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Abstract 

Rates of sediment denitrification were determined under illuminated conditions by the 15N 

Isotope Pairing Method (IPM) in four New Zealand estuaries (Avon-Heathcote, Waikouaiti, 

Tokomairiro, and Tautuku), which ranged in size, nutrient loading, and catchment land use. 

The proportion of the gaseous end products (N20 produced relative to N2) and differentiation 

of denitrification supported by N03- from the water column (Dw) or N03- produced via 

nitrification (Dn) were determined with the overall aims of quantifying the rates of 

denitrification and identifying which environmental factors influenced the rates. 

Denitrification rates ranged from 0-12 !lmol m-2 h-1 in the Waikouaiti River estuary, from 0-

118 !lmol m-2 h-1 in the Avon-Heathcote and Tautuku River estuaries, and from 43-347 !lmol 

m-2 h-1 in the Tokomairiro River estuary. The size of the sediment particles, temperature, 

water column pH, chlorophyll a content of the sediment, and biomass of annelids and 

arthropods were related to the rates of denitrification. At most sites, the concentration ofN03-

and N02- in the water column was <30 !lmol r1 and Dn comprised >86 % of the total 

denitrification. The rate of Dw and the ratio of N20:N2 produced increased with higher DIN 

concentration in the water column. Denitrification was measured temporally in the A von

Heathcote estuary. Although there were some significant differences in the rates of 

denitrification among the sampling events, no seasonal differences in the rates of 

denitrification were detected. The IPM is based on several assumptions that must be met in 

order to achieve accurate rates of denitrification; thus, these assumptions were tested by 

adding three concentrations of 15N03- to the incubation chambers and measuring the isotope 

production ratios of N20 and N2 over time. Fluxes of oxygen across the sediment-water 

interface (determined under dark and illuminated conditions by sediment core incubations and 

microelectrode profiles) and the potential for anaerobic ammonium oxidation (anammox) in 

the sediment were quantified and discussed in the context of their influences on sediment 

denitrification. Ladderane lipids, a bioindicator of bacteria capable of anammox, were not 

detected at any of the study sites where it was measured. Oxygen uptake by the sediments 

ranged from 146-1597 !lmol m-2 h-1 and was much higher than oxygen release, indicating low 

benthic primary production and a high oxygen demand by these sediments. The sediment 

oxygen penetration depth at the sites ranged from 2.7-9.6 mm. The results indicate that 

maintaining an oxic layer in the sediment is essential for the maintenance of denitrification. 

KEY WORDS: Denitrification, Oxygen consumption, Estuaries, Nitrogen, Nitrous oxide, 15N 
isotope pairing method, Sediment, Avon-Heathcote, Waikouaiti, Tokomairiro, Tautuku 
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Chapter 1 - General introduction 

1.1. Background information 

1.1.1. Human alteration of the nitrogen cycle 

Nitrogen (N) is necessary for the synthesis of nucleic acids and proteins and is therefore an 

essential nutrient for life. Although dinitrogen (N2) comprises approximately 78 % of the 

Earth's atmosphere, the triple bond between the two N atoms renders the molecule extremely 

stable (residence time: ~ 106 years) and therefore biologically unavailable to most living 

organisms. A tremendous amount of energy is required to break the triple bond (estimated at 

16 ATP per molecule) (Postgate 1987), thereby fixing N2 into bioavailable species (Nr, 

biologically and chemically reactive N, N that is bonded to carbon, oxygen, or hydrogen, 

including organic compounds such as amino acids and inorganic forms such as NH3, NH/, 

N03-, N02-, and N20). In nature, only biological N fixation (via specialized organisms such 

as planktonic cyanobacteria, prokaryotes, and archaea that contain the nitrogenase enzyme) 

and oxidative N fixation (via high temperature processes such as lightning and cosmic 

radiation) are capable of breaking the N2 triple bond. Consequently, N has historically been 

considered the nutrient most often limiting to primary production in many ecosystems 

(Howarth and Marino 2006; Vitousek and Howarth 1991). Until recently this limitation ofN 

ensured that living organisms retained Nr very efficiently and as a result, Nr did not 

accumulate in the environment or distribute far from its origin. 

As the human population has grown and technology has advanced, expanswns and 

intensification of human activities including the combustion of fossil fuels, cultivation of rice 

and legumes that contain symbiotic N-fixing bacteria, and the Haber-Bosch process for 

making synthetic N fertilizers have more than doubled the amount of Nr entering the 

environment (Galloway and Cowling 2002). While increased availability of Nr has 

contributed to higher yields of food production with greater nutritional values which have in 

tum supported a growing human population, it has also caused many widespread negative 

effects on human and environmental health (defined here as the ability of an ecosystem to 

maintain its organization, vigor, and resilience to stress) (Fields 2004; Galloway 1998; Mosier 

2002; Vitousek et al. 1997a). At present, Nr is thought to be accumulating in the environment 

because rates ofNr production are exceeding rates ofNr removal (Galloway et al. 1995). 
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Since many species ofNr are water soluble or occur in a gas phase (Table 1.1), when Nr loads 

to a system exceed the capacity of that system to process the Nr, the excess Nr tends to be 

highly mobile. Further aiding the movement of the Nr, human transformation of Earth's land 

surface through land clearing, urbanization, and agricultural development have significantly 

altered hydrological cycles, changed the oxygen status of soils across the landscape, and 

increased the rate of delivery ofNr transported in runoff water to aquatic systems (Vitousek et 

al. 1997a). One molecule of Nr is now capable of circulating through Earth's atmosphere, 

hydrosphere, and biosphere causing an array of environmental changes as it moves or IS 

temporarily stored within each system (Galloway et al. 2003). 

Table 1.1. Nitrogen has 5 valence electrons and can exist in oxidation states that range from 
+5 to -3 with N03- being the most oxidized and NH/ the most reduced. Example molecular 
formulas for each oxidation level and the predominant forms found in nature are listed. 
(modified from Bianchi (2007) and Stein and Yung (2003)) 

Oxidation state 
+5 
+4 
+3 
+2 
+1 
0 
-1 
-2 
-3 

Nitrogen compound 
Nitric acid (HN03)/Nitrate ion (N03-) 

Nitrogen dioxide (N02) 
Nitrous acid (HN02)/Nitrite ion (N02-) 
Nitric oxide (NO) 
Nitrous oxide (N20) 
Dinitrogen (N2) 
Hydroxylamine (NH20H) 
Hydrazine (N2H4) 
Ammonia (NH3)/Ammonium ion (NH4+) 

Predominant form 
gas or aqueous/aqueous 
gas 
gas or aqueous/aqueous 
gas 
gas or aqueous 
gas 
aqueous 
aqueous 
gas/aqueous 

Consequently, in many ecosystems, concerns over Nr deficiencies have shifted within the past 

two decades to concerns over the availability of excess Nr (Aber et al. 1995; Aber et al. 1991; 

Fenn et al. 1998; Nixon 1995; Smith et al. 1999). The Nitrogen Saturation Theory 

summarizes the consequences of removing N as the limiting nutrient for biotic activity and 

decreasing the long-term N retention capacity of the ecosystem (Aber et al. 1989; Stoddard 

1994). Ecosystems that are most vulnerable to nitrogen saturation include those which have 

historically been oligotrophic with low rates of N mineralization and a high dependence on 

exogenous sources of Nr, such as temperate forests, riparian wetlands, and coastal marine 

environments (Adams 2003; Johnson et al. 1998). 

Many coastal manne environments with Nr over-enrichment show symptoms of 

eutrophication (Boesch et al. 2001; Paerl et al. 2006; Rabalais et al. 2002), usually 

characterized by an accelerated production of organic matter in the form of phytoplankton 
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blooms accompanied by microbial decomposition of settled organic matter at the sediment 

surface and excessive oxygen consumption (Nixon 1995). Eutrophication has been associated 

with many pervasive ecological and socio-economic effects including the presence of 

nuisance or harmful algal blooms (Anderson et al. 2002); loss of seagrass (Greening and 

Janicki 2006); lower primary production and metabolism rates of benthic microphytobenthos 

(Stutes et al. 2006); changes in benthic macrofauna community structure (Powers et al. 2005); 

large-scale fish kills (Eby et al. 2005); and economic loses to tourism, fishing, and real estate 

(Whitehead et al. 1997). 

Among other things, human alteration of the N cycle is also thought to contribute to the 

acidification of soils, rivers, and lakes, reduction of species composition, alteration of food 

webs, reduced forest productivity, increased ozone concentrations in the troposphere and 

decreased ozone concentrations in the stratosphere, global climate change, chronic respiratory 

disease, increased concentrations of ammonia (NH3) to toxic levels in aquatic systems, acid 

rain, and increased concentrations of nitrogen oxides in drinking water that causes the 

potentially fatal blood disorder, methemoglobinemia (Fields 2004; Knobeloch et al. 2000; 

Matson et al. 2002; Townsend et al. 2003; Vitousek et al. 1997b; Wolfe and Patz 2002). 

1.1.2. Permanent sinks for reactive nitrogen 

Denitrification and anaerobic ammonium oxidation (anammox) complete the N cycle 

(initiated by natural and anthropogenic fixation of N2) by returning Nr back to its stable, 

elemental form (N2). Although these processes occur on a small micrometer scale, 

cumulative activity determines larger scale rates of N2 production which in tum affects 

ecosystems at local, regional, and global scales. Denitrification and anammox are ecosystem 

services 1 because they decrease the transfer of Nr from land and marine sources as they move 

from one system to the next along the terrestrial-freshwater-estuarine-marine continuum and 

reduce the numerous undesirable "cascading effects" caused by excess Nr moving through 

these ecosystems (Seitzinger et al. 2006). 

Until 2003, denitrification was recognized as the main process for converting Nr to N2 in 

natural environments where it occurs across a wide range of terrestrial, freshwater, and marine 

1 Ecosystem services are defined here as the set of ecosystem processes and functions that satisfy human needs 
(Daily 1997; Daily eta!. 1997; de Groot eta!. 2002). 

GENERAL INTRODUCTION 3 



systems2 (Pifta-Ochoa and Alvarez-Cobelas 2006). However, it now appears that anammox 

may account for up to 50 % of the total N2 production in marine systems (Dalsgaard et al. 

2003; Kuypers et al. 2003; Strous and Jetten 2004). Anammox has also been discovered in 

some estuarine systems (Nicholls and Trimmer 2009; Rich et al. 2008; Risgaard-Petersen et 

al. 2004; Trimmer et al. 2003), but its contribution to N2 production in these systems is 

variable, ranging from 0 to 24 % and therefore the overall significance of anammox in 

estuarine systems is unclear. 

Spatially distributed models suggest that only 1 % of the global total denitrification of land 

and marine sources ofNr occurs in estuaries; however, this does not mean that denitrification 

in estuaries is unimportant (Seitzinger et al. 2006) (Table 1.2.). Denitrification rates per unit 

area in estuaries (~400 mmol N m-2 i 1
) are four times greater than those of terrestrial soils 

(~100 mmol N m-2 i 1
) where 22 % of the global total denitrification of land and marine 

sources of Nr occurs. The small amount of N denitrified in estuaries compared to terrestrial 

soils is a reflection of the differences in the spatial areas of the two systems (estuaries: ~ 1.4 x 

106 km2, versus terrestrial soils: ~135 x 106 km2) and the percentages ofN input (Seitzinger et 

al. 2006). 

Table 1.2. Magnitude of the total global denitrification ofland (~270 Tg N y-1
) and marine 

(~87-156 Tg N i 1
) sources ofNr in various ecosystems based on spatially distributed models 

from Seitzinger et al. (2006). The dominant marine-based source of Nr is from biological N 
fixation, however atmospheric N deposition also contributes a small amount of Nr. Land
based sources of Nr include atmospheric N deposition, synthetic N fertilizers, and biological 
N fixation. 

Ecosystem 

Continental shelves 
Terrestrial soil 
Oceanic oxygen minimum zones 
Groundwater 
Rivers 
Lakes 
Estuaries 

Denitrification 
(Tg Nft) 

250 
124 
81 
44 
35 
31 
8 

Percentage of the total 
global denitrification 

44 
22 
14 
8 
6 
5 
1 

Estuaries are positioned in the transition zone between freshwater systems, where phosphorus 

(P) is often the nutrient most limiting to primary production, and marine systems, where N is 

often the most limiting nutrient (Howarth and Marino 2006; Oviatt et al. 1995). Thus, in 

2 Recently, denitrification has also been found to occur in such a diverse environment as human dental plaque 
(Schreiber eta!. 201 0). 
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estuaries that receive increased concentrations ofNr via atmospheric deposition (Adams 2003; 

Castro and Driscoll 2002; Paerl 1995; Paerl et al. 2002), wastewater discharge (Wade et al. 

1998), groundwater advection (Nowicki et al. 1999), riverine export (Seitzinger and Sanders 

1997; Smith et al. 1985), and agricultural runoff (Castro et al. 2003), denitrification limits the 

availability ofNr to downstream marine systems and may therefore help to control the degree 

of coastal eutrophication. In oligotrophic systems, denitrification in estuaries further 

increases N limitation to downstream marine systems by decreasing the N :P Redfield ratio of 

16:1. Denitrification is important in estuaries because it is a permanent sink for Nr, whereas 

the other processes affecting Nr (e.g. accumulation of Nr into bottom sediments, assimilation 

ofNr by plants, NH/ regeneration) are either temporary sinks for Nr or methods of recycling 

Nr within the system. 

1.1.3. Characteristics of estuaries 

Estuaries can been defined in a variety of ways (Elliott and McLusky 2002; Pritchard 1967); 

however, in this dissertation, an estuary is referred to according to the definition of Fairbridge 

(1980): 

An estuary is an inlet of the sea reaching into a river valley as far as the upper 
limit of tidal rise, usually being divisible into three sectors: (a) a marine or lower 
estuary, in free connection with the open sea; (b) a middle estuary subject to 
strong salt and freshwater mixing; and (c) an upper or fluvial estuary, 
characterized by freshwater but subject to strong tidal action. The limits between 
these sectors are variable and subject to constant changes in the river discharges. 

Estuaries are very dynamic hydrological systems with large fluctuations in temperature, 

salinity, chemical concentrations, and turbidity levels (Costanza et al. 1993). The nature and 

variability of the physicochemical gradients inherent in estuarine systems have been cited as 

reasons why fewer plant and animal species are generally capable of surviving in estuaries, 

compared to nearby marine and freshwater systems (Laprise and Dodson 1994; Whitfield 

1994). The organisms that do survive in estuaries tend to be opportunistic feeders and have 

either developed physiological mechanisms to deal with the extreme environmental 

conditions, or have a high degree of mobility (Costanza et al. 1993). While estuaries are 

capable of achieving high primary productivity, due to a large extent on externally supplied 

nutrients (Kinney and Roman 1998), estuaries generally have few physical structures and 
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associated habitats as a result of the difficulty in building and maintaining these structures 

under strong variable physical forces (Costanza et al. 1993). 

Estuaries are commonly classified based on their geomorphological features and water 

circulation patterns (Kurtz et al. 2006). Estuaries vary widely in their geomorphology, which 

is constantly changing within each estuary due to short-term and long-term geophysical 

processes (Schroeder and Wiseman 1999). Fairbridge (1980) classified estuaries into seven 

geomorphological types: fjord, ria, coastal plain (drowned river valley), bar-built, blind, delta, 

and tectonically caused. Estuaries vary in depth from shallow (e.g. Apalachicola Bay bar

built estuary in the northeastern Gulf of Mexico, mean depth: 2.2 m) to deep (e.g. Sogn Fjord 

in Norway, mean depth: 1,308 m). The movement of water in estuaries is regulated by 

Coriolis forces, wind, the ebb and flow of tides, riverine flow, and the density ofwater (which 

increases with increasing salinity and decreasing temperature resulting in gravitational water 

movement) (Fischer 1976). The general classifications of estuarine circulation are: well

mixed, partially mixed, highly stratified, and salt wedge (Bowden 1980). Water circulation 

patterns have significant effects on the transport of oxygen and nutrients in estuaries (Sheng 

1999). 

Estuaries serve many important ecosystem and socio-economic roles. For example, estuaries 

are the nursery habitats for many juvenile commercial fish and invertebrate species (Brown 

2006; Dame and Allen 1996; Gillanders 2005). Many species of waterfowl, such as ducks, 

egrets, herons, and swans also inhabit estuaries during certain stages in their life histories 

(McKinney et al. 2006). Estuaries are involved in biogeochemical cycling of N, P, carbon 

and trace metals, nutrient movement, storm protection, and flood mitigation (Meire et al. 

2005; Tovar-Sanchez et al. 2004). They are also a focal point of human settlement, provide 

sheltered access to the ocean for cargo ships, and are valued for their aesthetics and 

recreational attributes. 

1.1.4. The denitrification pathway 

Denitrification is a heterotrophic process (although some autotrophic denitrifiers have also 

been identified) that is conducted facultatively by microbial organisms and involves four 

enzymatically catalyzed reductive steps via nitrate (N03 -) reductase, nitrite (N02) reductase, 

nitric oxide (NO) reductase, and nitrous oxide (N20) reductase (Einsle and Kroneck 2004): 
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(Equation 1.1.) 

Although N2 gas is the predominant end-product, all of the intermediates are known to 

accumulate to some extent (Ye et al. 1994). 

Denitrification, which has a free energy value (6.G) of -2.66 kJ mol glucose-! (Stumm and 

Morgan 1996), can also be expressed as the following chemical reaction: 

(Equation 1.2.) 

1.1.5. Taxonomic diversity of denitrifiers 

The ability to denitrify is widely distributed among numerous phylogenetically distinct 

microorganism groups of bacteria including members of Deinococcus Thermus, 

Actinobacteria, Aquificae, Firmicutes, Bacteroides, and Proteobacteria phyla (Zumft 1997). 

Bacteria are thought to be responsible for most of the denitrification in the environment; 

however, Archaea and some types of fungi are also capable of denitrification (Philippot 2002; 

Shoun et al. 1992; Tanimoto et al. 1992). Recently, several foraminiferal groups (including 

miliolids, rotaliids, and textulariids) as well as the amoeba Gromia, also belonging to the 

taxon Rhizaria, have also been found to respire N03- via the denitrification pathway (Pifia

Ochoa et al. 2010). Since many denitrifying organisms do not produce all four enzyme 

reductases required for the complete conversion of N03- to N2, denitrification can be 

considered a community process because many organisims work together to carry out the 

various steps of the reduction (van de Pas-Schoonen et al. 2005). 

1.1.6. Environmental and ecosystem controls on denitrification rates 

Denitrification is mediated by complex interactions between many physicochemical and 

biotic factors. The composition and diversity of denitrifying communities are structured over 

the long-term by a broad set of distal, environmental and ecosystem controls that include 

carbon substrate variability, oxygen concentration variability, climate, geomorphology, water 

depth, and physical disturbances (Wallenstein et al. 2006). Instantaneous rates of 

denitrification are in tum influenced by proximal, short-term environmental controls such as 

carbon availability, oxygen concentration, N03- concentration, pH, and temperature that affect 

the metabolism of the existing microbial community (Wallenstein et al. 2006). 
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The regulation of denitrification in aquatic systems can be described at the ecosystem level by 

the hole-in-the-pipe conceptual modee (Bouwman 1998; Davidson et al. 2000; Firestone and 

Davidson 1989) (Figure 1.1.). According to this model, denitrification is regulated at four 

levels. First, the amount ofNr flowing through the pipes (e.g. Nr input to an estuarine system) 

is equivalent to the amount of Nr available for denitrification. The concentration of N03-

produced in the first pipe during nitrification (aerobic oxidation ofNH/ to N02- and N03- by 

chemolithotrophic bacteria) is diminished before entering the second pipe for denitrification 

as a consequence of plant or benthic algal uptake (Sundback et al. 2004), dissimilatory nitrate 

reduction to ammonium (DNRA, N03- ---+ N02- ---+ NH/) (An and Gardner 2002), and 

anammox (NH/ + N02- ---+ N2 + 2H20). Second, the pipe structure is analogous to the 

geomorphology and hydrology of the system. They interact to control the water residence 

time and in tum, the proportion of the Nr entering the pipes that can be denitrified (Seitzinger 

et al. 2006). Third, the coating on the pipes is analogous to factors such as the sediment 

organic carbon content and the microbial population, which also regulate the proportion ofNr 

entering the pipes that can be denitrified. Lastly, the size of the holes in the pipes, which is 

determined by factors such as the sediment water content, pH, temperature, and abundance of 

electron donors and acceptors, affect the relative proportions of the N2, N20, and NO flowing 

out of the pipes (del Prado et al. 2006; Tiedje et al. 1979; Weier et al. 1993). 

In the past two decades, significant progress has been made in understanding the local and 

ecosystem level controls that influence rates of denitrification in estuarine systems (Cornwell 

et al. 1999). Because estuaries are often very patchy environments, denitrification rates can 

vary significantly over spatial and temporal scales (Davidson and Seitzinger 2006; Seitzinger 

1990). The wide range of denitrification rates that have been reported in different estuaries, in 

different sites within esturaries, and at different times of the year reflects the variation in the 

environment of the various controls on denitrification (Table 1.3.). The denitrification 

controls that are generally recognized as the most significant in estuarine systems are 

discussed below. These are direct controls: oxygen concentration, N loading in the water 

column, organic carbon loading in the sediment, and indirect or secondary controls: 

microphytes and macrophytes, bioturbation and bioirrigation of macrofauna, pH, sediment 

water content, temperature, salinity, hydrogen sulfide concentration, substrata type, and 

freshwater residence time. 

3 The version of the hole-in-the-pipe model described here has been modified from the original version 
(Firestone and Davidson 1989) which was developed to describe the regulation of emissions of NO, N20, and N2 

from terrestrial soil. 
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Biological 

assimilation 

DNRA, 
Anammox 

Figure 1.1. Diagram of the hole-in-the-pipe conceptual model (modified from Davidson et 
al. (2000) and Bouwman (1998)). Denitrification is regulated at four levels; (1) the amount of 
Nr flowing through the pipes is equivalent to the amount ofNr available for denitrification; (2) 
the pipe structure (e.g. geomorphology, hydrology) affect the water residence time and in 
turn, the proportion of Nr entering the pipes that can be denitrified; (3) the coating on the 
pipes (e.g. carbon content, microbial population) also regulates the proportion of Nr entering 
the pipes that can be denitrified; (4) the size of the holes in the pipes (e.g. water content, pH) 
affect the ratio of N2, N20, and NO emissions. The amount of N03- available for 
denitrification is diminished as a consequence of biological assimilation, DNRA, and 
anammox. 

1.1.6.1. Oxygen 

Denitrifying bacteria are capable of growing aerobically in the presence of oxygen. However, 

in order to metabolize via the denitrification pathway they require suboxic (<0.2 mg 0 2 r 1
) 

(Froelich et al. 1979; Seitzinger 1988) conditions, labile organic carbon as an electron donor, 

and N03- as the alternative terminai eiectron acceptor to oxygen. As a result of these 

metabolic requirements, in estuarine environments, the denitrification process occurs most 

commonly near the oxic-anoxic interface of organic-rich sediments (Jensen et al. 1988; 

Seitzinger et al. 2006). However, denitrification in estuaries may also occur in hypoxic water 

that contains substantial concentrations of dissolved organic carbon and N03- during periods 

of seasonal stratification of the water column or enhanced oxygen consumption associated 

with eutrophication (Seitzinger et al. 2006). In coastal marine environments, the amount of 

denitrification occurring in the water column is generally 2-4 times less than the amount of 

denitrification occurring in the sediment (Burdige 2006). 
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Oxygen controls denitrification at two levels (Ferguson 1987; Komer 1989). The first level of 

regulation is gene expression, which is activated at low dissolved oxygen concentrations. The 

second level of regulation is reversible inhibition of the activity of the reducatase enzymes for 

N03-, N02-, NO, and N20. The sensitivity of the reductase enzymes varies with dissolved 

oxygen concentration and the species of the denitrifying bacteria. For example, in 

Pseudomonas nautica, the different enzymes associated with denitrification have an increased 

sensitivity toward dissolved oxygen with N03- reductase being completely blocked at oxygen 

concentrations greater than 4.05 mg r1
, N02- reductase being completely blocked at >2.15 mg 

02 r1
, and N20 reductase being completely blocked at >0.25 mg 0 2 r1 (Bonin et al. 1989). 

On the other hand, in Pseudomonas stutzeri, N03- reductase was completely blocked at >5.0 

mg 0 2 r 1
, and N02- reductase was completely blocked at >2.5 mg 0 2 r 1

, but N20 was 

synthesized constitutively (even at air saturation) at a low level, only requiring oxygen 

concentrations <5.0 mg r1 for enhanced expression (Komer and Zumft 1989). 

Differences in the sensitivity of the reductase enzymes to oxygen can lead to variations in the 

production ratio of the gaseous end products of denitrification. The control that oxygen can 

have on the ratio ofN20:N2 is best illustrated by a study by J0rgensen et al. (1984). In this 

study, which occurred in coastal marine sediments, the total rate of denitrification increased 

with decreasing dissolved oxygen concentrations, but yielded progressively less N20 (free 

release ofN20) and a smaller ratio ofN20:N2. 

Oxygen is generally the most thermodynamically preferred electron acceptor for respiration 

where it is plentiful at the sediment surface, but as a consequence of high catabolic activity 

and the low solubility of oxygen in seawater, its concentration is depleted within the first few 

millimetres4 beneath the sediment surface (Burdige 2006). On the other hand, the 

concentration ofN03- increases within the first few millimetres beneath the sediment surface 

as a result of nitrification (Vanderborght and Billen 1975). At some point, as the 

concentration of oxygen decreases and the concentration ofN03- increases, N03- will become 

the thermodynamically preferred electron acceptor for respiration, creating the conditions for 

denitrification to take place. Manganese reduction and iron reduction also occur in this 

suboxic region of the sediment (Burdige 2006). Below this suboxic zone, sulphate reduction 

and methanogenesis occur in the highly reducing anoxic zone of the sediment (Burdige 2006). 

In summary, the order of vertical oxidant depletion in estuarine benthic systems (downwards 

4 In most shallow estuarine sediments free oxygen concentrations decrease to 0 within the top 1 to 8 mm beneath 
the sediment surface (J0rgensen and Revsbech 1985). 
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from the sediment surface) is generally oxygen > nitrate > manganese oxide > ferric oxides > 

sulfate (Thamdrup and Canfield 2000). 

Oxygen concentrations in surface sediments have a dual role in regulating denitrification 

rates. This is because sediment denitrification can either be supported by the diffusion of 

N03- from the overlying water column (direct denitrification, Dw) or by N03- produced from 

ammonium (NH/) via nitrification in oxic sediment layers adjacent to anoxic zones (coupled 

nitrification-denitrification, Dn) (Figure 1.2.) (Jenkins and Kemp 1984; Vanderborght and 

Billen 1975). A third and often overlooked source ofN03- for denitrification is groundwater 

advection (Nowicki et al. 1999). While the absence of oxygen in sediment is optimal for 

denitrification, it is inhibitory to nitrification and therefore Dn cannot take place. Such a 

process can occur in highly eutrophic systems where oxygen supplies in the sediment can be 

completely consumed by microbial bacteria during the decomposition of organic material 

(Cloem 2001; Rysgaard et al. 1994). On the other hand, high concentrations of oxygen in 

surface sediments increase the diffusional distance that N03- must travel from the water 

column to reach the suboxic denitrification zone. This often results in reduced efficiency of 

Dw (Dong et al. 2000; Rysgaard et al. 1994). 

In undisturbed muddy sediments (<0.063 mm particle size), the main transport mechanism of 

oxygen from the water column into the sediment is molecular diffusion across the diffusive 

boundary layer (DBL) (J0rgensen and Revsbech 1985). The thickness of the DBL, and thus 

the rate of sediment oxygen uptake, is dependant on the velocity and turbulence of the 

overlying water as well as the topography of the sediment surface (J0rgensen and Revsbech 

1985). In estuaries, sediments are rarely left undisturbed and oxygen can also enter sediments 

through pore-water advection (especially in sandy sediments with particle sizes 0.063-2 mm 

(Janssen et al. 2005)), sediment resuspension and redeposition, photosynthetic oxygen 

production by microphytes and macrophytes, and bioturbation and bioirrigation by benthic 

macrofauna (Brune et al. 2000; Revsbech et al. 1980). The position of the oxic-suboxic 

interface can be influenced by sedimentation rates, the amount of degradable organic matter 

input into the sediment, the sediment composition, and the concentration of oxygen in the 

overlying water column (Brune et al. 2000). 
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Figure 1.2. Conceptual model illustrating the processes associated with nitrogen cycling in 
estuarine sediments. The denitrification process may be supported by either N03- diffusing 
from the water column (direct denitrification, Dw) or N03- formed during nitrification 
(coupled nitrification-denitrification, Dn). Competing with denitrification for N02- in the 
anoxic sediment layer is DNRA and anammox. PON and DON are abbreviations for 
particulate organic nitrogen and dissolved organic nitrogen, respectively. 

1.1.6.2. Microphytes and macrophytes 

Studies of photosynthetic microphytes and rooted macrophytes at the sediment surface show 

that they can cause large diurnal variations in the sediment oxygen penetration depth and this 

can have a marked effect on the rates of nitrification and denitrification (An and Joye 2001; 

Andersen et al. 1984; Eriksson and Weisner 1999; Porubsky et al. 2009; Risgaard-Petersen et 

al. 1994; Rysgaard et al. 1995; Rysgaard et al. 1993). At night, when microbes and 

macrofauna in sediment are consuming oxygen and oxygen production via photosynthesis is 

inhibited, the vertical extent of the sediment oxic zone is narrow and the rate of Dw is 

generally much greater than the rate ofDn (Risgaard-Petersen et al. 1994). On the other hand, 

during the daytime, when oxygen is produced by microphytes via photosynthesis and released 

into the surrounding sediments, the vertical extent of the sediment oxic zone (and therefore 

also the depth interval in which nitrification can occur) is thick and the rate ofDn is generally 

much greater than the rate ofDw (Risgaard-Petersen et al. 1994) (Figure 1.3.A.). 
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Similarly, the photosynthetic release of oxygen from the roots of macrophytes during the 

daytime (oxygen transported from the leaves to the roots via the air-lacunae system) provides 

oxic microsites for populations of nitrifying bacteria to inhabit the otherwise anoxic 

rhizosphere and this often results in enhanced rates of Dn (Eriksson and Weisner 1999; 

Ottosen et al. 1999) (Figure 1.3.B.). Kemp and Murray (1986) determined that the amount of 

oxygen released from the roots of the submersed vascular estuarine plant Potamogeton 

perfoliatus during daytime photosynthesis would be sufficient to support 4-6 times the rate of 

nitrification in unvegetated sediments. However, the percent of the total amount of oxygen 

produced during photosynthesis that is released from roots differs among different species of 

macrophytes, with Sand-Jensen et al. (1982) reporting 100 % of the oxygen being released 

from the roots of Lobelia sp., but only 1-4 % of the oxygen being released from the roots of 

Zostera sp. 

Exceptions to this phenomenon of photosynthesis by microphytes and macrophytes enhancing 

rates of Dn have been observed (Bartoli et al. 2001; Cabrita and Brotas 2000; Sundback and 

Miles 2000). Risgaard-Petersen (2003) suggests that Dn is increased only during the daytime 

following photosynthetically mediated increases in oxygen concentration in the sediment 

when the microbial processes are not limited by competition with benthic microphytes and 

macrophytes for dissolved inorganic nitrogen (DIN). Competition for DIN is likely to be 

greatest during the daytime when N assimilation by microphytes and macrophytes is the 

highest (Rysgaard et al. 1994). 

Macrophytes may also indirectly enhance rates of denitrification by supplying organic matter 

to the system. Macrophytes release labile organic carbon from their roots (Bastviken et al. 

2007; Christensen and S0rensen 1986), trap easily degradable organic detritus from the water 

column (Christensen and S0rensen 1988), and provide attachment surfaces for epiphytes, 

which produce readily degradable organic matter (Weisner et al. 1994). Organic matter 

supplied by macrophytes supports the metabolic function of denitrifying bacteria. 

Mineralization of the organic matter supplies NH4 + for nitrification and consumes oxygen at 

the sediment surface, which may also affect rates ofDn (Seitzinger 1988) (see Organic carbon 

loading in sediment, Section 1.1.6.4. below). 
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1.1.6.3. Macrofauna 

The effects that benthic macrofauna have on the redox conditions, microbial processes, and 

physical mixing of the sediment they inhabit through bioturbation and bioirrigation activities 

have been well documented in the literature (Aller 1978; Aller 1982; Aller 1988; Meysman et 

al. 2006; Rhoads 1974) (Figure 1.3.C-G.). The degree in which macrofauna affect the 

sediment structure and redox conditions depends on a variety of factors including their 

taxonomic group, size, growth rate, mobility, rate of feeding, population density, and particle 

size selectivity (Aller 1978; Pelegri and Blackburn 1995). It also depends on hydrological 

conditions, with macrofauna having a greater effect on redox conditions and microbial 

processes in diffusion-dominated systems compared to advection-dominated systems 

(Mermillod-Blondin and Rosenberg 2006). 

Bioturbation is the physical mixing of solutes and solids in sediments by benthic macrofauna 

during their construction of burrows and search for food (Berg et al. 2001; Burdige 2006). 

Bioturbating macrofauna oxygenate sediment by mixing it during their physical activities 

(Vopel et al. 2007). They also consume oxygen during respiration (Kristensen 2001) and 

excrete ammonium directly into the sediment which can be used to support nitrification 

(Gardner et al. 1983). Bioturbation mixes the pore water and solids in sediments in a manner 

that may destroy porosity gradients (termed interphase mixing) (Aller 1978; Rhoads 1974). 

In the absence of bioturbation, porosity generally decreases with depth as a result of sediment 

compaction (see Porosity, Section 1.1.7.2. below). 

Deposit-feeding macrofauna responsible for bioturbation act in five different ways: (1) 

conveyor-belt transport feeders carry out unidirectional movement of sediment through their 

guts from a fixed depth to the sediment surface where they form burrow mounds (e.g. 

polychaete, Clymenella torquata) (Aller 1978; Boudreau 1986); (2) reverse conveyor-belt 

transport feeders carry out unidirectional movement of sediment through their guts from the 

sediment surface to a fixed depth a few centimetres below the sediment surface (e.g. 

polychaete, Cirriformia grandis) (Shull and Yasuda 2001); (3) biodiffusers carry out random 

mixing of sediment by either crawling through sediments or ingesting and defecating 

sediments (e.g. cockle, Cerastoderma edule) (Mermillod-Blondin et al. 2004; Montserrat et 

al. 2009); ( 4) regenerators carry out unidirectional movement of sediment from a fixed depth 

to the sediment surface through digging activity (e.g. crab, Uca pugilator) (Gardner et al. 
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1987); (5) gallery diffusers excavate burrows that facilitate advective transport of sediment 

particles (e.g. polychaete, Nereis virens) (Michaud et al. 2005). 

Bioirrigation is the passive or active flushing of burrows with oxygenated overlying bottom 

water by water column suspension feeders or tubeworms (Burdige 2006). When a burrow or 

tube wall is permeable to diffusion, concentration gradients are established that permit the 

exchange of solutes in bottom water with the sediment pore water in areas that would 

otherwise be isolated from the exchange (Aller 1983; Kristensen 2001). Bioirrigation 

enhances sediment oxygen input, resulting in increased oxic-suboxic surface areas. 

Accordingly, vertical redox zonation characteristic of non-bioirrigated sediment is replaced by 

3-dimensional, complex redox zonation that occurs radially around macrofauna burrows and 

faecal pellets (Aller 1982; Aller 1988; Kristensen 1988). As a consequence of the increased 

availability of oxidants for organic matter remineralization and the high organic matter 

content of burrow or tube walls (e.g. mucus) and faecal pellets, the sediment surrounding 

burrow or tube walls and faecal pellets is usually high in bacteria abundance and metabolic 

activity compared to non-bioirrigated sediment (Henriksen et al. 1983). Wenzhofer and Glud 

(2004) suggest that macrofauna activity is largely driven by diel variations in light and 

consequently, oxygen uptake through burrow walls was found to be greatest just after sunset. 

Bioirrigation usually results in enhanced rates of denitrification close to burrow or tube walls 

and faecal pellets (de Roach et al. 2002). Bioirrigation enhances rates of denitrification in 

two ways; (1) by creating increased oxic-suboxic surface areas for nitrification to occur in 

close proximity in space and time to denitrification, thus enhancing the rate ofDn (Aller 1988; 

Kristensen 1988) (Figure 1.3.F&G.); (2) by increasing the transport of N03- from the water 

column deep into burrows where it diffuses across the burrow wall into the sediment pore 

water and enhances the rate ofDw (Aller 1988; Kristensen 1988). 

Different types of macrofauna! orgamsms, modes of bioirrigation, and distributions and 

geometries ofbioirrigated burrows stimulate Dw and Dn to varying degrees of magnitude. For 

example, in a study of the effect of continuous irrigation activity of the amp hi pod Corophium 

volutator (which lives in U-shaped burrows 2-6 em deep) on denitrification, Dn and Dw were 

enhanced by different amounts (by 3 and 5-fold, respectively) (Pelegrf et al. 1994). Pelegrf 

and Blackburn (1995) found that the different irrigation mechanisms used by bivalves (Mya 

arenaria and Cerastoderma sp.) and polychaetes (Nereis sp.) could explain why bivalves 

stimulated Dn more than Dw while polychaetes stimulated Dw more than Dn with polychaetes 
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stimulating overall rates of denitrification by a factor 2 times greater than that of bivalves. 

Lastly, Gilbert et al. (2003) found in a model simulation that rates of Dn and Dw were highly 

dependent on the geometries and distributions of irrigated burrows due to a complex 

relationship between diffusive and reaction path-length scales. 

