/N2O+N2) ratio can be found in Section 2.2.3.  

 

4.2.4 Soil and water analysis 

Two additional replicate slurries from each stream were prepared to 

characterize water chemistry at the start of the incubation. Each slurry was 

centrifuged and the supernatant was filtered through a 0.45 µM membrane filter. 

Samples were frozen until analyzed. Nitrate and ammonium concentrations 

from stream sediments and surface water were analyzed using colorimetric 

assays by flow injection analysis using a Lachat QuikChem 8000 analyser. 

Total percent carbon (%C) and nitrogen (%N) were measured using a 

continuous flow-isotope ratio mass spectrometer (Micromass Isoprime 

EuroVector EA300, Manchester, UK). These values were converted to a molar 

C/N ratio for each sample. A 1:5 soil to deionized water suspension method was 

used to prepare the soil for pH measurements (Rayment and Higginson 1992), 

which were made using a TPS pH meter.  

 

4.2.5 Statistical analysis 

Pearson’s correlation analysis was used to examine how different soil 

characteristics related to one another. Denitrification rates and N2O production 

were fit to the Michaelis-Menten equation using a nonlinear regression function 

in Sigma Plot 8.0. 
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                                     V= Vmax x [NO3
-] mg N L-1 

                                                                                                                     ____________________________                               
                                        Km + [NO3

-] mg N L-1                                   (Eq. 4.1) 
 

V is described as the rate of denitrification or N2O production at a particular 

nitrate concentration. The two parameters, Vmax and Km, describe how 

denitrification and N2O production respond to an increase in NO3
- until a 

maximum rate is reached. Vmax is defined as the maximum rate of denitrification 

or N2O production achieved and Km is the NO3
- concentration at one-half the 

Vmax. If denitrification rates and N2O production did not follow Michaelis-Menten 

kinetics, they were modeled using linear regression. Paired t-tests were used to 

analyze significant differences between nitrate treatments and the 

corresponding nitrate treatments with added acetate. To explore the influences 

of environmental variables on denitrification potential, N2O production and the 

(N2O/N2O+N2) ratio, linear and non-linear regression analyses were performed 

using each replicate bottle as a data point. Analysis was restricted to control 

treatments (0 mg N L-1) and the highest nitrate treatments with and without 

added acetate (50 mg N L-1 and 50 mg N L-1 + 30 mg C L-1 treatments) to limit 

the total number of analyses. This was assumed to cover conditions where 

nitrate was likely to be limiting (0 mg N L-1) and not limiting (50 mg N L-1). 

Analyses were performed using SPSS 14 and Sigma Plot 8.0 (SPSS 2001).  

 

4.3 RESULTS 

4.3.1 Stream sediment characteristics 

Concentrations of NH4
+ in sediment slurries ranged from 0.1 to 1.07 mg N L-1, 

with highest concentrations found at Mellum Creek (Table 4.1). Ambient NO3
- 

concentrations were low throughout all streams, with a maximum concentration 

of 0.4 mg N L-1 in slurry sediments at Sandy Creek. Percent carbon and 

%moisture were highest at Running and Logan Creek, which coincided with the 

lowest bulk density and pH values (Table 4.1). Values of %N from sediments 

were low and only appreciable in sediments that had %C > 1. Pearson’s 

correlation analysis showed a negative correlation between bulk density and 

%moisture (R = 0.91, P <0.05) and positive relationships between %C and %N 

(R = 0.94, P <0.01) and between NH4
+ and the C/N ratio (R = 0.94, P <0.01, 

Table 4.2).  



 60 

Table 4.1     Soil characteristics at the six study streams. Values are the mean (±SE) of three replicates for pH, %moisture  
                    and bulk density. Values are the mean (±SE) of two replicates for NO3

- and NH4
+. Single values 

represent %C, %N and the C/N ratio. ss = concentrations from sediment slurry  sw = concentrations from stream 
water.  

 

Table 4.2     Pearson's correlation coefficients showing relationships among sediment characteristics across all sites. Values 
from correlation analysis with levels of significance indicated as * = P <0.05, ** = P <0.01, and *** = P <0.001. 

 
 
 
 
 
 
 
 
 
 
 
 
 

   Site pH 
% 

Moisture 
BD 

(g cm-3) %C %N C/N ratio 

NO3
-  

(mg N L-1) 
(ss)

NH4
+ 

(mg N L-1) 
(ss) 

NO3
-  

(mg N L-1) 
(sw) 

NH4
+ 

(mg N L-1) 
(sw) 

Logan 4.21 (0.02) 75.0 (1.33) 1.16 (0.12) 0.10 0.00 16.2 0.00 (0.00) 0.38 (0.01) 0.01 (0.00) 0.04 (0.02) 

Sandy 5.24 (0.16) 19.7 (0.67) 1.48 (0.02) 0.06 0.00 11.0 0.43 (0.02) 0.10 (0.01) 0.19 (0.00) 0.10 (0.00) 

Coochin 4.62 (0.02) 27.6 (0.39) 1.39 (0.09) 3.58 0.38 9.4 0.18 (0.02) 0.24 (0.00) 0.17 (0.00) 0.12 (0.00) 

Mellum 5.88 (0.01) 49.5 (1.95) 1.21 (0.28) 2.58 0.12 22.1 0.03 (0.01) 1.07 (0.22) 0.00 (0.00) 0.04 (0.00) 

Bulimba 6.41 (0.16) 20.9 (0.51) 1.43 (0.06) 0.28 0.00 18.6 0.01 (0.01) 0.69 (0.02) 0.03 (0.00) 0.03 (0.00) 

Running 4.53 (0.04) 74.5 (2.02) 0.87 (0.18) 3.71 0.30 12.2 0.00 (0.00) 0.29 (0.01) 0.00 (0.00) 0.30 (0.01) 