In some shallow coastal environments, reduced turbidity in the water column associated with 

suspension-feeding macrofauna may increase light penetration to a level that can support the 

growth of benthic microphytes (Newell et al. 2002), thus influencing rates of denitrification 

indirectly (see Microphytes and macrophytes, Section 1.1.6.2. above). 

Figure 1.3. Schematic representation of the influences that microphytes, macrophytes, and 
bioturbating and bioirrigating macrofauna have on redox conditions and denitrification in 
estuarine sediments (modified from Burdige (2006)). Microphytes (A) and macrophytes (B) 
release oxygen into the sediment during the daytime when photosynthesis occurs, extending 
the length of the sediment oxygen penetration depth. Gastropods (C), amphipods (D), 
bivalves (E), decapods (F), and polychaetes (G) increase oxic-suboxic surface areas through 
bioturbation and bioirrigation activities. Bioirrigation enhances rates of coupled nitrification
denitrification and direct denitrification by facilitating oxygen and N03- from the water 
column deep into burrows where it diffuses across the burrow wall into the sediment pore 
water. Oxygen surrounding anoxic, carbon-rich faecal pellets inside burrows also enhances 
coupled nitrification-denitrification. 
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1.1.6.4. Organic carbon loading in sediment 

Increased loading of organic matter in sediment increases rates of oxygen consumption, N 

remineralization, and fluxes of NH/ from the sediment (Kelly and Nixon 1984). When 

organic matter loading is high, DNRA may be stimulated (Koike and Hattori 1978), resulting 

in competition with denitrification for N03-. In natural eutrophic systems, high organic 

carbon loading often coincides with low bottom water oxygen concentration, making it 

difficult to investigate the effects of organic carbon loading on denitrification (Cornwell et al. 

1999). 

Laboratory studies provide some insight on the significance of orgamc carbon as a 

denitrification control. Organic carbon stimulates denitrification directly by providing 

substrate for growth and indirectly by supplying NH4 + for nitrification and by consuming 

oxygen during mineralization, thereby decreasing the sediment oxygen penetration depth. For 

example, Caffrey et al. (1993) experimentally added organic matter into coastal sediments to 

investigate the effect of organic loading on nitrification and denitrification. They found that 

increased organic loading increased oxygen consumption and simultaneously decreased the 

depth of oxygen penetration in the sediment. Due to the reduction in the sediment oxygen 

penetration depth, the ratio of nitrification to denitrification decreased from 1.55 to 0.05 with 

increased addition of organic matter. However, total rates of denitrification increased with 

increased organic matter addition because of the increased utilization of high concentrations 

of water column N03- ( 40 llmol r 1
). In a similar study carried out in conditions where the 

water column N03- concentration was low (0-2 llmol r\ moderate organic loading increased 

total rates of denitrification, but high organic loading decreased total rates of denitrification 

(Sloth et al. 1995). Denitrification decreased at high levels of organic loading because high 

microbial oxygen consumption reduced the oxygen penetration depth and this meant that 

denitrification could no longer depend on N03- from nitrification, but there was also 

insufficient N03- from the water column to support denitrification (Sloth et al. 1995). 

A number of studies of denitrification in biological wastewater treatment have found that the 

type of carbon source can have a significant influence on the rate of denitrification as well as 

the ratio of N20:Nz produced (Elefsiniotis and Li 2006; Li et al. 2008; Yin et al. 2009). For 

example, Lee and Welander (1996) found higher rates of denitrification and a greater yield of 

the end product N2 than N20 when acetate was used as a carbon source for denitrification than 

when crude syrup or hydrolyzed starch were used. 
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The organic carbon in estuaries is derived from a wide variety of natural and anthropogenic 

allochthonous and autochthonous sources with different structural properties and decay rates 

(Bianchi 2007). In some estuarine systems, greater than 90 % of the total organic matter in 

the sediments is unavailable to the benthic microbial communities due to the accumulation of 

aged, less reactive organic matter that cannot be separated from its mineral component 

(Mayer 1994a; Mayer 1994b). Therefore, it is possible that the different types of organic 

carbon in estuaries may influence rates of denitrification differently. Supporting this premise, 

in coastal Louisiana wetland soil containing different compositional organic carbon moieties, 

the potential rate of denitrification was positively influenced by polysaccharides and 

negatively influenced by phenolics (Dodla et al. 2008). 

1.1.6.5. Nitrogen loading in the water column 

Nitrate in the water column has a direct effect on rates of Dw and Dn in estuarine systems. 

Seitzinger et al. (2006) compiled data from lake, river, estuary, coastal, and continental shelf 

sediments and found that the concentration ofN03- in the water column could largely explain 

variations in the production of Dw and Dn within the systems. At low water column N03-

concentrations (<10 11mol r1
), Dn accounted for 90 % or more of the total denitrification 

(when the bottom water was well oxygenated). At water column N03- concentrations 

between 10 and 30 11mol r1 there was considerable variation in the production of Dn and Dw. 

At high water column N03- concentrations (>60 11mol r 1
), Dw accounted for 80% or more of 

the total denitrification. Similarly, Dong et al. (2006) compared rates of denitrification in 

three UK estuaries with different nutrient loading and found that Dn was the dominant form of 

denitrification in the oligotrophic Conwy estuary, Dn and Dw were approximately equal in the 

moderately nutrified Humber estuary, and Dw was the dominant form of denitrification in the 

hypemutrified Colne estuary. 

When N inputs to an estuary are high, more N is potentially available for denitrification than 

when N inputs are low. Seitzinger et al. (2006) compiled data from a large range of aquatic 

systems including lakes, estuaries, coastal seas, and continental shelves and found that the 

total annual amount of denitrification (Dn + Dw) was positively related to the total N inputs 

(from 1x102 to 1x104 mmol N m-2 i 1
) to the systems. Also, Rivera-Monroy et al. (2010) 

found in an analysis of 32 studies that coastal sediments in Louisiana are capable of high 

potential denitrification rates (500-2500 11mol m-2 h-1
) when naturally or experimentally 

exposed to high levels ofN03- (>100 11mol r1
). Kana et al. (1998) found that denitrifying 
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bacteria responded quickly to increases in the concentration of N03- in the water column 

suggesting that the microbial population was poised to utilize N03- as it became available 

(Cornwell et al. 1999). King and Nedwell (1987) found that faster rates of N03- reduction 

(via denitrification and DNRA) at sites with higher in situ concentrations of N03- than sites 

with lower in situ concentrations of N03- were a result of a physiological adaptation of the 

bacterial community to greater N03- concentrations. 

Although denitrification rates are generally much higher in hypernutrified estuarine sediments 

compared to oligotrophic or moderately nutrified sediments (Seitzinger 1988; Seitzinger 

1990), a few studies have suggested that denitrification rates may not always increase linearly 

with higher concentrations of water column N. During an N enrichment experiment, 

Seitzinger and Nixon (1985) observed higher denitrification rates in more eutrophic systems, 

but the amount of N denitrified was a constant smaller fraction of the N input. In the 

Midwestern region of the United States, Inwood et al. (2005) reported higher denitrification 

rates in nutrient enhanced agricultural and urban streams compared to oligotrophic forested 

streams. Yet, a smaller proportion of the stream N03- load in this study was removed by 

denitrification in the agricultural and urban streams compared to the forested streams. 

Mulholland et al. (2008) observed reduced N03- removal efficiency via denitrification in 

streams with a high water column N03- concentration compared to those with a moderate or 

low N03- concentration. Furthermore, Burford and Longmore (2001) combined data from 

many aquatic systems to show that while denitrification rates tend to increase linearly with 

low concentrations ofN inputs, denitrification rates decline at N inputs above 20 mmol N m-2 

d- 1 (7.3x103 mmol N m-2 i 1
) to rates comparable to systems with low N loads. These 

findings suggest that denitrification processes may exhibit a threshold in their ability to 

process high N loads. Reduced rates of denitrification in eutrophic systems may reinforce the 

effects of eutrophication by increasing rates ofNH4+ recycling (via DNRA) within the system 

(Kemp et al. 1990). 

There is some evidence that N20 production from denitrification may be more significant in 

estuaries with high water column N03- concentrations compared to estuaries with low water 

column N03- concentrations (Seitzinger and Nixon 1985; Seitzinger et al. 1984). Seitzinger 

and Kroeze (1998) suggested that the ratio ofN20:N2 produced from sediment denitrification 

is generally within the range of 0.1 and 0.5 %, but can be as high as 6 % in heavily nutrified 

systems. Similarily, in the UK, Dong et al. (2006) found that the ratio ofN20:N2 was 2.6% 

in the oligotrophic Conwy estuary and 1.1 % in the nutrified Humber estuary, but was as high 
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as 3.3 % in the hypemutrified Colne estuary. Dong et al. (2002) reported a significantly 

higher ratio of N20:N2 produced from sediment denitrification when N02- was added in 

excess to the incubation (7-13 %) than when N03- was added in excess (2-4 %), signifying 

that the sediment may have been dominated by a group of obligate denitrifiers that used only 

N02- as an electron acceptor and produced N20 as the end product. 

1.1.6.6.pH 

The pH of the environment has a significant effect on denitrification by influencing the rate of 

the process and the ratio of the gaseous end products. Studies in terrestrial environments 

where the soil pH has been altered have repeatedly shown that the overall rate of 

denitrification (formation of NO, N20 and N2) is less in acidic than neutral or slightly alkaline 

soils (Simek and Cooper 2002). The effect of pH on the rate of denitrification is most likely 

indirect since organic carbon and N mineralization are diminished under acidic conditions, 

resulting in a smaller size of the active denitrifying microbial community (Simek and Cooper 

2002). Several studies in terrestrial environments have also shown that when the soil pH is 

low, denitrification yields more N20 and the ratio ofN20:N2 is higher than when the soil pH 

is high (Simek and Cooper 2002). 

The optimum pH range for the complete reduction of N03- to N2 is between 6.0 and 8.0 and 

varies depending on the community composition of the denitrifying bacteria (Simek et al. 

2002; Stevens et al. 1998; Thomas et al. 1994). Below this optimal pH range, N20 is usually 

the dominant end product because N20 reductase is the most sensitive enzyme in the 

denitrification pathway to low pH (Knowles 1981). For example, Tiedje et al. (1979) found 

that N20 was only a minor product of denitrification when the pH of the soil was 6.7, but 

when the soil pH was lowered to 5.2, N20 became the dominant product of denitrification. 

Furthermore, at Lake Lacawac in the Pocono Plateau region of Pennsylvania, the ratio of 

N20:N2 (measured using benthic flux chambers which include N20 production from both 

denitrification and nitrification) increased by a factor of 10 when the water column pH was 

decreased from 6.6 to 4.4 (Seitzinger 1988). 

Few studies have investigated the role of pH in regulating denitrification in estuarine 

sediments, but from the studies published, the same patterns observed between denitrification 

and pH in terrestrial systems are also observed in estuarine systems. Thomas and Lloyd 

(1995) found that the maximum rate of denitrification in an estuarine tidal system in Cardiff, 
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Wales, occurred at a pH of 7.5. Furthermore, Thomas et al. (1994) found the highest overall 

rates of denitrification (formation of N20 and N2) and the lowest ratio of NzO:Nz at a pH 

between 7.0 and 7.5 for pure cultures of two bacterial species of the genus Pseudomonas 

isolated from estuarine sediment. 

Pure freshwater is neutral, with a pH of approximately 7.0 at 25 °C. On the other hand, 

seawater has a pH within the range between 7.5 and 8.4 (Hansson 1973). In rivers and 

estuaries that flow through heavily forested areas, tannins are leached out of vegetation 

decaying in the water, resulting in water that is dark brown in colour and much more acidic 

than neutral white waters (Sioli 1975). 

1.1.6. 7. Water content of the sediment 

In terrestrial soils, soil water content5 is considered the most significant control affecting the 

proportion of NO, N20, and N2 produced during denitrification (Davidson et al. 1993). 

Accordingly, NO is the dominant product emitted out of dry, well aerated soil (30-60 % 

water-filled pore space), N20 is the main product in wet soils where aeration is poorer (60-80 

%water-filled pore space), and N2, the most reduced form of N, is the dominant product in 

water-saturated, mostly anaerobic soil (>80 % water-filled pore space) (Bouwman 1998; 

Davidson et al. 2000). Soil water content regulates the diffusion of oxygen into the soil and 

influences the availability of organic carbon released during wetting and drying cycles (Parkin 

1990). 

Oxygen inhibition of N20 and NO reductase enzymes may explain why N20 and NO have 

been observed as intermediates of denitrification emitted under low oxygen and aerobic 

conditions characteristic of moderate and low soil water content, respectively. There is some 

evidence that N20 reductase is more sensitive to lower concentrations of oxygen than other 

enzymes associated with denitrification (Anderson and Levine 1986; Bonin et al. 1989; 

Cartaxana and Lloyd 1999; Thomas et al. 1994). Also, NO reductase is a pivotal enzyme in 

the denitrification pathway since the failure to rapidly transform NO to NzO results in the 

accumulation of a highly toxic intermediate (Averill 1996; Goretski et al. 1990; Ye et al. 

1994). Korner (1993) found that NO reductase was synthesized in Pseudomonas stutzeri only 

at dissolved oxygen concentrations below 3 % air saturation and the expression was greatest 

during anaerobic conditions. 

5 Water content is defined here as the ratio of the mass of water in a sample to the mass of solids (Smith 1981 ). 
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In estuaries, the water holding capacity of muddy sediment is significantly different than that 

of sandy sediment and the sediment water content (and the oxygen concentration) can change 

due to desiccation at low tide. Whereas the highest content of water (85 %) in sediments of 

the Nueces estuary, USA was found in muddy sediment, the lowest sediment water content 

(53 %) was found in sandy sediment (Yoon and Benner 1992). Similarily, in the Tagus 

estuary in Portugal, the water content ranged from 54.1 to 73.6% at an upper estuary site with 

muddy sediment and from 16.4 to 33.9 % at a lower, intertidal site with sandy sediment 

(Cabrita and Brotas 2000). In the Elbe estuary in Germany, the water content of the sediment 

ranged from 43 ± 1 %to 87 ± 3 %(Wiltshire et al. 1996). However, the effect that sediment 

water content has on denitrification in estuaries is largely unknown. 

1.1.6.8. Temperature 

Temperature is an important, but poorly understood control of denitrification in estuarine 

sediments. The effect of temperature on denitrification is not well understood because of the 

difficulty in separating out other factors such as changing oxygen concentration, which often 

occur simultaneously with temperature changes. 

Most studies have shown that denitrification rates tend to increase with increasing 

temperature (Amatya et al. 2009; Nowicki 1994; van Luijn et al. 1999; Wang et al. 2007) and 

that temperature is an important contributor to seasonal variation in denitrification rates 

(Cabrita and Brotas 2000; J0rgensen and S0rensen 1988; Senga et al. 2010). Temperature 

directly influences microbial reaction kinetics. Also, the metabolic rates of bacterial 

communities can change following shifts in species composition and community structure or 

physiological adaptation to different temperatures (Harder 1971; Nedwell 1971; Thamdrup 

and Fleischer 1998; Thamdrup et al. 1998; Tison 1980). For example, Kaplan et al. (1977) 

found that seasonal temperature variations select for two distinct populations of denitrifiers in 

North American saltmarsh sediments which could be distinguished by their different 

responses to incubation temperatures at 5 and 10-20 °C. 

Similarly, King and Nedwell (1984) found two distinct populations ofN03- reducing bacteria 

in saltmarsh sediment in the UK: a mesophilic community comprised primarily of N03-

ammonifying Vibrio sp. with an optimum growth rate temperature of 28.0 °C, and a 

psychrotrophic community comprised primarily of denitrifying Pseudomonas sp. with an 

optimum growth rate temperature of 12.8 °C. The mesophilic community was always 
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present, but achieved a maximum population size during the summer and a mm1mum 

population size during the winter. Conversely, the psychotrophic community was absent 

during the summer and achieved a maximum population size during the winter. Ogilvie et al. 

(2006) suggest that denitrifying bacteria in estuaries are dominated by species that are 

physiologically adapted for reducing N03- at low temperatures because fermentative N03-

ammonifying bacteria are better competitors than denitrifying bacteria for N03- at high 

temperatures. This notion is contradictory to the findings of other studies such as Nowicki 

(1994) where the rate of denitrification increased with increasing seasonal temperature. 

It is unclear whether rates of denitrification in estuaries vary depending on climatic regions 

which differ in mean water temperature. In a cross-system analysis of denitrification rates 

from five types of aquatic ecosystems, no latitudinal effect was observed; however, most of 

the data in the analysis was from locations between 25 and 60 °N, with only limited data from 

polar and tropical regions (Pifia-Ochoa and Alvarez-Cobelas 2006). 

1.1.6.9. Salinity 

Fluctuating salinity in estuarine sediments is thought to play a role in regulating rates of 

denitrification by changing the absorption capacity of NH4 + in sediment. The high cation 

content of seawater can decrease the NH4 + absorption capacity of sediment by competing with 

NH4 + for negatively charged binding sites within the sediment (Boatman and Murray 1982; 

Simon and Kennedy 1987), resulting in more 'free' or exchangeable NH/ in the water 

column (Boynton and Kemp 1985; Gardner et al. 1991; Morlock et al. 1997). Consequently, 

Seitzinger et a!. (1991) found that river and estuarine sediments retained more NH/ when 

incubated with freshwater compared to when incubated with saltwater. A model indicated 

that salinity indirectly affects Dn in marine and estuarine sediments because higher salinity 

levels lower the concentration of NH/ available to nitrifiers (Seitzinger et al. 1991). 

Therefore, it is expected that the rate of Dn should increase with decreasing salinity level. 

Likewise, in a study of the influence of salinity on sediment denitrification in an estuary in 

Louisiana, USA, denitrification potential was highest under freshwater condition (0 psu) and 

decreased with increasing salinity to 30.8 % of its original activity at the highest salinity (36 

psu) (Seo et al. 2008). In this study, over 90 % of the variation in denitrification could be 

explained by the changing salinity level. 
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In spite of salinity reducing the absorption capacity of NH4 + in sediment, nitrification and Dn 

do not always decrease with increasing salinity level. For example, Bernhard et al. (2007) did 

not observe any consistent adverse effects of salinity (salinity treatments: 0, 5, 10, and 30 psu) 

on potential nitrification rates in sediment from a North American estuary. Also, Fear et al. 

(2005) did not observe any significant differences in rates of denitrification between sites 

along a salinity gradient of 0 to 20 psu at the Neuse River estuary in North Carolina, USA, but 

intrasite variability did increase with increasing salinity. 

Physiological adaptations of the microbial community may influence how nitrification and 

denitrification respond to changes in salinity level. In sediments of the Randers Fjord estuary 

in Denmark, the decrease of Dw with increasing salinity could not be explained by NH4 + 

adsorption mechanisms since this process is independent of nitrification (Rysgaard et al. 

1999). Also in this study, the nitrification potential of the sediment decreased with increasing 

salinity despite NH4 + being added to the incubation in excess. From these findings it was 

concluded that the nitrifying and denitrifying activity were strongly influenced by 

physiological effects at the microbial level to the presence of sea salt (Rysgaard et al. 1999). 

Several studies have found that the tolerance of nitrifying bacteria to varying salinity level 

differs between bacteria strains and reflects the original environment of the cultures (Jones 

and Hood 1980; MacFarlane and Herbert 1984; Yoshida 1967). For example, Finstein and 

Bitzky (1972) tested cultures of nitrifying bacteria from fresh, estuarine, and littoral waters for 

their responses to marine salts and found that in general the freshwater strains did not grow 

well in saltwater6, and the marine strains did not grow well in freshwater; however, some of 

the strains had no specific preference for freshwater or saltwater. However, it is currently 

unclear whether estuarine sediments comprise a mixture of freshwater and saltwater adapted 

microbes that become active when conditions are optimal or whether they comprise microbes 

specifically adapted for brackish water (Santoro 2010). 

1.1.6.10. Hydrogen sulfide 

Two major pathways for anaerobic organic carbon metabolism are methanogenesis (2C6H120 6 

----+ 6CH4 + 6C02) and sulfate reduction (2C6H1206 + 6Sol- ----+ 6H2S + 12HC03-) (Ruddy 

1997). Although sulfate reduction can occur in freshwater sediments, methanogenesis is the 

6 The salinity of most seawater ranges between 31 and 38 psu with the mean salinity of seawater in the world's 
oceans being 35 psu (NOAA 2005). 
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predominant pathway in freshwater systems because sulfate concentration is generally low in 

freshwater (10-200 )lmol r 1
) (Capone and Kiene 1988). As salinity and hence sulfate 

concentration increases (sulfate concentration in seawater: 20-30 mmol r\ sulfate reduction 

displaces methanogenesis as the predominant pathway of terminal carbon metabolism in 

estuarine and marine sediments (Capone and Kiene 1988). 

Hydrogen sulfide (HS-), the end product of sulfate reduction, is an inhibitor of nitrification 

(Joye and Hollibaugh 1995) and can therefore affect rates of Dn. In sediments from Tomales 

Bay, a small estuary in North America, Joye and Hollibaugh (1995) found that nitrification 

was reduced by 50 to 100 % at HS- concentrations between 60 and 100 )lmol r1
, respectively. 

HS- inhibits denitrification at higher concentrations (>300 )lmol r1
) and causes an increase in 

the proportion ofN20 and NO produced relative to N2 (Aelion and Warttinger 2009; S0rensen 

and Rasmussen 1987; S0rensen et al. 1980). The concentration ofHS- found naturally in pore 

water is generally between 0 and 30 )lmol r 1 in freshwater systems and between 7 and 200 

)lmol r 1 in estuarine systems, but can be as high as > 1 mmol r 1 in organic-rich sediments 

(Chanton et al. 1987; Davison 1991; Goldhaber and Kaplan 1975). In North American 

saltmarsh sediment, Dollhopf et al. (2005) found that the addition of high concentrations (>2 

mmol r1
) of Fe (III) could reduce HS- inhibition of nitrification. 

1.1.6.11. Substrata type 

Several studies in freshwater rivers and streams, and continental shelves have found higher 

rates of denitrification in fine-grained sediment compared to coarse-grained sediment 

(Deutsch et al. 2010; Inwood et al. 2007; Pattinson et al. 1998; Solomon et al. 2009; 

Sundback and Miles 2000; Vance-Harris and Ingall 2005). In a stream draining an 

agricultural catchment in England, Cooke and White (1987) found that the maximum 

denitrifying enzyme activity recorded in fine-grained (predominately silty) sediment was 5 

times greater than that recorded in coarse-grained (sandy gravel) sediment. Likewise, the 

denitrification rates in the coarse-grained sediments of the Georgia continental shelf, USA 

were 2 times lower than the rates determined in fine-grained shelf sediments (Vance-Harris 

and Ingall 2005). The trend of denitrification activity decreasing with coarser substrata may 

be related to fine-grained sediment having a larger surface area-to-volume ratio than coarser 

substrata (sand and gravel sediment), and therefore greater attachment areas for the 

colonization of denitrifying bacteria (Inwood et al. 2007). It could also be due to the fact that 

fine-grained sediment is often associated with a greater organic matter content than is coarse-
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grained sediment (Bianchi 2007; Middelburg et al. 1996a; van Luijn et al. 1999). Although 

substrata type as a control on denitrification has not been reported in the literature for 

estuarine systems, it is possible that the same pattern observed in freshwater rivers and 

streams, and continental shelves of the highest rates of denitrification occurring in fine

grained sediment may also occur in some estuaries. 

1.1.6.12. Residence time of freshwater 

Freshwater residence time 7 is considered an important ecosystem scale factor for controlling 

the proportion of Nr inputs to an estuary that are denitrified (Dettmann 2001; Nixon et al. 

1996; Seitzinger et al. 2006). Freshwater residence time is influenced by the geomorphology 

of the estuary, the amount of freshwater discharged from rivers, and the tidal flushing rate 

(Ensign et al. 2004). Estuaries with long residence times (e.g. scale of months or years) have 

more time than estuaries with short residence times (e.g. scale of days) for N to be repeatedly 

cycled within the system (e.g. uptake by phytoplankton, organic carbon deposition to the 

sediments, nitrification, DNRA, and denitrification) before it is exported downstream to 

marine systems (Seitzinger et al. 2006). Consequently, Silvennoinen et al. (2007) found that 

denitrification removed 19 %of the total N loading in an estuary of the Northern Baltic Sea 

with a long residence time, but only 3.6-9.0% of the total N loading in an estuary in the same 

region with a short residence time. Also, Nielsen et al. (1995) attributed the fact that 

denitrification removed only 2-3 % of the total N loading in the Norsminde Fjord, Denmark, 

to the short residence time (1.5-13 d) of the estuary and consequently, the minimal time that 

solutes from the water column could be exchanged with the sediment pore water. 

1.1. 7. Physical properties of sediments 

Quantifying the physical properties of sediments is critical for gaining an understanding of the 

transport processes that affect dissolved solutes (e.g. oxygen and N03-) in pore water. 

Estuarine sediments comprise two components: sediment particles and seawater. Sediments 

are often characterized according to their textural attributes, which include the size of the 

component particles, and the grain fabric (packing, orientation, and mineralogy which 

determine porosity, permeability, specific gravity, and density) (Lewis and McConchie 

1994b). 

7 Freshwater residence time is defined here as the amount of time it takes to replace an equivalent volume of 
freshwater in an estuary with freshwater input (Ensign et al. 2004). 
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1.1. 7 .1. Sediment grain size 

Sediment gram stze ts most commonly quantified usmg the Udden-Wentworth scale 

(Wentworth 1922) with particle size classes nominally divided into clay, silt, sand, granule, 

pebble, cobble, and boulder. The Udden-Wentworth scale is logarithmic (each grade 

boundary finer is half the value in millimetres of its predecessor and each grade boundary 

coarser is twice the value in millimetres of its predecessor). To avoid having to deal with 

fractions, Krumbein (1934) introduced the phi (0) scale where each Udden-Wentworth grade 

boundary is a full integer (particles finer than 1 mm have positive 0 values and those coarser 

than 1 mm have negative 0 values). 

Heterogeneous sediments are commonly defined broadly as either gravel (majority of 

particles >2 mm ( -1 0) in diameter), sand (majority of particles between 2 mm ( -1 0) and 

0.0625 mm (4 0) in diameter), and mud (majority of particles <0.0625 mm (4 0) in diameter). 

Gravel is rare in estuarine sediments. Sands usually have a low cohesion and a high 

permeability (defined here as the capacity to move pore water in response to a pressure 

gradient) (Lerman 1979). On the other hand muds, which contain a mixture of silt (particles 

between 0.0625 mm (4 0) and 0.0039 mm (8 0) in diameter) and clay (particles <0.0039 mm 

(8 0) in diameter) sized particles, usually have a high cohesion and a low permeability (Folk 

1974; Lerman 1979). 

The transport and deposition of different sized sediment particles in estuaries is dependent on 

three main forces: tides, waves, and river flow and turbulence (Cooper 1993). Sediment is put 

into suspension from turbulent water movement in rivers. When sediment-laden floodwaters 

and river water enter an estuary, the fine particles generally stay in suspension and may be 

quickly flushed out to sea as freshwater flows over seawater; however, the heavier coarse 

particles may sink to the bottom in the upper reaches of the estuary. At the same time, waves 

stir up sediment at the estuary mouth and tides provide a steady supply of energy for the 

movement of sediment into and out of the estuary (Cooper 1993). 

1.1. 7 .2. Sediment porosity 

In estuaries, sediment particles are often loosely packed together and the spaces between the 

particles are referred to as voids or pore spaces. The voids are a mixture of air and water 
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except in water saturated sediments where they are completely water8
. Porosity is the ratio of 

the volume of the voids to the total volume of the sediment sample (Smith 1981 ). Sediment 

porosity is largely controlled by grain size, grain shape (sphericity, roundness, and 

angularity), and compaction. 

Electrostatic interactions among particles are important for determining the porosity of muds 

which have a large surface area-to-volume ratio due to their small particle size. Clay particles 

in particular tend to form face-to-edge particle arrangements at the sediment surface, causing 

a relatively open structure and a high porosity (e.g. 0.80-0.45 ml H20 mr1 sediment) (Berner 

1980). The face-to-edge particle arrangements arise from differences in the charge (positive 

versus negative) on particle surfaces which cause electrostatic repulsion between nearby 

particles. However, within the first few millimetres of depth, muds undergo compaction as 

the overburden of weight from the overlying sediment overcomes the electrostatic repulsion 

and forces particles to rearrange in a face-to-face arrangement (Bennett et al. 1991; Jones 

1944). In muddy sediments, porosity declines initially with sediment depth (e.g. from 0.46 ml 

H20 mr1 sediment in an open structure arrangement to 0.26 ml H20 mr1 sediment in a closed 

structure arrangement), but as the rate of compaction becomes constant, porosity also 

approaches a constant value (Burdige 2006; Friedman and Sanders 1978). 

In contrast to muds, where electrostatic interactions are the most important parameter for 

determining porosity, geometric considerations are the most important in sands since they 

have a smaller surface area-to-volume ratio and an irregular angular nature that provides 

resistance to particle re-orientation (Berner 1980). Consequently, unlike muds, sands 

generally do not attain closed structure (tightly-packed) arrangements of particles and there 

are minimal compaction and subsequent porosity changes with depth (Berner 1980). Well 

sorted sands (sands with a small standard deviation around the mean particle diameter) 

generally have porosities between 0.46 and 0.35 ml H20 mr1 sediment (Burdige 2006). 

Poorly sorted sands (sands with a large standard deviation around the mean particle diameter) 

may achieve lower porosities than well sorted sands because smaller grains may position 

themselves in the interstitial areas between larger grains (Burdige 2006). 

8 The water in sediment voids is referred to as pore water or interstitial water. 
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1.1. 7.3. Sediment specific gravity 

Specific gravity is the ratio of the mass of a given volume of solid sediment particles to the 

mass of an equal volume ofwater (Smith 1981). Specific gravity is a dimensionless quantity. 

Most estuarine sediment has a specific gravity in the range of 2.60 and 2.80 (Bowles 1970) 

(Table 1.4.). 

Table 1.4. Typical values of specific gravity for several different sediment and soil types. 
(from Bowles (1970)) 

Sediment or soil type 
Sand 
Silty sand with high quartz content 
Inorganic clay 
Soils with micas or iron 
Organic soils 

1.1. 7 .4. Sediment density 

Specific gravity 
2.65 to 2.67 
2.67 to 2.70 
2.70 to 2.80 
2.75 to 3.00 
<2.00 

Sediment density is largely dependent on the mineralogy of the sediment. Sand results from 

the breakdown of rocks into their component crystals. The mineral composition of sand in 

different coastal systems varies widely depending on the local rock types and the weathering 

conditions. Quartz is the predominant mineral of sands in most non-tropical coastal systems 

because of its high abundance on Earth's crust and its resistance to chemical and physical 

weathering (Pettijohn eta!. 1987). Feldspar and carbonate sands are also common in many 

coastal systems (Pettijohn et al. 1987). Sands often contain a small fraction of heavy minerals 

which include garnet, hornblende, zircon, and magnetite (Xu eta!. 2005). Muds represent the 

finest products of chemical decomposition. Bentonite, kaolinite, montmorillonite, and 

chlorite often make up the bulk of clay-sized particles (Libes 2009). However, clay and silt 

are cohesive, so adsorbed heavy metal minerals also usually make up a fraction of the 

particles (Shrestha and Orlob 1996). 

Sediment density is commonly expressed as either bulk density or dry density. Bulk sediment 

density is the density of the complete sample including the solids and voids (the mass of wet 

sediment divided by the total sample volume) (Smith 1981 ). Dry density is a special case of 

bulk density and is the density of the sample with the water removed (the mass of dry 
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sediment divided by the total sample volume9
) (Smith 1981). The bulk density and dry 

density of several types of aquatic sediments and minerals are listed in Table 1.5. Bulk 

sediment density is generally around 1000 kg m-3 for high porosity, fine-grained surface 

sediments and greater than 2000 kg m-3 for sediments with low porosities (Burdige 2006). By 

definition, dry density is lower in magnitude than bulk density. 

1.2. Study information 

1.2.1. Region description 

New Zealand has remained an isolated group of islands since it separated from the ancient 

super-continent of Gondwana, approximately 85 million years ago. The country consists of 

two large islands, North Island and South Island, and several smaller islands. New Zealand's 

coastline is one of the longest ( ~ 11,000 km) and most variable in terms of the geology and 

climate, compared to all other countries in the world (Hume et al. 1992). The Southern Alps, 

which are the main mountain ranges extending the length of the South Island, form a barrier 

for moisture-laden westerly winds arriving from the Tasman Sea. As a result, the western 

slopes of the Southern Alps are among the wettest places on Earth (annual precipitation 

>7,000 mm), but the eastern slopes and plain towards the South Pacific Ocean have a 

relatively dry climate (annual precipitation <600 mm) (Griffiths and McSaveney 1983; 

Henderson and Thompson 1999; Sinclair et al. 1997; Sturman and Wanner 2001). As a result 

of the topography and north-south elongated shape of New Zealand, the mean annual 

temperature at sea level in the north (15 °C) is much warmer than the mean annual 

temperature in the south (9.4 °C) (Brown et al. 1995). New Zealand was one of the last 

places on Earth to be settled by humans. Despite this, over the past 150 years two-thirds of 

the land has been extensively modified by humans (Smith et al. 1997). Indigenous forest 

cover in New Zealand has declined to approximately 23 percent of its original amount (Smith 

et al. 1997). Most of the remaining indigenous forest is located in mountainous regions, but 

there are also some fragments in lowland and foothill areas (Smith et al. 1997). 

9 The same sample volume is used to compute both bulk density and dry density. 
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Table 1.5. B ulk and dry de11Sities of several types of aquatic sediments and minerals. NM, not measured. NA, not applicable. 

S d . s· d" t . . Drv density e · unent type , e 1men ongm (k. -.h • 
gm J 

Fine sand (92% :sand, 4% silt, 3.4 % day)1 ~ Continental :shelf -·. 2710 
Sandy mud (32 % sand, 41 % silt, 27 % clayi Continental shelf 2650 
Mud (5% sand, 41 %) silt, 54% clay) 1 Continental shelf 2700 
Silt and day:. Continental shelf Nlvl 
Clayey mud (40-50% sand, 40-50% silt, 50-60% day)3 Continental shelf N1vl 
Clay (0.1-3.9% sand, 19-59 ~~~silt, 37-81 ~% dayi Deep s,ea 2740 
Diatomaceous ooo:e (3-8% sand, 37-76% silt, 17-60% clay)1 Deep sea 2460 
Calcareous ooo:e (3-27% sand, 40-76% silt, 8-56%, ciayY Deep s·e.a 2660 
.Pure mi.neraJ quartz4 NA 2650 
Pure mi.neraJ calcite4 NA 2710 
Pure mineral aragonite+ NA 2950 
Pme mineral feldspar4 NA 2540-2760 
Pure mineral ch lorite+ NA 2700 
Pure mineral kaoli11i:te 4 NA 2600 
Heavymmenls. (e.g. magnetite, pyrite, towm.."lline, garnet)' NA 3070-5180 
Silt and clay(60-99%l Estuary 300-1100 
Coarse sand (median particle size: 1 mm) 7 River 1922 
Medium sand (medi..1.u particle size: 0.5 mm)7 River 1667 
Fine sand(medi..'Ul particle size: 0.25 rmn)7 River 1426 
Very flne s..':lnd (median particle size: 0 .1 mm)7 River 1234 
Coarse silt (medi:anpartide size: 0.05 rmn)7 River 1121 
Fine silt (median particle size: 0.01 rmn)7 River 913 
Very fme silt (median particle size: 0.005 nun)7 River 833 
Clay (median particle size: 0.001 mm)7 River 673 

1From Hamilton (1976) 
2From Gorsline (1'992) 
'From Bowles et al. (2003) 
+prom Dietrich and Skinner (1979) 

" . · FromFnedman and Sanders (1978) 
~ From Stephen.•,; et al. (1992) 
7From Hembree et al. (1952) 

Bulk de-nsity 
(kg m-3) • 

N.M 
NM 
NM 

1100-1200 
1800-2000 

NM 
NM 
NM 
NM 
N.M 
NM 
N.M 
N.M 
NM 
NM 

1000-1700 
NM 
NM 
NM 
NM 
NM 
NM 
NM 
NM 



Some people have classified New Zealand as a low N environment because atmospheric N 

deposition is relatively low (1-2 kg N ha-1 i 1
) (Nichol et al. 1997) and the majority of the 

mountainous streams have low N concentrations compared to global levels (Stenzel and 

Herrmann 1990). Compared to other temperate countries, theN budget for New Zealand is 

unique because biological N fixation (primarily in the nodules of clover roots, grown in 

pastures to support the large number of grazing animals) makes up a large proportion of the N 

input (Parfitt et al. 2006). However, fertilizer use in New Zealand, which increased from 50 

Gg in 1989 to 342 Gg in 2003, is also a significant source ofN to the environment (Parfitt et 

al. 2006). In recent years, there has been an expansion in land use of exotic Pinus radiata 

plantation forestry (Nagashima et al. 2002). There has also been a shift in agricultural 

practices from traditional low-intensity sheep grazing to intensive cropping and pastoral dairy 

farming (Edgar 1999; Foran and Wardle 1995). Pastoral dairy farming often involves high 

fertilization and stocking rates, with the potential consequences of generating high nutrient, 

bacterial, and suspended solid concentrations in runoff water (Ledgard et al. 1999; McDowell 

et al. 2004; Smith and Monaghan 2003). 