             Site pH 
% 

Moisture
BD 

(g cm-3) %C %N 
C/N 
ratio 

NO3
-  

(mg N L-1) 
(ss)

NH4
+ 

(mg N L-1) 
(ss) 

NO3
-  

(mg N L-1) 
(sw) 

% Moisture -0.61         

BD (g cm-3) 0.49 -0.91*        

%C -0.27 0.26 -0.51       

%N -0.40 0.13 -0.36 0.94**      

C/N ratio 0.61 0.15 -0.07 -0.24 -0.50     

NO3
- (mg N L-1) (ss) -0.03 -0.62 0.62 -0.24 -0.10 -0.58    

NH4
+ (mg N L-1) (ss) 0.64 0.06 -0.06 0.05 -0.22 0.94** -0.57   

NO3
- (mg N L-1) (sw) -0.11 -0.70 0.69 -0.07 0.16 -0.72 0.91* -0.63  

NH4
+ (mg N L-1) (sw) -0.48 0.39 -0.67 0.64 0.65 -0.57 -0.02 -0.03 -0.47 
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4.3.2 Potential denitrification rates 

Potential denitrification rates ranged from 0 to 38 mg N kg-1 dry soil day-1 in nitrate 

treatments and 0.24 to 54 mg N kg-1 dry soil day-1 in N+C treatments (Figure 4.1). 

In control treatments, denitrification rates were uniformly below 1 mg N kg-1 dry soil 

day-1 across all sites. In four of the six streams, the addition of nitrate substantially 

increased the rate of potential denitrification (Figure 4.2). Within these same 

streams, potential denitrification rates in N treatments successfully fitted the 

Michaelis-Menten curve (Figure 4.2, Table 4.3). In N+C amended sediments, 

Running and Mellum creeks were the only streams to fit the Michaelis-Menten 

curve (Figure 4.2, Table 4.3). Logan Creek and Bulimba Creek visually followed 

the Michaelis-Menten curve in N+C treatments, but the fits were not statistically 

significant.  

 

Potential denitrification rates in soils amended with 5 mg N L-1 from three of the 

four streams that followed the Michaelis-Menten curve were significantly higher 

than rates in 5 mg N L-1 +C amended soils (Figure 4.2c,d,f, Table 4.4). Potential 

denitrification rates in soils amended with 5 mg N L-1 from Sandy Creek were 

significantly lower than rates in 5 mg N L-1 +C amended soils. At higher nitrate 

concentrations of 10 and 15 mg N L-1, the addition of acetate resulted in 

significantly higher denitrification rates in Logan and Bulimba creeks, respectively 

(Figure 4.2c,d, Table 4.4).  
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Figure 4.1     Potential denitrification rates (a,b) and N2O production (c,d) from stream 

sediments. Values represent the mean (±SE) of three replicates. 
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Figure 4.2     Denitrification rates in stream sediments from Coochin (a), Sandy (b), Logan (c), Bulimba (d), Mellum (e) and 
                     Running creeks (f). Values represent mean (±SE) of three replicates. Closed circles and solid lines represent 
                     N treatments and open circles and dashed lines represent N + C treatments.  
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Table 4.3     Michaelis-Menten parameters for potential denitrification rates and N2O production in N and N+C treatments.  
                    P values for linear and non-linear regression are shown. Significant P values for (P <0.05) are shown in bold.  
                    NA = data did not fit regression curve.        

          
 Denitrification  Denitrification  N2O   N2O  
 N treatments  N+C treatments  N treatments   N+C treatments  
 Vmax Km R2 P  Vmax Km R2 P  Vmax Km R2 P  Vmax Km R2 P 
Coochin NA NA NA NA  NA NA NA NA  NA NA NA NA  NA NA NA NA 

Sandy  NA NA 0.79 0.001b  NA NA 0.99 0.003b  NA NA 0.89 0.001b  NA NA NA NA 

Logan  7.70 5.00 0.84 0.002a  11.6 7.50 0.74 0.331a  0.76 17.5 0.64 0.021a  NA NA NA NA 

Bulimba 8.20 2.50 0.88 0.001a  15.0 5.00 0.53 0.164a  NA NA 0.84 0.001b  NA NA 0.97 0.003b 
Mellum 14.9 10.0 0.83 0.001a  19.4 25.0 0.97 0.002a  10.1 17.5 0.89 0.001a  NA NA 0.95 0.005b 
Running 38.2 7.50 0.84 0.002a  54.2 25.0 0.96 0.003a  NA NA NA NA  NA NA NA NA 

a Michaelis-Menten 
b Linear 

 

Table 4.4     Results of t-tests showing differences between paired N and N+C treatments for potential denitrification rates and 
N2O production. Significant P values (P <0.05) are shown in bold. NA = treatment was not applied. 

     
                  

  Denitrification        N2O 
Stream 3 5 10 15 50 3 5 10 15 50 
Coochin 0.215 0.161 1.000 0.045 0.791 0.094 0.042 0.115 0.019 0.159 

Sandy  NA 0.030 NA 0.001 0.051 NA 0.053 NA 0.267 0.280 

Logan  NA 0.010 NA 0.046 0.058 NA 0.431 NA 0.785 0.233 

Bulimba 0.220 0.027 0.034 0.073 0.394 0.185 0.490 0.267 0.383 0.139 

Mellum 1.000 0.882 0.598 0.481 0.162 0.151 0.125 0.053 0.147 0.227 

Running 0.947 0.005 0.276 0.065 0.089 0.551 0.366 0.070 0.076 0.263 
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4.3.3 Nitrous oxide production 

Within most streams, N2O production was low in control treatments, reaching a 

maximum rate of 1.2 mg N kg-1 dry soil day-1. N2O production increased with 

increasing N concentrations for four of the six streams (Figure 4.3). N2O production 

in Mellum Creek was 12 times higher than the other streams with a maximum rate 

of 12 mg N kg-1 dry soil day-1 found in sediments in 50 mg N L-1 treatments (Figure 

4.1). Despite showing a high production of N2O in high N treatments, Mellum 

sediments with control, 3, 5 and 10 mg of N L-1 consumed N2O (Figure 4.3). The 

production of N2O in N only treatments could only be fitted with a Michaelis-Menten 

curve for Logan and Mellum creeks (Figure 4.3). N2O production from N+C treated 

stream sediments did not follow a Michaelis-Menten curve for any site.  

 

Significant differences in N2O production between N treatments and N+C 

treatments were found in Coochin, Mellum and Sandy creeks. Similar to 

denitrification rates, N2O production from Sandy Creek in low N treatments was 

significantly higher with the addition of acetate. In contrast, N2O production from 

sediments at Coochin Creek and Mellum Creek was significantly higher in N 

treatments without acetate (Figure 4.3, Table 4.4).  
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Figure 4.3     N2O production in stream sediments from Coochin (a), Sandy (b), Logan (c), Bulimba (d), Mellum (e) and 
                     Running creeks (f). Values represent mean (±SE) of three replicates. Closed circles and solid lines represent 
                     N treatments and open circles and dashed lines represent N + C treatments. 
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4.3.4 N2O/(N2O + N2) ratios 

The N2O/(N2O + N2) ratio ranged from -0.64 to 2.2 across all sites and treatments 

(Table 4.5). Mellum Creek had the most variable ratios with both negative and 

positive values. A clear pattern was evident for Mellum Creek and Sandy Creek 

showing N2O/(N2O + N2) ratios increased as nitrate concentrations increased. The 

N2O/(N2O + N2) ratios for Coochin Creek sediments were generally above 0.5 but 

did not display any clear pattern with respect to changes in nitrate concentrations 

(Table 4.5). Significant differences between ratios in N treatments and N+C 

treatments were found at Sandy Creek at 50 mg of N L-1, in which the N2O/(N2O + 

N2) ratio was significantly higher for N treatments without acetate (full data set not 

shown).  
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Table 4.5     N2O/(N2O + N2) ratios from laboratory incubations of soils with N and N+C treatments. 
                    *Values above 1 indicate rates in non-acetylene bottles were greater than acetylene treated. 

NA = treatment was not applied. **Negative values indicate N2O was consumed. 
                

  Nitrate Treatments Nitrate + Acetate Treatments 
Stream 0 3 5 10 15 20 35 50 3+C 5+C 10+C 15+C 50+C 
Coochin 0.45 0.94 0.51 0.88 0.91 0.24 0.57 1.40* 0.80 0.37 0.45 0.40 0.75 

Sandy  0.04 NA 0.09 0.07 0.11 0.13 0.16 0.19 NA 0.05 NA 0.05 0.08 

Logan  NA -0.03** -0.02** 0.01 0.03 0.08 0.10 0.05 NA -0.06** NA 0.02 0.04 

Bulimba 0.00 0.01 0.00 0.00 0.01 0.00 0.04 0.10 0.00 0.00 0.00 0.01 0.10 

Mellum 2.20* -0.29** -0.28 -0.29** 0.24 0.35 0.61 0.72 -0.55** -0.64** -0.27** 0.06 0.53 

Running 0.63 0.05 0.06 0.02 0.00 0.01 0.00 0.00 -0.02** 0.06 0.04 -0.01 0.00 
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4.3.5 Relationships between denitrification rates and environmental factors 

Data from Running Creek were removed from regression analysis for potential 

denitrification rates because these rates were nearly three times higher than 

those at any other stream and were therefore considered an outlier for 

regression analysis. Potential denitrification rates in control treatments 

displayed a negative relationship with C/N ratios (R2 = 0.70, P <0.001) and were 

positively related in 50 mg N L-1 treatments (R2 = 0.97, P <0.001) and 50 mg N 

L-1 + C treatments (R2 = 0.92, P <0.001, Table 4.6, Figure 4.4). A negative 

relationship between potential denitrification rates and ambient NO3
- 

concentrations in sediment slurries was found in N treatments (R2 = 0.51, P 

<0.02 at 50 mg N L-1). Despite a strong relationship with the C/N ratio, no 

relationship was observed with %C or %N. A weaker positive relationship was 

found between denitrification rates and bulk density in control treatments (R2 = 

0.62, P <0.001) and the relationship was negative for 50 mg N L-1 (R2 = 0.38, P 

<0.01) and 50 mg of N L-1 + C (R2 = 0.44, P <0.01).  

 

4.3.6 Relationships between N2O production and environmental factors 

Due to the very high values for N2O production at Mellum Creek (12 times 

higher than other streams), this site was considered an outlier and excluded 

from regression analyses. Negative values for N2O production were observed at 

Running Creek for 50 mg N L-1 and were also excluded from regression 

analysis. Similar to denitrification rates, N2O production in control treatments 

displayed a negative relationship with the C/N ratio (R2 = 0.33, P <0.02) and a 

positive exponential relationship for 50 mg N L-1 (R2 = 0.48, P <0.01, Table 4.6). 

The relationship between N2O production and the C/N ratio was stronger in high 

nitrate treatments with the addition of acetate (R2 = 0.88, P <0.003). 

Furthermore, in control treatments, a positive relationship was found between 

N2O production and NH4
+ concentrations in the stream water (R2 = 0.74, P 

<0.01), while a negative relationship was evident with ambient NO3
-
 in sediment 

slurries for 50 mg of N L-1 + C (R2 = 0.45, P <0.02). 
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Figure 4.4     Relationships between C/N ratio and potential denitrification rates 
                     (a,b) and N2O production (c,d). Points represent single value from  

incubations.  
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Table 4.6     Results of linear and non-linear regression analyses showing 
relationships between denitrification rates and N2O production and 
sediment characteristics. R2 values are shown with levels of 
significance indicated as * = P <0.05, ** = P <0.01, and *** = P 
<0.001. NA = A relationship was not found, (P >0.05).   