1.2.2. Study rationale 

Many studies have addressed concerns regarding the influences of intensive land use and land 

use change on New Zealand's freshwater rivers and streams (Bucket al. 2004; Hamill and 

McBride 2003; Harding and Winterboum 1995; Lamed et al. 2004; Niyogi et al. 2004; Quinn 

and Stroud 2002; Townsend and Riley 1999; Wilcock et al. 2006). The results have generally 

indicated strong relationships between nutrient export in agricultural catchments and 

declining water quality. Despite this, few studies have evaluated the effects of land use in 

New Zealand on estuarine or coastal water quality (Hammond 2006; Heggie and Savage 

2009; Hooper 2009). In fact, the most recent national assessment of the water quality in New 

Zealand estuaries (there are over 301 estuaries in New Zealand) occurred over 30 years ago 

(McLay 1976). There have also been no studies in the literature investigating rates of 

sediment denitrification in New Zealand estuaries, with or without significant anthropogenic 

Nr inputs. In order to understand the quantitative significance of denitrification in removing 

Nr from New Zealand estuaries, local studies investigating the environmental factors involved 

in regulating denitrification are essential. 

On a regional and global scale, human acceleration of N fixation has raised a series of urgent 

scientific and management questions including, are denitrification and anammox keeping pace 
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with the extra N fixation? In recent years there has been growing concern for human 

perturbation of the carbon cycle (Houghton 2005), but anthropogenic effects on the N cycle 

have largely been ignored. This is concerning since the balance between N fixation and 

denitrification are thought to influence global biogeochemical cycling of carbon (Altabet et al. 

2002; Hudson et al. 1994; Meissner et al. 2005). The scarcity of data has made it difficult to 

extrapolate denitrification and anammox measurements using GIS-based models, resulting in 

a poor quantitative understanding of these processes on a global scale (Davidson and 

Seitzinger 2006). There is a great need for studies of denitrification and anammox across a 

large range of environments and time to gain a better understanding of the in situ rates and 

controlling factors. Therefore, the results of the current study contribute novel information to 

our understanding ofN cycling in New Zealand estuaries and have important implications for 

the management ofN on a global scale. 

1.2.3. Study objectives 

In the current study, four estuaries (Avon-Heathcote, Waikouaiti, Tokomairiro, and Tautuku) 

with different size, nutrient loading, and catchment land uses, located on the east coast of 

New Zealand's South Island, were selected to investigate the rates of denitrification, oxygen 

consumption, and the potential for anammox in the sediment (Figure 1.4., Table 1.6.). The 

proportion of the gaseous end products (N20 produced relative to N2) and differentiation of 

Dw and Dn were determined with the overall aim of quantifying the rates of sediment 

denitrification at specific sites within the four study estuaries and identifying which 

environmental factors influence the rates. Benthic oxygen consumption and the potential for 

anammox in the sediment were quantified and discussed in the context of their influences on 

sediment denitrification. Within this framework, the specific objectives are as follows: 

Chapter 2: Quantify the effects of macrofauna! activity and benthic primary producers on 

the diurnal variation in benthic oxygen production and consumption rates as well as the depth 

of oxygen penetration in the sediment at the study sites. 

Chapter 3: Test the maJor assumptions of the 15N Isotope Pairing Method (IPM) for 

measuring rates of denitrification (under illuminated conditions in a laboratory setting) at sites 

within the four study estuaries. A second aim of this chapter is to gain an understanding of 

the potential contribution of anammox to N2 production in these estuarine sites, which is one 

of the assumptions to be addressed when using the IPM. 
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Chapter 4: Quantify the rates of sediment denitrification (measured under illuminated 

conditions in a laboratory setting) at sites within each estuary along a salinity gradient and 

determine which environmental factors (e.g. sediment organic carbon content, water column 

N03- concentration, salinity, sediment water content, pH) are having the greatest influence on 

denitrification rates in terms of the magnitude, proportion ofN20 produced relative to N2, and 

prevalence of Dw or Dn. 

Chapter 5: Develop an understanding of how rates of denitrification (measured under 

illuminated conditions in a laboratory setting) change temporally in the Avon-Heathcote 

estuary and determine which environmental factors (e.g. changes in incubation temperature, 

water column N03- concentration, sediment organic carbon content) are having the greatest 

influence on the denitrification rates. 

Tasman Sea 
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South Pacific Ocean 
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Figure 1.4. Map of southern New Zealand showing the locations ofthe four study estuaries. 
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Table 1.6. Characteristics of the four study ·estuaries and catchments. 

.. 
Catchment area (km-) 
Dominant catchment land uses 
l\1lean annual rainfa11 (mm) 
Catchment geology 
C ate hment soil type 
SutToundina topoa1·aphy1 ,. ,. . 
Sunounding humau.popubtiou 
Estuary morp.bology
Stratification2 
Approximate length (Ian) 
lHaximum depth (m) 
·Mean high tide depth (m) 
'Vater surface area (Ha) 
Iuter·tida1 sediment con•r (%) 
Mouth 1lirlth (m)1 

Head ·width (m) 1 

Lugest width (m)1 

1Hooper (2009) 
2Mclay (1976) 
3Bolton-Ritchie and Main (2005) 
4pagano (2000) 

Avon-Heatkc.ote \Vaikouaiti Tokomai•·iro Tautuku 
190::! 428 I 397] ~-- 63 ] 

Urban, agricultlllres 
6487 

8 Loess, peat 
Loam8 

Flat 
"48 43·-i _j ' , ) 

Bar-built 
Salt '~T,edge 

Unknown 
Unknown 

1.46 
7203 

856 

Unknown 
Unknown 
Unknown 

50RC (2000) 
OuRS (2001) 
7ccc (2010) 
8ECan (2010) 

Agricnlture5 

900-1 ,1005 

Loess, schist) 
Mineral cla~ 

Flat 
500-4,990 l. 

Bar-built 
\¥ell-mixed 

3 ~4 .J 
44 

Unknown 
1181 

641 

32.64 
60.05 

388.82 

Agriculture, exotic forests N ative forests 
1,1005 1,2005 

Loess 
) 

Sandc;tone, loess 
:Mineral cla~ Mineral cla~ 

Flat Flat 
500-4,9901 ., <5oo-

Dro\\;ned river Bar-built 
Salt wedge Unknown 
Unknown Unknown 

21 21 

Unknown Unknown 
371 641 

441 871 

34.17 276.40 
130.54 18.62 
287.45 427.10 

) 



1.2.4. Description of study estuaries and location of sampling sites 

1.2.4.1. Avon-Heathcote estuary 

The Avon-Heathcote estuary is a shallow (mean depth: 1.4 m), triangular-shaped, bar-built 

estuary of approximately 8 km2 and is separated from Pegasus Bay by Brighton Spit, except 

for a narrow opening at Shag Rock (Figure 1.5.). Approximately 8.5x 106 1 of sea water enters 

the estuary through this opening during each mean flood tide (Robb 1976). The Avon

Heathcote estuary receives freshwater input from two rivers, the A von and the Heathcote, 

which originate from springs in western Christchurch (Brown et a!. 1995). The estuary 

catchment is 190 km2
, of which the Avon River drains about 85 km2 from predominantly 

urban land and the Heathcote River drains about 104 km2 from both rural and urban land 

(Bolton-Ritchie and Main 2005). The estimated annual mean flow of the Avon River (3.2 m3 

s-1
) is approximately three times the annual mean flow of the Heathcote River (1.0 m3 s-1

) 

(Bolton-Ritchie and Main 2005). The flows of both rivers are dominated by groundwater 

sources with storm water runoff making up a smaller proportion of the total flow (Brown et a!. 

1995). Although the Heathcote River has a higher mean concentration of N than the Avon 

River, the A von River contributes more N bearing nutrients to the estuary as a consequence of 

the higher flow (Bolton-Ritchie and Main 2005). The surface geology immediately adjacent 

to the estuary consists of dune and beach sand, peat swamp deposits, fluvial sand, silt, and 

loess (Brown eta!. 1995). 

The Avon-Heathcote estuary is located within Christchurch City (current population: 348,435 

(CCC 2010)) and has a well-documented history of pollution from industrial sources, 

including effluent from dairy and textile companies, as well as rubber, soap, battery, and 

candle factories (Owen 1992). Consequently, approximately two-thirds of the tidal mudflats 

are enriched with heavy metals in concentrations up to 195 ppm (Jones and Marsden 2005). 

The estuary also receives heavy metals and nutrients from nearby roads and residential 

neighborhoods during enhanced stormwater runoff into the estuary through at least 67 drain 

outlets following heavy rainfall events (Bolton-Ritchie and Main 2005; Owen 1992). 

Approximately 80-90 percent of the N and 94-98 percent of the P entering the estuary at the 

time of the study originated from tertiary treated effluent from the Bromley wastewater 

treatment plant (WWTP) (Bolton-Ritchie and Main 2005; Jones and Marsden 2005). The 

Bromley WWTP operating data for 2007 is as follows: average flow, 181,000 m3 d- 1
; 
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suspended solids received, 56.8 tonnes d-1
; faecal coliforms removed, 99.999 %; connected 

population, 323,019 (CCC 2009). The resource consent in place during the time of the study 

allowed for the discharge of peak wet weather volumes up to 500,000 m3 d-1 at a maximum 

rate of 17.4 m3 s-1 (Bolton-Ritchie and Main 2005). The effluent was discharged (after it 

passed through a series of seven oxidation ponds covering 220 ha) into the Avon-Heathcote 

estuary twice a day through a single pipeline for 4 h during the outgoing tide (1 h before and 3 

h after high tide) (Bolton-Ritchie and Main 2005). Treated effluent from the oxidation ponds 

also entered the estuary by seeping through the adjacent land and entering into two toe drains 

located on either side of the oxidation ponds. The flow of effluent entering the estuary 

through these toe drains was variable, but during a dry weather period in 2001 the flow from 

the Northern toe drain was 290m3 d-1 and the flow from the Southern toe drain was 70m3 d-1 

(Bolton-Ritchie and Main 2005). The effluent released into the estuary from the oxidation 

ponds mainly comprised total nitrogen (TN) and ammonia (NH3) (Table 1.7.). 

The constant input of nutrients into the estuary has caused eutrophication, resulting in 

anaerobic conditions and an overgrowth of sea lettuce (Ulva sp.) and green algae 

(Enteromorpha sp.) in some areas of the estuary (Jones and Marsden 2005). To overcome 

this problem, a direct ocean outfall pipeline was built (became operational March 201 0) to 

discharge the treated wastewater 3 km offshore into Pegasus Bay instead of into the estuary. 

All measurements from the current study were done during the pre-diversion period. 

The Avon-Heathcote estuary supports a large and thriving wildlife population and is a 

recreational area for fishing, sailing, kayaking, windsurfing, watersking, and walking (Owen 

1992). The estuary is home to between 15,000 and 22,000 wetland birds and waders and is an 

internationally important migratory site for birds (Owen 1992). This is important because 

bird faeces are a natural source of nutrients to the estuary. The Avon-Heathcote estuary is 

also home to many native species of saltmarsh plants (located above the high tide level) and 

benthic invertebrates (Jones and Marsden 2005; Owen 1992). 

Five subtidal sampling sites (AH1-AH5) which cover a range of sediment types, nutrient 

concentrations, and salinity levels within the estuary were selected for the current study 

(Figure 1.5., Table Al.l., Figure Al.l.). Two water collection sites (W1 and W2) were also 

selected for the study (Figure 1.5.). 
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Figure 1.5. Aerial photograph of the Avon-Heathcote estuary (at low tide) showing the 
positions of the five study sites, the water collection sites (Wl and W2) and the Bromley 
wastewater treatment plant (WWTP) outfall. Source of photograph: Google Earth v.5 . 

Table 1.7. Median and maximum concentrations of nutrients in the Bromley wastewater 
treatment plant oxidation ponds during 2004. (From Bolton-Ritchie and Main (2005)) 

Nutrient 

Ammonia-nitrogen 
Nitrite-nitrogen 
Nitrate-nitrogen 
Total nitrogen 
Dissolved reactive phosphorus 
Total phosphorus 

1.2.4.2. Waikouaiti River estuary 

n 

95 
91 
91 
94 
94 
92 

Oxidation pond concentration (mg r) 
Median Maximum 

27.8 37.1 
0.03 0.37 
0.14 0.37 
33.8 40.0 
5.5 7.0 

6.95 11.0 

The Waikouaiti River estuary is a relatively shallow (maximum depth: 4 m), linear-shaped 

bar-built estuary (length: ~3.5 km) situated alongside the rural town of Karitane (current 

population: ~345, Statistics New Zealand 2006) (Figure 1.6.) (Pagano 2000). There is a tidal 
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inlet called Merton Tidal Inlet situated near the head of the estuary (Figure 1.6.) (Pagano 

2000). The Waikouaiti River drains an area of about 428 km2
. The catchment area comprises 

two main branches, the South which is approximately 27 km long and has a catchment area of 

87 km2
, and the North which is approximately 57 km long and has a catchment area of 283 

km2 (ORC 1992). These two branches combine approximately 8 km upstream of the 

Waikouaiti River mouth and drain to Waikouaiti Bay via the Waikouaiti River estuary. The 

catchment is subject to periodic floods during high rainfall events when moist easterly winds 

flow over the catchment area from the South Pacific Ocean (ORC 1992). Land use in the 

Waikouaiti River estuary catchment primarily includes pastoral dairy, sheep, deer, and beef 

farming, with exotic forestry, native forest, shrubland, and urban development comprising a 

much smaller proportion of the total catchment area (Hammond 2006; Heggie 2008; ORC 

1992). 

The Waikouaiti River estuary has a long history of nutrient enrichment problems (Hooper 

2009; Pagano 2000). Analysis of water quality data in 2000 (ORC 2000) confirmed that high 

concentrations of nutrients were not occurring in the Waikouaiti River and thus the ocean 

must be the main contributor to nutrient enriched water entering the estuary. The 

hydrodynamic features of the Wakouaiti River estuary and Waikouaiti Bay are such that 

nutrients and drifting algae are not lost to the South Pacific Ocean very quickly (ORC 1992; 

ORC 2000). Waikouaiti Bay is sheltered by the large protruding landmass of the Otago 

Peninsula and as a consequence, there is limited mixing with the South Pacific Ocean and the 

water within the bay predominately follows its own anticlockwise recirculation pattern (ORC 

1992). This recirculation pattern allows eutrophic water from Hawksbury Lagoon (located 

slightly north of the estuary) to re-enter the estuary multiple times with tidal water movement 

(ORC 2000). The tidal prism volume of the estuary is approximately three times the low tide 

volume and the ratio of the volume of freshwater entering the estuary to the volume of the 

tidal prism is <0.2 (Robertson 1978). Due to the high exogenous nutrient input, large 

amounts of the macro alga Ectocarpus conferroides often bloom in the estuary over the winter 

months, causing oxygen depletion (during organic matter degradation) in the water column 

and sediment (Prebble and Mules 2004). During the summer months, the macroalgae, 

Bachelotia antillarum and Enteromorpha intestinalis are most prevalent due to reduced water 

flow and an increase in temperature that promotes growth (Pagano 2000). 

The large amount of decomposing organic matter, the depletion of oxygen in the sediment, 

and the continuous tidal replenishment of sulfate, has caused a high rate of HS- production in 
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the lower and middle reaches of the estuary (ORC 1992; ORC 2000). HS- production occurs 

year round in some areas of the estuary and has been recorded to be up to 10 times higher in 

the lower estuary close to the mouth than in the upper estuary near Merton Tidal Inlet (ORC 

1992). Robertson (1978) determined that the annual production of HS- for the estuary was 

5,400 kg and that sulfide-rich sediments comprised roughly 5 % of the total estuarine area in 

summer and 2.5% in winter. Also, the highest rates ofHS- production occurred in the top 0-5 

em from the sediment surface (Robertson 1978). However, since these measurements 

occurred over 30 years ago, they may not accurately represent the current conditions. 

Figure 1.6. Aerial photograph of the Waikouaiti River estuary (at low tide) showing the 
positions of the four study sites. Photograph source: Otago Regional Council, 2007. 

Eutrophication has diminished the visual and recreational uses of the estuary as well as the 

ecological diversity (ORC 1992; Prebble and Mules 2004). Despite this, fishing (especially 

whitebaiting) in the estuary is popular as are swimming, boating, canoeing, and game bird 

shooting (ORC 1992). Saltmarsh is the dominant vegetation on the low lying land 

surrounding the estuary and the seagrass Zostera muelleri is present in the subtidal channels 
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of the estuary (Lloyd 2004). Pinus radiata has been planted in a narrow section along the 

south-west bank of the estuary to stabilize the slope (Lloyd 2004). The Waikouaiti River 

estuary is home to several species of native and introduced birds (Onley 2005). Due to the 

effects of eutrophication in the estuary the macrofauna! community has low species diversity 

and is dominated by opportunistic polychaetes (Pagano 2000). The lower and middle reaches 

of the estuary are densely populated by the cockle, Austrovenus stutchburyi (Heggie 2008), 

Four sampling sites (WA1-WA4), positioned along the length of the Waikouaiti River estuary 

were selected for the current study (Figure 1.6., Table Al.l., Figure A1.2.). 

1.2.4.3. Tokomairiro River estuary 

The Tokomairiro River estuary is a drowned river estuary (McLay 1976) and has a distinctive 

meandering pattern. The water from the estuary flows into the South Pacific Ocean at Toko 

Mouth (Figure 1.7.). The sand at the mouth of the estuary is vulnerable to large-scale 

movement during storm surges and flood events. The Tokomairiro River catchment drains a 

total area of 397 km2 (Hooper 2009). The Tokomairiro River comprises two main branches, 

West Branch and East Branch, which originate as high country streams (630 m above sea 

level) and join at Tokomairiro Plains approximately 16 km from the coast (Clutha 1998). 

The Tokomairiro River is significantly affected by both point (e.g. Alliance Textiles Factory 

and Milton Wastewater Treatment Plant) and nonpoint (agricultural and urban runoff) nutrient 

sources. The Alliance Textiles Factory has contributed to increased levels of heavy metals, 

NH3 and P in the Tokomairiro River (Clutha 1998). At the time of the study, the Milton 

WWTP was discharging secondary treated effluent (typical dry weather flow: 600-900 m3 d-1
) 

directly into the Tokomairiro River approximately 20 km upstream of Toko Mouth (in the 

township of Milton, population: ~ 1887, Statistics New Zealand 2006). However, a contract 

was awarded in June 2009 to upgrade the sewage treatment to tertiary level. There is also a 

small settlement at Toko Mouth (mainly holiday homes) which uses septic tank systems and 

may contribute some nutrients to the estuary. Pastoral dairy farming occurs alongside the 

banks of the the lower Tokomairiro River and the Tokomairiro River estuary. Between 1998 

and 2000, monitoring of the water quality in the Tokomairiro River (ORC 2000) found 

elevated levels of faecal coliforms, nutrients, and suspended solids in the lower reaches of the 

river. The elevated levels of faecal coliforms were attributed to the uncontrolled access of 

livestock to the river margins rather than the effluent from the Milton WWTP. 
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Approximately 20 percent of the Tokomairiro River estuary catchment area is used for exotic 

plantation forestry (mainly Pinus radiata) (Hammond 2006). Recreational uses in the estuary 

primarily include angling, whitebaiting, swimming, and surfing (Clutha 1998). 

Four sampling sites (TO 1-T04), positioned along the length of the Tokomairiro River estuary 

were selected for the current study (Figure 1.7., Table Al.l., Figure A1.3.). 

Figure 1.7. Aerial photograph of the Tokomairiro River estuary (at low tide) showing the 
positions of the four study sites. Photograph source: Otago Regional Council, 2007. 

1.2.4.4. Tautuku River estuary 

The Tautuku River estuary is a bar-built estuary (McLay 1976) that is fed by two rivers, 

Tautuku River and Fleming River and empties into Tautuku Bay in the Catlins region ofNew 

Zealand (Figure 1.8.). Tautuku River estuary has a catchment area of 63 km2 (Hooper 2009) 

and is considered to be one of New Zealand's most pristine estuaries (ORC 2001). Tautuku 

beach is almost completely unmodified and includes a sand dune system surrounded by small 

wetland plants, coastal podocarps, and hardwood forest. Almost all of the vegetation on the 
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Tautuku peninsula was cleared for agricultural purposes in the early 1900s, but apart from 

~50-100 sheep, the peninsula is no longer being used for agriculture (Hammond 2006). A 

few small holiday houses are present on the peninsula, but there is no road access to this area. 

A whaling station operated in this region from about 1839 to 1846 and later, a saw mill 

operated from 1901 to 1911 (Peat 2004). Despite early modification from logging, there is a 

high diversity of species and the catchment is the only one in the Catlins region that is fully 

forested from hilltop to coast (Peat 2004). In fact, approximately 98 percent of the Tautuku 

River estuary catchment area consists of native forest (Hammond 2006). Forest to the south 

is taller and more intact than to the north, where forest is slowly regenerating (Peat 2004). 

The water in the estuary is stained a dark brown tea colour from the tannins leached out of 

decaying organic forest litter. Immediately adjacent to the Tautuku River estuary are pristine 

saltmarsh communities (ORC 2001). The only sewage entering the estuary is from an outdoor 

education centre that pumps less than 20 m3 d-1 into a tributary of the Fleming River 

(Hammond 2006). The estuary is used by tourists and locals for recreation (mostly walking 

and bird watching) because of the proximity to the Royal Forest and Bird Protection Society 

boardwalk, which provides easy access to the edge of the upper reach of the estuary. 

Three sampling sites (TA1-TA3), positioned along the length of the Tautuku River estuary 

were selected for the current study (Figure 1.8., Table Al.l., Figure A1.4.). 
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Figure 1.8. Aerial photograph of the Tautuku River estuary (at low tide) showing the 
positions of the three study sites. Photograph source: Otago Regional Council, 2007. 
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Chapter 2 - Spatial variation in benthic oxygen exchange 
rates in four New Zealand estuaries 

2.1. Introduction 

As discussed in Chapter 1 (Oxygen, Section 1.1.6.1.), the distribution of oxygen in sediment is 

important for regulating rates of denitrification in estuaries. The depth of the oxic-anoxic 

interface is determined by the balance between oxygen production (photosynthesis by 

microphytes and macrophytes), oxygen consumption (aerobic respiration by macrofauna and 

microbes, and reoxidation of products reduced during anaerobic metabolism), and oxygen 

transport into the sediment from the water column (molecular diffusion, advection, 

bioturbation, and bioirrigation) (refer to Chapter 1) (Glud 2008). 

Benthic oxygen exchange rates are commonly determined usmg whole core (benthic 

chamber) incubations which provide a measurement of the total exchange of oxygen across 

the sediment-water interface from all processes regulating oxygen exchange (including 

macrofauna activity) in the sediment core (Glud 2008). Whole core incubations are often 

complemented by microelectrode oxygen profiles which measure diffusive oxygen demand 

(Glud 2008). Microelectrodes facilitate precise measurements (at the micrometre scale) about 

the location of redox zones in sediment (e.g. oxygen penetration depth) and can be used to 

calculate oxygen fluxes across the sediment-water interface from the slope of the oxygen 

profiles. 

Although microelectrodes are powerful tools in studies of biogeochemical processes, they do 

have some drawbacks. For example, problems associated with the use of oxygen profile 

slopes for calculating oxygen fluxes have been reported (Wiltshire et al. 1996). Also, 

microelectrode measurements are only representative of the small sediment area surrounding 

the tip of the microelectrode. Consequently, heterogeneities in the sediment surface can cause 

oxygen profiles to be non-representative of the variation in the benthic oxygen exchange rates 

occurring across the sediment core. To overcome this problem, numerous replicate 

measurements must be made within a single sediment core. 

Whole core incubations (which measure total oxygen exchange) and microelectrode profiles 

(which measure diffusive oxygen exchange) can show different or similar results. In 
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continentia! shelf sediments, Archer and Devol (1992) found that the oxygen exchange rate 

measured with whole core incubations was 2-3 times greater than the oxygen exchange rate 

measured with microelectrode profiles. On the other hand, in sediment from an estuarine 

system in the South of France, Rabouille et al. (2003) found little difference between the 

oxygen exchange rates measured with the two methods when the number of replicate whole 

core incubations and microelectrode profiles were sufficient to capture differences in the 

fluxes from heterogeneity of the sediment surface. 

The difference between the two measurement techniques usually depends in part on the 

significance of non-diffusive oxygen transport processes (e.g. advection, bioirrigation) in the 

sediment. In principle, the total oxygen uptake (TOU) should always be greater or equal to 

the diffusive oxygen uptake (DOU) because the TOU is equivalent to the DOU plus the 

benthic mediated oxygen uptake (BOU), which includes macrofauna respiration and 

bioirrigation (Glud 2008). While TOU is much higher than DOU in sediments with high rates 

of BOU, TOU and DOU are not significantly different in sediments with low rates of BOU 

(Glud 2008). A compilation of data has found that at TOU rates >500 11mol m-2 h-1
, BOU 

generally accounts for >50 % of the TOU (Glud 2008). Therefore, to obtain an accurate 

determination of benthic oxygen exchange rates it is usually recommended that a combination 

of the two methods, whole core incubations and microelectrode profiles, be used in studies 

(Wiltshire et al. 1996). 

2.1.1. Objectives 

Benthic oxygen dynamics are unknown in the four study estuaries. Therefore, in the present 

study, laboratory whole core (benthic chamber) incubations and microelectrodes are used to 

quantify benthic oxygen production and consumption rates and determine the depth of oxygen 

penetration in the sediment under dark and illuminated conditions for the sites within the four 

study estuaries (during a single spring season). These oxygen measurements were carried out 

with the aim of: 

• Determining the effects of macrofauna! activity on the fluxes of oxygen across the 

sediment-water interface and the depth of oxygen penetration in the sediment, 

• Determining the effects of benthic primary producers (mainly microphytes, chlorophyll a 

used as an indicator) on the diurnal variation in benthic oxygen exchange rates. 
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2.2. Materials and methods 

2.2.1. Benthic oxygen exchange rates 

2.2.1.1. Sample collection 

Each site within the four study estuaries (Figures 1.5.-1.8.) was sampled once during a two

month period between August and October 2008. All sites within a single estuary were 

sampled during the same week and, whenever possible, samples were collected during the 

morning or early afternoon to minimize the sampling error associated with benthic diatom 

migration. 

Six intact sediment cores were collected by hand during low tide(± 2 h) from a 1.5 m x 1.5 m 

quadrat at each site (located just below the low tide mark) using transparent acrylic cylinders. 

The cylinders (9.0 em external diameter, 8.4 em internal diameter, 30.0 em length) were 

inserted into the sediment to a depth of approximately 13.0 em. The cylinders were sealed 

while they were submerged underwater using purpose-built o-ring fitted lids (2.6 em 

thickness) and bases (1.0 em thickness) to ensure that no air spaces were present within the 

chambers. There was approximately 0.7 1 of site water overlying the sediment surface (56 

cm2 surface area) in each sealed chamber and this equated to about half of the total sealed 

chamber volume. Care was taken to avoid disturbing the sediment surface during collection 

and the chambers were each visually checked to make certain that there were no major 

disruptions in the integrity of the sediment matrix. The o-rings were greased liberally with 

silicone to allow for easy insertion and a snug fit of the lids and bases into the cylinders and to 

prevent water leakage. Immediately following collection, the sediment cores were placed 

upright inside a dark insulated container maintained at in situ temperature(± 1.0 °C). 

An 80 1 sample of subsurface water was also collected from each site during low tide (± 2 h). 

Since the water in the Avon-Heathcote estuary was very shallow and in distinct channels 

during low tide, water at this estuary was instead collected 0-2 h after the daylight high tide 

(on the same day the sediment cores were collected) at W1 for sites AH1 and AH2 and at W2 

for sites AH3, AH4, and AH5 (Figure 1.5.). A further reason for collecting the water during 

high tide at the Avon-Heathcote estuary was because wastewater from the Bromley WWTP 

was discharged into the estuary over a four hour period around high tide (1 h before and 3 h 

after) in each tidal cycle (Bolton-Ritchie and Main 2005). Consequently, water collected at 
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high tide was considered more representative of the nutrient concentrations present in the 

estuary during times of immersion. 

Physicochemical parameters of the water column at each site were measured with the 

following equipment: temperature was measured with an alcohol thermometer (Zeal, 

England), salinity was measured with a handheld refractometer (Atago, S-10, Japan), 

dissolved oxygen was measured with a YSI environmental meter (Ecosense® DO 200), and 

pH was measured with a YSI environmental meter (Ecosense® pH 10 pen with 116 double 

junction electrode). 

All handling of the sediment cores and site water was done wearing clean gloves in order to 

minimize urea and ammonia contamination. Nutrient contamination was also minimized by 

acid washing (1 0 % v/v HCl) all chambers, lids, bases, and water storage containers before 

each use. 

Within 3 h of collection, samples collected from the Avon-Heathcote estuary were transported 

to the National Institute of Water and Atmospheric Research, Christchurch, and samples from 

the three other estuaries were transported to the Portobello Marine Laboratory, Dunedin. 

2.2.1.2. Pre-incubation and measurement strategy 

Upon arrival at the laboratory the lids to the chambers were removed and black polythene 

(pre-acid-washed with 10 % v/v HCl) was wrapped around the bases of the chambers to 

eliminate light from the subsurface of the sediment cores and prevent microphytes from 

colonizing the sides. The clear walls of the chambers above the black polythene permitted 

light penetration onto the sediment surface. The lids were stored inside a pre-acid-washed (10 

% v/v HCl) box containing Milli-Q water overnight in order to reduce nutrient and chemical 

contamination of the surfaces for later use. 

Two pre-acid-washed (10% v/v HCl) transparent glass tanks (30 em width, 30 em length, 45 

em height) were each filled with approximately 30 1 of site water. The containers holding the 

site water were shaken to resuspend any sedimented matter before pouring the water into the 

tanks. The temperature of the water inside the tanks was measured to ensure it was at near in 

situ temperature(± 1.0 °C), then three chambers were immersed in the site water in each tank. 

The resulting depth of the water in the tank was approximately 40 em. The water inside the 
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tanks was aerated with air stones connected to an Aqua One SR 9500 precision air pump (510 

1 h-1
) and circulated with a small submersible pump (Eden 106, 300 1 h-1

) to prevent the 

establishment of a concentration gradient and to keep matter suspended for filter feeding 

macrofauna. 

The experiment was conducted inside a temperature and light controlled room to maintain the 

water temperature and light intensity at near in situ condition. The temperature of the room 

was maintained at the mean water temperature for the month (± 1.0 °C), averaged over a 17 

year period (1989-2005) for the Avon-Heathcote (14.1 °C) estuary sites, and a 13 year period 

(1995-2007) for the Waikouaiti (8.0 °C) and Tokomairiro (4.0 °C) River estuary sites, based 

on available records (Table A2.1.). Because water temperature records were not available for 

the Tautuku River estuary, the temperature of the room for samples from this estuary was 

maintained at the temperature (± 1.0 °C) recorded in the field on the first day of sampling 

(12.5 °C). Illumination was provided by overhead lighting (two 150 em long 36 W Solar 

Natur full spectrum fluorescent lights and two 150 W Quartz halogen lamps) with a total light 

intensity at the sediment surface of 150 ).lmol photons m-2 s-1
• ALI-COR, inc. Model LI-185 

B quantum photometer was used to determine the light intensity. 150 ).lmol photons m-2 s-1 is 

substantially below the amount of photosynthetically active radiation (PAR) required for 

photoinhibition of benthic primary production by microphytes (Barranguet et al. 1998). The 

rationale for incubating the sediment cores at this light intensity was that when the sediment is 

tidally covered by water the light-attenuation coefficient in these estuaries is high. 

The lights were turned off at the time of natural sunset and the sediment cores were allowed to 

equilibrate in the dark overnight. The next morning the lights were turned on at the time of 

natural sunrise (Table A2.2.). The sediment cores were illuminated for 2 h prior to the start of 

measurements. Whenever possible, measurements were performed at a time corresponding to 

the time of low tide to maintain synchrony with the natural tidal migration ofbenthic diatoms. 

Temperature and salinity of the water were monitored throughout the day using the same 

equipment as in the field. 

Benthic oxygen exchange rates were quantified using two different techniques: whole core 

incubations that include oxygen consumption related to macrofauna! activity (total benthic 

oxygen exchange), and microelectrode profiles (diffusive oxygen exchange). The three 

chambers in tank 1 (labelled OA-OC) were designated for the whole core incubations and the 

three chambers in tank 2 (labelled UA-UC) for the microelectrode profiles. Measurements in 
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the light were followed later during the same day by dark measurements. At the time of 

natural sunset the lights were turned off, the sediment cores were allowed to re-equilibrate in 

the dark for two hours to ensure steady-state concentration profiles, then the dark 

measurements were performed following the same procedures as the light measurements 

(Figure 2.1.). During the dark measurements a small handheld light covered in red cellophane 

was used as a personal light source. 

Sediment cores 
collected 

I~ 

Chambers Chambers 

Pre-incubation equilibration 

t 
Sunset 

Chambers Chambers 

••••• 
t I I 

I 
11icroelectrode 

Sunset profiling 

• Oxygen concentration 
measurement 

Figure 2.1. Timeline for the benthic oxygen exchange rate measurements showing the order 
and timing of the pre-incubation period, whole core incubations, and microelectrode 
measurements in relation to the in situ light and dark diurnal cycle. 

2.2.1.3. Whole core incubation 

For the whole core incubation, the water in tank 1 was drained to a level slightly below the 

rims of the chambers and the pumps inside the tank were stopped. The sediment-water 

oxygen flux was measured by closing the chambers with a gastight lid to prevent air-water gas 

exchange, and measuring the change in oxygen concentration in the overlying water above the 

sediment surface over a 4 h period of time. The oxygen concentration in the water column of 

all chambers across all estuaries was 99.3 ± 0.8 % saturation at the beginning of the 

incubations and during the incubations the saturation did not decrease by more than 20 %. 

Care was taken when capping the chambers to remove air bubbles that became trapped under 

the lid; however, if bubbles formed after the start of the incubation they were not removed. 

During the incubation, the overlying water above the sediment in each chamber was stirred 

with a 4 em long Teflon-coated magnetic rod coupled to an external rotating magnet attached 

to a 12 V DC motor (McLennan Servo Supplies, Ltd., UK, #1271-12-21, gear ratio: 21:1). 

The motors, which were wired in parallel so that the magnets all rotated at the same speed, 

were connected to a variable voltage power supply which allowed the rotational speed of the 
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magnets to be controlled. The magnets, positioned 13 em above the sediment surface in the 

centre of the chamber, rotated at a rate of 60 rpm (Figure 2.2.). This was the rate just below 

the threshold for sediment resuspension determined by visual inspection. Since the purpose 

of the rotating magnet was to ensure the water column inside the chambers was homogeneous 

and to stimulate the DBL similar to in situ conditions, 60 rpm was considered the most 

appropriate stirring rate since estuary sediments are frequently resuspended by currents and 

tidal movement of water. A dye test confirmed that the water column inside the chambers 

was well mixed. 

Figure 2.2. Laboratory setup for measuring the sediment-water oxygen flux with whole core 
incubations. The image on the left (A) was taken during the pre-incubation equilibrium 
period and the image on the right (B) was taken during the incubation period between 
measurements. 

The oxygen concentration in each chamber was measured at the beginning of the incubation 

and every hour thereafter, giving a total of five measurements over the incubation period, by 

inserting a fibre optic oxygen sensor connected to an Ocean Optics, Inc. USB4000-FL 

spectrometer through a small port in the chamber lid to a height 5 em above the sediment 

surface. Measurements were logged on a computer using Ocean Optics, Inc. OOISensors 

software. The oxygen sensor (with silicone overcoat) had a 90 %response time of 30-50 s, a 

detection range between 0.01 and 40.70 ppm, and a drift of <0.02 ppm d-1
• The sensor was 

allowed to equilibrate inside the chamber for 2 min. then the oxygen concentration was 
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measured as the mean of 5 readings recorded 1 mm. apart. After completing the 

measurement, the port in the chamber lid was immediately sealed with a rubber stopper, 

leaving no headspace. 

The oxygen sensor was calibrated (using a two-point linear Stem-Volmer algorithm for a 

single temperature) at the beginning of the incubation in 100% air-saturated site water and in 

site water that had been deoxygenated with sodium sulfite. The solubility of oxygen 

dissolved in 100 % air-saturated site water was calculated at atmospheric pressure using the 

absolute temperature and salinity of the water (Garcia and Gordon 1992). A control core with 

site water but no sediment was also incubated and sampled exactly like the sediment 

containing cores to correct for water-column activity. In all cases water column activity was 

less than 2% of benthic activity. 

At the end of the light incubation the lids were carefully removed from the chambers, the 

water level inside the tanks was increased to its original level using site water stored inside an 

aerated reservoir tank, and the pumps inside the tank were turned back on. The sediment 

cores were allowed to re-equilibrate with the surrounding water and left undisturbed for a 

minimum of 4 h before the start of the dark incubations. 

The oxygen flux across the sediment-water interface (J) was calculated by linear regression of 

the oxygen concentration versus time and by taking into account the area of the sediment 

surface and slight differences in the volume of water in each chamber (determined at the end 

of the dark incubation) with the following equation (Glud 2008): 

(Equation 2.1.) 

where a is the slope of the linear regression of concentration (!lmol r 1
) versus time (h), v is 

the volume of the water in the chamber (1), and A is the area of the sediment surface (m2
). 

Negative values were defined as consumption (benthic uptake of oxygen from the water 

column into the sediment) and positive values as production (benthic release of oxygen from 

the sediment into the water column). From the calculated sediment-water oxygen fluxes, 

primary productivity was determined as follows: the dark oxygen flux is equivalent to benthic 

respiration, the light oxygen flux is equivalent to benthic net primary production, and the 

difference between the dark and light oxygen fluxes is the benthic primary production. 
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2.2.1.4. Microelectrode profiles 

Microelectrode profiles of oxygen were measured in the three sediment cores in tank 2 with a 

miniaturized Clark-type oxygen sensor with an internal reference and built-in guard cathode. 