           

  Denitrification rates  N2O production 

 0 N 50 N 50 N+C 0 N 50 N 50 N+C 

Bulk Density 0.62*** 0.38** 0.44** NA NA NA 

C/N ratio 0.70*** 0.97*** 0.92*** 0.33*  0.48** a  0.89** a 

NO3
- (mg N L-1) (ss) NA 0.51* NA NA NA 0.45* 

a (log + 1) transformed 

 
4.4 DISCUSSION 

4.4.1 Denitrification potential  

Potential denitrification rates increased with the addition of nitrate at four of the 

six streams (Figure 4.2). This is in good agreement with the findings of many 

studies for both aquatic sediments and terrestrial soils (Groffman et al. 1993, 

Inwood et al. 2005, Wall et al. 2005). Although there was not a significant 

relationship between denitrification rates in control treatments and ambient NO3
-
 

concentrations, the significant response to nitrate amendment indicates this 

factor was limiting. Potential denitrification rates followed a Michaelis-Menten 

response to nitrate addition in most streams. In laboratory studies, a wide range 

of Km values have been reported (Strong and Fillery 2002, Wlodarczyk et al. 

2004, Yu et al. 2006). In this study, Km values ranged from 2.5 to 25 mg N L-1 

and were generally higher than those previously reported from waterways in the 

literature (Wall et al. 2005, Yu et al. 2006). For example, a study by Wall et al. 

(2005) of an agriculturally influenced reservoir found Km values that were 

generally lower than 1 mg of N L-1. Another study by Garcia-Ruiz et al. (1998) 

measured denitrification rates in intact sediment cores in a river in England and 

found average Km  values between 0.9 and 5.5 mg of N L-1, although one site 

reached Km values as high as 40 mg of N L-1. The background nitrate 

concentrations in the sediments in this study were higher than concentrations 

found in previous studies and may have resulted in higher Km values found.  

 

It was predicted that the highest rates of denitrification potential would occur 

with the amendment of both nitrate and carbon. The lack of significant 

differences between N and N+C treatments for most sites is similar to findings 

of some previous studies (Hunt et al. 2005, Inwood et al. 2005, Herrman et al. 
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2007). As suggested by those studies, the lack of an increase with added 

acetate was probably due to high levels of organic carbon in the sediments. 

However, higher Km and Vmax values were found in treatments with acetate, 

suggesting that the addition of a labile carbon source may change the overall 

shape of the denitrification response curve and increase the nitrate 

concentrations at which saturation occurs.  

 

For three streams, potential denitrification rates at low concentrations of added 

nitrate and added acetate were actually lower than those without acetate. 

Background %C, %N and NO3
- concentrations varied between these three 

streams (Logan, Bulimba and Running creeks), but there were no obvious 

patterns in these environmental variables to explain the lower denitrification 

potential. Processes like dissimilatory nitrate reduction to ammonium and 

anaerobic ammonium oxidation also utilize organic carbon and influence nitrate 

concentrations and could be stimulated with the addition of acetate, possibly 

resulting in competition between different components of the microbial 

communities (Bonin et al. 1998, Burgin and Hamilton 2007). The process of 

dissimilatory nitrate reduction has been found in soils with low nitrate 

concentrations and rich in organic carbon (Silver et al. 2001). The additional 

acetate in this experiment may stimulate microbes capable of DNRA resulting in 

the competition with denitrifiers for nitrate. A study by Yin et al. (2002) found the 

population of nitrate reducing microbial communities were similar between soils 

with varying organic carbon content but the overall denitrifier communities were 

lower in soils with high organic carbon. Furthermore, DNRA was significantly 

increased with the addition of glucose and was the main nitrate reducing 

pathway in soils with high organic carbon content.  

 

Coochin and Sandy creeks had low rates of denitrification and the addition of 

nitrate did not result in higher rates. It is most likely that these two streams 

either had small populations of denitrifiers or that denitrification was carbon 

limited. The sediments from these two streams were sandier (fine to coarse 

sand) than the other streams sampled. Lower microbial activity has typically 

been found in sand compared to clay-rich sediments because of low organic 

matter content and physical properties associated with sand such as overall 

lower available particle surface area and abrasion of moving particles (Atkinson 



 73

2007). With the addition of acetate, a response in denitrification rates was not 

evident at Coochin Creek. The %C and ambient NO3
- concentrations at Coochin 

Creek were not particularly low, further suggesting that the characteristics of the 

microbial community were responsible for the lack of increased denitrification 

rates. The significantly higher denitrification rates in N+C treatments for Sandy 

Creek and the low %C in the sediments suggests rates were carbon limited. 

However, the overall lower denitrification rates at Sandy Creek compared to the 

other streams still suggest there was a small or relatively inactive denitrifier 

community.  

 

4.4.2 Nitrous oxide production 

Rates of nitrous oxide production were very low in all but one of the streams. 

Even when sediments were amended with nitrate concentrations of 50 mg N L-

1, N2O production was lower than 1 mg N kg-1 dry soil day-1 in five of the 

streams. This is in contrast to studies that have found N2O production coupled 

with higher NO3
- concentrations in aquatic systems (Stadmark and Leonardson 

2007, Hernandez et al. 2007). Two studies found large N2O fluxes in stream 

sediments downstream of a point source of nitrate (Hemond and Duran 1989, 

McMahon and Dennehy 1999). The stream water nitrate concentrations in this 

study were all below 1 mg N L-1, and results of the experiment suggest that 

these five streams are unlikely to have high N2O emissions even if stream water 

concentrations were much higher. However, consistently higher nitrate loads 

over time, like in the systems studied by Hemond and Duran (1989) and 

McMahon and Dennehy (1999), may result in shifts in microbial community that 

favor N2O production.  

 

The one stream that did have very high rates of N2O production showed very 

different behaviour across the range of nitrate treatments compared to the other 

five streams.  Rates of denitrification and N2O production were very low in 

Mellum Creek sediments with nitrate treatments of 10 mg N L-1 or lower. In fact, 

there was net consumption of N2O measured in the 10 mg N L-1 treatment. 

Rates of N2O production increased dramatically above 15 mg N L-1, accounting 

for over two-thirds of measured denitrification potential. Ambient sediment slurry 

NH4
+ concentrations were higher in Mellum Creek compared to the other 

creeks, but rates of N2O production were measured under anoxic conditions so 
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nitrification is an unlikely source of the N2O. The microbial community present 

seemed to have the nitrous oxide reductase enzyme because of the observed 

consumption of N2O at lower concentrations of nitrate. Understanding what in 

particular about this site makes the response of the microbial community to 

added nitrate so different from the other sites might provide insight into how 

streams could be managed to reduce N2O emissions. For Mellum Creek, one 

key management goal would be to try to keep nitrate concentrations below 10 

mg N L-1. 

 

4.4.3 N2O/(N2O + N2) ratios  

A general pattern of increasing N2O/(N2O + N2) ratios with increasing nitrate 

addition was not found across the study sites. This is due in part to the fact that 

rates of N2O production were very low for most streams. Sandy and Coochin 

creeks showed some evidence of higher ratios at higher nitrate concentrations, 

but their denitrification and N2O production rates were so low that from a 

management perspective, the ratio becomes unimportant. Mellum Creek had 

large rates of N2O production and a ratio that increased with nitrate 

concentrations above 10 mg N L-1. In terrestrial soils, the link between NO3
- and 

higher proportions of N2O via denitrification has been demonstrated 

convincingly, but very few studies have examined N2O production via 

denitrification in stream sediments (Magalhaes et al. 2005, Beaulieu et al. 

2008).  Most have found that N2 was the dominant end product in stream 

sediments but found higher N2O/(N2O + N2) ratios than this study (Sanchez-

Martin et al. 2008). The addition of acetate appeared to be associated with 

lower ratios for 15 and 50 mg N L-1 in Mellum Creek and other study streams. 

However, the limited number of high nitrate treatments with added acetate, and 

the overall low ratio values at low nitrate additions, mean that further research 

will be required to determine if this is a general pattern. 

 

4.4.4 C/N ratio  

It was predicted that N2O production, if present, would be lower with the 

addition of acetate. This was observed in low nitrate treatments (Table 4.4). In 

the low N treatments, denitrifiers from streams with higher organic C content 

would be more likely to use N2O as the electron acceptor. In high N treatments, 

N2O production increased exponentially with increasing C/N ratios (Figure 4.4). 
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As the C/N ratio increased in the 50 mg N L-1 amended sediments, the 

presence of higher organic carbon levels may have initially increased the rate of 

the first step in denitrification, reduction of NO3
- to N2O. However, because 

nitrate is non-limiting at such high concentrations, denitrifiers may not have 

used N2O as an electron acceptor. Hunt et al. (2007) measured N2O production 

in coastal riparian soils and found an increase in N2O production as the C/N 

ratio increased from 20 to 25, but found a significant decrease in production 

above ratios of 25. In this study, the sediment C/N ratio was below 20 for all 

streams. If the general threshold of a C/N ratio of 25 is needed to significantly 

decrease the proportion of N2O during denitrification, as suggested by Hunt et 

al. (2007), the hypothesis that N2O production would decrease with increasing 

C/N ratios was not fully explored in this study. It is unclear in the literature why 

25 would be a cutoff for lower ratios of N2O but Klemedtsson et al. (2005) 

suggested that other factors such as pH may influence N2O production at ratios 

below 25.  

 

4.4.5 Conclusions 

The overall low rates of N2O production in five of the study streams, coupled 

with relatively high denitrification rates in three of the these streams, suggest 

that in- stream denitrification is not likely to be a major source of N2O emissions 

in most cases. However, Mellum Creek had high rates of N2O production when 

sediments were subjected to nitrate concentrations greater than10 mg N L-1, 

suggesting that minimizing nitrate loads entering some streams may be 

important to keep concentrations below the threshold where N2O production 

becomes substantial. The differences between the microbial community in 

Mellum Creek and the other five streams were not investigated in this study, but 

application of molecular techniques may provide insight into why N2O 

production was so high.  
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CHAPTER 5: 
SYNTHESIS AND MANAGEMENT IMPLICATIONS 

 

5.1 IMPORTANCE OF THIS STUDY 

Since the seminal paper by Peterjohn and Correll (1984) almost 25 years ago, 

there has been continuous interest in understanding how riparian buffer zones 

can help protect adjacent waterways. Management practices have focused on 

ways to optimize riparian zone design for removal of nutrients and sediments, 

including exploring required buffer widths and the influence of vegetation type 

(particularly grass versus trees). Research has documented the contributions of 

different riparian zone processes to nutrient removal, including physical trapping 

of particles, uptake and assimilation by plants and microbes, and other 

microbial processes that transform nutrients. Out of all these processes, the 

removal of non-point source nitrate via denitrification has gained considerable 

attention because it is considered to result in permanent removal of the nitrogen 

from the ecosystem in the form of a gas.  

 

As management strategies have been developed and applied to the restoration 

of degraded riparian sites, a concern has emerged recently that these areas 

may be potential sources of greenhouse gases, particularly N2O. The issue of 

N2O emissions has been incorporated into management practices for intensive 

agricultural systems, but has not yet been applied to riparian ecosystems. The 

overall aim of my thesis was to obtain a greater understanding of denitrification, 

N2O and the N2O/(N2O + N2) ratio in riparian zones and their associated 

streams to eventually incorporate these aspects into management decisions 

about riparian zone buffer design. In particular, the goal focused on improving 

strategies for reduction of nitrate loading into streams while limiting N2O 

production.  