A Unisense® standard OX100 microelectrode with an outer tip diameter of 90-110 11m, a 

stirring sensitivity of 1.5 % (signal increase in flowing versus stagnant water), a 90 % 

response time of <8 s, a minimum detection limit of 0.3 11mol r1
, and a current drift of <1 % 

h- 1
, was mounted on a Unisense® manual micromanipulator (MM33) with the aid of a custom

built distance extender and sensor fixation. The micromanipulator was attached to a stable 

laboratory stand. The sensor was connected to a high-sensitivity picoammeter (P A2000) that 

converted the reduction current to a signal (Figure 2.3.). The signal was recorded on a 

computer using an AID converter (ADC-216USB) with the Unisense® software Sensor Trace 

Pro filer. 

Figure 2.3. Laboratory setup for measuring profiles of oxygen using microelectrodes. 

The sensor was pre-polarized for at least 5 h prior to calibration to remove oxygen from the 

electrode and to attain a stable signal. A two-point linear calibration of the microelectrode 

was performed at the beginning of measurements at the experimental temperature in 100 % 
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air-saturated site water (typical current, 150 to 200 pA) and in the anoxic zone of the sediment 

at 0 % pore water oxygen saturation (typical current, 0 pA). The oxygen solubility in the 100 

% air-saturated site water was calculated at atmospheric pressure using the absolute 

temperature and salinity ofthe water (Garcia and Gordon 1992). 

The microelectrode was introduced stepwise into the sediment from a distance approximately 

2 mm above the sediment surface. Steps of 100 llm with a measure period of 3 s (a constant 

current was obtained before initiating the measurement at each depth) were made until the 

signal remained constant with increasing depth for 0.5 mm at the zero current. However, 

because the maximum movement with a precision of 100 llm in the y-axis of the 

micromanipulator was 10 mm, sediment cores with a deep oxygen penetration depth (>8 mm) 

could not be profiled all the way until the signal reached the zero current. Four replicate 

profiles were measured for each of the sediment cores and the best three were selected for 

analysis, giving a total of 9 profiles per site. Profiles inside each sediment core were a 

minimum of 3 em apart. 

During the measurements the chambers were kept submerged in the aerated and circulating 

tank site water to ensure that the water column inside the chambers was well mixed and 

homogeneous, and that the DBL remained at a constant thickness. Unnecessary electrical and 

vibrating objects in the room were switched off, grounding wires were used, touching of the 

water and sensor was avoided, and only static resistant clothing made with natural fibres were 

worn to minimize electrical noise from interference with the microsensor signal. After 

finishing the light measurements the sediment cores were left undisturbed until the start of the 

dark measurements. 

The depth-integrated rate of oxygen consumption and/or production was calculated from the 

measured oxygen concentration profiles using the numerical procedure, PROFILE v. 1.0 

(Berg et al. 1998). According to this procedure, a stepwise optimization method (based on 

the Downhill Simplex Method) is used to find a set of consumption and/or production zones, 

and a steady-state concentration profile that best fits the measured concentration profile is 

calculated numerically. The calculation domain was set between the sediment surface and the 

oxygen penetration depth. The position of the sediment surface was identified by finding the 

distinct change in the gradient of the otherwise linear slope of the concentration profile with a 

ruler. The oxygen penetration depth, defined here as the distance from the sediment surface 
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to the depth where the signal remained constant at the zero current, was inferred directly from 

the measured profile. 

To simplify the mathematical model, I assumed that porosity remained constant with sediment 

depth. This implied that there was no sediment compaction as a function of depth and that the 

effect of bioturbating and bioirrigating macrofauna, that can destroy or create porosity 

gradients during deposit feeding and burrowing (Aller 1978; Rhoads 1974), was insignificant. 

Although most sediments undergo some compaction in the first few millimetres of depth, 

sandy sediments undergo significantly less compaction than fine-grained silty or clay 

sediments, due to the nature of their initial packing and therefore have comparatively less of 

an effect on porosity with depth (Berner 1980). Since most of the sediments at the sites in this 

study were predominately sandy (Figure A3 .1. ), this was considered a fair assumption. 

I also assumed that macrofauna had no effect on solute transport (Berg et al. 2001) and that 

the sediment diffusion coefficient for oxygen (D5 ), which was calculated from porosity, 

remained constant with depth. 

The sediment diffusion coefficient, corrected for tortuosity, was calculated usmg the 

following equation (Ullman and Aller 1982): 

(Equation 2.2.) 

where cp is the mean (n=3) porosity (ml H20 mr' sediment) of the sediment measured at a 
depth interval of 0-2 em, and D0 is the free-water diffusion coefficient (cm2 s-1

) for oxygen, 
taken from the values listed in a table (Broecker and Peng 1974) and corrected for the 
experimental temperature using the Stokes-Einstein relation (Li and Gregory 1974). 

When running the numerical procedure, the maximum number of equally spaced zones 

considered for interpretation was 5. The first boundary condition was the oxygen 

concentration at the bottom of the domain and the second boundary condition was the oxygen 

flux at the bottom of the domain. The level of significance, or P value, used to calculate the 

choices of zones was 0.01. Only R2 values >0.8500 were accepted and in most cases the R2 

value was >0.9900. 
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Calculated negative values represent net consumption (diffusive uptake of oxygen from the 

water column into the sediment) and the positive values represent net production (diffusive 

release of oxygen from the sediment into the water column). 

The benthic mediated oxygen uptake (BOU) was calculated for each site using the following 

equation: 

BOU = TOU- DOU (Equation 2.3.) 

where TOU (total oxygen uptake) and DOU (diffusive oxygen uptake) are the mean fluxes of 
oxygen measured in the dark using whole core incubations (n=3) and microelectrodes (n=9), 
respectively. 

2.2.2. Sediment characteristics 

2.2.2.1. Organic carbon content in surface sediments 

Three intact sediment cores were collected at each sampling site during low tide(± 2 h) at the 

water's edge (adjacent to the 1.5 m x 1.5 m quadrat) using a plastic coring device (4.0 em 

external diameter, 3.8 em internal diameter). The sediment cores were sectioned in the field 

into the depth intervals, 0-2 em and 2-4 em, homogenized by mixing with a spatula, and 

stored in sterile, screw-capped polyethylene containers. These samples were immediately 

frozen using solid carbon dioxide and stored at -20 °C until they were analysed (within one 

month of collection). 

The sediment samples were each placed inside an aluminium petri dish then oven dried at 70 

°C for 48 h to remove moisture. Portions of dried sediment (15 ± 0.1 g) were placed in pre

combusted, pre-weighed crucibles and the sediment organic carbon content was measured as 

the percentage (% dry weight) of mass loss by ignition at 550 °C for 6 h (Cole-Parmer® 

StableTemp, model CBFM516C). After combustion, the sediment was allowed to cool in a 

desiccator for 12 h before the mass was recorded (to 0.0001 g). 
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2.2.2.2. Volumetric and gravimetric relationships 

A small plastic coring device (4.0 em external diameter, 3.8 em internal diameter) was used to 

collect three intact sediment cores at each sampling site during low tide(± 2 h) at the water's 

edge (adjacent to the 1.5 m x 1.5 m quadrat and in sediment that had recently been uncovered 

by water from the outgoing tide). The corer was rotated during insertion to avoid compaction. 

Immediately upon collection, the sediment cores were sectioned into the depth intervals, 0-2 

em and 2-4 em and placed into preweighed, screw-capped glass vials (4.2 em internal 

diameter, 5 em height). The total volume (Vt) of each sediment sample was 2.39 x 10-5 m3
. 

To retain moisture in the sediment, the vials were stored inside a dark insulated container 

maintained at in situ temperature(± 1.0 oc) during transport to the laboratory. Upon arrival at 

the laboratory, each vial (lid removed) with contents was weighed (to 0.001 g) then oven 

dried at 105 °C for 24 h or until constant weight. 

The percentage water content ( w) of the sediment was determined with the following 

equation (Bowles 1970): 

M 
w (%ww) = 2::. x 100 

Ms 
(Equation 2.4.) 

where Mw is the mass (g) of water present in the sediment solids (or the difference between 
the wet and dry sediment mass), and M5 is the mass (g) of the dry sediment solids. 

The specific gravity of the sediment solids (Gs) was determined using a 50 ml pycnometer and 

the Archimedes principle that the volume of water displaced by a submerged object is equal to 

the volume of the submerged object and is directly proportional to the weight of the displaced 

water. The mass of the empty pycnometer (m1) was determined (to 0.001 g), then a quantity 

of dry sediment (~30 g) was placed inside the pycnometer and the mass of the pycnometer 

plus dry sediment (m2) was determined. The pycnometer was then filled to the 50 ml mark 

with distilled water, gently agitated to remove air bubbles, then covered with parafilm and 

allowed to sit undisturbed for ~ 15 m to allow the sediment to fully saturate with water. Next, 

the parafilm was removed, the water level was adjusted exactly to the 50 ml mark, the outside 

of the pycnometer was wiped dry, and the total mass of the pycnometer plus sediment and 

water (m3) was determined. The pycnometer was washed to remove the sediment solids, 

wiped dry, and then filled exactly to the 50 ml mark with distilled water. The mass of the 
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pycnometer plus distilled water (m4) was determined. These measurements were conducted 

inside a temperature controlled room maintained at 4.0 ± 1.0 °C. 

The specific gravity was calculated as the mass of the solid sediment particles divided by the 

mass of the water they displaced using the following equation (Smith 1981): 

(Equation 2.5.) 

The void ratio (e) was calculated as the ratio of the volume of voids (Vv) to the volume of 

solids (Vs) in the sediment mass as follows: 

e (Equation 2.6.) 

where '['s(m3 ) = ~.and "['v(m3 ) = Vt -'['s. Yw is the density of water at 4 oc (1000 kg 
GsXYw 

m-3
), Ms is the mass (kg) of the dry sediment solids collected in the field, and Vt (m3

) is the 
total volume of the sediment mass collected in the field, equal to Vs + Vw (volume of water in 
the sediment mass) + Va (volume of air in the sediment mass). 

The porosity ( <p ), expressed as a decimal, was then calculated as the ratio of the volume of the 

voids (Vv) to the total volume of the sediment mass (Vt), <p = Vv. By substitution, the 
Vt 

porosity could also be expressed in terms of the void ratio as follows: 

<p (ml H2 0 ml-1 sediment) = 
e 

l+e 
(Equation 2.7.) 

The density of the complete sediment sample, otherwise known as the bulk density (y) was 

calculated as follows: 

(Equation 2.8.) 
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The dry density (y 5 ), a special type of bulk density which assumes the water is removed from 

the sediment, was also calculated. For this calculation, the total volume of the sediment mass 

(Vt) remains unchanged, and therefore: 

(Equation 2.9.) 

2.2.2.3. Sediment grain size 

Three sediment samples representative of the top 0-4 em of surface sediment were collected at 

each sampling site during low tide (± 2 h) at the water's edge (adjacent to the 1.5 m x 1.5 m 

quadrat) using a plastic coring device (9.4 em external diameter, 9.0 em internal diameter). 

The samples were stored inside 200 ml polyethylene containers during transport to the 

laboratory. 

Upon arrival at the laboratory, large shells and pieces of plant and animal tissue were 

removed from the samples, then the samples were homogenized by mixing with a spatula. 

Each sample was placed inside an aluminium petri dish and oven dried at 70 °C for 48 h or 

until constant weight. 100 ± 1.0 g of dry material was weighed (to 0.001 g) and placed inside 

a 500 ml beaker. To remove organic matter from the sample, 50 ml of 30 % v/v hydrogen 

peroxide (H20 2) was slowly added to the beaker. The beaker was covered in parafilm and 

allowed to sit for 1 h while stirring occasionally with a glass rod. Additional 20 ml aliquots of 

H20 2 were added to the sample (over a period of up to 24 h) until no further reaction 

occurred, then 300 ml distilled water was mixed into the beaker. The fine particles were 

allowed to settle undisturbed for 72 h or until the water column was clear before the mixture 

of water and H20 2 overlying the sediment surface was removed with a syringe (taking care 

not to remove any fine particles). This washing procedure was repeated once to ensure that 

the HzOz had been removed. 

Measurement of the fine sediment fraction (<0.063 mm) was achieved using the pipette 

method (Folk 1974; Lewis and McConchie 1994a; McManus 1988). This method is based on 

Stokes' law whereby particles falling in a viscous fluid due to gravitational force balanced by 

fluid resistances (particle drag) settle, under certain assumptions (such as specific gravity of 

minerals and sphericity of particles) at velocities dependent upon their size. Although a 

variety of techniques have been developed to analyse the size of the fine sediment fraction 
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(Swift et al. 1972), the pipette method was considered the most suitable for this analysis 

because it provides a good compromise between ease of use and precision, and provides a 

realistic measure of hydrologic equivalent sizes by characterizing particles in terms of their 

dynamic behaviour. To reduce flocculation, 25 ml of a dispersing agent, prepared by 

dissolving 33 g of sodium hexametaphosphate and 7 g of sodium carbonate in 1 1 distilled 

water, was added to each sediment sample, mixed with a glass rod, and allowed to soak 

overnight. The following morning, the mixture inside the beaker was wet sieved through a 

mesh size of 0.063 mm (stainless steel, certified Endecott Test Series). The combined gravel 

and sand fractions (>0.063 mm) retained in the sieve were transferred into a pre-weighed 

aluminium petri dish using a wash bottle and oven dried at 70 °C for 48 h or until constant 

weight. 

The fines mixture (<0.063 mm) was collected inside a basin then poured into a 1 1 graduated 

cylinder and topped up with distilled water held at room temperature to the 1 1 mark. The 

cylinder was placed on a level bench top free from vibration. The cylinder contents were 

thoroughly stirred for 1 min. using a rod attached to a plastic disk with holes punched through 

the bottom, designed to generate maximum turbulence. A timer was started immediately after 

removing the stirrer from the cylinder. At exactly 20 s from the start of settling, 20 ml of 

liquid was extracted using a pipette from a depth of 20 em below the liquid surface and placed 

into a 50 ml pre-weighed beaker. The pipette was rinsed once with 20 ml distilled water (to 

wash out any retained particles) and emptied into the same 50 ml beaker. The sample, which 

represents the combined silt and clay fractions, was oven dried in the beaker at 70 oc for 48 h 

or until constant weight. In order to determine the weight of the dispersing agent, a beaker, 

containing only 25 ml dispersing agent, was also oven dried. The beakers and aluminium 

petri dishes were removed from the oven and allowed to cool for 15 min. before being 

weighed (to 0.001 g). 

For each sample, the oven dried sediment coarser than 0.063 mm was loaded onto a nest of 

sieves in which the grade boundaries became increasingly (1 0 intervals) smaller downwards 

from -2 to 4 0 (or 4 to 0.063 mm). The top sieve was covered with a retaining lid and a pan 

was placed beneath the bottom sieve to catch any fine particles which passed through the 

entire column (and were not removed during the wet sieving). The nest of sieves was agitated 

using a mechanical shaker (Endecotts Ltd. Minor, London) for a period of 15 min. The 

material retained in each sieve was emptied onto a sheet of pre-weighed glazed paper. Each 
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sieve was tapped gently and a camel hair brush was used to dislodge particles that were 

adhered electrostatically to the mesh. Each sediment fraction was weighed (to 0.001 g). 

The fine sediment estimate (F) was calculated as follows: 

(Equation 2.10.) 

where M1 is the mass (g) of the fine sediment dried inside the beaker, Md is the mass (g) of 
the 25 ml dispersing agent (~1.0 g), and Mp is the mass (g) of the fine sediment inside the pan. 

The fine sediment estimate added to the weight of the sand and gravel fractions provided the 

total sample weight. Using the Udden-Wentworth scale (Wentworth 1922), each size fraction 

measured was expressed as a percentage of the total sample weight. The computer program 

SEDTEXT Master v00-3, written by Dr. Abby Smith using Microsoft® Excel, was used to 

process the raw data. Graphic parameters (modal, median, and mean grain sizes, the sorting 

coefficient, and inclusive graphic skewness) were computed to enable numerical (and for the 

latter two, descriptive verbal) comparisons between samples. A histogram of the sediment 

size fraction plotted against the percentage weight was constructed. The modal grain size, the 

most common grain size in the distribution, was determined directly from the histogram. The 

cumulative weight percentages for each size class were calculated then, using these calculated 

values, a cumulative frequency distribution curve was constructed. The median grain size, the 

size between where half the grains are coarser and half are finer, was determined from a 50 % 

line plotted onto the cumulative frequency distribution curve. 

The mean grain size (Mz), the best measure of average grain size, was calculated according to 

the following equation: 

(Equation 2.11.) 

where 0 16, 0 50, and 0s4 correspond to the 16th, 50th, and 84th percentile values of the 
cumulative weight. 
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The sediment sorting coefficient (or inclusive graphic standard deviation, cr 1), the spread of 

particles about the average represented by the breadth of the cumulative frequency 

distribution curve, was calculated using the following equation: 

(Equation 2.12.) 

where 0 5, 0 16, 0 84, and 0 95 correspond to the 5th, 16th, 84th, and 95th percentile values of the 
cumulative weight. 

Whereas well sorted sediments have low sorting coefficient values and are composed of a 

single grain size, poorly sorted sediments have high sorting coefficient values and are 

composed of a variety of grain sizes. Calculated sediment sorting coefficient values were 

described using verbal terminology as listed in Table 2.1. (Folk and Ward 1957). 

Table 2.1. Sediment grain size sorting coefficient values and the corresponding descriptive 
verbal terminology (Folk and Ward 1957). 

Sorting coefficient ( G1) 

<0.35 

0.35-0.50 

0.50-0.70 

0.70-1.00 

1.00-2.00 

2.00-4.00 

>4.00 

Verbal description 

Very well sorted 
Well sorted 
Moderately well sorted 
Moderately sorted 
Poorly sorted 
Very poorly sorted 
Extremely poorly sorted 

The inclusive graphic skewness (SK1), a dimensionless number between -1 and + 1 that 

describes the deviation of the cumulative frequency distribution curve from normality, was 

calculated as follows: 

SK
1 

= fil16+fila4 -20so + 0s+0gs-20so 
2(0ar016) 2(0gs-0s) 

(Equation 2.13.) 

where 05, 016, 0 5o, 0s4, and 095 correspond to the 5th, 16th, 50th, 84th, and 95th percentile values 
of the cumulative weight. 

The inclusive graphic skewness has a negative value when more fine-grained sediments are 

present than the normal distribution and a positive value when more coarse-grained sediments 
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are present than the normal distribution. As was done for the sediment sorting coefficients, 

verbal terminology was used to describe the calculated inclusive graphic skewness values as 

listed in Table 2.2. (Folk and Ward 1957). 

Table 2.2. Inclusive graphic skewness of the sediment grain size distribution and the 
corresponding descriptive verbal terminology (Folk and Ward 1957). 

Skewness (SK1) 

+1.0 to +0.3 
+0.3 to +0.1 
+0.1 to -0.1 
-0.1 to -0.3 
-0.3 to -1.0 

Verbal description 

Very fine-skewed 
Fine-skewed 
Near-symmetrical 
Coarse-skewed 
Very coarse-skewed 

2.2.3. Chlorophyll a content in surface sediments 

Three intact sediment cores were collected at each sampling site during low tide(± 2 h) at the 

water's edge (adjacent to the 1.5 m x 1.5 m quadrat) using a plastic coring device (4.0 em 

external diameter, 3.8 em internal diameter). After collection, the sediment cores, 

representative of the top 0-2 em of sediment, were immediately stored inside sterile, water

tight opaque containers. The sediment was homogenized by mixing with a spatula then 

immediately frozen using solid carbon dioxide and stored at -20 °C in the dark until they were 

analysed (within one month of collection to avoid degradation). 

The sediment samples were freeze-dried immediately prior to analysis (for ~48 h) using a 

Labconco® Freeze Dryer 4.5 with a vacuum <10 J..Lm Hg. Aluminium foil was wrapped 

around the freeze dryer sample storage chambers to block light from the sediment. The 

sediment inside each container was mixed with a spatula to ensure it was fully homogenized, 

then for each sample a 5 ± 0.1 g subsample of freeze-dried sediment was transferred into a 

pre-labelled 20 ml glass scintillation vial. The samples were kept dark away from windows 

and with the room lights turned off during analysis. 10 ml of90% v/v ethanol was added to 

the freeze-dried sediment in each vial. 90% v/v ethanol has a number of advantages over the 

traditional solvents, 90 % v/v acetone, 100 % v/v methanol, and 95 % v/v ethanol, for 

extracting photosynthetic pigments including a higher chlorophyll a extraction yield and more 

controlled acidification of extracts during the spectrometer analysis (Sartory 1982). The vials 

were capped then agitated vigorously for 10 s to ensure that all the sediment came in contact 

with the ethanol. To aid extraction of the pigments, the samples were heated in a pot of water 
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on a hot plate (with the vial lids loosened slightly) and allowed to boil (ethanol boils at 80 °C) 

for 2 min. Prior to heating, the volume of the ethanol was marked on the wall of each vial so 

that if any evaporation occurred during heating, the volume of ethanol could be corrected after 

cooling. However, no noticeable loss of ethanol was ever recorded. After heating, the vials 

were cooled until they were able to be handled, the lids were screwed on the vials until tight, 

aluminium foil was wrapped around each vial to block light from the sediment-ethanol 

mixture, and the vials were agitated vigorously for 10 s. The vials were placed inside a dark 

box and left to sit undisturbed, at room temperature overnight (minimum of 15 h). 

The next morning, the vials were again agitated vigorously for 10 s then left to sit undisturbed 

in a dark box for 2:3 h to allow the particles in the suspension to settle. For each sample, 4 ml 

of the supernatant was pi petted into a sterile 10 ml plastic syringe. The sample was filtered 

(to remove particulate matter) into a clean cuvette (10 mm path length) using Whatman GF/F 

filter paper (2.5 em diameter circles) inside a reusable syringe-driven sterile Millipore filter 

unit (Swinnex-25). The sides of the cuvette were wiped dry with tissue paper then 

absorbances of the extract were measured at 665 and 750 nm wavelengths using a UV-1700 

PharmaSpec Shimadzu spectrometer. The spectrometer was calibrated with 90% v/v ethanol 

before commencing measurements. One drop of 1 M HCl was added to the cuvette, the 

cuvette was inverted twice to mix the contents then after 1 min. of waiting, the absorbances 

were remeasured at 665 and 750 nm. Ideally, the absorbance values at 750 nm were ::;0.010 

and the values at 650 nm were between 0.200 and 0.500 before acidification. If the 

absorbance value at 650 nm was greater than 0.500, the sample was diluted using 90 % v/v 

ethanol. After acidification, the absorbance value at 750 nm usually increased slightly and the 

absorbance value at 650 nm dropped by approximately one half. To reduce contamination, 

between each sample measurement the pipette tip and filter paper were replaced, and the 

syringe, cuvette, and filter unit were cleaned with 90 % v/v ethanol. 

The chlorophyll a concentration in each sample was calculated as follows: 

Chl a (!lg g dw-l) = ( (A665(before acid)-A665(after acid)) x 28.66) x 0.01 X lOOO (Equation 2.14.) 
Ms 

where A665(before acid) is the absorbance at 665 nm minus the absorbance at 750 nm (before 
acidification), and A66S(after acid) is the absorbance at 665 nm minus the absorbance at 750 nm 
(after acidification). Ms is the mass (g) of the sediment subsample. 
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2.2.4. Nutrient concentration in the water column 

Three samples of water were collected (using a sterile 20 ml plastic syringe) during low tide 

(± 2 h) from each site (except for the sites at the Avon-Heathcote estuary where water was 

collected during high tide at W1 and W2) at a depth of approximately 0.1 m above the 

sediment surface. Each sample was filtered (to remove particulate matter) into a pre-acid

washed (and pre-rinsed with filtered site water) 12 ml polyethylene container (leaving ~20 % 

headspace for expansion during freezing) using a 0.45 J..Lm glass microfiber filter ( 4.7 em 

diameter circle) inside a reusable syringe-driven sterile Millipore filter unit (Swinnex-47). 

The samples were frozen immediately after collection using solid carbon dioxide and stored at 

-20 °C until they were analysed (within one month of collection to avoid degradation). All 

handling of the water samples was done using clean gloves in order to minimize ammonium 

contamination. 

The concentrations of ammonia (measured as the sum of NH4 + and NH3) and combined 

nitrate and nitrite (NOx-) in the water samples were determined on a Lachat Instruments 

Quickchem 8000 flow injection autoanalyser (FIA) using standard colorimetric methods (NH3 

Quickchem method 31-107-06-1-A, NOx- Quickchem method 31-107-04-1-A) (Grasshoff 

1976). The concentrations of N03- and N02- were only determined as combined NOx

because a pilot study found that the in situ concentration of N02- was generally very low 

(<0.5 J..Lmol r 1
) or not detectable when measured individually. The water samples were 

defrosted in a refrigerator overnight then brought to room temperature the next morning 

shortly before beginning the analysis. Before the analysis each sample was degassed and 

homogenized by shaking vigorously for 10 s. The time that the samples were exposed to the 

atmosphere was minimized by keeping the lids on the sample containers until shortly before 

the time of analysis. 

Calibration was performed at the beginning of the analysis and two standards were run after 

every ten samples analysed to monitor drift in the autoanalyser performance over time. A 

sequence of nine calibration standards (0, 1, 5, 25, 50, 100, 250, 500, and 800 J..Lg r 1
), which 

ranged from zero to a concentration slightly above the expected maximum sample 

concentration, were prepared fresh on the morning of the analysis in high purity water (18 

M.O.-cm Milli-Q) from a combined NH3 and NOx- stock standard (25 J..Lg mr1 NH3-N and 25 

J..Lg mr1 NOx-N, stored in a closed Schott bottle at 4.0 °C for :S2 months before use). 

Calibration was achieved by linear regression of the nominal standard concentrations versus 
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the absorbances. The 'brackish baseline' setting was used to correct the integration of the 

resulting sample peak areas for the sample salinity. 

2.2.4.1. Ammonia 

The method for analysing ammonia is based on a reaction first reported by Berthelot in 1859 

whereby under alkaline conditions and at a pH of between 8.0 and 11.5, ammonia reacts with 

hypochlorite to form monochloramine which in tum reacts in the presence of phenol, excess 

hypochlorite, and catalytic amounts of nitroprusside ions to form indophenol blue absorbing 

at 630 nm. To increase the sensitivity of the reaction, an elevated temperature is required. 

Therefore, during the analysis a heating block on the flow injection autoanalyser held the 

temperature at a constant 60 °C. The preparation and storage of the reagents used in the 

analysis of ammonia are described in Table 2.3. The detection limit for ammonia was 

between 0.05 and 180 ~-tmol r 1
. 

Table 2.3. Preparation and storage of the reagents used in the analysis of ammonia. All 
solutions were prepared using high purity water (18 MQ-cm Milli-Q), acid-washed glassware, 
and reagent grade chemicals (except for chlorine where household grade Domestos bleach 
was used). 

NH3 Reagent 
EDTA (dis odium salt) buffer 

Phenate 

Nitroprusside 

Chlorine 

Preparation and storage 
Dissolved 50± 0.5 g of disodium EDTA 
(ethylenediaminetetraacetic acid, C10H140 8N2Na2·2Hz0) 
and 11 ± 0.1 g of sodium hydroxide (NaOH) in 11 high 
purity water. This solution was stored at room temperature 
for ::;2 months before the analysis. 
Dissolved 16 ± 0.1 g of sodium hydroxide (NaOH) and 42 
± 0.5 g of colourless phenol (C6H50H) in 500 ml high 
purity water. This solution was prepared fresh on the 
morning of the analysis. 
Dissolved 1.8 ± 0.1 g of sodium nitroprusside 
(Na2[Fe(CN)5N0]'2H20) in 500 ml high purity water. The 
tightly closed Schott bottle containing the solution was 
wrapped in aluminium foil to block light and stored in a 
refrigerator at 4.0 °C for <5 days before the analysis. 
Dissolved 200 ml Domestos bleach (sodium hypochlorite, 
NaClO) in 200 ml high purity water (1: 1 mixed ratio). 
This solution was prepared fresh on the morning of the 
analysis. 
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2.2.4.2. Combined nitrate and nitrite 

The method for analysing combined nitrate and nitrite is based on the reduction of nitrate to 

nitrite as the sample passes through a copper-coated cadmium column at a pH of 8 followed 

by colorimetric determination of the nitrite (reduced nitrite plus original nitrite) as a pink azo 

dye absorbing at 520 nm. The azo dye is formed by diazotization of nitrite with sulfanilamide 

under acidic conditions to form a diazonium ion which is then coupled with N -(1-naphthyl)

ethylendiamine dihydrochloride (NEDD). The yield of the reduction of nitrate depends on 

three conditions: the pH of the solutions, the type of metal used in the column, and the activity 

of the metal surface. The analysis will result in combined nitrate and nitrite values that are 

too low if, for example, only partial reduction of nitrate occurs from solutions that are too 

alkaline or metal surfaces that are inactive, or further reduction than nitrite occurs from 

solutions that are too acidic or metal surfaces that are too active. Therefore, the conditions of 

the reduction were controlled so that almost all the nitrate in the sample was converted into 

nitrite, but not reduced any further. This was accomplished by taking special care when 

preparing the solutions to ensure that they were at the correct pH, only using commercially 

available granulated cadmium purchased from Merck, and ensuring the efficiency of the 

cadmium column was close to 100 % before each run. If the efficiency of the cadmium inside 

the 15 em long glass column dropped less than 90 %, the cadmium was regenerated. 

Regeneration of the cadmium was accomplished using the following procedures. First, the 

cadmium granules were freed from adhering dust and oxides by being thoroughly washed 

with acetone and 10 % v/v HCl, rinsing with 18 Q-cm Milli-Q water after each solution. 

Then, the cadmium granules were decanted with copper sulfate solution. The colloidal copper 

was removed by thoroughly washing the copperized granules with imidazol running buffer 

solution. A small foam plug was inserted into the lower end of an empty column, the column 

was filled with imidazol running buffer, and then cadmium granules were slowly poured into 

the column using a funnel. The sides of the column were tapped to assist in settling of the 

cadmium and to ensure dense packing and the elimination of air bubbles. A second foam plug 

was inserted into the opposite end of the column to retain the cadmium granules then the 

column was ready for use. All regenerated columns were conditioned with 10 replicates of an 

800 11g r1 NOx-N calibration standard solution before running any samples through. 

The preparation and storage of the reagents used in the analysis of combined nitrate and nitrite 

are described in Table 2.4. The detection limit for nitrite was between 0.1 and 100 llmol r 1
• 
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Table 2.4. Preparation and storage of the reagents used in the combined analysis of nitrate 
and nitrite. All solutions were prepared using high purity water (18 MQ-cm Milli-Q), acid
washed glassware, and reagent grade chemicals. 

NOx- Reagent 
Stock imidazol 

Copper sulfate 

Imidazol running buffer 

Sulphanilamide/NEDD 

2.2.5. Benthic macrofauna 

Preparation and storage 
Dissolved 136 ± 1 g ofimidazol (C3H4N2) in 1.8 1 high 
purity water. The pH was adjusted using 25 % v/v 
hydrochloric acid (HCl) to 8.1-8.15. The solution was then 
diluted to 2 1 with high purity water resulting in a pH of 8 ± 
0.05. This solution was stored at room temperature for :S2 
months before making the imidazol running buffer. 
Dissolved 1.25 ± 0.02 g of copper sulfate (CuS04• 5H20) in 
500 ml high purity water to make a 0.01 M solution. This 
solution was stored at room temperature for :S2 months 
before making the imidazol running buffer. 
Mixed 200 ± 5 ml of stock imidazol and 1 ml of0.01 M 
copper sulfate solution in 800 ml high purity water. This 
solution was stored at room temperature for :S2 months 
before the analysis. 
Dissolved 20 ± 0.5 g sulfanilamide (NH2C6H4S02NH2) and 
0.5 ± 0.05 g NEDD (N-(1-naphthyl)-ethylendiamine 
dihydrochloride, C12H14N2·2HC1) in 500 ml10% v/v 
hydrochloric acid (HCl). The tightly closed Schott bottle 
containing the solution was wrapped in aluminium foil to 
block light and stored in a refrigerator at 4.0 °C for :S5 days 
before the analysis. 

At the end of the benthic oxygen exchange rate measurements, the macrofauna inside each 

chamber were immediately recovered by wet sieving the entire sediment core using a sieve 

with a 0.5 mm mesh. For each sample, the macrofauna retained in the sieve were transferred 

into a vial and preserved in buffered 10 % v/v formalin in seawater. After 1 week of being 

fixed in the formalin, each macrofauna sample was rinsed to remove the formalin using a 

gentle flow of seawater and a sieve with a 0.5 mm mesh. The macrofauna retained in the 

sieve was transferred (using a squirt bottle) into a clean vial containing 80 % v/v isopropyl 

alcohol and stored (:S4 months) for later analysis. 

For each sample, the macrofauna were separated into phyla using a dissecting microscope 

(25-50 x magnifications), and then individuals were identified and counted. The majority of 

the macrofauna were identified to class level, but the most abundant types of macrofauna 

were identified further than class to order, family, or genus and species. Illustrated guides 

(Beesley et al. 2000; Jones and Marsden 2005; Owen 1992) were used as a tool for the 
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identification. All individuals belonging to a single phylum for each sample were grouped 

together for biomass measurements. The biomass of each sample was measured to the nearest 

0.0001 g as the wet weight after blotting on lint-free tissue paper and air drying for 5 min. 

The abundance was expressed as the number of individuals per 56 cm2 of sediment for each 

chamber and the biomass was expressed as g ww per 56 cm2 of sediment. All information 

gathered was classified so that the benthic oxygen exchange rates measured (by whole core 

incubation or microelectrode profiling) on a specific sediment core could be directly related to 

the macrofauna inside that individual core. 

2.2.6. Statistical analysis 

The statistical analyses were completed using SPSS v. 16.0 (SPSS Inc., USA). A paired

samples t-test with a 95 % confidence interval was used to test the null hypothesis that the 

means of the total and diffusive fluxes of oxygen measured in the dark and light at the 16 

study sites were equal. The paired-samples t-test was also used to compare the means of the 

sediment oxygen penetration depth (SOPD) measured in the dark and light at the study sites. 

The two-tailed probability, the probability for when there is no prediction made about the 

direction of the group differences (Field 2000), was reported. 

Because the measurement variables (total flux of oxygen across the sediment-water interface, 

diffusive oxygen flux, SOPD) did not meet the normality assumption of an analysis of 

variance (ANOVA), the nonparametric Kruskal-Wallis test was performed to test the null 

hypotheses that the measurements between the sites within the estuaries as well as across the 

different estuaries were from identical populations. When the sample size was small (n=3, 

total oxygen flux) an exact permutation test was used. However, when the sample size was 

large (n=9, diffusive oxygen flux and SOPD measured with microelectrodes) the Monte Carlo 

permutation test with a 99 % confidence level was used. The Kruskal-Wallis test relies on 

measurements being ranked from lowest to highest (Field 2000). Therefore, the group with 

the highest mean rank should, in theory, have the greatest values. However, when comparing 

oxygen fluxes with negative values (oxygen consumption), a large negative flux has a lower 

rank than a small negative flux. 

Linear regressiOn analysis of the mean total flux of oxygen across the sediment-water 

interface (measured in the dark or light with whole core incubations; n=3) or the mean SOPD 

(measured in the dark or light with microelectrodes; n=9) versus the various environmental 
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parameters (e.g. percentage organic carbon in the top 0-2 em sediment, water column salinity, 

etc. as mean values; n=3) measured across the four study estuaries was used to determine 

significant (p<0.05) relationships. Then, stepwise multiple regression analysis (Draper and 

Smith 1981) with the mean total flux of oxygen or the mean SOPD as the dependent variable 

was carried out against several independent environmental variables (those used in the linear 

regression analysis with the exceptions that DIN and the percentage mud were excluded due 

to covariance with the concentration NOx- and NH4 +, and the percentage of sand, respectively) 

for the sites across the four study estuaries. 

Direct linear gradient redundancy analysis (RDA) was carried out on the data usmg 

CANOCO software, v. 4.0 to test for correlations between the mean total flux of oxygen 

measured in the light and dark with whole core incubations (untransformed data, n=3) at each 

site and several of the measured environmental variables (mean values, n=3: percentage 

organic carbon in the top 0-2 em sediment, sediment chlorophyll a content, percentage sand, 

laboratory temperature, DIN in the water column, and the biomass of the macrofauna at 

phylum level). W A2 was excluded from the analysis because the large efflux of oxygen in 

the light skewed the distribution of the data. Detrended correspondence analysis (DCA) was 

performed on the light and dark fluxes of oxygen in order to decide whether a linear response 

model or a unimodal response model (correspondence analysis, CA) should be used. The 

length of the gradient was <1.5 standard deviation, hence the fluxes of oxygen were best 

described by a linear model. Accordingly, it was assumed that the fluxes of oxygen increased 

or decreased with the value of each environmental variable. RDA was used as the linear 

response model so that the variation in the fluxes of oxygen could be visualized directly in 

relation to the quantified environmental variables. A Monte Carlo permutation test was used 

to examine the statistical significance of the effects of the environmental variables on the 

fluxes of oxygen. The dark and light fluxes of oxygen were plotted together with the 

environmental variables in an ordination biplot. The eigenvalues, which lie between 0 and 1 

with the sum of all eigenvalues being 1, indicate the goodness-of-fit of each axis (Jongman et 

al. 1995). 