 

In this thesis, I measured potential denitrification and N2O production using 

laboratory assays as well as measuring in situ greenhouse gas (GHGs) fluxes 

at a range of sites. My experimental design incorporated temporal (seasonal) 

variation and spatial variation in terms of vegetation type (trees versus grass) 

and position relative to the stream (in-stream, in the riparian zone and outside 

the riparian zone). To my knowledge this is the first study in the subtropics to 
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combine laboratory and field-based experiments for insight into the functional 

role of riparian vegetation in terms of denitrification rates and GHG fluxes.  

 

5.2 SUMMARY OF FINDINGS 

5.2.1 Denitrification potential, N2O production and N2O/(N2O + N2) ratios in 

riparian buffer zones (Chapter 2) 

To assess the influence of vegetation on denitrification and N2O production, 

denitrification rates and the N2O/(N2O + N2) ratio, a laboratory assay was 

conducted using riparian soil and stream sediments from sites with treed or 

grassed riparian zones. Patterns in rates and ratios were not linked to 

vegetation type, but instead were strongly influenced by ambient concentrations 

of nitrate. Surface soils had significantly greater denitrification potential 

compared to subsurface soils. The subsurface soils were limited by factors 

other than nitrate, either by the availability of organic carbon or the capacity of 

the microbial communities present.  

 

The proportion of N2O was generally less than 50% of total denitrification in 

control treatments and greater than 50% for riparian soils that were amended 

with nitrate. In comparison to riparian soils, production of N2O in stream 

sediments was negligible despite high rates of denitrification potential. To 

explore whether these low rates of stream sediment N2O production were 

consistent across a large range of nitrate concentrations, a manipulative 

laboratory experiment was conducted.  

 

5.2.2 Denitrification potential, N2O production and N2O/(N2O + N2) ratios in 

stream sediments (Chapter 4) 

Sediment from six streams were incubated with a range of nitrate additions, 

from no added nitrate to 50 mg N L-1, and with or without the addition of labile 

carbon (acetate). Four of the six streams investigated had high rates of 

denitrification with added nitrate, but only one of these showed substantial N2O 

production (Mellum Creek). Mellum Creek had a high background ammonium 

concentration within the stream sediment, but otherwise did not appear to differ 

substantially from the other streams. There was some evidence that adding 

labile carbon increased rates of denitrification and decreased N2O/(N2O + N2) 

ratios, but further research is required to confirm this trend. Based on the very 
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low rates of N2O production observed for five of the six streams, stream 

sediments in general would not be expected to contribute large N2O emissions. 

In addition, Mellum Creek sediments did not start producing N2O until nitrate 

concentrations exceeded 10 mg N L-1, suggesting that controlling nitrate 

transport prior to nitrate reaching the stream may be an important management 

strategy. The clear difference in N2O production between riparian soils and 

adjacent streams may warrant investigation into the composition of the 

microbial communities within the two ecosystems.  

 

Very few studies have investigated the genetics of riparian zone microbial 

communities, and specifically, whether communities possess the N2O reductase 

enzyme (Rich and Myrold 2004, Holtan-Hartwig et al. 2002, Noda et al. 2003). A 

study of wetland denitrifiers by Kjellin et al. (2007) found that communities with 

the highest diversity for the nitrous oxide reductase enzyme were located in 

areas with the lowest concentrations of nitrate and organic carbon. Future 

examination of the microbial community and making predictions about the soil 

conditions and ecosystems that have the most denitrifiers with the N2O 

reductase enzyme would be beneficial for trying to increase the populations and 

activity of these denitrifiers over those that do not have the enzyme to facilitate 

N2O reduction. 

 

5.2.3 Greenhouse gas fluxes (Chapter 3) 

For the conditions under which sampling took place, N2O was a relatively minor 

contributor to global warming potential compared to CO2 and CH4. This 

suggests that N2O emissions from riparian zones may not need to be of great 

concern when planning rehabilitation. However, soil moisture was an important 

influence on GHG fluxes, and was relatively low during this study, even at the 

time of wet season sampling. Future studies should target riparian soils under 

transient moisture conditions, such as immediately following rain, as well as 

under saturated conditions associated with flooding.     

 

5.3 ROLE OF ORGANIC CARBON AND NITRATE IN DENITRIFICATION AND 

N2O PRODUCTION 

The C/N ratio has been suggested as a robust indicator for many different soil 

processes, including organic matter decomposition (Kaye and Hart 1997).  Two 
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recent studies have suggested that the C/N ratio is indicative of N2O production, 

with a threshold value of 25 (Ernfors et al. 2007, Hunt et al. 2007). The stream 

sediments did not produce enough N2O for this prediction to be fully assessed, 

and the ambient C/N ratio was below 25 for all the streams. For the riparian 

soils in Chapter 2, the C/N ratio can be calculated using DOC and NO3
- 

concentrations in sediment slurries. Although this is not the same as C/N ratio 

for the stream sediments (total organic C:total N) it may be a better indicator of 

the C and N actually available to denitrifiers.  Within the shallow riparian soils, 

the C/N ratio ranged from 1.8 to 70, and there were considerable amounts of 

N2O production, allowing the hypothesis that N2O production will be lower in 

soils with higher C/N ratios to be tested. Some C/N ratios exceeded 100 for 

soils with less than 0.2 mg N L-1 and were excluded from the data set. With this 

analysis, there was clear evidence that N2O production in control treatments 

decreased exponentially with increasing C/N ratios (Figure 5.1).  