Multivariate analyses were also carried out using PRIMER software, v. 6.1.6. (Clarke and 

Gorley 2006) to assess dissimilarities in the community structure of the macrofauna 

(abundance at class level; Gastropoda, Bivalvia, Malacostraca, Anthozoa, Polychaeta) 

between sites, estuaries, and site positions (mouth sites: AHl, WAl, TOl, TAl, mid estuary 

sites: AH2, WA2, WA3, T02, T03, TA2, upstream sites: AH3, AH4, AH5, WA4, T04, 
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TA3). Hierarchical cluster analysis was carried out using a Bray-Curtis similarity matrix on 

untransformed data (using mean values, macrofauna recovered from chambers used for the 

whole core incubations and microelectrode measurements; n=6) to produce a dendrogram 

plot. The relative distance between the sites in the dendrogram plot reflects the dissimilarity 

in the macrofauna class structure (Clarke and Warwick 2001). One-way analysis of 

similarities (ANOSIM) tests were used to test the null hypotheses that there were no 

significant community differences between estuaries or between the site positions. The R 

statistic is always between -1 and 1 with small R values indicating a strong overlap between 

groups (Clarke and Gorley 2006; Clarke and Warwick 2001). Lastly, the similarity of 

percentages (SIMPER) test was used to indicate the most discriminating classes of 

macrofauna between the estuaries and between the site positions. 

2.3. Results 

2.3 .1. Characteristics of the sampling sites at the four estuaries 

Water and sediment characteristics for the 16 sites within the four study estuaries are listed in 

Table_ 2.5. The raw data are listed in Tables A3.1. (organic carbon), A3.2. (volumetric and 

gravimetric relationships), A3.3. (sediment grain size), A3.4. (chlorophyll a), and A4.1. 

(water column characteristics) according to sampling date. The pH of the water column 

ranged from 7.30 at TA2 to 8.73 at AH1 and AH2. Among the four estuaries, the Avon

Heathcote estuary had the highest salinity in the water column, ranging from 20 and 33 psu at 

the upstream sites (AH3, AH4, AH5) where water was collected from W2 to 40 psu at the 

mouth (AH1) and mid estuary (AH2) sites where water was collected from Wl. The salinity 

at the sites in the Waikouaiti, Tokomairiro, and Tautuku River estuaries ranged from 3 to 14 

psu. Combined nitrate and nitrite was the dominant inorganic form of nitrogen except at AH1 

and AH2 where ammonia and combined nitrate and nitrite were approximately equal in 

concentration and at AH3 and AH5 where the ammonia concentration was 2-4 times higher 

than that of combined nitrate and nitrite. The sediments at AH3, T04, and TA3 were finer 

than at the other sites (Figures A3.2. and A3.3.) and, consequently, had relatively high organic 

carbon content, porosity, and water content. The highest chlorophyll a content of the top 0-2 

em of sediments occurred at T04 (10.8 ± 0.6 11g g dw-1
) and WA3 (10.3 ± 4.7 J-Lg g dw-1

) and 

the lowest occurred at AH1 (0.15 ± 0.05 J-Lg g dw-1
), T01 (0.16 ± 0.01 J-Lg g dw-1

), and WA4 

(0.77 ± 0.01 J-Lg g dw-1
). 
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Photographs of the most abundant macrofauna recovered from the chambers are in Figure 

A5.1. Arthropods were the dominant phylum in abundance at the Tokomairiro and Tautuku 

River estuaries (Figure 2.4.A). The mean abundance of arthropods was especially high (> 125 

individuals per 56 cm2
) at T02, T03, T04, and TA2. Within the Arthropoda at these two 

estuaries, Malacostraca was the dominant class (Figure A5.2.A.). Comparatively low 

numbers ( <70 individuals per 56 cm2
) of molluscs, annelids, and arthropods occurred at the 

Avon-Heathcote and Waikouaiti River estuaries (Figure 2.4.A). Molluscs comprised the bulk 

of the macrofauna biomass at the five sites in the A von-Heathcote estuary as well as at W A2, 

WA3, WA4, T04, and TA2 (Figure 2.4.B., Table A5.1.). Only one bivalve species, Paphies 

australis, was found at the mouth site in the Avon-Heathcote estuary (AHl). Similarily, only 

one bivalve species, Austrovenus stutchburyi, was found at AH3, AH5, WA3, WA4, T04, 

and TA2. At AH2, AH4, and WA2, the bivalve Macomona Iiliana was found in addition to 

Paphies australis and Austrovenus stutchburyi (Table A5.2.). 

A dendrogram of the hierarchial clustering of macrofauna using mean values (n=6) of the 

abundance at class level from each site (based on a Bray-Curtis similarity matrix) shows three 

main clusters of macrofauna (Figure 2.5.). In the first cluster are the mouth sites, TOl and 

TAl, which are characterized by a very low abundance of all classes of macrofauna. In the 

second cluster are the remaining Tokomairiro and Tautuku River estuary sites. In the third 

cluster are the A von-Heathcote and Waikouaiti River estuary sites. 

A one-way ANOSIM test found a significant difference in the classes of macrofauna between 

estuaries (p=0.004, Global R=0.387). According to the pairwise tests, a significant difference 

(p<0.05) was found between the classes of macrofauna at the Avon-Heathcote and 

Tokomairiro River estuaries (p=0.008, R statistic=0.563), at the Avon-Heathcote and Tautuku 

River estuaries (p=0.018, R statistic=0.785), and at the Waikouaiti and Tautuku River 

estuaries (p=0.029, R statistic=0.519) (Table 2.6.). 

The SIMPER test indicated that the Avon-Heathcote and Tokomairiro River estuaries had an 

average dissimilarity of 93 %, with 65 % of the dissimilarity due to a difference in the mean 

abundance of Malacostraca (3.50 versus 136.71 individuals per 56 cm2 at the Avon-Heathcote 

versus Tokomairiro River estuaries, respectively) (Table A5.3.). The Avon-Heathcote and 

Tautuku River estuaries had an average dissimilarity of92 %. While 55% of the dissimilarity 

was due to a difference in the mean abundance of Malacostraca (3.50 versus 61.06 individuals 

per 56 cm2 at the Avon-Heathcote versus Tautuku River estuaries, respectively), 24% of the 
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dissimilarity was due to a difference in the mean abundance of Bivalvia (10.97 versus 0.22 

individuals per 56 cm2 at the Avon-Heathcote versus Tautuku River estuaries, respectively) 

and 19 % of the dissimilarity was due to a difference in the mean abundance of Polychaeta 

(16.97 versus 1.00 individuals per 56 cm2 at the Avon-Heathcote versus Tautuku River 

estuaries, respectively) (Table A5.3.). Lastly, the SIMPER test indicated that the Waikouaiti 

and Tautuku River estuaries had an average dissimilarity of 86 %, with 62 % of the 

dissimilarity due to a difference in the mean abundance of Malacostraca (6.92 versus 61.06 

individuals per 56 cm2 at the Waikouaiti versus Tautuku River estuaries, respectively) and 28 

%of the dissimilarity due to a difference in the mean abundance ofPolychaeta (16.04 versus 

1.00 individuals per 56 cm2 at the Waikouaiti versus Tautuku River estuaries, respectively) 

(Table A5.3.). 

A one-way ANOSIM test also found a significant difference in the classes of macrofauna 

between the site positions within the four study estuaries (p=0.018, Global R=0.285). The 

pairwise tests showed that the variation was due to a significant difference (p<0.05) between 

the classes of macrofauna at the mouth and middle sites (p=0.005, R statistic=0.639) and at 

the mouth and upstream sites (p=0.019, R statistic=0.361) within the four study estuaries 

(Table 2.6.). 

The SIMPER test indicated that the mouth and middle estuary sites had an average 

dissimilarity of 93 %, with 53 % of the dissimilarity due to a difference in the mean 

abundance of Malacostraca (0.67 versus 80.97 individuals per 56 cm2 at the mouth versus 

middle estuary sites, respectively), and 36 % of the dissimilarity due to a difference in the 

mean abundance ofPolychaeta (1.38 versus 25.31 individuals per 56 cm2 at the mouth versus 

middle estuary sites, respectively) (Table A5.4.). Also, the SIMPER test indicated that the 

mouth and upstream estuary sites had an average dissimilarity of 84 %. While 54 % of the 

dissimilarity was due to a difference in the mean abundance of Malacostraca (0.67 versus 

47.78 individuals per 56 cm2 at the mouth versus upstream estuary sites, respectively), 27 % 

of the dissimilarity was due to a difference in the mean abundance of Bivalvia (2.83 versus 

7.17 individuals per 56 cm2 at the mouth versus upstream estuary sites, respectively) (Table 

A5.4.). 
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Figure 2.4. (A) Mean abundance (number of individuals per 56 cm2
) and (B) mean biomass 

(g wet weight per 56 cm2
) of macrofauna (phyla: Mollusca, Arthropoda, and Annelida) 

recovered (sieve mesh size: 0.5 mm) from all benthic chambers used to measure benthic 
oxygen exchange rates with whole core incubations and microelectrodes. Bars indicate SE 
(n=6). 
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Table 2.6. Results of the one-way analysis of similarities (ANOSIM) tests used to test the 
null hypotheses that there were no significant differences in macro faunal communities (class 
level) among estuaries or among site positions. The data type was the abundance (number of 
individuals per 56 cm2

) of macrofauna recovered from all chambers used for the measurement 
of the total and diffusive fluxes of oxygen at each site (data represent means; n=6). 
Relationships that are significant at a 5 % level are in bold. 

Factor 
Estuary 

Position 

Groups 
AH,WA 
AH,TO 
AH,TA 
WA,TO 
WA,TA 
TO,TA 
Mouth, Mid estuary 
Mouth, Upstream 
Mid estuary, Upstream 

R Statistic 
0.100 
0.563 
0.785 
0.438 
0.519 
-0.037 
0.639 
0.361 
0.057 

2.3.2. Quantification of the sediment-water fluxes of oxygen 

Significance level % 
27.8 
0.8 
1.8 
5.7 
2.9 
45.7 
0.5 
1.9 
26.0 

The total fluxes of oxygen across the sediment-water interface measured using whole core 

incubations are presented in Table A6.1., and the diffusive fluxes of oxygen determined from 

microelectrode profiles are presented in Table A6.2. The oxygen concentration profiles 

measured with microelectrodes in sediment incubated in the light and dark are presented in 

Figure A6.1. The diffusive oxygen exchange rate was generally <1 0 % of the total benthic 

oxygen exchange rate (Figures 2.6. and A6.2.). There was no significant (p>0.05) 

relationship between the total flux of oxygen across the sediment-water interface and the 

diffusive oxygen flux measured in the light or dark at all sites in the four study estuaries 

(Figure 2.7.). 

Oxygen fluxes across the sediment-water interface were generally similar in both light and 

dark-incubated sediment (Figure 2.6.). Under illuminated conditions, oxygen production 

occurred only at a few sites: W A2, TO 1 (determined from whole core incubations and 

microelectrode profiles), AHI, AH2, WA3, T02, TAl, and TA2 (determined from 

microelectrode profiles only) (Figures A6.1. and A6.2., Table A6.2.). However, WA2 was 

the only site among the 16 sites in the four estuaries where the total flux of oxygen measured 

in the light (1588.60 ± 128.50 11mol m-2 h-1
) was significantly greater (i.e. production versus 

consumption) than the total flux of oxygen measured in the dark (-1261.50 ± 192.50 11mol m-2 

h-1
) (t(2)=-29.847, p=O.OOl) (Table 2.7.). Also, the diffusive flux of oxygen was significantly 

greater in the light than in the dark only at the mouth sites, AHI (t(8)=-3.541, p=0.008), TOI 

78 BENTHIC OXYGEN EXCHANGE 



(t(8)=-7.810, p<O.OOl), and TAl (t(8)=-2.763, p=0.025) (Table 2.8.). At AH4, oxygen 

consumption occurred during both dark and light experimental conditions, but the 

consumption during the light (-17.30 ± 1.18 11mol m-2 h-1
) was significantly greater than the 

consumption (-10.40 ± 0.84)lmol m-2 h-1
) during the dark (t(8)=5.065, p=O.OOl) (Table 2.8.). 

The results of the Kruskal-Wallis test showed that there was no significant (p>0.05) 

difference among the four estuaries in the mean total or diffusive fluxes of oxygen across the 

sediment-water interface measured in the dark or light (Table 2.9.). However, there were 

some significant (p<0.05) differences in the fluxes of oxygen among the sites within the 

individual estuaries. For example, within the Waikouaiti River estuary, the total fluxes of 

oxygen measured in the light were significantly (p<0.05) different among sites (Table 2.10.). 

The total consumption of oxygen measured under illuminated conditions was greatest at W A4 

(-966.60 ± 164.50 )lmol m-2 h-1
) and WAl (-969.00 ± 213.30 11mol m-2 h-1

), and moderate at 

WA3 (-486.20 ± 259.60 )lmol m-2 h-1
). On the other hand, oxygen was produced at WA2 

(1588.60 ± 128.50 11mol m-2 h-1
). Within the Tautuku River estuary, the total fluxes of 

oxygen measured in both the dark and light were significantly (p<0.05) different among sites 

(Table 2.1 0.). For both the dark and light experimental conditions, the total consumption of 

oxygen was greatest at TA2, moderate at TA3, and lowest at TAl (Table 2.10.). Lastly, the 

diffusive fluxes of oxygen determined in the light and dark were significantly (p<0.05) 

different among the sites in each of the four estuaries (Table 2.11.). 

Please note that for the analyses of the diffusive oxygen fluxes determined from 

microelectrode profiles above, the three measurements from each of the three chambers per 

site were grouped together to form 9 replicates per site. I took this approach despite there 

being some significant (p<0.05) differences in the diffusive flux of oxygen determined in the 

light at AHl, AH3, AH4, AH5, and WAl and in the dark at WAl, TOl, TAl, and TA3 

among the three chambers (Table A6.3.) because I was primarily interested in a mean site 

value rather than a mean chamber value. 
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Figure 2.6. Oxygen fluxes measured in the dark and light at all sites using (A) whole core 
incubations (data represent means± SE; n=3) and (B) microelectrodes (data represent means 
± SE; n=9). Negative values represent consumption and positive values represent production. 
Please note the differences in the y axis scale. 

80 BENTHIC OXYGEN EXCHANGE 



~ 

£ 
~ 
E 
0 
E 
::1. -X 
::J 

;;::: 
c 
(J) 
0) 

~ 
0 

rn ...... 
0 
I:-

-,... 
£ 
~ 
E 
0 
E 
:::1. 

X 
::J 

;;::: 
c 
(J) 
0) 
>. 
X 
0 

ct'l 
0 
I:-

2000 

• 
1500 .... 

* 1000 • 
500 

0 

-500 

-1000 

-1500 

-2000 
-250 

2000 

1500 

1000 

500 

Avon-Heathcote 
Waikouaiti 
Tokomairiro 
Tautuku 

I • I 

R2 = 0.0267, p = 0.546 

-200 -150 -100 -50 

I 

~ I 
I 
I 
I 
I 
I 
I 

0 

t 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

A 

50 

B 

0 ------------------------------T-----
~.1 

I 
I 
I 
I 

-500 

-1000 

-1500 
R2 = 0.0014, p = 0.890 

i 
~000+------~------.-------r------r--------+------~ 

-250 -200 -150 -100 -50 0 50 

Diffusive oxygen flux (~mol m-2 h-1
) 

Figure 2.7. Total oxygen fluxes measured using whole core incubations (data represent 
means ± SE; n=3) versus diffusive oxygen fluxes measured using microelectrodes (data 
represent means ± SE; n=9) at all sites in the (A) light, and (B) dark. Negative values 
represent consumption and positive values represent production. The dashed line indicates 
zero exchange. 
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R Table 1.7. Results of the paired-samples H e:st ofthe total flux of oxygen across the sediment-water interface measured with whole core incubations at 

0 each site (n=3) in the da:rk ve:rsus light. Siigniificant (p-<!0.05) corrdations/differ·ences are in hold. 
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tTJ 
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~ 
0 
tTJ 

Site 

AHl 
AH2 
AH3 
AH4 
AH5 
\VAl 
WA2 
WA3 
\VA4 
TOI 
T02 
T03 
T04 
TA l 
TA2 
TA3 

Paired samples conelations 
Oxygeo ftux in the- dark & light 

N 
Pe-arson Significance 

correlation (1) (p) 

3 -0.976 0.138 
3 -0.900 0.287 
3 -0.015 0.991 
3 -0.058 0.963 
3 0.987 0.102 
3 0.546 0.633 
3 0.899 0.289 
3 0.381 0.751 
3 -0.992 0.083 
3 0.816 0.392 
3 -1.000 <0 .. 001 
3 0.421 0.724 
3 -0596 0.593 
3 0.109 0.931 
3 0.894 0.295 
3 0.524 0.649 

l\·lean 

160.7167 
-275.1467 
-259.4667 
-44.7000 

-182.5833 
437.9267 

-2850.'0667 
-398.2600 
-301.8500 
-643.6733 
-793.6167 
-294.4533 
984.9700 
12.4333 
36.5733 
-8 1.4400 

Paired-samples t-test 
Da1·k -light total oxyge-n ftux measu1·ed using whole- cor e incubations 

95 % confidence inter·val 
Standard Standar·d of the diffe-rence d.f. 

Significance 
t de,,ia•tion e-rro1· 

Lower Upper 
(2-tailed) (p) 

406.3996 234.6349 -848.8360 1170.2694 0.685 2 0.564 
272.0581 157.0728 -950.9764 400.6831 -1.752 2 0.222 
626.0097 361.4269 -1814.5611 1295.6278 -0.718 2 0.547 
244.3586 141."0805 -651.7204 5623204 -0.317 2 0.781 
239.6541 138.3643 -777.9171 412.7504 -1.320 2 0.318 
309.6309 178.7655 -331.2391 1207.0924 2..450 2 0.134 
165.3948 95.4907 -3260.9301 -2439.2032 -29.847 2 0.001 
422.8886 244.1548 -1448.7734 652.2534 -1.631 2 0.244 
809.0074 467.0806 -2311.5357 1707.8357 -0.646 2 0.584 
1394.6325 805.1915 -4108.1326 2820.7860 -0.799 2 0.508 
1047.6921 604.8853 -3396.2283 1808.9949 -1.312 2 0.320 
470.7598 27 1.7933 -1463.8855 874.9789 - L083 2 0.392 
704.2922 406.6233 -764.5888 27345288 2.422 2 0.136 
178.9226 103.3010 -432.0351 456.9018 0.120 2 0.915 
108.9911 62.9260 -234.1756 307.3223 0.581 2 0.620 
254.3466 146.8471 -713 .2720 550392:0 -0.555 2 0.635 
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Table 2.8. Ref>ults of the paired-samples t-test of the diffns!ve flux of oxygen across the sediment-water interface measured with microelectrodes at 
each site (n=9) in the dark versus light. Signiificant (p<0.05) corrdations/differences a:f'e in bo.ld. 

Paired samples conelations Pair.:.>d-samples t-test 
Oxygen Oux in tbe dark & light Dark -light diffusivE.> o:xyg.:.>n flux measured using min·oel.:.>ctr·odes 

95 % confidence int.:.>r·val 

Sit.:.> N 
Pearson Signifi.cance 

l\{ean 
Standard Standanl of the difference t d.f. 

Significance 
correlation (1·) (p) deviation erro1· 

Lon'H Upper 
(2-tail.:.>d) (p) 

AHl 9 -0.411 0.272 -24.4833 2R7427 6.9142 -40.4275 -8.5391 -3.541 8 0.008 
AH2 9 <0.001 0.999 -3.3278 8.2243 2.7414 -9.6495 2.9940 -1.214 8 0.259 
AH3 9 -0.297 0.438 45789 19.1872 6.3957 -10.1697 19.3275 0.716 8 0.494 
AH4 9 0. 126 0.747 6.8989 4L0862 1.3621 3.7580 10.0398 5.065 8 0.001 
AH5 9 0.080 0.838 0.6900 2.5425 0.8475 -1.2643 2.6443 0.814 8 0.439 
WA1 9 0.911 0.001 -1.2433 5.0343 1.6781 -5.1130 2.6263 -0.741 8 0.480 
\VA2 9 0.240 0.535 -18.4767 24.8749 8.2916 -37.5972 0.6438 -2.228 8 0.056 
\VA3 9 -0.139 0.720 -23.8933 33.9900 11.3 300 -50.0204 2.2337 -2.109 8 0.068 
WA4 9 0.478 0.193 10.7644 21.0587 7.0196 -5.4227 26.9516 1.533 8 0. 164 
TOI 9 0.196 0.613 -2.4722 0.9496 0.3165 -3 .2022 -1.7422 -7.810 8 <0.001 
T02 9 -0.084 0.831 -3.0944 16.0979 5.3660 -15.4684 9.2795 -0.577 8 0.580 
T03 9 -0.596 0.091 1.4722 5.2512 1.7504 -2.5642 5.5086 0.841 8 0.425 
T04 9 0.026 0.947 6.7322 10.3027 3.4342 -1.187 1 14.6515 1.960 8 0.086 
TAl 9 0.813 0.008 -2.8789 3.1262 1.0421 -5.2819 -0.4759 -2.763 8 0.025 
TA2 9 0.235 0.542 3.1578 8.9007 2.9669 -3.6839 9.9995 1.064 8 0.318 
TA3 9 0.826 0.006 -48.8933 140.6258 46.8753 -156.9879 59.2012 -1.043 8 0.327 



Table 2.9. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the total 
and diffusive fluxes of oxygen across the sediment-water interface measured in the dark and 
light versus estuary. The mean oxygen flux (total: n=3, diffusive: n=9) determined for each 
site was used for the analysis. 

Chi-square d.f. 
Asymptotic Exact Point 
significance significance ~robabilitr 

Total oxygen flux 
Dark 6.500 3 0.090 0.077 <0.001 
Light 3.663 3 0.300 0.319 0.001 
Diffusive oxygen flux 
Dark 5.185 3 0.159 0.158 0.001 
Light 0.587 3 0.899 0.915 0.001 

Table 2.10. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
total flux of oxygen across the sediment-water interface measured in the dark and light with 
whole core incubations versus the site for each estuary. The mean rank is listed where the 
measurements among the sites for each estuary were found to be significantly (exact 
significance, p<0.05) different. 

Test statistics Ranks 
Estuary and Chi-

d.f. 
Asymp. Exact Point 

Site N 
Mean 

treatment sguare Sig. Sig. ~robabilitr rank 
Avon-Heathcote 
Dark 4.167 4 0.384 0.426 0.007 
Light 3.633 4 0.458 0.505 0.006 
Waikouaiti 
Dark 6.692 3 0.082 0.060 0.006 
Light 8.128 3 0.043 0.015 0.001 WA2 3 11.00 

WA3 3 7.33 
WAl 3 4.00 
WA4 3 3.67 

Tokomairiro 
Dark 2.795 3 0.424 0.465 0.010 
Light 2.590 3 0.459 0.514 0.026 
Tautuku 
Dark 5.956 2 0.051 0.025 0.014 TAl 3 8.00 

TA3 3 4.33 
TA2 3 2.67 

Light 7.200 2 0.027 0.004 0.004 TAl 3 8.00 
TA3 3 5.00 
TA2 3 2.00 
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Table 2.11. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
diffusive flux of oxygen across the sediment-water interface measured in the dark and light 
with microelectrodes versus the site for each estuary. The mean rank is listed where the 
measurements among the sites for each estuary were found to be significantly (Monte Carlo 
significance, p<0.05, 99% confidence interval) different. 

Test statistics Ranks 
Estuary and Chi-

d.f. 
Asymptotic Monte Carlo 

Site N 
Mean 

treatment sguare significance significance rank 
Avon-Heathcote 
Dark 28.276 4 <0.001 <0.001 AH5 9 35.89 

AH4 9 29.78 
AHl 9 23.67 
AH2 9 20.67 
AH3 9 5.00 

Light 34.719 4 <0.001 <0.001 AHl 9 38.28 
AH5 9 30.28 
AH2 9 25.44 
AH4 9 16.00 
AH3 9 5.00 

Waikouaiti 
Dark 13.867 3 0.003 0.002 WAl 9 24.11 

WA3 9 22.33 
WA2 9 20.11 
WA4 9 7.44 

Light 18.868 3 <0.001 <0.001 WA3 9 25.44 
WA2 9 23.11 
WAl 9 19.67 
WA4 9 5.78 

Tokomairiro 
Dark 16.229 3 0.001 <0.001 TOl 9 30.00 

T03 9 18.22 
T02 9 14.44 
T04 9 11.33 

Light 22.318 3 <0.001 <0.001 TOl 9 31.00 
T03 9 18.00 
T02 9 17.33 
T04 9 7.67 

Tautuku 
Dark 18.698 2 <0.001 <0.001 TAl 9 20.67 

TA2 9 16.33 
TA3 9 5.00 

Light 19.651 2 <0.001 <0.001 TAl 9 21.33 
TA2 9 15.67 
TA3 9 5.00 
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2.3.3. Sediment oxygen penetration depth 

The mean SOPD measured in the light and dark at the 16 sites within the four study estuaries 

are presented in Table 2.12. The depth of the oxygen penetration in the sediment was 

significantly (p<0.05) greater in the light than in the dark at the mouth and middle estuary 

sites: AHl, AH2, WA2, TOl, T02, and TA2 (Table 2.13.). In contrast, at the upstream 

estuary site, T04, the depth of the oxygen penetration in the sediment was significantly 

greater in the dark than in the light (t(8)=2.612, p=0.031). 

The results of the Kruskal-Wallis test showed that the mean SOPD measured in the dark and 

light were significantly (p<0.05) different among estuaries (Table 2.14.). In both the dark and 

illuminated conditions, the mean SOPD was greatest at the Tokomairiro River estuary, 

followed by the Tautuku River estuary, Waikouaiti River estuary, and lastly, the Avon

Heathcote estuary (Table 2.14.). 

The SOPD measured in the light and dark were also significantly (p<0.05) different among 

the sites in each of the four estuaries (Table 2.15.). The SOPD, measured in both the light and 

dark, was greatest at the mouth site in each estuary, except at the Tokomairiro River estuary 

during the dark treatment (SOPD deepest at T04) (Table 2.15.). 

Table 2.12. Oxygen penetration depth measured in the dark and light at all sites using 
microelectrodes. Data represent means± SE; n=9. 

Site 

AHl 
AH2 
AH3 
AH4 
AH5 
WAl 
WA2 
WA3 
WA4 
TOl 
T02 
T03 
T04 
TAl 
TA2 
TA3 

Oxygen penetration depth (rum) 
measured in the dark 

5.7 ± 0.5 
3.0 ± 0.2 
2.7 ± 0.1 
3.3 ± 0.2 
4.0 ± 0.1 
7.0± 0.6 
5.0±0.3 
3.9 ± 0.4 
6.2 ± 0.2 
8.5 ± 0.1 
8.1 ± 0.6 
7.8 ± 0.3 
9.1 ± 0.2 
8.0 ± 0.2 
3.9± 0.9 
4.5 ± 0.7 
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Oxygen penetration depth (rum) 
measured in the light 

7.5 ± 0.2 
3.8 ± 0.2 
3.0 ± 0.2 
3.1 ± 0.2 
3.9± 0.2 
7.5 ± 0.4 
6.4 ± 0.2 
4.0± 0.3 
5.9 ± 0.2 
9.6 ± 0.2 
9.6±0.3 
8.3 ± 0.1 
8.3 ± 0.1 
8.5 ± 0.3 
6.4 ± 0.3 
4.1 ± 0.3 
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Table 2.13. Results of the p.aif,ed-samp]es Hest of the sediment oxygen penetration depth measured witl1 microelectrodes at ·each site (n=9) in the dark 
versus. light. Significant (p<0.05) corr·elations/differ,ences are in bold. 

Paired samples correlations P ait·ed-samples t-test 
Oxygen pen . depth in the dark & light Dark -ligbt oxygE'n penetration depth 

95 % coufidE'nce interval 

SitE' N 
PE'arso11 Signific·ance j\<f.('an Standard Standard of tbE' diffe1·E'nce rl.f. 

SignificancE' 
t 

conelation (r) (p) dE'viatiou E'lTOr 
Lm.,·er Up pH 

(2-taiiE'd) (p) 

AHl 9 0.382 0.311 -1.8111 1.3290 0.4430 -2.8326 -0.7896 -4.088 8 0.003 
AH2 9 0.479 0.192 -0.7667 0.5831 0.1944 -1.2149 -0.3185 -3.944 8 0.004 
AH3 9 -0.247 0.522 -0.2778 0.7870 0.2623 -0.8828 0.3272 -1.059 8 0.321 
AH4 9 -0.335 0.378 0.2111 0.8192 0.2731 -0.4186 0.8408 0.773 8 0.462 
AHS 9 0.218 0.573 0.11 11 0.7507 0.2502 -0.4660 0.6882 0.444 8 0.669 
\VAl 9 0.954 <0.001 -0.5222 0.6978 0.2326 -1.0586 0.0142 -2.245 8 0.055 
WA2 9 0.194 0.616 -1.3889 0.9532 0.3177 -2.1216 -0.6562 -4.371 8 0.002 
WA3 9 -0.696· 0.037 -0.1889 1.8496 0.6165 -1.6106 1.2329 -0.306 8 0.767 
WA4 9 -0.335 0.379 0.3444 1.0187 0.3396 -0.4386 1.1275 1.014 8 0.340 
TOl 9 0.177 0.649 -1.1778 0.5357 0.1786 -1.5895 -0.7660 -6.596 8 <0.001 
T02 9 0.066 0.865 -1.4778 1.8552 0.6184 -2.9038 -0.0517 -2.390 8 0.044 
T03 9 -0.057 0.884 -0.5000 0.9798 0.3266 -1.2531 0.253 1 -1.531 8 0.164 
T04 9 -0.233 0.547 0.7889 0.9062 0.3021 0.0924 1.4854 2.612 8 0.031 
TAl 9 0.066 0.86'6 -0.4667 0.9887 0.3296 -1.2266 0.2933 -1.416 8 0. 195 
TA2 9 0.411 0.27'2 -2.5556 2.4182 0.8061 -4.4144 -0.6967 -3.170 8 0.013 
TA3 9 0.423 0.257 0.4111 1.8778 0.6259 -1.0323 1.8545 0.657 8 0.530 



Table 2.14. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
sediment oxygen penetration depth measured in the dark and light with microelectrodes 
versus estuary. The mean oxygen penetration depth (n=9) determined for each site was used 
for the analysis. The mean rank is listed where the measurements among the estuaries were 
found to be significantly (exact significance, p<0.05) different. 

Test statistics Ranks 

Treatment 
Chi-

d.f. 
Asymp. Exact Point 

Estuary N 
Mean 

sguare Sig. Sig. l!robabilitl: rank 
Dark 9.928 3 0.019 0.005 <0.001 Tokomairiro 4 14.25 

Tautuku 3 8.33 
Waikouaiti 4 8.25 
Avon- 5 4.20 
Heathcote 

Light 10.085 3 0.018 0.004 <0.001 Tokomairiro 4 14.00 
Tautuku 3 9.67 
Waikouaiti 4 7.75 
Avon- 5 4.00 
Heathcote 

Please note that similar to the diffusive oxygen flux analyses, for the SOPD analyses, the 

three measurements from each of the three chambers per site were grouped together to form 9 

replicates per site. I took this approach despite there being some significant (p<0.05) 

differences in the SOPD measured in the light at AHI, AH2, WAI, and TAl, and in the dark 

at AH3, WAI, WA3, TOI, T02, TA2, and TA3 among the three chambers (Table A6.4.) 

because I was primarily interested in a mean site value rather than a mean chamber value. 
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Table 2.15. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
sediment oxygen penetration depth measured in the dark and light with microelectrodes 
versus the site for each estuary. The mean rank is listed where the measurements among the 
sites for each estuary were found to be significantly (Monte Carlo significance, p<0.05, 99 % 
confidence interval) different. 

Test statistics Ranks 
Estuary and Chi-

d.f. 
Asymptotic Monte Carlo 

Site N 
Mean 

treatment sguare significance significance rank 
Avon-Heathcote 
Dark 32.578 4 <0.001 <0.001 AHl 9 40.06 

AH5 9 30.89 
AH4 9 20.44 
AH2 9 14.28 
AH3 9 9.33 

Light 28.813 4 <0.001 <0.001 AHl 9 41.00 
AH5 9 24.78 
AH2 9 23.94 
AH4 9 14.67 
AH3 9 10.61 

Waikouaiti 
Dark 18.581 3 <0.001 <0.001 WAl 9 26.22 

WA4 9 24.94 
WA2 9 15.11 
WA3 9 7.72 

Light 21.728 3 <0.001 <0.001 WAl 9 28.06 
WA2 9 22.67 
WA4 9 17.33 
WA3 9 5.94 

Tokomairiro 
Dark 9.976 3 0.019 0.013 T04 9 26.39 

T02 9 19.44 
TOl 9 17.28 
T03 9 10.89 

Light 19.438 3 <0.001 <0.001 TOl 9 26.50 
T02 9 25.94 
T04 9 10.78 
T03 9 10.78 

Tautuku 
Dark 14.180 2 0.001 <0.001 TAl 9 22.11 

TA2 9 10.39 
TA3 9 9.50 

Light 21.281 2 <0.001 <0.001 TAl 9 22.44 
TA2 9 14.33 
TA3 9 5.22 
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2.3.4. Linear regression analysis 

The mean total oxygen flux measured in the dark (oxygen consumption) at all sites in the four 

study estuaries was significantly (p<0.05) negatively correlated with the temperature of the 

laboratory and positively correlated with the concentration of combined nitrate and nitrite in 

the water column (Table 2.16.). Conversely, the mean total oxygen flux measured in the light 

at all sites in the four study estuaries was significantly (p<O.OOl) positively correlated with 

the biomass of molluscs in the incubation chambers (Table 2.16.). The mean SOPD measured 

in the dark and light among all study sites were each significantly (p<0.05) negatively 

correlated with the temperature of the laboratory and positively correlated with the 

concentration of combined nitrate and nitrite in the water column (Table 2.16.). Additionally, 

the mean SOPD measured in the dark was significantly (p<0.05) negatively correlated with 

the salinity of the water column, and the mean SOPD measured in the light was significantly 

(p<0.05) negatively correlated to the concentration of ammonia in the water column (Table 

2.16.). These relationships are displayed graphically in Figures A6.3.-A6.7. 

There was no significant (p>0.05) relationship between the mean total or diffusive fluxes of 

oxygen measured in the light at all sites in the four study estuaries and the chlorophyll a 

content of the sediment (Figure 2.8.). There was also no significant (p>0.05) relationship 

between benthic mediated oxygen uptake and the abundance or biomass of molluscs, 

arthropods, or annelids in the incubation chambers at all study sites (Figure 2.9.). 
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Table 2.16. R:esults of the linear regres.s1on analyses of the total flux of oxygen (mean; n=3) and sediment oxygen penetration depth (mean; n=9) 
(measured under dark and illuminated conditions) v·ersus the VMious environmental par.ameters (mean; n=3) measured across the 16 sites within the 
four study estuaries. Significant (p<0.05) correlations are in bo]d_ 

Dark sediment-water Light sedime.ut-wate•· Dark sediment oxygen Light sediment oxygen 
Independe.ut variable oxygen flux o:xvgen flux penetration depth penetration depth .. .. . ' .. 

R· P R· P R· P R· P 
'Vater 
Salinity (psu) 0. 147 0.143 0.032 0.511 0.270 0.039 0.184 0.097 
pH 0.075 0.306 0.094 0.249 0.091 0.256 0.089 0.263 
Laboratmy temperature (0 C) 0.381 0.011 0.030 0.521 0 .~99 <0.001 0.497 0.002 
Amtnoni..1> (~tmol r1

) <0.001 0.984 0.001 0.907 0.221 0.066 0.269 0.040 
Nitrate + nitrite (~tmol r1

) 0.302 0.028 0.026 0.548 0.477 0.003 0.356 0.015 
DIN (~tmol l- 1 ) 0.226 0.063 0.014 0.662 0.079 0.293 0.028 0.536 
St>diment 
Sand (% d\v), top 0-2 em 0.007 0.753 0.181 0.100 0.002 0.875 0.053 0.391 
Mud (% dw), top 0-2 em 0.017 0.632 0.130 0.170 0.036 0.485 0.102 0.228 
Organic carbon (% dw), top 0-2 em 0.045 0.429 0 .043 0.441 0.053 0.393 0.095 0.246 
\Vater content (% '\o"'W), top 0-2 em <0.001 0.982 0.138 0.157 0.066 0.338 0.009 0.724 
Chlorophyll a (~tg g d\v.1

) 0.006 0.768 0.014 0.662 0.016 0.644 0.028 0.535 
1Uanofauna 
Abundance Moliuc;ca (# individuals 56 cm2

) <0.00.1 0.982 0.224 0.064 0.198 0.084 0.177 0.105 
Biomass Mollusca. (g \V\¥ 56 cm .. 2) 0.165 0.119 0.680 <0.001 0.003 0.847 0.045 0.431 
Abundance Arthropoda (# individu.1.ls 56 cm"'1) 0.062 0 .35 1 0.178 0.104 0.200 0.082 0.210 0.075 
Biomass Anl:u:opod..<t (g W\Y 56 cm·2') 0.037 0.476 0.077 0.299 0.182 0.100 0.188 0.093 
Abundance Annelida (# indtvi:duals 56 cm·2) <0.001 0.982 0 .033 0.500 0.096 0.244 0.083 0.278 
Biomass Annelid!a (g W\V 56 cm .. 2) 0.171 0.112 0 .064 0.346 0.002 0.858 0.009 0.731 
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Figure 2.8. Oxygen fluxes measured in the light versus the chlorophyll a content of the 
sediment (data represent means ± SE; n=3) at all sampling sites. The sediment-water fluxes 
of oxygen were measured using (A) whole core incubations (data represent means ± SE; n=3) 
and (B) microelectrodes (data represent means ± SE; n=9). Negative values represent 
consumption and positive values represent production. Please note differences in the y axis 
scale. 

92 BENTHIC OXYGEN EXCHANGE 



0 ~--------------------------------------------~ .... 
~ 

'il 
E 
0 
E 
::1. -<l> 
~ 
Cl;l -

-200 

-400 

a.. 
::J -600 
c: 
<l> 
0) 

S<' -800 
0 

"'0 
(I) 

~ -1000 
(I) 

E 
.Q -1200 ..c -c: 
(I) 

Mollusca: R2 = 0.0005, p = 0.931 
Arthropoda: R2 = 0.0671, p = 0.332 
Annelida: R2 = 0.0001, p = 0.966 

• 

• ... 
• 

A 
Mollusca 
Arthropoda 
Annelida 

((} 
-1400 +--------,--------.--------.-------..-------~ 

0 50 100 150 200 250 

Abundance(# individuals 56 cm"2
) 

- 0 
~ 

' ..c 
t;J 
E -200 
0 

Mollusca: R2 = 0.1626, p = 0.121 B 
Arthropoda: R2 = 0.0404, p = 0.455 
Annelida: R2 = 0.1697, p = 0.113 

E 
::1. 

-400 
Q.) 
~ 
cu -a.. -600 ::J 
c 
Q.) 

~ -800 X 
0 

"'0 
Q.) -cu -1000 
"0 
Q.) 

E 
() -1200 .c - fm II 
c 
Q.) 

((} 
-1400 

0 10 20 3040 50 

Biomass (g ww 56 cm'2) 

Figure 2.9. Benthic mediated oxygen uptake (refer to Equation 2.3.) versus the (A) 
abundance and (B) biomass of macrofauna (phyla: Mollusca, Arthropoda, and Annelida) 
recovered (sieve mesh size: 0.5 mm) from the sediment of the whole core incubations for each 
site (data represent means± SE; n=3). 
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2.3.5. Multiple regression analysis 

The results of the stepwise multiple regression analyses with the mean total flux of oxygen or 

the mean SOPD measured in the dark or light as the dependent variable against the 

environmental parameters listed in Table 2.16. (excluding DIN and the percentage mud) as 

the independent variables for all sites in the four study estuaries are summarized in Table 

2.17. The mean flux of oxygen measured in the dark was significantly correlated only with 

the temperature of the laboratory. The model accounted for 38% of the variation in the mean 

flux of oxygen measured in the dark at the 16 sites. The mean flux of oxygen measured in the 

light was significantly correlated with the biomass of molluscs in the incubation chambers as 

well as the percentage water content of the sediment. This model accounted for 79 % of the 

variation in the mean flux of oxygen measured in the light at the 16 sites. The mean dark 

SOPD was significantly correlated with the temperature of the laboratory and the biomass of 

annelids in the incubation chambers. This model accounted for 72 % of the variation in the 

mean dark SOPD at the 16 sites. Lastly, the mean light SOPD was significantly correlated 

with the temperature of the laboratory, the biomass of annelids in the incubation chambers, 

and the concentration of ammonia in the water column. The model accounted for 7 4 % of the 

variation in the mean light SOPD at the 16 sites. 
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Table 2.17. Regression models (p<0.05) for the mean total flux of oxygen across the 
sediment-water interface (measured using whole core incubations, n=3) and the mean 
sediment oxygen penetration depth (SOPD, n=9) measured in the light and dark at the 16 sites 
within the four study estuaries (n=3 for the independent variables). 

Dependent 
Coefficients of 

Regression model independent variables Sig. (p) R2 
variable 

B SE 
Dark oxygen flux (constant) -1273.728 193.663 

0.381 
Lab temperature (°C) 53.825 18.347 0.011 

Light oxygen flux (constant) 154.994 320.576 
Biomass Mollusca 74.019 11.549 <0.001 

0.793 (g ww 56 cm-2
) 

Water content (% ww) -24.241 9.114 0.020 
Dark SOPD (constant) 11.233 1.069 

Lab temperature CCC) -0.469 0.081 <0.001 
0.719 

Biomass Annelida -11.853 5.033 0.035 
(g ww 56 cm-2

) 

Light SOPD (constant) 12.057 1.138 
Lab temperature CCC) -0.408 0.091 0.001 
Biomass Annelida -15.026 5.398 0.017 0.745 
(g ww 56 cm-2

) 

Ammonia (11mol r1
) -0.036 0.016 0.040 

2.3.6. Ordination analysis 

According to the CANOCO Monte Carlo permutation procedure (Table 2.18.), the laboratory 

temperature and the biomass of molluscs were the most influential environmental variables in 

determining the magnitude of the total fluxes of oxygen measured in the light and dark at the 

16 study sites. The first axis of the RDA (Figure 2.10.) explained 57.3% ofthe variance in 

the total fluxes of oxygen across the study sites (Table 2.19.). Ninety-five percent of this 

variance was explained by the environmental variables included in the analysis. The 

laboratory temperature, which was positively related to AHl and TAl and negatively related 

to WA3 and W A4, was identified as a factor that negatively influenced the consumption of 

oxygen in the dark. The biomass of molluscs and arthropods and the concentration of DIN in 

the water column were also identified as factors that influenced the consumption of oxygen in 

the dark. The percentage of sand, which was positively related to AH2 and negatively related 

to T04 and TA2, was identified as a factor that negatively influenced the total flux of oxygen 

in the light. The chlorophyll a content of the sediment was also identified as a factor that 

influenced the total flux of oxygen in the light. 
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Table 2.18. Statistical significance of the effects of the impact variables (data represent 
means, n=3) as determined using a CANOCO Monte Carlo permutation procedure. The 
dependent variables were the mean (n=3) total flux of oxygen (untransformed, absolute 
values) measured using whole core incubations in the light and dark at the sites within the 
four study estuaries. W A2 was excluded from the analysis because the large efflux of oxygen 
in the light skewed the distribution of the data. Significant (p<0.05) correlations are in bold. 

Variable 
Laboratory temperature (°C) 
Biomass Mollusca (g ww 56 cm-2

) 

Biomass Annelida (g ww 56 cm-2
) 

Biomass Arthropoda (g ww 56 cm-2
) 

Organic carbon (% dw), top 0-2 em sediment 
Chlorophyll a (J..Lg g dw-1

), top 0-2 em sediment 
Sand(% dw), top 0-2 em sediment 
Dissolved inorganic nitrogen (J..Lmol r') 

F 
6.07 
4.24 
2.60 
1.60 
2.73 
0.52 
0.39 
0.18 

p 
0.010 
0.030 
0.100 
0.245 
0.095 
0.580 
0.650 
0.825 

Table 2.19. Summary of the redundancy analysis (RDA) of the total flux of oxygen 
(untransformed, absolute values) measured using whole core incubations in the light and dark 
and several environmental variables from the sites (excluding W A2) within the four study 
estuaries. 

• Eigenvalues 
• Oxygen flux-environment 

correlations 
• Cumulative percentage 

variance of: 
a. oxygen flux data 
b. oxygen flux-environment 
relation 

• Sum of all unconstrained 
eigenvalues 

• Sum of all canonical 
eigenvalues 

1st axis 

0.573 

0.950 

57.3 

74.9 
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2nd axis 

0.192 

0.725 

76.5 

100.0 

3rd axis 

0.177 

0.000 

94.2 

0.0 

4th axis 

0.058 

0.000 

100.0 

0.0 

Total 
variance 

1.000 

1.000 

0.765 
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Figure 2.10. Linear direct gradient redundancy analysis (RDA) diagram of the total flux of 
oxygen (untransformed, absolute values) measured using whole core incubations in the light 
and dark and several environmental variables (laboratory temperature, sediment organic 
carbon content; sediment chlorophyll a content; percentage sand, concentration of DIN in the 
water column, and biomass of annelids, arthropods, and molluscs) from the sites (excluding 
WA2) within the Avon-Heathcote ( •), Waikouaiti (A), Tokomairiro (*),and Tautuku (e) 
River estuaries. 

2.4. Discussion 

Estuarine sediments are covered by a thin layer of oxic surface sediment. The thickness of the 

oxic sediment layer is controlled by the balance between the downward transport of oxygen 

(via molecular diffusion, advection, bioirrigation), and the production and consumption of 

oxygen at the sediment surface (Kristensen 2000). In tum, these processes are controlled by 

several factors, of which the most important are generally the rate of supply of organic matter, 
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temperature, light, water currents, and the bioturbation and bioirrigation of benthic 

macrofauna (Kristensen 2000). Whereas oxygen flux measurements in the light account for 

both oxygen production and oxygen consumption, oxygen flux measurements in the dark 

account only for oxygen consumption since the photosynthetic production of oxygen only 

occurs in the light (for the calculation of the primary production it is assumed that oxygen 

consumption in the light and dark are the same, but this is not always the case (Ki.ihl et al. 

1996)). Also, whereas microelectrode profiles measure only oxygen transport from molecular 

diffusion, whole core incubations measure oxygen transport from all processes. As discussed 

in Section 1.1.6.1., oxygen is an important control for denitrification, which occurs near the 

oxic-anoxic interface of sediments. Thus, it was important to quantify the sediment-water 

fluxes of oxygen and the SOPD at the study sites and determine the controlling factors. 

2.4.1. Sediment-water fluxes of oxygen 

The results of this study show that in these predominately sandy, organically poor sediments 

with low chlorophyll a content, the production of oxygen under illuminated conditions was 

low and only occurred at a few sites. The low production of oxygen could be due in part to 

the sandy sediment, which generally contains less photosynthetic microphytes than muddy 

sediment (Delgado 1989; Sundback et al. 1991). The low oxygen production could also be 

due to the sites being sampled at the beginning of the spring, when the water temperature and 

light intensity were possibly still too low to support large microphyte communities. 

The total sediment oxygen consumptions measured with whole core incubations (146-1597 

f!mol m-2 h-1
) were within the range of those reported previously for other estuarine systems 

(0-8000 f!mol m-2 h-1
, Table 2.20.). However, the diffusive oxygen consumptions determined 

from microelectrode oxygen concentration profiles (2-179 f!mol m-2 h-1
), were slightly lower 

than those previously reported (253-2833 f!mol m-2 h-1
, Table 2.20.). The large difference 

between the fluxes of oxygen measured with whole core incubations and those determined 

from microelectrode profiles in the current study indicates that oxygen transport processes 

other than molecular diffusion (e.g. advection, bioturbation, bioirrigation) were important in 

these sediments. This is what would be expected given that the sediment was relatively 

sandy, there was an abundant macrofauna community at most sites, and BOU is quantitatively 

more important than DOU at shallow water depths (<1000 m) (Glud 2008). The high 

variability between replicates of the total oxygen fluxes indicates that these non-diffusive 
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oxygen transport processes varied considerably on a small spatial scale within the sites 

consistent with patchy distributions of macrofauna (Thrush et al. 1994). 

To my knowledge, until this study, no oxygen production or consumption rates had been 

determined for the sediments in the Waikouaiti, Tokomairiro, or Tautuku River estuaries. 

Dark and light total and diffusive oxygen flux measurements were carried out at the same five 

sites in the A von-Heathcote estuary a few weeks prior (1-7 September 2008) to the 

measurements from the current study (27 September-3 October 2008) (Vopel et al. 2010). 

The rates of total sediment oxygen consumption measured in the dark with whole core 

incubations were within the range of those reported in the current study with the lowest rates 

(~500 f.1mol m-2 h-1
) occurring at AH1 and AH5 and the highest rate (~1500 llmol m-2 h-1

) 

occurring at AH4. For the light whole core incubations, oxygen consumption occurred at 

AH3; but, unlike the current study where oxygen consumption occurred at all 5 sites, low 

oxygen production (<1000 f.1mol m-2 h-1
) occurred at AH1, AH2, and AH5, and oxygen 

production was high at AH4 (~6000 f.1mol m-2 h-1
) (Vopel et al. 2010). The diffusive oxygen 

consumption measured in the dark (~100-250 f.1mol m-2 h-1
) was approximately 1.5 times 

greater than the diffusive oxygen consumption reported in the current study. Also, unlike the 

current study where low diffusive oxygen production was observed in the light only at AH1 

and AH2, diffusive oxygen production occurred at all 5 sites with the highest rate ( ~ 1000 

f.1mol m-2 h-1
) occurring at AH4 (Vopel et al. 2010). 

Vopel et al. (2010) used a light source with a much stronger intensity (670 llmol photons m-2 

s-1
) than the one in the current study (150 f.1mol photons m-2 s-1

) and this may partially explain 

why, in contrast to the current study, Vopel et al. (2010) were able to measure more 

production in the light. The light intensity for the current study was selected to reflect the 

high light-attenuation coefficient in these estuaries when the sediment is tidally covered by 

water. The light intensity for the current study was slightly higher than the light intensity (70-

120 f.1mol photons m-2 s-1
) used by Rysgaard et al. (1995) for measuring the fluxes of oxygen 

in estuarine sediment colonized by benthic microphytes during the spring, summer, and 

autumn. 

Due to the general misconception that high rates of sediment oxygen consumption require 

high organic carbon content as well as the fact that most oxygen flux measurements have 

occurred in fine-grained sediments, it has conventionally been considered that oxygen 

consumption is lowest in coarse-grained sediments (Middelburg et al. 2005). However, this is 
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not always the case as high rates of oxygen consumption can occur in shallow water, coarse

grained sediments with low organic carbon content (e.g. sandy Georgia coastal sediments 

(Hopkinson 1985)). Coarse-grained sediments generally have low organic carbon content due 

to their low surface area (compared to fine-grained sediments) and their rapid turnover of 

organic carbon rather than a low organic carbon input (Boudreau et al. 2001; Hopkinson and 

Smith 2005). As demonstrated by Middelburg et al. (1996a), when the difference in the 

surface area of coarse-grained versus fine-grained sediment is accounted for, the organic 

carbon concentration in the two sediment types is similar. Moreover, particulate organic 

matter from the water column is generally more efficiently filtered by coarse-grained, sandy 

sediment than fine-grained, silty sediment due to the strong advective water movement in 

sand (Hopkinson and Smith 2005). Silty sediments accumulate aged, refractory organic 

carbon more efficiently than sandy sediments and consequently, the overall degradability of 

the organic carbon in sandy sediments tends to be higher than that of silty sediments 

(Boudreau et al. 2001 ). 

In effect, sediment grain size and organic carbon content are generally poor indicators of 

sediment oxygen consumption in estuarine systems at a spatial scale (Hopkinson and Smith 

2005). Indeed, no relationship was found between the sediment grain size or sediment 

organic carbon content and the total oxygen consumption in the current study. Ideally, it 

would be useful to know what the rate of organic matter input from allochthonous and 

autochthonous sources was to the estuary sites as sediment oxygen consumption often 

increases linearly with increased organic matter deposition (Hopkinson and Smith 2005; Kelly 

and Nixon 1984). However, organic matter input to specific sites within an estuarine system 

is inherently difficult to quantify and was not measured in the current study. The difficulty in 

measuring organic matter input results from the facts that inputs can be from diverse sources 

(e.g. primary production, water column deposition), and the use of sediment traps for 

estimating organic matter deposition in shallow environments often provide erroneous results 

since resuspended bottom sediments can contribute more to the traps than newly deposited 

particles from the water column (Hopkinson and Smith 2005). Organic matter input is 

generally recognized as the primary control of oxygen consumption in aquatic systems, but a 

number of other factors (e.g. activity of macrofauna, availability of inorganic nutrients, 

temperature) may also influence rates of oxygen consumption (Hopkinson and Smith 2005). 

The rate of sediment oxygen consumption is often high where there is an abundant 

community of suspension-feeding macrofauna (Hopkinson and Smith 2005). In most 
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estuarine systems, macrofauna are responsible for 10-30 % of the total oxygen consumption 

(Herman et al. 1999). Benthic macrofauna contribute to oxygen consumption directly 

through their respiration and indirectly by stimulating microbial activities (e.g. via 

bioirrigation or deposition of organic matter in burrow walls and faecal pellets) (Aller 1982; 

Kristensen 1985; Middelburg et al. 2005). Although the simplest method for quantifying 

macrofauna is to measure the biomass of the benthic community, biomass does not accurately 

reflect benthic respiration (which is size dependent (Glud 2008)) or bioirrigation activity 

(which is species and functional group dependent (Norling et al. 2007)). Consequently, 

macrofauna biomass does not usually correlate well with BOU (Glud 2008), as the results of 

the current study support. 

A species or functional group approach is thought to be a more useful method than biomass 

for quantifying the effects of macrofauna on sediment oxygen consumption. Accordingly, in 

a laboratory microcosm experiment with sediment collected from the Poquonock River 

estuary, USA, Waldbusser et al. (2004) found lower oxygen consumption in treatments with 

multispecies assemblages of polychaetes than in single-species treatments. The effects of 

species assemblage on the consumption of oxygen were unrelated to polychaete abundance or 

biomass alone. Also, in a laboratory microcosm experiment Michaud et al. (2005) found that 

the periodic ventilation activity of the gallery diffuser, Nereis virens, stimulated sediment 

oxygen consumption more than the steady activities of the biodiffusers, Macoma balthica and 

Mya arenaria. 

Although the biomass of molluscs in the present study was not correlated to the BOU, it was 

found to be an important factor for determining the magnitude of the total flux of oxygen 

under illuminated conditions. The only site (W A2) with significant production of oxygen in 

the light (measured with whole core incubations) also had a large biomass of molluscs (28.98 

± 16.98 g ww 56 cm-2
, mean± SE, n=3), which consisted primarily of the suspension-feeding 

bivalve, Austrovenus stutchburyi. Assuming greater biomass means larger individuals or 

greater population density, bivalve NH4 + excretion, as an endpoint of protein catabolism, may 

have been the greatest when the mollusc biomass was greatest. NH4 + fluxes were not 

measured in the current study; however, previously it has been demonstrated that at higher 

Austrovenus stutchburyi densities, a higher efflux of NH4 + supports higher rates of primary 

production because more NH4 + is available for assimilation by photosynthetic microphytes 

(Sandwell et al. 2009). In sediment from the Gulf of Mexico near the Mississippi River 

outflow, as much as 50 % of the net flux of NH/ was due to NH/ excretion by benthic 
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macrofauna (Gardner et al. 1993). Also, Lohrer et al. (2004) found the greatest benthic 

primary production in areas where spatangoid urchin (genus: Echinocardium) densities were 

the highest because microphytes at the sediment surface intercepted and used the NH4 + 

excreted by the urchins to fuel their primary production. 

In the current study, total oxygen consumption in the dark across the 16 sites within the four 

study estuaries decreased with increasing temperature of the laboratory. Temperature usually 

explains little of the difference in sediment oxygen consumption between sites, but controls 

oxygen consumption variability over time, with oxygen consumption increasing with 

temperature (Fisher et al. 1982; Giblin et al. 1997; Hopkinson et al. 1999). Also, temperature 

generally plays a larger role when oxygen consumption is entirely bacterial than when a large 

community of benthic macrofauna is present due to the direct effect of temperature on 

microbial reaction kinetics (Hopkinson and Smith 2005). Therefore, further research is 

necessary to explain why the total oxygen consumption in the current study was strongly 

negatively related to temperature. 

2.4.2. Sediment oxygen penetration depth 

The SOPD measured at the sites in the current study were within the range (1-8 mm) of those 

usually reported in coastal systems (J0rgensen and Revsbech 1985). The SOPD was deeper in 

the light than in the dark at several sites located at the mouth and middle sections of the 

estuaries. Measurements were performed in the dark to exclude oxygen production from 

photosynthesis and accordingly, the SOPD was only significantly greater in the light than in 

the dark at sites where oxygen production in the light was observed. It is well recognized that 

photosynthesis by microphytes during illumination causes increased oxygen concentration in 

surface sediments and consequently, deeper oxygen penetration (Revsbech and J0rgensen 

1983). The SOPD may have been significantly deeper in the dark than in the light at T04 as a 

consequence of diurnal changes in the activity of benthic macrofauna (W enzhOfer and Glud 

2004), or heterotrophs consuming substrates produced in the light. 

The SOPD measured in the light at all sites decreased with increasing NH4 + concentration in 

the water column, supporting the theory that the SOPD is deeper in oligotrophic than 

eutrophic systems (Meyer-Reil and Koster 2000). However, combined N03- and N02- in the 

water column had the opposite effect, with the SOPD measured in both the light and dark at 

all sites increasing with greater NOx- concentration. It is important to mention that the 
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concentration of combined N03- and N02- may have been elevated and salinity low at the 

sites in the Waikouaiti and Tokomairiro River estuaries due to sampling immediately after a 

heavy rainfall event. Surface flooding was observed during the field sampling at these two 

estuaries. During August 2008, the monthly rainfall at the Waikouaiti (48.0 mm) and 

Tokomairiro (85.9 mm) River estuaries was higher than that recorded the same month during 

the previous and following year (Figure A2.3.). The effect that this increased rainfall had on 

the oxygen measurements is unknown. 

It is well recognized that the presence of macrofauna has a strong influence on the content of 

oxygen in the surface sediment, with the depth of oxygen penetration often being extended as 

a consequence of bioturbation and bioirrigation activities (see Macrofauna, Section 1.1.6.3.). 

While biomass alone may not be a good indicator of bioturbation or bioirrigation activity, 

when combined with temperature, it may provide some indication if macrofauna are more 

active at higher temperatures. If this is the case, it would explain why the biomass of annelids 

was only found to be significantly related to the SOPD when temperature was included in the 

regression analyses. Temperature has been shown previously to affect the metabolic 

processes underlying the foraging behaviour and respiration of some invertebrate species (e.g. 

heart urchin, Brissopsis lyrifera (Hollertz and Duchene 2001); polychaete, Nereis virens 

(Deschenes et al. 2005)). 

2.4.3. Sources of experimental error 

Experimental measurements are not without some degree of uncertainty and the oxygen flux 

and SOPD measurements in the current study are no exception. The first potential source of 

error relates to the effect of water movement on solute fluxes. During the total oxygen flux 

measurements the water overlying the sediment in the incubation chambers was stirred with a 

rotating magnet in order to stimulate the DBL similar to in situ conditions. However, it is 

nearly impossible to completely mimic in situ water current. Circular flow fields, especially 

in permeable coarse-grained sediments, can artificially enhance oxygen fluxes (Glud et al. 

1996). As the velocity of the water current increases, the thickness of the DBL decreases 

(J0rgensen and Revsbech 1985). Thus, the concentration of oxygen is higher at the sediment

water interface and oxygen is able to penetrate deeper into the sediment. During the diffusive 

oxygen flux and SOPD measurements, the chambers were kept submerged in aerated and 

circulating tank site water. However, it is evident from the oxygen concentration profiles that 
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in some cases, the velocity of the water flow near the sediment surface was insufficient as the 

DBL was exceptionally thick. In these cases, the SOPD was likely artificially reduced. 

Two additional potential sources of error in the measurement of the SOPD and calculation of 

the diffusive oxygen fluxes follow. First, any irregularities in the oxygen concentration 

profiles caused by electrical interference or animal burrows will show up as production 

beneath the sediment surface using PROFILE, v. 1.0. This could be corrected for the dark 

measurements by allowing PROFILE to only calculate consumption; however, for the light 

measurements both oxygen consumption and production were possible so any erroneous 

production could not be eliminated. However, this error amounted to only a small 

overestimation in the diffusive oxygen production for a few measurements. Second, as 

mentioned in the methods, the micromanipulator had limited vertical movement so when the 

SOPD was deep, the sediment could not be profiled all the way until the signal reached zero 

current. As a result, the SOPD was slightly deeper than was reported at WA1, at all four sites 

in the Tokomairiro River estuary, and at TAl. For these sites, the slope of the oxygen 

concentration profile at the bottom of the calculation domain was incorrect and therefore, 

oxygen consumption was likely slightly overestimated. The SOPD at the four sites in the 

Tokomairiro River estuary were exceptionally deep (>8 mm) and from the elongated shape of 

the oxygen concentration profiles it appears like HS- production could have occurred, 

especially at T04. Sulfur compounds such as HS- are known to cause interference with 

oxygen membrane electrodes (Christensen 2002). 

A few problems are associated with using small chambers to measure total oxygen fluxes in a 

laboratory setting. These include artifacts associated with sediment core recovery, and 

changes in macrofauna! behaviour during enclosure (Glud 2008). Most importantly however, 

small sediment cores might not accurately reflect the in situ density of active macrofauna. 

This problem increases as the average size of macrofauna and the heterogeneity of the 

environment increases (Glud 2008). Due to these problems, total oxygen flux measurements 

of coastal sediments are usually underestimated by a factor of ~2-3 when performed in a 

laboratory than when performed in situ with larger benthic chambers (Archer and Devol 1992; 

Glud 2008; Glud and Blackburn 2002). 

Total oxygen flux measurements are the most widely used approach for assessing benthic 

organic carbon mineralization (Glud 2008) despite the fact that they often underestimate total 

organic carbon mineralization (e.g. Tomales Bay (Dollar et al. 1991)) when organic matter is 
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degraded anaerobically (e.g. non-oxygen based sulfate reduction). This uncertainty can be 

avoided by instead measuring the carbon dioxide flux, because inorganic carbon is the final 

product of all benthic organic carbon mineralization pathways (Middelburg et al. 2005). 

However, several problems are associated with measuring carbon dioxide fluxes. Namely, 

processes other than organic carbon mineralization (e.g. carbonate incorporation into the 

shells of benthic macrofauna, chemoautotrophic growth, carbonate precipitation and 

dissolution) can also contribute to carbon dioxide fluxes (Hopkinson and Smith 2005). Also, 

measurement of carbon dioxide fluxes require a high degree of accuracy due to the relatively 

small change in the carbon dioxide concentration from mineralization processes against the 

high ambient concentration in water ( ~ 10 times that of oxygen) (Middelburg et al. 2005). In 

the current study, I chose to measure oxygen fluxes instead of carbon dioxide fluxes because I 

was primarily interested in developing an understanding of the oxygen dynamics (especially 

the SOPD) in the study estuaries to support the denitrification measurements. 

2.4.4. Conclusions 

From the results, it is clear that there is an imbalance in the production and consumption of 

oxygen in the sediments at the four study estuaries. Despite this, there is no requirement that 

sediment oxygen consumption and production should be balanced because imbalances do 

occur in healthy, functioning ecosystems (del Giorgio and Williams 2005). At the time of the 

measurements, respiration in the sediments at the four study estuaries was probably reliant on 

external sources of oxygen from river input, turbulent water mixing with air, or pelagic 

production because the oxygen supply by benthic primary production was not sufficient to 

compensate for the oxygen loss by sediment consumption. The exception was at W A2 where 

the suspension-feeding bivalve, Austrovenus stutchburyi may have stimulated benthic primary 

production through the release ofNH4+. Whereas low N loads usually favour benthic primary 

production, high N loads usually favour pelagic primary production (Borum and Sand-Jensen 

1996). In estuaries that do not receive significant amounts ofN from anthropogenic sources, 

primary production is usually N limited due to the low rates of N fixation that tend to occur in 

these systems (Howarth et al. 1988a). 

The amount of production and consumption at the study sites is likely to change over time 

depending on factors such as the influx of inorganic N or P or other limiting nutrients, the 

light intensity, temperature, macrofauna! abundance and activity, and the input of organic 

carbon to the sediments (Hopkinson and Smith 2005). Non-diffusive sediment oxygen 

BENTHIC OXYGEN EXCHANGE 105 



transport processes (e.g. advection, bioirrigation) are significant in all four estuarine systems. 

Many factors likely contribute to the magnitude of the fluxes of oxygen at the sites in the four 

study estuaries, but from the measured variables, temperature and the biomass of molluscs 

appear most important. Further research should focus on measuring the sediment-water 

fluxes of oxygen and SOPD during different seasons, at different temperatures and light 

intensities, and at more sites within each estuary to gain a more thorough understanding of the 

temporal and spatial variation in oxygen dynamics. 
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Table 2.20. Benthic oxygen production and constuuption cates reported for various estuarine systel.ns_ NM, not measur·ed_ 

Estuary 

Randers Fjord, Denmark 
Xiamen Bay, China 
Golfe de Fos, France 
Avon-Heathcote, New Zealand 
Waikouaiti, New- Zealand 
Tokom.airico, New Zealand 
Tautuku, New Zealand 
Golfe de Fos, France 
River Coine, England 
Poquonock River, USA 
Elbe estuary, Gem1any 
Tagns estuary, Portugal 
Nueces estuary, USA 
Gtmdalupe estuary, USA 
Avon-Heathcote, New Zealand 
\Vaikouaiti, New Zealand 
Tokomairiro, New Zealand 
Tautuku_ Ne\v Zealand 

Oxygen production 
in light-incubated 

Oxygen consumption 
in dark-incubated 

sediments sediments 
( I -:: h-1) ( 1 -:: h-1) 
.~tlilllO m pmo1 m 

NM 408-2833 
NM 253-621 
NM 529-688 
0-ll 9-51 
0-1 23-49 
0-1 2-13 
0 5-179 
NM 896-771 
--0-15000 ~"0-8000 

NM ~"1240-1765 

1250-7083 417-1250 
700-3000 140-4800 
Nl¥1: 176-818 
Nl.1: 208-550 
0 146-729 
0-1588 531-1268 
0 612-1297 
0 196-823 

l\feasurement method 

Microelectmdes 
Microelectmdes 
Micmelectrodes 
Microeledrodes 
Micro electrodes 
Micmelectrodes 
Micro electrodes 
\\Thole core incubations 
Whole core incubations 
\\i'ho]e core incubations 
\Vhole core incubations 
\\Thole core incubations 
\\Thole core incubations 
\\i'hole core incubations 
\\i'hole oore incubations 
\\Thole core incubations 
\\Thole core incubations 
\\Tbo]e core incubations 

Reference 

Revsbech et al. (1980) 
Xu et al. (2009) 
Rabouille et al. (2003) 
Current study 
Current study 
Current study 
Current study 
Rabouille et al. (2003) 
Dong et al. (2000) 
Waldbusser et al. (2004) 
Wiltshire et al. (1996) 
Cabrita and Brotas (2000) 
Y oon and Bem1er ( 1992) 
Yoon and Benner (1992) 
Current study 
Current study 
Current study 
Current study 



Chapter 3 - Test of the assumptions of the 15N isotope 
pairing method for measuring rates of denitrification 

in four New Zealand estuaries 

3.1. Introduction 

Direct measurement of sediment denitrification is challenging due to the large background 

concentration ofN2 in the water and atmosphere that makes it difficult to detect small changes 

in N2 concentration arising from denitrification. Consequently, several indirect experimental 

methodologies have been developed to overcome this difficulty including the Acetylene 

Inhibition Method (AIM) (S0rensen 1978), application of microsensors for measuring N03-

profiles in sediments (Larsen et al. 1996), mass-balance approaches (Nielsen et al. 1995), 

stoichiometric approaches (Joye et al. 1996), molecular approaches (Wallenstein et al. 2006; 

Ward 2005), Membrane Inlet Mass Spectrometry (MIMS) for measuring N2 fluxes based on 

changes in N2:Ar ratios (Kana et al. 1994), and the 15N Isotope Pairing Method (IPM) 

(Nielsen 1992). Several comparative studies have examined the efficacy of the various 

methods (Eyre et al. 2002; Ferguson and Eyre 2007; Joye et al. 1996; Livingstone et al. 2000; 

Risgaard-Petersen et al. 1998b; Seitzinger et al. 1993; Smith et al. 2006; van Luijn et al. 

1996) and Groffman et al. (2006) provide a comprehensive summary of the advantages, 

potential problems, and limitations of each method. 

Virtually every method that has been developed for measuring rates of denitrification is 

problematic for different reasons; they lack sensitivity, are time consuming and expensive, 

change substrate conditions, require an inhibitor, or are based on a series of assumptions that 

may not be validated in all systems. A major limitation to a quantitative measure of 

denitrification that all methods share is the difficulty of accounting for the large spatial and 

temporal heterogeneity inherent in most environments where denitrifcation occurs. 

3.1.1. Overview of the 15N isotope pairing method 

The IPM is one of the most widely used methods for measuring rates of denitrification 

because it has the advantage over other methods in that both Dw and Dn can be quantified. 

Although there has been some debate in the literature as to whether the distinction between 

Dw and Dn according to the IPM is physically real or necessary for understanding the 
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regulation of benthic denitrification (Middelburg et al. 1996c; Nielsen et al. 1996), the IPM is 

in general considered a powerful technique for studying denitrification in sediments. While 

the original version of the IPM (Nielsen 1992) focused only on the formation of N2 and 

neglected the formation of N20 resulting in an underestimation of the total rate of 

denitrification, modifications have been made (Dong et al. 2006; Master et al. 2005) so that 

N20 production can now be included. The inclusion ofN20 in the measurement is important 

because although N20 usually forms at much smaller concentrations than N2 (N2 is usually 

>98 % of the total gases produced during denitrification (Nedwell 1996)), N20 is a potent 

greenhouse gas (its efficiency is 310 times greater than that of C02 and its residence time of 

150 years makes it the longest lived greenhouse gas in the atmosphere (Kim and Craig 1993; 

Rodhe 1990; Trogler 1999)), so with the current threat of climate change it is important to 

understand the processes ofN20 formation. 

The IPM is based on the low natural abundance of the stable nitrogen isotope, 15N (0.36 %) 

relative to 14N (99.64 %). Labelled 15N03- (minimum 98 % 15N) is added to the overlying 

water column which mixes with the ambient 14N03- then diffuses into the oxic sediment layer 

where it mixes with 14N03- formed in situ by nitrification. According to the stoichiometry of 

denitrification, reduction of 14N03- and 15N03- results in the formation of molecules with 

possible molecular masses of 28N2 e4N 14N), 29N2 e4N15N), 30N2 e5N15N), 44N20 e4N 14N 160), 
45N20 e4N 15N 160), and 46N20 e5N15N 160) (Figure 3.1.). For simplicity, N20 isotopes are 

referred to hereafter as, for example, 45N20 instead of 29N2
160. The rate of denitrification is 

calculated from the isotope production ratios, e9N2]- [28N2r1
, e0N2l e8N2r1

, 

[
45N20]· [44N20r1

, and [46N20l [44N20r1 determined by Isotope Ratio Mass Spectrometry 

(IRMS) and the isotopic nitrate enrichment in the overlying water column (Dong et al. 2006). 

The IPM has been applied to a wide variety of aquatic systems including lakes (Mengis et al. 

1997), rivers (Whalen et al. 2008), streams (Pind et al. 1997), estuaries (Dong et al. 2000), 

wetlands (Herrman and White 2008), coasts (Tuominen et al. 1998), and oceans (Lohse et al. 

1996; Pifia-Ochoa and Alvarez-Cobelas 2006). A protocol is available that details how to 

apply the IPM to sediments inhabited by three different functional groups of primary 

producers: benthic microalgae, floating macroalgae, and rooted macrophytes (Dalsgaard 

2000). 
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Water 
column 

Figure 3.1. Schematic representation of nitrogen transformation rates based on the 15N 
isotope pairing method. Dw Total is the total denitrification rate of labelled and unlabelled 
nitrate from the water column. Dw is the denitrification rate of unlabelled nitrate from the 
water column. DTotai is the total denitrification rate of labelled and unlabelled nitrate from the 
water column as well as unlabelled nitrate produced during nitrification. Dn is the 
denitrification rate of unlabelled nitrate produced during nitrification. D15 and D14 are the 
specific rates of denitrification of labelled nitrate and unlabelled nitrate, respectively. r44, r45, 
r46, r2s, r29, and r3o are the production rates ofNzO molecules with masses 44, 45, 46 and the 
production rates of N2 molecules with masses 28, 29, and 30, respectively. N20 with a 
molecular mass of 44 may also be formed during nitrification. (modified from Master et al. 
(2005) and Steingruber et al. (2001)) 

3.1.2. Experimental considerations of the 15N isotope pairing method 

3.1.2.1. Sample enclosures 

When using the IPM, artefacts of experimental design must be limited to ensure quantitative 

estimates of in situ denitrification rates within the sample unit. It is essential that 

environmental parameters known to influence rates of denitrification, such as water 

temperature, light intensity, flow regime, and concentrations of chemical species in the water 

column, remain close to in situ levels. Also, larger sample units will generally capture more 

inherent spatial variability than smaller sample units, especially in patchy environments. 
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The IPM has been applied using four different types of setup conditions: open-air flexible 

water enclosures, sealed benthic flux chambers, flow-through systems, and batch-mode assays 

(Steingruber et al. 2001) (Figure 3.2.). Typically, magnetic stir bars are included inside rigid

walled sample enclosures to facilitate mixing of the water and the added 15N03-. 

Experimental constraints are shared among all four approaches because they are based on the 

same IPM theory; however, each approach has its own additional set of advantages and 

limitations. 

A B c D 

Figure 3.2. Setup conditions for application of the 15N isotope pairing method. The brown 
area represents the sediment, the dark blue area represents water containing added 15N03-, and 
the light blue area represents water without added 15N03-. (A) Flexible water enclosure: A 
plastic bag secured to a cylinder allows mixing of the water driven by in situ wave and tidal 
forces. (B) Benthic flux chamber: The rigid walls of a cylinder are pushed into the sediment 
surface and a rotating magnet mixes the overlying water column. (C) Flow-through system: 
Water flows through a chamber containing a magnetic stirrer and sediment. (D) Batch-mode 
assay: Multiple closed-system cylinders containing sediment, water, and magnetic stirrers are 
stored inside a water reservoir. (modified from Steingruber et al. (2001)) 

Flexible water enclosures and benthic flux chambers have the advantages of providing 

measurements under in situ conditions with minimal disturbance to the sediment, but have the 

disadvantages of being difficult to transport, deploy, and sample (Nielsen and Glud 1996; 

Risgaard-Petersen et al. 1999; Tengberg et al. 1995). Whereas flexible water enclosures 

preserve the hydrological conditions of the system, which affects denitrification by 

transporting and mixing N03- and oxygen into the sediment, in situ hydrological conditions 

are disrupted in benthic flux chambers. With the benthic flux chamber setup, it is impossible 

to manually mix the added 15N03- into the overlying water at the start of the experiment and, 

therefore, production ofN2 and N20 often begins nonlinearly (Steingruber et al. 2001). 