 

A look into one potential future for riparian zone management is provided by the 

work of the Australian Greenhouse Office, which has investigated the C/N ratio 

in a wide variety of native trees from the perspective of reducing CO2 emissions 

(Gillford 2000, Snowdon et al. 2005). Manipulating soil C/N ratios through 

choice of vegetation, application of soil amendments and managing nutrient 

loads reaching riparian zones and their streams from upslope in the catchment 

all may be viable strategies for increasing the denitrification potential and 

decreasing N2O emissions from riparian zones. 
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Figure 5.1     Relationship between N2O production in shallow riparian soils and  
                     the C/N ratio. 
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APPENDIX A 
 

Table 1.     Study site characteristics. Sites 1-6 were used in Chapters 2 and 3 and sites 
1,3,5,7-9 were used in Chapter 4. Rainfall values are annual means and   
temperature values are the range of average daily temperature across a 50 
year period.  

 

        Sites Latitude/Longitude Elevation
Dominant 
vegetation 

Rainfall 
(mm) 

Temp. 
(°C) 

Sandy Creek 
1. Sv 26 54' 35"N 152 36' 70"E 338 m 

Waterhousia  
floribunda   987.6 13.5-26 

2. Ss 26 53' 30"N 152 36' 40"E  132 m grass   

      

Running Creek 
3. Rv 26 31' 20"S 152 56' 80"E 25 m 

Archontophoenix  
cunninghamiana 1693.8 14-29.1 

4. Rs 26 31' 20"S 152 56' 80"E 25 m grass   

      
Logan Creek 

5. Lv 27 40' 20"S 153 00' 71"E 20 m 
 
Casuarina glauca  1021.4 14.8-25.9

6. Ls 27 40' 20"S 153 00' 71"E 20 m grass   

      

7. Mellum Creek 26 51’ 39” S 153 00’ 57” E 90 m 
Acacia sp, 
Lantana    988.7 13.5-26 

8. Coochin Creek 26 52’ 38” S 153 00’ 26” E 186 m 
Lomandra 
longifolia    988.7 13.5-26 

9. Bulimba Creek 27 33’ 11” S 153 06’ 42” E 23 m 
Cinnamomum 
camphora 1062.6 14.2-26.1

S=Sandy Creek, R=Running Creek, L=Logan Creek, s=sparsely vegetated, v=well vegetated 
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Table 2.     Potential denitrification rates (mg N kg-1 dry soil day-1) and N2O production (mg N2O kg-1 dry soil day-1) at each depth and 
position among the six sites for treatments with (N) and without (C) added nitrate (3 mg N L-1) for wet and dry season 
measurements. 

 
Potential denitrification rates (mg N kg-1 dry soil day-1)                            Wet season 

 Sandy Creek Running Creek Logan Creek 
 Well vegetated (Sv) Sparsely vegetated (Ss) Well vegetated (Rv) Sparsely vegetated (Rs) Well vegetated (Lv) Sparsely vegetated (Ls) 

 C N C N C N C N C N C N 
B 0.39 (0.13) 0.63 (0.21) 0.47 (0.11) 0.73 (0.03) 0.00 (0.00) 0.07 (0.07) 0.00 (0.00) 1.53 (0.14) 0.03 (0.02) 1.13 (0.12) 0.71 (0.00) 0.00 (0.03) 

SS 0.37 (0.03) 0.43 (0.03) 0.37 (0.03) 0.64 (0.07) 0.00 (0.00) 2.02 (0.05) 0.00 (0.00) 4.11 (0.35) 0.00 (0.00) 4.68 (0.01) 0.16 (0.00) 0.00 (0.01) 

IRS 1.30 (0.12) 1.54 (0.14) 6.04 (0.36) 5.94 (0.45) 8.75 (0.15) 9.28 (0.31) 2.20 (0.03) 3.44 (0.49) 6.68 (0.22) 6.37 (0.47) 2.90 (0.11) 9.03 (0.33) 

IRM 0.89 (0.02) 1.13 (0.05) 0.85 (0.17) 0.91 (0.18) 3.65 (0.16) 3.46 (0.09) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 0.03 (0.00) 0.70 (0.00) 0.07 (0.08) 

IRD 0.34 (0.02) 0.97 (0.16) 0.40 (0.04) 0.42 (0.07) 0.15 (0.01) 0.35 (0.03) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

ORS 1.62 (0.07) 1.75 (0.17) 5.36 (0.54) 8. 00 (1.00) 4.28 (0.08) 4.70 (0.35) 0.11 (0.00) 4.17 (0.25) 0.07 (0.02) 3.02 (0.62) 1.31 (0.21) 7.02 (0.72) 

ORM 0.08 (0.02) 0.03 (0.02) 0.16 (0.03) 0.12 (0.04) 0.29 (0.01) 0.26 (0.03) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 0.02 (0.01) 1.68 (0.01) 0.06 (0.23) 

ORD 0.02 (0.01) 0.04 (0.00) 0.05 (0.03) 0.05 (0.03) 0.00 (0.00) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.11 (0.01) 0.01 (0.04) 

N2O Production (mg N2O kg-1 dry soil day-1)         

B 0.00 (0.00) 0.00 (0.00) 0.07 (0.00) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
SS 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.02 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
IRS 0.50 (0.29) 1.05 (0.15) 0.33 (0.21) 0.34 (0.05) 9.28 (1.30) 8.91 (0.82) 0.10 (0.06) 2.89 (0.12) 6.11 (0.59) 5.00 (0.42) 0.00 (0.00) 4.46 (0.47) 

IRM 0.07 (0.04) 0.31 (0.02) 0.76 (0.07) 0.66 (0.05) 3.47 (0.04) 5.02 (0.07) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.20 (0.09) 0.02 (0.01) 1.00 (0.10) 

IRD 0.00 (0.00) 0.03 (0.01) 0.18 (0.01) 0.25 (0.00) 0.03 (0.00) 0.54 (0.14) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.02 (0.00) 0.00 (0.00) 