Flow-through systems have the advantage that steady-state conditions are maintained and, 

therefore, perturbation experiments that are not possible under other setup conditions can be 

performed. The drawbacks of flow-through systems are that they require a more elaborate 
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setup and a greater incubation time (minimum of several days) than batch-mode assays. Long 

incubation times can significantly alter in situ conditions of microbial activity and 

populations, as well as the concentration of chemical species in the sediment (Risgaard

Petersen eta!. 1998b) and, therefore, should be avoided if possible. 

Due to their ease of use, routine determinations of denitrification rates using the IPM have 

most commonly been accomplished using batch-mode assays in a laboratory setting with 

artificial lighting and stirring to simulate in situ conditions (Steingruber et a!. 2001 ). The 

current study uses batch-mode assays to quantify rates of denitrification in a laboratory setting 

that closely mimics in situ conditions. 

3.1.2.2. Time-series versus endpoint experiments 

The rate of denitrification can either be determined during a time-series experiment where the 

production of 29N2, 
30N2, 

45N20, and 46N20 are monitored over time (Jensen eta!. 1996; Lohse 

eta!. 1996), or during an endpoint experiment where the concentration of 29N2, 
30N2, 

45N20, 

and 46N20 are determined at the beginning and end of an incubation period (Cabrita and 

Brotas 2000; Dong et a!. 2000; Wang et a!. 2003). In both experimental approaches the 

incubation period is stopped by mixing the sediment pore water with the overlying water 

column so that the labelled N2 and N20 are distributed homogeneously within the slurry. The 

time-series experiment has the advantage of providing information about the linearity of 29N2, 

30N2, 
45N20, and 46N20 production with time. Consequently, constant denitrifying activity 

can be verified and corrections can be made if the first gas samples were collected before a 

steady state profile of 15N03- was established in the sediment. The disadvantage of the time

series experiment is that a single denitrification rate is measured from several sediment cores, 

which may differ in sediment structure and benthic composition due to heterogeneity of the 

sampling area. This problem is avoided in an endpoint experiment because a single 

denitrification rate is measured for each sediment core. However, the trade off is that with an 

endpoint experiment no information is gathered about the linearity of 29N2, 
30N2, 

45N20, and 
46N20 production with time. 

Friedrich et a!. (2003) tried to avoid the main disadvantages of both experimental approaches 

by combining the two methods: sampling the overlying water of a sediment core throughout 

the course of an endpoint experiment. The validity of the results of such a combined 

approach depends on the assumption that gases quickly diffuse into the water column from 

112 ASSUMPTIONS OF THE IPM 



denitrification processes occurring in the suboxic sediment and become evenly distributed in 

the sample unit. This assumption will not always be validated, especially in sediments with a 

thick oxic layer, as shown by Lohse et al. (1996) who sampled the water column before and 

after mixing it with the sediment pore water and found that more than 75 % of the 29N2 and 
30N2 produced was trapped in the sediment. 

In an alternative approach, Dalsgaard (2000) collected three subsamples of sediment (3 em 

deep) and water using a thin-walled steel tube (5-10 mm inner diameter) that could be closed 

at the top, at least 4 times during the incubation period from each chamber. Although this 

method captures gases trapped beneath the sediment surface, it also disrupts the integrity of 

the sediment matrix which could cause changes in the production of the gases during the 

incubation period. 

For the current study it was necessary to obtain reliable information about the linearity of 
29N2, 

30N2, 
45N20, and 46N20 production with time to test the assumptions of the IPM. 

Therefore, I used the well-established time-series experimental approach. 

3.1.3. Assumptions of the 15N isotope pairing method 

An accurate measurement of denitrification, including the emission of N20, using the IPM 

depends on the fulfilment of five critical assumptions, which are discussed below. The first 

four assumptions can be verified by conducting parallel time-series incubations with at least 

three different concentrations of 15N03- in the water column (Nielsen 1992; Steingruber et al. 

2001). The fifth assumption requires further investigation that can include molecular 

techniques (Smith et al. 2007) and incubations of slurry samples (Engstrom et al. 2005). 

1. The addition of 15N03- tracer to the water column does not alter the in situ rate of Dw 

or Dn. 

This assumption is verified when the denitrification rates, Dw and Dn, measured from 

concentration series experiments remain independent of the added tracer concentration. 

Previous studies have repeatedly demonstrated that a large range of 15N03- concentrations can 

be added without influencing the rates of Dw and Dn (Dong et al. 2000; Eyre et al. 2002; 

Lohse et al. 1996; Rysgaard et al. 1995), but Middelburg et al. (1996b) found during a model 

simulation that the addition of any concentration of 15N03- will enhance rates of Dw and Dn to 
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some degree. In general, it is suggested that a concentration of 15N03- should be added to the 

water column that makes up a minimum of 30 % of the total N03- concentration and 20 % of 

the average water column oxygen concentration (Dalsgaard 2000). However, because the 

optimal amount of tracer is also dependent on environmental variables such as the stability, 

heterogeneity, and composition of the sediment matrix, it is recommended that this 

assumption be tested before each experiment (Steingruber et al. 2001). 

2. There is a linear increase of denitrification of 14N03- and 15N03- from the water 

column (Dw Total) with the added nitrate concentration. 

The correct calculation of Dw from Dw Total depends on this linear relationship. Linearity 

occurs when denitrification is most limited by the diffusion ofN03- from the overlying water. 

At high N03- concentrations the slope of the line may exhibit an asymptote as diffusion 

limitation is displaced by limits in the supply of electron donors or Michaelis-Menten 

saturation threshold effects. In these circumstances, N03- may accumulate in the sediment 

and the N03- penetration depth may be increased. This assumption is verified from 

concentration series experiments when Dw Total remains linear with different concentrations of 

water column nitrate. 

3. There is uniform mixing of the added 15N03- with the in situ N03- and the ratio of 
15N03- to in situ N03- remains constant throughout the suboxic denitrification zone. 

This is perhaps the assumption of the IPM that is most difficult to fulfill. Heterogeneity of the 

sediment surface, the presence of rooted macrophytes, bioturbation and bioirrigation by 

benthic macrofauna, diffusion barriers, isotope fractionation, the presence of the anammox 

process, and inhomogeneous nitrification activity, for example, can result in variations across 

the sediment spatial area of the ratio between 15N03- and in situ N03- diffusing into the 

suboxic denitrification zone. When the assumption of uniform mixing is not fulfilled, the 

isotopic N2 and N20 species produced may not evolve from the same N03- pool or be 

binomially distributed. Instead, homogenous isotope pairs, 28N2, 
30N2, 

44N20, and 46N20 will 

likely be produced in higher proportion than mixed isotope pairs, 29N2 and 45N20, causing an 

underestimation of in situ denitrification activity, particularly Dn and D14. Binomial 

distribution of the isotopic species of N2 and N20 is important because unlabelled isotope 

pairs, 28N2 and 44N20 are not measured directly. Instead, they are calculated from the 
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production of single labelled isotope pairs, 29N2 and 45N20 relative to double labelled isotope 

pairs, 30N2 and 46Nz0. 

Nielsen (1992) suggested that the error introduced by non-uniform mixing is lower at high 

concentrations of added 15N03- to the water column compared to low concentrations of 
15N03-. This is because at higher concentrations of 15N03-, more measurable single labelled 

isotope pairs, 29N2 and 45N20, and fewer unmeasurable unlabelled isotope pairs, 28N2 and 
44N20, should theoretically be formed as more 14N is paired with 15N. 

In pristine systems with low in situ concentrations of N03 -, increased addition of 15N03- to 

minimize the error associated with non-uniform mixing can result in an overestimation of the 

in situ denitrification rate of similar magnitude to that of isotopic heterogeneity (Middelburg 

et al. 1996b). Therefore, especially in the case of pristine or oligotrophic systems, it is 

important to correctly evaluate the optimal amount of 15N03- to be added using a 

concentration series experiment. 

The concentration of added 15N03- is generally thought to be high enough when the 

production of D14 becomes independent of the concentration of added 15N03- and there is a 

linear relationship between D15 and the concentration of added 15N03-. If D14 increases with 

increasing 15N03-, it can be inferred that uniform mixing is being approached as the 

concentration of 15N03- becomes greater and more measurable single labelled isotope pairs 

are being formed. With greater concentrations of 15N03-, D14 should continue to increase 

until it reaches a constant level, indicating that the optimal concentration of 15N03- has been 

found. If there is no linear relationship between D15 and the concentration of added 15N03 -, it 

means that the supply of N03- from above the oxic-anoxic interface was not the limiting 

factor for N2 production and it is likely that too much 15N03- was added to the overlying 

water. 

Middelburg et al. (1996b) demonstrated using a model simulation that the assumption of 

uniform mixing of 15N03- and in situ N03- can usually be fulfilled when distinct oxic and 

suboxic sediment layers separate nitrification and denitrification processes, but not when 

nitrification and denitrification occur in microsites isolated from the added 15N03-, as can 

occur near the oxygen excreting roots of macrophytes (Caffrey and Kemp 1990; Risgaard

Petersen and Jensen 1997). Rooted macrophytes can stimulate the rate of Dn by releasing 

oxygen from their roots into the surrounding sediment which in tum expands the ox1c 
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sediment volume and provides increased surfaces for nitrifying bacteria to inhabit (Caffrey 

and Kemp 1992; Eriksson and Weisner 1999; Risgaard-Petersen and Jensen 1997). However, 

because these oxic microsites are usually isolated from the added 15N03 -, the rate of Dn 

occurring near the rhizosphere will not be detected properly since only isotope ratios 

originating from 14N will be formed. As a solution to this problem, Risgaard-Petersen et al. 

(1998a) and Ottosen et al. (1999) used a perfusion method, modified from the traditional 

IPM, that permitted 15NH/ to be distributed homogeneously in the rhizosphere so that Dn 

could be measured directly in intact plant-sediment systems. 

The movement of oxygen into macrofauna burrows should always be coupled to the transport 

of 15N03- from the water column and, therefore, oxic microsites isolated from 15N03- are less 

likely to occur in sediment inhabited by macrofauna as with macrophytes. However, in 

bioturbated sediment, classical vertical redox zonations may instead be replaced by a mosaic 

of redox zonations around animal burrows and fecal pellets and this, along with flushing of 

the burrows during bioirrigation, can influence the uniform mixing of 15N03- and in situ N03-

at different places within the sediment matrix (Aller 1982; Aller 1988). Also, if 15N03-

diffuses through burrow linings at a lower rate than that of oxygen (as a consequence of 

different solubilities of a gas versus an anion), which is required by nitrifiers, there could be a 

preferential use of 14N03- from nitrification over 15N03- from the water column to support 

denitrification (Aller 1978; Aller 1983; Ferguson and Eyre 2007). This will lead to variations 

in the ratio ofDn to Dw with the overall effect ofDn and D14 being underestimated. 

The sediment can be passed through a 0.5 mm sieve to remove macrofauna as was done by 

Tuominen et a!. (1999). However, time must be provided afterwards for concentration 

gradients to re-establish within the sediment cores and, depending on the type and abundance 

of macrofauna removed, the rates of Dn and Dw in the post-sieved condition may differ 

considerably from the in situ rates. Gilbert eta!. (1995) found a 70 %reduction in the value 

of an initial Denitrifying Enzyme Assay (DBA) following defaunation and in the top 2 em of 

the sediment it took 82 days until the DBA increased to 75 %of the initial value. 

Another approach for reducing the error associated with non-uniform mixing of 15N03- and in 

situ N03- is to replace the in situ water overlying the sediment with 14N03--free artificial 

seawater containing 15N03- to an equal concentration as the 14N03- that was in the in situ 

water (Middelburg eta!. 1996b). In this case, D 15 is equivalent to Dw and D14 is equivalent to 

Dn (Nielsen 1992). The disadvantage of this approach is that unless the artificial seawater 
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contains exactly the same concentration ofNH/ as in the in situ water, the rate of nitrification 

could be affected. 

The presence of macro algal mats, large rocks, and shell debris on the sediment surface can act 

as diffusion barriers, preventing 15N03- from reaching the suboxic denitrification zone. In the 

case where no labelled N2 or N20 is formed, it must be determined whether 15N03- did not 

reach the denitrifying zone due to a diffusion barrier, or 15N03- did reach the denitrifying 

zone, but no labelled N2 or N20 was formed because denitrification did not proceed at a 

measurable rate (Dalsgaard 2000). 

4. A stable concentration gradient of 15N03- is established across the sediment-water 

interface within a short period of time (relative to total incubation time) following the 

addition of 15N03- to the water column. 

From the moment 15N03- is added to the water column it will begin diffusing into the suboxic 

denitrification zone; however, there is usually a time lag until a steady state profile of 15N03-

can be established. The rate of denitrification should be calculated only from the linear 

production of 29N2, 
30N2, 

45N20, and 46N20 with time after at least 90 % of a steady state 

profile of 15N03- has been established, otherwise the initial denitrification rate will be 

underestimated. Assuming 15N03- is initially well mixed with the in situ N03- in the water 

column, the time that it takes for 15N03- to reach a 90 % steady state profile depends on the 

SOPD and can be calculated with the following equation (Dalsgaard 2000): 

Time (relative)x Z2 

Time (minutes) = (Equation 3.1.) 

where Time (relative) is the estimated time (predicted as 5) that it should take for 15N03- to 
reach a 90 % steady state profile based on the results of a numeric model (Dalsgaard 2000), Z 
is the oxygen penetration depth (mm) measured using microelectrodes in the sediment core, 
and Ds is the diffusivity of nitrate (assumed to be 1 x 10-5 cm2 s-1

). 

Nitrate is assumed to diffuse from the water column into the sediment pore water according to 

Fick's first law of diffusion. A diffusion coefficient of 1 x 10-5 cm2 s-1 is generally considered 

a likely order of magnitude for nitrate in marine sediments (Berner 1971); however, the 

magnitude can vary depending on hydrological turbulences or biological perturbations near 

the sediment surface. The same diffusion coefficient is used for both 15N03- and 14N03-
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because the small difference in diffusivity for these two isotopes is considered negligible 

(Clark and Fritz 1997). 

The deeper the oxygen penetration depth, the more time it will take for 15N03- to reach a 90 % 

steady state profile. In general, the oxygen penetration depth will be deeper in winter than in 

summer (Kieskamp et a!. 1991 ), as well as deeper in oligotrophic systems compared to 

eutrophic systems (Meyer-Reil and Koster 2000) if the concentration of oxygen in the 

incubation water is not brought to air saturation level. The oxygen penetration depth is also 

usually deeper in organically poor sandy sediments compared to organically rich silty 

sediments (Brotas et a!. 1990) and deeper during the day than during the night (Risgaard

Petersen eta!. 1994). When the oxygen penetration depth is only 1 mm, a 90% steady state 

profile for 15N03- is established quickly ( ~5 min.) and the time lag can largely be ignored. 

However, the long time lag that occurs for deeper oxygen penetration depths (for example 

~45 min. at an oxygen penetration depth of 3 mm) must not be ignored since it can be yet 

another cause for non-uniform mixing of in situ N03- and 15N03-. 

Serious problems with time lags should become evident in concentration series experiments 

when they are conducted as time-series incubations. The correct time to begin measurements 

can be observed from a time-series experiment by observing where the linear regression of 

labelled N2 (and N20) with time intercepts the x-axis (Figure 3.3.). If the measurements 

begin before a 90% steady state profile of 15N03- is established, there will be a lag before the 

measured N2 (and N20) production becomes linear with time. If this occurs, the 

measurements in the lag phase (nonlinear portion of the line) can be excluded from the linear 

regression analysis, but fewer data points will, therefore, be available for the analysis. 

5. Denitrification is the main process for producing N2 and N20. 

However, in marine and estuarine sediments N2 may also be produced by (a) anammox 

(Devol 2003), N20 may be produced by (b) nitrification and (c) DNRA (Stein and Yung 

2003), and both N2 and N20 may be produced by (d) chemodenitrification (Bremner 1997). 

There is growing evidence that the contribution of these processes to N2 and N20 production 

in some aquatic systems may be grossly underestimated (Burgin and Hamilton 2007). 

However, the significance of these processes is likely to vary widely across systems and, 

therefore, it is important to consider local influencing factors when evaluating this assumption 

ofthe IPM. 
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Figure 3.3. Linear regression of the concentration of 29N2 and 30N2 versus time during a 
concentration series experiment. There is a lag in time (~45 min.) after the 15N03- tracer is 
added to the incubation chambers before the regression line intercepts the x-axis and the 
measurements can begin. 

Anammox: The presence of anammox is a challenge for the IPM because it violates the 

assumption that the isotopic N2 species are binomially distributed and results in an 

overestimation in the rate of denitrification (Risgaard-Petersen et al. 2003). Under the 

experimental conditions of the IPM, when anammox is present it will produce in addition to 

denitrification, the N2 species, 28N2, 
29N2, and 30N2 (Spott and Stange 2007). Whereas the rate 

of 28N2 production via the anammox reaction, 14NH4+ + 14N02- ~ 28N2 + 2H20 remains 

constant with time, 29N2 production via the anammox reaction, 14NH/ + 15N02- ~ 29N2 + 

2H20 increases as more 15N02- becomes available from the reduction (possibly by 

denitrifying bacteria) of added 15N03- (Risgaard-Petersen et al. 2003). In the presence of 

DNRA and high concentrations of 15N03-, 
15N03- can be reduced to 15NH/, enriching 15NH/ 

compared to its natural abundance (0.366 % 15N) and making it is possible for 30N2 and 29N2 

to be produced via the anammox reactions, 15NH/ + 15N02- ~ 30N2 + 2H20 and 15NH/ + 
14N02- ~ 29N2 + 2H20, respectively (Trimmer et al. 2003). The magnitude of 30N2 and 29N2 

production via this coupled DNRA-anammox pathway will depend on the concentration of 

unlabelled NH4 + and the amount of DNRA and anammox occurring in the incubation 

chambers. There is also the possibility in sediments with high 15N03- additions and 

significant anammox activity that the rate of nitrification and, therefore, the rate of Dn, will be 

reduced as more NH4 + goes to support anammox rather than diffusing into the oxic sediment 

layer (Risgaard-Petersen et al. 2003). 
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If anammox is present, but all of the other assumptions of the IPM are valid, the results of 

concentration series experiments should theoretically indicate both a positive correlation 

between 15N03- concentration and the production of D14 and a positive correlation between 
15N03- concentration and the production of D15 (Risgaard-Petersen et al. 2003). However, to 

confirm whether or not there is the potential for anammox it is necessary to incubate sediment 

in anoxic slurries with single and coupled addition of 15NH/, 14N03-, and 15N03- and look for 

patterns of 29N2 and 30N2 formation (Engstrom et al. 2005; Risgaard-Petersen et al. 2004; 

Trimmer et al. 2003). 

The anammox process is favoured in environments where there are high and stable supplies of 

both N03- (readily reduced to N02- by other processes) and NH/, and can be inhibited by the 

presence of low levels of oxygen (<1 ).lmOl r'), high levels of nitrite (>10 mmol r 1
), and 

simple organic compounds (Jetten et al. 2005; Rysgaard et al. 2004). It is not surprising then, 

that the contribution of anammox to N2 production appears to be less significant in shallow 

coastal marine and estuarine sediments where there are high organic loading rates compared 

to continental shelf sediments where there is limited availability of labile carbon, but 

moderate inputs of N (Dalsgaard et al. 2005). Likewise, anammox was found to account for 

only 0 to 24% ofN2 production at several estuarine sites (Rich et al. 2008; Risgaard-Petersen 

et al. 2004; Risgaard-Petersen et al. 2003; Trimmer et al. 2003), but accounted for 24 to 67% 

ofN2 production at two continental shelf sites (Thamdrup and Dalsgaard 2002). Furthermore, 

Nicholls and Trimmer (2009) found a widespread occurrence of the anammox reaction in 

estuarine sediments (it was detected at 40 sites from 9 estuaries), but the potential contribution 

to N2 production was low, ranging from <1 to 11 %. 

Although the IPM was originally developed only for the measurement of denitrification, 

recent modifications have been made to the IPM so that it can be applied to measure 

denitrification and anammox simultaneously. The two most recent approaches (Spott and 

Stange 2007; Trimmer et al. 2006) build upon earlier approaches (Risgaard-Petersen et al. 

2003) and are discussed here. The approach developed by Trimmer et al. (2006) is based on 

the assumption that under conditions where the ratio of 15N03- and in situ N03- remains 

constant in the reduction zone, denitrification, not anammox, will produce isotopic species of 
15N-N20 in a binomial distribution and this can be used to infer the contribution of anammox 

to N2 production. This approach will work only if there is a good spread of data, as can be 

obtained from a concentration series experiment, but is thought to work in natural and heavily 

bioturbated sediment with both high and low contributions of anammox to N2 production. 
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Sport and Stange (2007) developed two mathematical approaches based on the single isotopic 

analysis of an N2 mixture which permits the calculation. of the contribution of anammox and 

denitrification to N2 production and also takes into account N2 contamination from the 

atmosphere. 

Nitrification: Nitrous oxide formation as an intermediary product during the first step of 

nitrification (the oxidation of NH3 to N02-) results in the isotopic species, 44N20. While 

production of 44N20 during nitrification may not alter the binomial distribution of the isotopic 

N20 species, the contribution of 44N20 formed from nitrification or denitrification is not 

immediately clear and therefore requires further investigation. The calculation of Dw for N20 

production is straightforward as it is completely independent of nitrification. However, the 

calculation of Dn for N20 production is a little more complicated as N20 can either be formed 

via the denitrification step of coupled nitrification-denitrification, or via nitrification. Dong et 

al. (2006) suggested that the two possible sources of N20 in Dn can be distinguished by 

assuming that the ratio of N20:N2 formed from Dw is common to all denitrification and, 

therefore, this ratio can be used to calculate the proportion of N20 formed during the 

denitrification step of coupled nitrification-denitrification. Although distinguishing between 

these two sources of N20 in Dn may provide some extra information regarding the source of 

the N20 production, this distinction is not necessary for an inclusive measure of N20 

production along the nitrification-denitrification pathway. Analysis of intramolecular 

distributions of 15N in N20, an emerging tool for distinguishing N20 production from 

nitrification and denitrification (Sutka et al. 2006), will not work with IPM experiments. 

As with denitrification, the amount of N20 formed during nitrification varies considerably 

(from 0.1 to 10 % of nitrification rates) (Wood 1986) depending on the environmental 

conditions. Studies investigating the production of N20 during nitrification in soils have 

found that increases in soil pH and organic matter content positively influence rates of N 20 

production during nitrification (Bremner and Blackmer 1980). The availability of oxygen in 

the sediment, partly determined by the sediment water content and temperature, is also an 

important environmental condition influencing the production ofN20 during both nitrification 

and denitrification. It is clear that nitrification is the dominant process for N20 production in 

aerobic sediment and denitrification is the dominant process in anaerobic sediments. 

Likewise, Mathieu et al. (2006) demonstrated that under unsaturated conditions when the 

benthic oxygen concentration was the highest, 60 % of the N20 produced came from 

nitrification. However, under saturated conditions when the benthic oxygen concentration 
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was the lowest, this percentage was much less with only 10-15 % of the N20 produced 

coming from nitrification. 

DNRA: It is impossible to quantify the difference between N20 formed as an intermediary 

product during DNRA or during denitrification based simply on the addition of 15N03- and the 

ratio of the isotopic N2 and N20 species produced with the IPM. Therefore, Master et al. 

(2005) recommend tracking changes in the 15N content ofNH/ during the IPM incubation to 

identify whether DNRA may be occurring. However, a confirmation of the genetic potential 

in an environment for the occurrence of DNRA and denitrification usually requires the 

identification of the nifA and nirS genes, respectively (Dong et al. 2009; Smith et al. 2007). 

Whereas DNRA is strictly an anaerobic process that often occurs in deep sediment layers, 

denitrification does not require completely anoxic conditions and, therefore, often occurs 

closer to the sediment surface in suboxic sediment layers containing low levels of oxygen 

(<0.2 mg 0 2 r1
). Both denitrifying and nitrate ammonifying bacteria may compete for N03-

from the same uniformly mixed N03- pool, but the two resulting processes impact the 

ecosystem in different ways. While denitrification may reduce the level of eutrophication in a 

system through the elimination ofN via the formation of gaseous N end products (N20, NO, 

N2) that diffuse into the atmosphere, DNRA may increase the level of eutrophication in a 

system through the conservation of N in a reduced form (NH4 +) that is easily assimilated by 

biological organisms. The factors affecting the partitioning between these two different 

pathways are not well understood. However, some studies suggest that DNRA rates may be 

similar to denitrification rates in some shallow coastal and estuarine sediments (Bonin et al. 

1998; Rysgaard et al. 1996). King and Nedwell (1987) suggest that the ratio of 

denitrification:DNRA increases with increasing N03- concentration. Stevens et al. (1998) 

suggest that DNRA may become more favourable in high pH environments, although this 

could not be confirmed due to experimental limitations. What is clear however is that in 

sediments with high concentrations of HS-, DNRA is usually enhanced and denitrification is 

usually inhibited (An and Gardner 2002; Brunet and Garcia-Gil 1996; Gardner et al. 2006; 

Senga et al. 2006). 

Chemodenitrification: Chemodenitrification, the chemical decomposition of N02- in 

sediment, closely resembles denitrification in the sense that it also results in the formation of 

N20, NO, and N2. In terrestrial environments, chemodenitrification is most significant in 

acidic soils with high organic matter content (M0rkved et al. 2007; Nelson and Bremner 
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1969). In general, the amount of N20 produced in soil by chemodenitrification is small 

compared to the amount of NO and N2 produced (Bremner 1997). Although 

chemodenitrification can in theory interfere with the assumption of the IPM that 

denitrification is the only process producing N2 and N20, with the exception of very acidic 

environments that contain sediments with high organic matter content, it is unlikely that this 

process is significant in most marine and estuarine systems (Master et al. 2005). 

3.1.4. Objectives 

The present study was undertaken to determine whether the first four major assumptions of 

the IPM could be verified at sites within the four study estuaries under illuminated conditions 

using three different concentrations of 15N03-. Accordingly, the production of isotopic 

species ofN20 and N2 was measured. These batch-mode assay laboratory experiments were 

also carried out with the aim of: 

• Determining the optimum concentration of 15N03- to add to the water column of the 

sediment cores for future denitrification measurements at these sites, 

• Determining the optimum time to wait for 15N03- to reach a 90 % steady state before 

beginning the denitrification measurements for incubations at these sites, 

• Gaining an understanding of the potential contribution of anammox to N2 production in 

these estuarine sites. 

3.2. Materials and methods 

3 .2.1. Denitrification concentration series experiments 

3 .2.1.1. Sample collection 

A mouth and an upstream site that covered a wide range of nutrient and salinity gradients and 

sediment types were selected for sampling from the Avon-Heathcote estuary (AH2 and AH4), 

Waikouaiti River estuary (WA1 and WA4), and Tokomairiro River estuary (T01 and T02) 

(Figures 1.5.-1.7.). At the Tautuku River estuary, the middle site (TA2) was selected for 

sampling because it was the most representative of the physicochemical and sediment 

characteristics observed across the three estuary sites (Figure 1.8.). These sites were all 

unvegetated and located just below the low-tide mark where the sediments were rarely 
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exposed to air. All sampling took place during the six-month period between November 2007 

and April 2008. Each site was sampled three times over the course of a single week. 

On each sampling occasion, fifteen intact sediment cores (8.4 em diameter, 13.0 em height) as 

well as an 80 1 sample of subsurface water were collected from the site at low tide(± 2 h) and 

returned to the laboratory within 3 h of collection according to the same procedures described 

in Chapter 2. Water at the Avon-Heathcote estuary was collected 0-2 h after high tide at W1 

for site AH2 and at W2 for site AH4 (see Chapter 2, Sample collection, Section 2.2.1.1.). 

When transporting the samples to the laboratory special care was taken to ensure that the 

temperature remained close to that in situ because temperature fluctuations can have 

significant effects on the solubility of oxygen in the water as well as the metabolic processes 

and survival of denitrifying and nitrifying bacteria (Dalsgaard 2000). Urea and ammonia 

contamination were minimized by wearing clean gloves when handling the sediment cores 

and site water and by acid washing (10 % v/v HCl) all chambers, bases, lids, and water 

storage containers before each use. 

Physicochemical parameters of the water column (temperature, salinity, dissolved oxygen, 

pH), sediment characteristics (organic carbon content, volumetric and gravimetric 

relationships, sediment grain size), chlorophyll a content in the surface sediments, and 

nutrient concentrations in the water column (ammonia and combined nitrate and nitrite) were 

measured according to the same procedures described in the Chapter 2. 

3 .2.1.2. Pre-incubation and measurement strategy 

The concentration senes experiments were conducted inside a constant temperature 

laboratory. Upon arrival at the laboratory the lids to the chambers were removed and stored 

in Milli-Q water overnight to prevent nutrient contamination for later use, black polythene 

was wrapped around the bases of the chambers to eliminate light from the subsurface of the 

sediment cores and to prevent microphytes from colonizing the sides, and three transparent 

glass tanks (30 em width, 30 em length, 45 em height) were each filled with approximately 25 

1 of site water. The polythene wrap and tanks were acid-washed using 10 % v/v HCl to 

remove nutrients prior to their use. The containers holding the site water were shaken to 

resuspend any sedimented matter before the water was poured into the tanks. The 

temperature of the site water inside the tanks was maintained near in situ level(± 1.0 °C) and 

five chambers were immersed in each tank, resulting in a final water depth in each tank of 
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approximately 40 em. To prevent the establishment of a concentration gradient and to keep 

matter suspended for filter feeding macrofauna, the water inside each tank was aerated with 

air stones connected to an Aqua One SR 9500 precision air pump (510 1 h- 1
) and circulated 

with a small submersible pump (Eden 106, 300 1 h-1
) (Figure 3.4.). The temperature of the 

room and water were maintained at the temperature (± 1.0 °C) recorded in the field on the 

first day of sampling at each particular site (AH2: 17.0 °C, AH4: 17.0 °C, WA1: 14.2 °C, 

WA4: 20.3 °C, TOl: 15.8 °C, T04: 15.8 °C, TA2: 10.5 °C). Temperature and salinity of the 

tank water were monitored using an alcohol thermometer (Zeal, England) and a handheld 

refractometer (Atago, S-1 0, Japan), respectively. All handling of the chambers, water, and 

equipment was accomplished using clean gloves in order to minimize ammonia and urea 

contamination. 

Figure 3.4. Laboratory setup for the 15N isotope pairing method pre-incubation equilibrium 
period. 

Illumination was provided by overhead lighting (two 150 em long 36 W Solar Natur full 

spectrum fluorescent lights and two 150 W Quartz halogen lamps) with a total light intensity 

of 150 )lmol photons m-2 s-1 measured at the sediment surface using aLI-COR, inc. Model LI-

185 B quantum photometer. The sediment cores were incubated at this light intensity for four 

reasons: to keep it consistent with the light intensity used during the benthic oxygen exchange 

rate measurements, to mimic in situ conditions of a high light-attenuation coefficient for the 

subtidal sediments, to provide sufficient PAR for benthic primary production by microphytes, 
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and so that the amount of PAR at the sediment surface would not cause photosensitivity 

among nitrifying bacteria, especially among the nitrite oxidizers (Kaplan et al. 2000). 

Nitrification is a two step process where NH3 is first converted to N02- by ammonia oxidizing 

bacteria then N02- is converted to N03- by nitrite oxidizing bacteria. The efficiency of the 

nitrification process for providing N03- to support denitrification depends on balanced activity 

between the two nitrification bacterial groups. Since both groups of bacteria are sensitive at 

different degrees to near UV (300-375 nm) and blue-spectrum (400-475 nm) light (Guerrero 

and Jones 1996), longer wavelength light (largest intensity between 500 and 600 nm) was 

used for this study. 

The lights were turned off at the time of natural sunset (Table A2.2.) and the sediment cores 

were allowed to equilibrate in the dark overnight. The next morning the lights were turned on 

at the time of natural sunrise and the sediment cores were illuminated for 2 h prior to the start 

of the denitrification measurements. 

Rates of denitrification (Dw and Dn) that include the production of both N2 and N20 were 

measured in the light using a modified version of the IPM (Nielsen 1992) with batch-mode, 

time-series incubations and the calculation procedure of Dong et al. (2006). A single 

denitrification rate was measured from the five sediment cores (labelled A-E) in each tank 

(Figure 3.5.). Therefore, three replicate denitrification rates were measured per sampling 

event. Whenever possible, denitrification measurements were performed at a time 

corresponding to low tide to maintain synchrony with the natural tidal migration of benthic 

diatoms. The rates of denitrification were measured in the light to account for the effects that 

photosynthesis by the microphytes might have on increasing the SOPD, thereby increasing the 

distance N03- must travel to diffuse from the water column into the suboxic denitrification 

zone, and indirectly stimulating Dn and reducing Dw (Dong et al. 2000; Pind et al. 1997; 

Rysgaard et al. 1993; Sundback et al. 2000). 

3 .2.1.3. Denitrification incubation 

At the end of the pre-incubation period (~19-21 h) the aquarium pumps were stopped and the 

water inside each tank was drained to a level slightly below the rims of the chambers, 

isolating the water column of each sediment core from the others in the tank. Any air bubbles 

that formed on the inside of the chamber walls overnight were carefully dislodged using an 

acid-washed (10% v/v HCl) Plexiglas rod. 
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Figure 3.5. Timeline for the denitrification rate measurements showing the order and timing 
of the pre-incubation period, and the isotope pairing incubation period in relation to the in situ 
light and dark diurnal cycle. 

A sample of water was collected from the water column of each chamber using a sterile 20 ml 

plastic syringe and filtered (to remove particulate matter) into an acid-washed (and pre-rinsed 

with filtered chamber water) 12 ml polyethylene container using a 0.45 !lm glass microfiber 

filter inside a sterile Millipore filter unit (Swinnex-47). The samples were frozen immediately 

after collection and stored at -20 °C until they were analysed (within one month of collection 

to avoid degradation) for ammonia (measured as the sum of NH4 + and NH3) and combined 

nitrate and nitrite (NOx-) on a Lachat Instruments Quickchem 8000 FIA according to the 

methods described in Chapter 2. 

An aliquot of 45 mmol r 1 15N03- solution (K15N03-, 99 atom % 15N, Cambridge Isotope 

Laboratories, Inc., Massachusetts, USA) was added to the water phase of each of the 15 

chambers in the 3 tanks to give a final concentration in the water of 5 !lmol r1
. On the second 

and third sampling events for each site, 15N03- was added to the chambers to give the final 

concentration in the water of 15 and 25 !lmol r 1
, respectively. In all cases, the lowest 

concentration of added 15N03- (5 !lmol r1
) corresponded to 30% or more ofthe in situ NOx

concentration in the water column. After addition of the tracer, the water column inside the 

chambers was gently mixed with a Plexiglas rod for approximately 15 min. to facilitate the 

homogeneous distribution of 15N03- with unlabelled N03- in the pore water. Care was taken 

so as not to disrupt the sediment surface. After the water column in each chamber had been 

thoroughly mixed, a second sample of water was collected from each chamber for the analysis 

of ammonia and combined NOx- after addition of the 15N03-. The initial 14N/15N ratio in the 

N03- pool could then be determined from the difference between the water column NOx

concentration before and after 15N03- addition. The concentration of ammonia remained 

unchanged (<1 %difference) before and after the addition of 15N03-. 
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The sediment cores were allowed to equilibrate for 1 h after the addition of the 15N03-. 

During this time the water column in each chamber was mixed occasionally with a Plexiglas 

rod. Then, each chamber was immediately capped with a gastight lid to prevent air-water gas 

exchange and air bubbles were excluded. The capping of the cores represented the start of the 

incubation period (Figure 3.5.) and accumulation of labelled N2 and N20. During the 

incubation, the overlying water in each chamber was stirred with a 4 em long Teflon-coated 

magnetic rod coupled to an external rotating magnet attached to a 12 V DC motor (McLennan 

Servo Supplies, Ltd., UK, #1271-12-21, gear ratio: 21:1). The magnets, positioned 13 em 

above the sediment surface in the centre of the chamber, rotated at a rate of 60 rpm which 

prevented sediment resuspension (as determined by visual inspection). The rotating magnet 

stimulated the DBL similar to in situ conditions and ensured the water column and the 

dissolved 15N03- and in situ N03- inside the chambers were homogeneous. A dye test 

confirmed that the water column inside the chambers was well mixed. The water in each 

tank was maintained throughout the incubation period at a level just below the rim of the 

chambers to ensure that the temperature inside the chambers was uniform (Figure 3.6.). 

During the incubation the concentration of dissolved oxygen in the water column of the 

chambers did not change by more than ± 20 % of air saturation, as determined with an YSI 

environmental meter (Ecosense® DO 200). 

Figure 3.6. Laboratory setup at the beginning of the incubation period when rates of 
denitrification were being measured using the 15N isotope pairing method. 
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3.2.1.4. Sample collection and extraction of dissolved gases 

One sediment core from each of the three tanks was terminated at the start of the incubation 

period (time of capping). Then, over the duration of a 6 h period, the incubation of the 

remaining sediment cores in each tank were individually terminated at the regular time 

interval of 1.5 h, which equates to 1 h, 2.5 h, 4 h, 5.5 h, and 7 h after the addition of 15N03-. 