ORS 1.22 (0.15) 1.73 (0.36) 2.72 (0.25) 8.89 (1.22) 2.17 (0.30) 3.65 (0.16) 0.00 (0.00) 3.17 (0.39) 0.00 (0.00) 1.40 (0.08) 0.00 (0.00) 3.53 (0.29) 

ORM 0.05 (0.00) 0.04 (0.00) 0.08 (0.00) 0.00 (0.00) 0.26 (0.02) 0.25 (0.03) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 1.71 (0.26) 

ORD 0.03 (0.01) 0.03 (0.01) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
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Potential denitrification rates (mg N kg-1 dry soil day-1)                            Dry season  

 Sandy Creek Running Creek Logan Creek 
 Well vegetated (Sv) Sparsely vegetated (Ss) Well vegetated (Rv) Sparsely vegetated (Rs) Well vegetated (Lv) Sparsely vegetated (Ls) 

 C N C N C N C N C N C N 
B 0.02 (0.01) 1.33 (0.22) 0.71 (0.02) 5.04 (0.27) 0.00 (0.00) 8.76 (0.69) 0.00 (0.00) 5.29 (0.35) 0.00 (0.00) 0.45 (0.05) 0.00 (0.00) 0.32 (0.01) 

SS 0.19 (0.01) 0.34 (0.06) 0.8 (0.09) 1.54 (0.14) 0.00 (0.00) 5.65 (0.12) 0.00 (0.00) 2.00 (0.25) 0.00 (0.00) 0.1 (0.03) 0.00 (0.00) 0.05 (0.00) 

IRS 1.20 (0.18) 7.85 (0.37) 1.87 (0.27) 3.69 (0.38) 5.22 (0.12) 10.08 (0.14) 5.77 (0.28) 7.25 (0.73) 2.92 (0.06) 3.23 (0.26) 1.69 (0.03) 7.19 (0.15) 

IRM 0.14 (0.01) 2.07 (0.13) 0.52 (0.03) 0.75 (0.03) 2.51 (0.21) 2.60 (0.24) 0.34 (0.04) 0.25 (0.03) 0.07 (0.01) 0.12 (0.02) 0.03 (0.00) 0.35 (0.01) 

IRD 0.02 (0.00) 0.89 (0.21) 0.14 (0.01) 0.45 (0.04) 0.06 (0.04) 0.17 (0.02) 0.00 (0.00) 0.06 (0.01) 0.11 (0.01) 0.12 (0.02) 0.08 (0.01) 0.06 (0.02) 

ORS 1.60 (0.07) 7.31 (1.43) 2.72 (0.13) 7.13 (0.23) 0.04 (0.00) 1.84 (0.04) 2.03 (0.16) 2.09 (0.44) 1.49 (0.41) 4.74 (0.47) 1.36 (0.04) 6.92 (0.44) 

ORM 0.00 (0.00) 0.05 (0.01) 0.00 (0.00) 0.06 (0.00) 0.02 (0.01) 0.15 (0.01) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.09 (0.02) 0.02 (0.00) 0.27 (0.01) 

ORD 0.07 (0.01) 0.07 (0.02) 0.00 (0.00) 0.11 (0.03) 0.00 (0.00) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 0.10 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

N2O Production (mg N2O kg-1 dry soil day-1)         

B 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

SS 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IRS 0.07 (0.08) 3.58 (0.16) 0.71 (0.11) 3.59 (0.15) 2.98 (0.66) 9.14 (1.37) 6.24 (0.22) 7.14 (0.39) 2.15 (0.28) 2.19 (0.15) 0.05 (0.03) 4.68 (0.15) 

IRM 0.00 (0.00) 0.22 (0.08) 0.26 (0.05) 0.31 (0.10) 2.01 (0.33) 2.20(0.45) 0.16 (0.04) 0.18 (0.04) 0.14 (0.04) 0.19 (0.06) 0.03 (0.01) 0.34 (0.02) 

IRD 0.00 (0.00) 0.05 (0.00) 0.02 (0.00) 0.08 (0.03) 0.00 (0.00) 0.06 (0.02) 0.00 (0.00) 0.00 (0.00) 0.08 (0.01) 0.12 (0.02) 0.02 (0.01) 0.07 (0.01) 

ORS 0.10 (0.02) 2.46 (0.05) 0.49 (0.15) 6.78 (0.54) 0.01 (0.00) 1.52 (0.26) 0.79 (0.42) 2.03 (0.23) 0.02 (0.02) 5.48 (0.59) 0.02 (0.00) 5.02 (0.22) 

ORM 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.14 (0.01) 0.00 (0.00) 0.00 (0.00) 0.02 (0.01) 0.11 (0.05) 0.00 (0.00) 0.33 (0.08) 

ORD 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.03 (0.01) 0.06 (0.01) 0.00 (0.00) 0.00 (0.00) 

B = benthic sediments, SS = subsurface stream sediments, IRS = Inside riparian shallow layer soils, IRM = Inside riparian middle layer soils, IRD = Inside riparian    
  deep layer soils, ORS = Outside riparian shallow layer soils, ORM = Outside riparian middle layer soils, ORD = Outside riparian deep layer soils.
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APPENDIX B 
 
 

Table 1.     Total rainfall and average air temperature for the month of sampling 
from sites and sampling times in the field experiment in Chapter 3. 

                  *Additional sampling times from the Sandy Creek experiment. 
                   
Sites Rainfall (mm)     Temp. (°C) 
 Oct-05 Feb-06 Oct-05 Feb-06
Sandy Creek  147.4 62.80 21 24 
Running Creek 98.00 166.4 23 26 
Logan Creek 196.0 179.2 22 26 
`     
*Sandy Creek Oct-04 Jun-05 Oct-04 Jun-05
  35.00 69.40 22 12 

 
 

 
 
 