To terminate the incubation of each sediment core, the lid to the chamber was removed and a 

30 em long Plexiglas rod was used to gently mix the pore water with the overlying water so 

that the labelled N2 and N20 were distributed homogeneously within the slurry. Gentle 

stirring movements minimized the likelihood of air-water gas exchange. The coarse sediment 

particles within the slurry were allowed to settle for approximately 2 min. before collecting a 

sample of water, as will be described shortly. 

Dissolved N2 and N20 gases need to be extracted from the water sample before they can be 

analysed in a laboratory. If the gases are extracted prior to the analysis, they need to be 

stored. The water collection and gas extraction technique traditionally used with the IPM, 

where zinc chloride (ZnCh) is added to a sample of water (usually ~ 12 ml) to inhibit 

microbial activity and the sample stored in a gastight vial until just prior to the gas analysis, 

has several disadvantages. Namely, the risk of transporting water samples by air mail if the 

samples cannot be analysed locally, is too great due to the possibility of gas bubbles forming 

out of solution with changes in temperature and altitude. While it is possible in theory to 

transfer gases from a small headspace created in the water-filled vial into a separate pre

evacuated gastight vial before the transport, a low pressure is produced when the gas sample 

is withdrawn from the headspace into the syringe, making the transfer process troublesome. 

In addition, ZnCh is not an ideal solution for inhibiting microbial activity because in the 

presence of organic matter, N02- can react with ZnCh to form N20. Formaldehyde, as an 

alternative to ZnCh, is not ideal for transporting the water samples because it is very toxic. 

Therefore, after conducting several pilot studies and considering the above, the current study 

used a slightly modified version of the methodology of Hamilton and Ostrom (2007) for the 

extraction, transfer, and storage of the dissolved gases. The advantage of this method 

(Hamilton and Ostrom 2007) is that neither ZnCh nor formaldehyde needs to be used because 

the gases are quickly removed from any continuing reactions that may occur in the water 

phase. However, as a precautionary measure, a small amount of formaldehyde was added to 
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the syringe before collecting the water samples. Also, the larger water sample size (40 ml 10 

compared to 12 ml) of Hamilton and Ostrom (2007) reduces the consequences of air 

contamination and produces a greater concentration ofN2 and N20 for analysis. 

A 35 ml sample of water was collected from a depth of 7.5 em below the chamber water 

surface into a 50 ml glass syringe (Interchangeable hypodermic syringes, Trade Van Mark, 

graduated at 5 ml). The syringe was fitted with a metalluer lock tip connected to a 3-way 

metal stopcock (female luer x male luer x right side-arm female luer) and a 10 em long 

gastight Tygon® tube (6 mm external diameter, 4 mm internal diameter) tightly attached to the 

male luer stopcock port. The side-arm female luer stopcock port was connected to a 60 em 

long piece of polyethylene tubing (1.27 mm external diameter, 0.86 mm internal diameter) 

that was attached to a copper line and a tank containing ultra high purity helium (99 .999 % 

purity, BOC Ltd., New Zealand, Impurities: :S2 ppm oxygen, :S4 ppm nitrogen, :S2 ppm 

moisture). A secondary regulator and overflow valve connected to the copper line allowed 

the constant flow of helium to be maintained at atmospheric pressure. Before collecting the 

water into the syringe, the syringe was purged three times with helium and the walls of the 

syringe were coated in 0.5 ml 37 % v/v formaldehyde solution to poison microbial bacteria. 

Also, to minimize air contamination, the 10 em long Tygon ® tubing was purged with helium 

for 20 s and a couple bubbles of helium were released beneath the water surface before 

stopping the flow of helium through the tubing and slowly drawing the water into the syringe. 

After drawing in exactly 35 ml of water, the 3-way stopcock was turned and 15 ml of helium 

was allowed to bubble up through the water in the syringe at a rate of approximately 1 bubble 

s-1
• The plunger of the syringe was allowed to be pushed up freely and with minimal friction 

so that the helium inside the syringe would be at atmospheric pressure. Then, the stopcock 

was closed and the tubing was disconnected. 

The three syringes containing water and helium from each incubation termination period were 

processed together immediately after collection. Care was taken to avoid heating the samples 

and air contamination was minimized by temporarily storing the syringes in a water bath held 

at the experimental temperature (± 1.0 °C). The three syringes with stopcocks closed, were 

placed horizontally underwater into a temperature controlled water bath with an attached 

mechanical shaker (Scientific Equipment Manufacturing Company Ltd., Dunedin, New 

Zealand, Model: WBEC2) (Figure 3.7.). The syringes were agitated vigorously for 10 min. at 

approximately 450 mot min-1 after which more than 98% of the dissolved N2 and N20 should 

10 The current study used 35 ml instead of 40 m1 water. 
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have been transferred into the helium headspaces (Hamilton and Ostrom 2007; Weiss 1970; 

Weiss and Price 1980). No leakage of the water or gas in the syringes was observed. After 

equilibrium, at least 8 5 % of the headspace gas ( ~ 13 ml) was transferred into a 12 ml pre

evacuated borosilicate round bottom gastight vial with a chlorobutyl rubber septum 

(Exetainer, vial type RK with new thread, product code: ORK9W, 104 x 15.5 mm with cap, 

Labco Ltd. , High Wycombe, UK) for each syringe. 

Figure 3.7. Dissolved gases being equilibrated into the headspaces of the syringes on the 
mechanical shaker. 

The Exetainers were purchased from Labco Ltd. pre-evacuated, but re-evacuated within 1 

month prior to sample collection to minimize atmospheric N2 contamination. A custom built 

2-stage glass vacuum line equipped with an Edwards RV3 roughing pump, and an Edwards 

Pirani 501 diffusion pump that generated a vacuum of <4 x 10-6 Torr was used to evacuate the 

Exetainers. The vacuum manifold consisted of 12 ports with stopcocks. The Exetainers were 

fixed to the vacuum line using BD PrecisionGlide Needles (26 G ~' 0.45 x 13 mm, reference 

# 302002) and left on the vacuum line for a period of 20-24 h to ensure that a sufficient 

vacuum level was achieved (Figure 3.8.). The Exetainers were kept submersed in distilled 

water freshly sparged with helium while the needles were being removed from the septa to 

ensure that air did not enter the Exetainers. While a few drops of water entered the Exetainers 

upon withdraw!, Hamilton and Ostrom (2007) found the contamination from N2 dissolved in 

water to be negligible compared to the contamination from N2 in air. Each Exetainer was 
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stored at room temperature in the dark inside a 50 ml centrifuge tube that was completely 

filled with distilled water (capped underwater and no air bubbles visible) recently sparged 

with helium. The Exetainers were stored in this manner to reduce the potential for air 

contamination since gas diffusion rates are much slower in water than in air. 

Figure 3.8. Exetainers being evacuated on the vacuum manifold. 

The gas headspace in each syringe was transferred into an Exetainer using a flexible needle 

extender. The needle extender, which was connected to the 3-way stopcock on the syringe, 

consisted of a 21 G 1 Yz (0.80 x 38 mm) needle with its point filed off that was inserted tightly 

into a 9 em long polyethylene tube (1.27 mm external diameter, 0.86 mm internal diameter). 

The tubing was connected to a Chemfluor miniature fluid flow fitting that was fitted to a 26 G 

Yz (0.45 x 13 mm) needle. This flexible needle extender allowed the gas headspace in the 

syringe to be injected downward into an Exetainer while holding the syringe upright. As 

before, the side-arm female luer stopcock port was connected to a helium line. The septum of 

the Exetainer was kept submersed in distilled water freshly sparged with helium to avoid 

atmospheric N2 contamination. Before inserting the needle into the Exetainer septum the 

needle extender was purged with helium for 20 s. Then, a few helium bubbles were released 

into the water beside the Exetainer. While keeping the needle underwater, water that had 

been trapped inside the stopcock as well as a small amount (~2 ml) ofheadspace gas from the 
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syringe was also expelled into the water beside the Exetainer. The needle was quickly moved 

over the Exetainer and inserted into the septum without making contact with the overlying air. 

The remainder of the gas headspace (~13 ml) was injected into the Exetainer, resulting in a 

slight positive pressure in the Exetainers with regard to atmospheric pressure (Figure 3.9.). 

The syringe plunger was allowed to move freely and with minimal friction as the headspace 

gas filled the evacuated Exetainer. The needle was withdrawn from the Exetainer septum 

immediately upon the sample water entering the needle extender tube. As before they were 

filled with gas, the Exetainers were stored in the dark at room temperature inside water-filled 

(distilled water freshly sparged with helium) 50 ml centrifuge tubes. 

Figure 3.9. Transfer of the headspace gas into an evacuated Exetainer for storage until 
analysis on the isotope ratio mass spectrometer. 

The duration between the three samples of water being collected from the chambers at the end 

of their incubation period to transferring the headspace gases into the Exetainers was 

generally only 20 min. and half of this time was while the syringes were on the shaker. The 

depth of the sediment inside each chamber was measured using a ruler so that the volume of 

sediment and water could be determined. 
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3 .2.1.5. Isotope analysis 

The gas-filled Exetainers were transported inside water-filled centrifuge tubes by courier 

express air mail to the stable isotope facility at the University of California, Davis, USA 

where the gas samples were analysed within 3 weeks of collection. N2 and N20 isotope 

ratios, ( 9N2l e8N2r1
, e~2l e8N2r1

, [
45N20l [44N20r1

, and [46N20]· [
44

N20r1 were measured 

using a SerCon Cryoprep trace gas concentration system interfaced to a PDZ Europa 20-20 

IRMS (Sercon Ltd., Cheshire, UK). The entire gas sample inside each Exetainer ( ~ 13 ml) 

was purged via a double-needle sampler and introduced into a helium carrier stream (20 ml 

min.-1
). Next, the N2 and N20 gases were isolated and concentrated. The N2 gas 

(concentration :S5000 ppmv) was sampled using a rotary 4-port valve that was fitted with a 20 

~1 sampling loop, timed to capture the peak N 2 concentration in the helium carrier stream. 

Prior to its introduction into the IRMS, the N2 was passed through a molecular sieve SA GC 

column (15 x 0.53 mm internal diameter, 25 °C, 3 ml min.-1
). 

While the N2 was being analysed, the remainder of the gas sample was passed through a C02 

scrubber (Ascarite) and the N20 was cryogenically trapped under liquid nitrogen until the 

non-condensing portion of the sample gas had been replaced by the helium carrier. Then, the 

N20 was passed through a second, smaller cryo-trap to be further cryofocused. The second 

trap was warmed to ambient temperature. The N20 was carried by helium to a Poroplot Q 

GC column (25 x 0.53 mm internal diameter, 25 °C, 1.8 ml min. -1
) where the N20 was 

separated from any residual C02. Finally, the N20 was carried by helium to the IRMS where 

it entered via an open split and was directed toward the triple collectors. 

The amount ofN2 (detection at ~mol level) and N20 (detection at pmollevel) present in each 

sample was recorded. Temporary isotope ratios of the sample N2 and N20 peaks were 

calculated from reference N2 and N20 peaks. Final isotope ratio values were calculated from 

the temporary isotope ratio values after adjusting them so that they were correct for the 

working standards. Two working standards, which were mixtures of N2 and N20, were 

analysed after every 10 samples. N2 was calibrated against an Oztech N2 standard (815N vs air 

= -0.74). Because there were not any suitable international standards for N20, N20 was 

reacted with glassy carbon at 1400 oc, resulting in N2 and CO. N2 was calibrated against the 

Oztech standard and CO was calibrated against an Oztech C02 standard after converting it to 

CO. 
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3 .2.1.6. Calculation of denitrification rates 

Denitrification rates were calculated according to the equations ofNielsen (1992) and Dong et 

a!. (2006). To simplify the calculations, the small amount of 15N (natural abundance of 

nitrogen isotopes: 99.64 % 14N, 0.36 % 15N) and small amount of 170 and 180 (natural 

abundance of oxygen isotopes: 99.76% 160, 0.04% 170, 0.20% 180) naturally present in the 

water were considered negligible. Furthermore, isotope fractionation, where 14N03- is 

preferentially reduced during denitrification (since enzymes generally prefer to transform 

molecules with smaller molecular weights) causing the remaining N03- to be enriched in 15N 

(Mariotti eta!. 1981 ), was assumed to be negligible. Supporting this assumption, Middleburg 

et a!. (1996b) found the error from isotope fractionation in denitrification rates estimated 

using the IPM to be <0.5 %. 

First, the concentration of 29N2 in the water was calculated using the equation below. 

e0N2]· e8N2r1, [45N20]· [44N20r1, [46N20l [44N20r1 and [44N20] were substituted into the 

equation to calculate the concentrations of 30N2, 45N20, and 46N20, respectively. 

[
29Nz] (!lmol r 1

) =((Sample e9N2l [28NzT1
)- (Standard e9NzteNzT1

)) X [
28N2l 

0.035 
(Equation 3.2.) 

where e9N2l e8N2r1 is the ratio 11 obtained from IRMS, e8N2] is the amount ofN2 recorded in 
the sample (J.lmol), and 0.035 is the volume in litres of the sample water from which the gas 
was extracted. 

Next, the rate of production of 29N2 (r29) was calculated using the equation below. m30, ffi4s, 

and ID46 were substituted into the equation to calculate the rates of production of 30N2 (r30), 

45N20 (r45), and 46N20 (r46), respectively. 

(Equation 3.3.) 

where m29 is the slope of the linear regression line of [29N2] plotted against time (h), A is the 
surface area of the incubated sediment (5.6 x 10-3 m2), Vw is the volume (1) ofwater overlying 
the sediment during the incubation (mean of the 5 chambers in the tank), Vs is the volume (1) 
of the incubated sediment (mean of the 5 chambers in the tank), and q> is the mean (n=3) 
porosity (ml H20 mr1 sediment) of the sediment measured at the depth interval of 0-2 em 
(since porosity was not measured at AH2 and AH4 during the concentration series 

11 The ratio from the most recent standard run was subtracted from the sample ratio to determine the excess 
value. 
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experiments, the mean values (0.38 and 0.21, respectively) measured at these sites one month 
later during the February 2008 spatial survey were used in the calculation). 

The rate of denitrification (N2 production) supported by 15N03- (D 15(N2)) was calculated from 

r29 and r30 using the equation below. The rate of N20 production supported by 15N03-, 

(D15(N20)) was also calculated from this equation by replacing r29 and r3o with r45 and r46, 

respectively. 

(Equation 3.4.) 

When the formed N2 and N20 molecules follow an ideal binomial distribution, 29N2 and 30N2 

as well as 45N20 and 46N20 are formed with the probabilities, 2D14D1s and D1sDJ5, 

respectively. Using this assumption, the rate of denitrification (N2 production) supported by 
14N03- (D14(N2)) was calculated using the equation below. The rate of N20 production 

supported by 14N03-, (D14(N20)) was also calculated from this equation by replacing r29, r30, 

and D1 5(N2) with r45, r46, and D1s(N20), respectively. 

(Equation 3.5.) 

The total rate of denitrification (N2 production) in the sediment (DTota1(N2)) could then be 

calculated by adding together D15(N2) and D14(N2). The total rate of N20 production, 

(DTota1(N20)) was also calculated from this equation using D1sCN20) and D14(N20). 

(Equation 3.6.) 

The rate of denitrification (N2 production) of the 14NPN nitrate mixture diffusing from the 

water column into the sediment and excluding nitrate produced during nitrification 

(DwTota1(N2)) was calculated from D15(N2) according to the equation below. DwTota1(N20) was 

also calculated from this equation for N20 production using D15(N20). 

(Equation 3.7.) 

where a is the isotopic nitrate enrichment during the incubation expressed as 
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[NO -]after-[NO -]before . . . . 
£ = x [ J x . The terms represent the measured combmed mtrate and mtnte 

NOx after 
concentration before and after the addition of 15N03- in each chamber. The mean value 
calculated forE for the 5 chambers in the tank was used for the calculation ofDwTotai. 

The rate of coupled nitrification-denitrification (N2 production) (Du(N2)) was calculated as the 

difference between DwTota1(N2) and DTota1(N2). The rate of N20 production from coupled 

nitrification-denitrification in the sediments, (Dn(N20)) was also calculated using this 

equation, but with DwTotal(N20) and DTota1(N20). 

(Equation 3.8.) 

By assuming a linear relationship between Dw Tota1(N2) and the concentration of N03- in the 

water column, the rate ofN2 production from direct denitrification (Dw(N2)) was calculated by 

extrapolating back to the tracer-free conditions. The rate of N20 production from direct 

denitrification, (Dw(N20)) was also calculated from this equation using Dw Tota1(N20). 

(Equation 3.9.) 

Finally, the potential contribution of anammox to N2 production was calculated according to 

"Method 3" devised by Trimmer et al. (2006). This method is based on the direct 

quantification of r14, the ratio between 14N03- and 15N03- in the nitrate reduction zone, from 

the 15N isotopic signature of N20. The method relies on the assumption that denitrification, 

but not anammox, will produce isotopic species of 15N-N20 in a binomial distribution. In the 

first step, r14(N2) was calculated according to the equation below. r14(N20) was also 

calculated from this equation by replacing r29 and r3o with r45 and r46, respectively. 

(Equation 3.10.) 

The proportion of 15N in the total N gas pool, q is directly related to r14 and was expressed for 

N2 according to the equation below. q was also calculated for N20 using this equation by 

replacing r14(N2) with r14(N20). 

(N) __ 1_ 
q 2 - r14+1 

(Equation 3.11.) 
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The term q, which is constrained between 0 and 1, was subjected to regression analysis after 

pooling all of the q values calculated from the three tracer concentrations together for each 

site. If the slope of q(N2) versus q(N20) deviated significantly from 1, the deviation was 

assumed to be due to anammox. The potential contribution of anammox to N2 production, ra 

was calculated for each site as follows: 

2-2xslope of regression line 
ra = I f . ,. 2-s ope o regressiOn me 

(Equation 3.12.) 

All statistical analyses were completed using SPSS v. 16.0 (SPSS Inc., USA). Linear 

regression analysis of the rates of Dn, Dw, D)Totai), D 15, and D14 versus 15N03- concentration 

in the water column was used to test the significance of the slopes. 

3 .2.2. Benthic macrofauna 

At the end of the denitrification incubation period the macrofauna inside each chamber were 

immediately recovered by wet sieving the entire sediment core using a sieve with a 0.5 mm 

mesh. The macrofauna retained on the sieve were preserved in buffered 10 % v/v formalin in 

seawater then transferred after 1 week to 80 % v/v isopropyl alcohol to be stored. A total of 

315 macrofauna samples were preserved from the concentration series experiments. Due to 

time constraints it was only possible for one-third of these samples to be sorted and the 

individuals identified, counted, and weighed. The samples selected for analysis were all the 

macrofauna samples recovered from the five chambers within tank 1 for each sampling event. 

Together, the five chambers from tank 1 made up the first replicate denitrification rate 

measurement for each sampling event. Since there were three sampling events per site 

(corresponding to the three different concentrations of added 15N03-), a total of 15 

macrofauna samples were analysed per sampling site. The macrofauna were identified, 

counted, and weighed according to the procedures described in Chapter 2. The abundance 

and biomass were expressed in terms of the surface area of the sediment in the chambers 

(number of individuals per 56 cm2 and g ww per 56 cm2
, respectively) instead of scaling-up to 

a square metre so that the macrofauna could be related directly to the measured rates of 

denitrification and to avoid making assumptions about the level of dispersion in the 

population. 
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3.3. Results 

3.3 .1. Characteristics of the sampling sites at the four estuaries 

The characteristics of the water and sediment for the 7 sampling sites at the four study 

estuaries are shown in Table 3 .1. The raw data are listed in Tables A3 .1. (organic carbon), 

A3.2. (volumetric and gravimetric relationships), A3.3. (sediment grain size), A3.4. 

(chlorophyll a), and A4.1. (water column characteristics) according to sampling date. The 

highest water temperature (21.5 °C) was recorded at AH2 in January during the second 

sampling event at that site, and the lowest water temperature (10.5 °C) was recoded at TA2 in 

April during the first sampling event at that site. Salinity of the water was the most variable at 

WA1, ranging between 26 and 39 psu, depending on the flow of the river. The salinity at 

TA2, which ranged between 4 and 14 psu, and the salinity at WA4, which ranged between 5 

and 16 psu, were the lowest recorded at any of the sites. Ammonia was the dominant 

inorganic nitrogen at AH2, AH4, and WA1, far exceeding the concentration of NOx-· 

Conversely, the concentration of ammonia was only slightly greater than that ofNOx- at T01 

and T04 and ammonia and NOx- were approximately equal in concentration at W A4 and 

TA2. The concentration of NOx- in the water column was low at all sites, with the highest 

average NOx- concentration (average of all samples collected during the three sampling 

events) being 6.3 11mol r 1 at AH4 and the lowest average NOx- concentration being 1.0 11mol 

r 1 at WAl. Tokomairiro estuary had both the lowest (T01, 0.33% dw) and the highest (T04, 

4.7 % dw) mean organic carbon contents in the top 0-2 em of the sediments of all the study 

sites. Tokomairiro estuary also had the lowest (T01, 0.34 ml H20 mr1 sediment) and the 

highest (T04, 0.45 ml H20 mr1 sediment) mean porosity in the top 0-2 em of the sediments 

of all the study sites. The distribution of the sizes of the sediment particles according to the 

percentage dry weight for each size class is displayed graphically in Figure A3.1. The 

sediment at all sites was predominately sandy, except for T04 ( 40.5 % silt). 

Macrofauna consisted mainly of molluscs (bivalves and gastropods), arthropods ( cumaceans, 

isopods, amphipods, and decapods), and annelids (polychaetes). Whereas the most abundant 

phylum at AH2, AH4, WA1, and T01 were annelids, the most abundant phylum at WA4, 

T04, and TA2 were arthropods. The arthropods at WA4, T04, and TA2 were dominated by 

amphipods, but a few tunnelling mud crabs (Helice crassa) were also found in low abundance 

(Table A5.2.). Although they were not the most abundant, molluscs comprised the bulk of the 

biomass at AH2, AH4, WA1, and T04 because a few large bivalves were present (Figure 
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3.10. and Table A5.1.). While the bivalve Austrovenus stutchburyi was present at all four of 

these sites, Paphies australis was present only at WA1 and Macomona liliana was present 

only at AH2 and AH4 (Table A5.2.). 
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Figure 3.10. (A) Mean abundance (number of individuals per 56 cm2
) and (B) mean biomass 

(g wet weight per 56 cm2
) of macrofauna (phyla: Mollusca, Arthropoda, and Annelida) 

recovered (sieve mesh size: 0.5 mm) from all benthic chambers from 'tank 1' used to measure 
the first replicate rate of denitrification for the three concentrations of added 15N03-. Bars 
indicate SE (n=15). 
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Table 3.1. Characteristics of the sampling sites at the four study estuaries during the concentration series experiments_ The data represent mean<.> ± 
SE; n=3, except where au asterisk(*) is present~ u=9_ NM, not measured_ 

Variable 
Avon-Heathcote ·waikoualti Tokomairiro Tautuk"U 

AH2 AH4 WAI WA4 TOI T04 TA2 
'Vater 
Temperature (OC) 203±1.1 19.1±0_9 15.7±Ll 20.4±0.1 17.4±0.4 153±0.4 1L8±0.6 
pH N!\.·1 NI\.1: NI\.1 NM 8.47±0.02 833±0.02 7.89±0.08 
Dissolved oxyge.tl (mg r n) 9.2±03 7_5±0.1 7.4±0.3 7.1±0.2 8.2±0.3 7.6±0.2 9.8±0.2 
Salinity {psu) 33±1 34±1 33±4 ! 2±3 29±1 28±1 8±3 
Ammonia" (111nol f 1

) 69.'0±16_8 70.2±13_8 31.2±12.3 1.3±0_4 6.0±1.3 6.7±1.6 3.9±0.4 
Nitrate+ nitrite'' (~unol f 1

) 35±0_6 6.3±0.4 1.0±0.1 1.1±0.1 1.4±0.1 2.3±0.4 5_7±0_6 
Sediment 
G-ac\tel (% dw), top 0-4 em 0.57±0.3 0.04±0.04 0.03±0.01 39.5±7_7 0.20±0.08 0 .25±0.1 0.01±0.01 
Sand (% d\v), top 0-4 em 84.7±3_5 91 .. 6±2.4 99.7±2.3 56.9±6.8 97.9±0.4 59.2±3.0 80.7±1.8 
!vlud (% dw), t.op 04 em 14.7±3.6 8_4±2.4 6.2±2.3 3.6±1.8 1.9±0_3 40.5±2.8 19.3±1.8 
Organic carbon (% dw), top 0-2 em 1.2±0_1 1.0±0.1 2.1±0.2 1.1±0.1 0.33±0_03 4.7±0.2 2.2±0.05 
Organic carbon (% dw), top 2-4 em 1.7±0_1 1.2±0.0:2 2.0±0.3 0.68±0.01 0.46±0_05 5.7±0.6 2.3±0_05 
Porosity (nil H20 ml."1 sed.), top 0-2 em N!\.·1 NI\.1 036±0.02 0.39±0.03 0.34±0.09 0.45±0.17 0.40±0.03 
Porosity (ml H:tO mr1 sed.), top 2-4 em N!\.·1 :m.1 0.43±0.06 0.48±0.01 0.43±0.05 0.59±0.03 0.48±0.05 
\Vater content (% u•·w), top 0-2 em Nlvl NI\.1 29.6±1.4 32.8±2.1 25.2±0_7 63_8±4.7 35.1±1.8 
\Vater content (% urw), top 2-4 em N!\.·1 mr 29.2±0_7 34.9±2.1 27.1±1.2 67.0±10.7 33.1±1.4 
Specific gra:vity, top 0-2 em Nlvl NM 257±0.03 2.51±0_04 2.61±0.26 2.04±0.41 2.53±0.03 
Specific gravity, top 2-4 em N!\.·1 NI\.1 2.59±0.01 2.55±0.01 2.73±0.38 1.97±0.19 2.47±0_02 
Bulik: density (kg mi"3

), top 0-2 em Nlvi Nrv1 21 12±68 2013±68 2132±141 1756±106 2049±64 
Bulk density (kg m"3) , top 2-4 em Nlvl Nih·1 1899±214 1772±68 1972±97 1327±98 1722±191 
Dry density (kg m-~, top 0-2 em N1vi NJ\.1 1630±58 1516±74 1702±104 1073±89 1517±68 
Dry density (kg m-~, top 2-4 em m..·l NI\.1 1470±166 1313±41 1551±86 799±106 1293±132 
Chlorophyll a (~tg g dw-1), top 0-2 em m..·l NJ\.1 N1o1 NI\.1 NM: Nlv1 11.6±0.7 



3.3.2. Assumptions of the IsN isotope pairing method 

Assumption #1: The calculated rates of production ofN2 and N20 from Dw and Dn were not 

altered by the addition of the ISN03- tracer at most sites (Table A7.1). Rates ofDn for N2 and 

N20 were always greater than rates of Dw for N2 and N20 across all sites and concentrations 

of added IsN03-. Rates of Dw and Dn were independent (p>0.05) of ISN03- for both N2 and 

N20 at WA1, for N2 at T01, and for N20 at AH2, AH4, and WA4 (Table 3.2., Figures A7.1.

A7.4.). On the other hand, significant (p<0.05) linear relationships between Dw and IsN03-

and Dn and IsN03- for were observed for N2 at AH4 and W A4, and for N20 at TO 1. At AH2, 

a weak (R2=0.4446, p=0.0498) negative linear relationship was observed between Dn (N2) and 

IsN03-; however, no significant (R2=0.1214, p=0.3581) linear relationship was observed 

between Dw (N2) and ISN03-. At T04 and TA2, rates of Dn (N2) were independent (p>0.05) 

of IsNo3-, but a significant (p<0.05) linear relationship was observed between Dw (N2) and 

ISN03-. Similar observation~ for Dn (R2=0.2868, p=0.1373) and Dw (R2=0.5297, p=0.0262) 

were made for N20 at TA2. However, the opposite was observed for N20 at T04, with no 

significant (R2=0.2229, p=0.1994) linear relationship occurring between Dw and ISN03-, but a 

significant (R2=0.6145, p=0.0124) positive linear relationship occurring between Dn and 

ISN03-. A strong linear decrease (R2=0.6837, p=0.0060, slope=-10.2447) of Dn(N2) with 

increasing IsN03- concentration was observed at W A4, but the slopes of the linear regressions 

for all other sites were weak (slopes between -2.0853 and 1.0956). 

Assumption #2: Denitrification of nitrate from the water column (Dw Total) increased linearly 

with IsN03- from 5 to 25 J.lmol ri for both N2 and N20 at AH2 and T04 (Table 3.2., Figures 

A7.5.-A7.8.). Conversely, no significant (p>0.05) positive linear relationship was observed 

between Dw Total and IsN03- for either N2 or N20 at AH4, TO 1, or TA2. At W A1 and W A4, a 

significant (p<0.05) positive linear relationship was observed between Dw Total and ISN03- for 

N20, but not for N2. 

Assumption #3: Rates of Dis increased linearly with I5N03- concentration while rates ofDI4 

remained constant with I5N03- concentration for both N2 and N20 at AH2 and T04, and for 

N20 at WA1 and WA4 (Table 3.2., Figures A7.9.-A7.12.). Although rates ofDI4 remained 

constant with increasing IsN03- concentration, Dis production exhibited behaviour contrary to 

assumption #3 for N2 at WA1, T01, and TA2, and for N20 at AH4 and TA2 because there 

was no significant (p>0.05) linear increase of Dis with I5N03-. Also, instead of remaining 

constant as per assumption #3 of the IPM, a significant (p<0.05) negative linear relationship 
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was observed between D14 and 15N03- for N2 at AH4 and WA4, and for N20 at TOl. 

Furthermore, for N2 at WA4, and N20 at T01, no significant (p>0.05) positive linearity 

between D15 and 15N03- was observed. 

Assumption #4: From the time-series experiments, the concentrations of 2~2, 3<N2, 
45N20, 

and 46N20 were linear with incubation time only at AH2 and AH4 after waiting 1 h for 

denitrification of 15N03- to reach 90 % of its steady state and for uniform mixing of 15N03-

and 14N03- to occur. The concentrations of 29N2, 
30N2, 

45N20, and 46N20 were not linear with 

incubation time until approximately 2 h after 15N03- addition at WA1 and WA4, and 3 h after 
15N03- addition at T01, T04, and TA2 (Figure 3.11.). After the initial time lag, rates of 

production of the gases were linear with time despite some noise from spatial variability in the 

sediment cores. 
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Figure 3.11. Production of 29N2 and 30N2 as a function of time after the addition of 15 
11mol r' of 15N03- to two separate sets of sediment cores. Each data pair is representative of 
one sediment core. (A) Example of a typical incubation measurement at AH4 where 
denitrification of 15N03- reached its steady state within 1 h after the addition of 15N03-. (B) 
Example of a typical incubation measurement at T04 where denitrification of 15N03- did not 
reach its steady state until approximately 3 h after the addition of 15N03-. The first pair of 
data points measured at 1 h were excluded from the linear regression analysis. 

Assumption #5 (Anammox): The calculated potential contribution of anammox to N2 

production was relatively high, ranging from 38.17% at AH2 to 94.53 %at TA2, where the 

slope of the linear regression of q(N2) versus q(N20) deviated significantly from 1 (Figure 

A 7 .13.). Because the slope of the linear regression was not significant (p>0.05) at WA1 and 

T01, the potential contribution of anammox to N2 production at these sites was not estimated. 
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Table 3.2. Results of the linear fegression analysis of the rates of Dn, D.,, Dw{I'or:al), Dts, and D t4 versus 15N0 3- concentration in the water column for 
the 7 study sites_ A Check-mark(./) s:ymbolizes .. ·yes" and a cross (x) symbolizes .. no, in t·erms of meeting the assumptions of the 1~ io;otope pairing 
method_ 

Assumption #1 

• No significant (p>O.OS~_•·elatioRShip 
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3.4. Discussion 

3 .4.1. Denitrification concentration series experiments 

Concentration series experiments to test the assumptions of the IPM are not always performed 

before initiating studies using the IPM to measure denitrification. For example, Ferguson and 

Eyre (2007) chose instead to minimize the effect of non-homogeneous mixing of the in situ 

N03- and 15N03- by adding a high concentration of 15N03- to all of the sediment cores (100 

JlmOl r 1 15No3- compared to an in situ No3- concentration of5 Jlmol r 1
). 100 Jlmol r 1 15No3-

was considered the upper limit of the 15N03- concentration that should be applied in a 

concentration series experiment for the study sites (Ferguson and Eyre 2007). Notable 

exceptions where the results of concentration series experiments were published are Dong et 

al. (2000) and Eyre et al. (2002). In both of these studies, the first 4 assumptions of the IPM 

were fulfilled. 

Most studies of denitrification using the IPM, including the two studies mentioned above, 

have been carried out in moderately nutrified and hypemutrified systems. In systems with in 

situ N03- concentrations >60 Jlmol r1
, Dw usually dominates over Dn and accounts for ~80 % 

of the N03- required to support denitrification (Seitzinger et al. 2006). This study was one of 

the few where denitrification was measured using the IPM in relatively oligotrophic systems. 

Other IPM studies conducted in relatively oligotrophic systems are Cook .et al. (2006), 

Ferguson and Eyre (2007), Rao et al. (2008), and Dong et al. (2006). The results of the 

current study show that in these estuarine systems characterized by low organic carbon 

content in the sediment, low concentrations of NOx- in the water column (Table 3.1.), low 

sediment oxygen production rates (see Chapter 2) and a dominance of Dn over Dw, some of 

the assumptions of the IPM are verified with low concentrations (5-25 Jlmol r 1
) of 15N03-, but 

all four assumptions could not be fulfilled for both N2 and N20 at any single site. A violation 

of assumption #3 (uniform mixing of in situ N03- and 15N03-) is the most likely cause for 

error. To my knowledge, this is the first study that has tested the assumptions of the IPM 

from the production of both N20 and N2. 

A major challenge of the IPM is selecting the correct concentration of 15N03- to add to the 

water column. If too little 15N03- is added, there could be a deviation in the assumed binomial 

distribution of the isotopic species ofN2 and N20 (unlabelled N2 and N20 would be produced 

in greater proportion to single and double labelled N2 and N20) with the overall effect that the 
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rate ofDn and D14 would be underestimated. The magnitude of the underestimation ofDn and 

D14 from non-uniform mixing should diminish with higher 15N03- concentrations as more 

measurable single labelled isotope pairs CZ9N2 and 45N20) and fewer unmeasurable unlabelled 

isotope pairs CZ8N2 and 44N20) are formed. Conversely, if too much 15N03- is added, the first 

order kinetics with regard to the uptake of N03- by denitrifying bacteria could be affected. 

Particularly in the case of oligotrophic systems, high concentrations of 15N03- can cause 

denitrification rates (Dw Total) to lose their linear dependency with 15N03- as electron donors 

become limited in supply or Michaelis-Menton type saturation occurs. Also, at high 

concentrations of 15N03- in the overlying water, in situ rates ofDw and Dn may be altered. 

Assumption #1: In general, rates of Dw and Dn were not significantly affected by the 

addition of 5 to 25 )lmol r1 15N03-, except at AH4 and WA4 for N2 and at TOl for N20. The 

addition of 15N03- had no effect on rates of Dn for N2 and N20 at TA2, but there was a 

significant effect on Dw at this site for both N2 and N20. The results for Dw and Dn at T04 

vary for the two gases (Table 3.2.). Thus, apart from the exceptions mentioned above, the 

measured rates of direct denitrification and coupled nitrification-denitrification were 

representative of the in situ rates and the first assumption of the IPM was fulfilled. 

Assumption #2: A first order kinetic relationship was confirmed at all sites for N20, except 

at AH4, TO 1, and TA2, from the positive relationship between the production of Dw Total and 

the concentration of 15N03- from 5 to 25 )lmol r1
• However, for N2, a first order kinetic 

relationship was confirmed only at AH2 and T04. Accordingly, it can be concluded that for 

the sites where a first order kinetic relationship was confirmed for both N2 and N20 (AH2 and 

T04), 25 )lmol r 1 was within the range of the 15N03- concentrations that could safely be 

added to the sediment cores without causing saturation effects. Therefore, the second 

assumption was fulfilled at AH2 and T04. For the remaining sites where a first order kinetic 

relationship was not confirmed for both N2 and N20, either 25 )lmol r1 was too high of a 

concentration of 15N03- to be added to the sediment cores, or N03- from the water column was 

not the limiting factor for denitrification. Perhaps, instead, organic carbon or denitrifying 

bacteria were in short supply. Indeed, T04 (the muddiest site) had the largest mean organic 

carbon content (4.746±0.241% dw) of all sites and the other sites had organic carbon contents 

<2.227 % dw (Table 3.1.) so it is possible that there was insufficient carbon at some of the 

sites to support denitrification. AH4 and WA1 had relatively high mean concentrations of 

ammonia in the water column (70.2 and 31.2 )lmol r 1
, respectively), which likely supported 

nitrification as an alternative source ofN03- for denitrification than the water column N03-. 
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Assumption #3: The assumption ofuniform mixing of the added 15N03- with the in situ N03-

throughout the suboxic denitrification zone is usually fulfilled if D14 remains independent of 

the concentration of 15N03- and D15 increases linearly with the concentration of 15N03-. 

Several sites deviated from this behaviour (except at AH2 and T04 for both N2 and N20) 

signifying that mixing of the N03- was not completely uniform and violating the third 

assumption. The decrease ofD 14 with increasing 15N03-, as occurred at AH4 and WA4 for N2 

and T01 for N20, indicates that the addition of higher concentrations of 15N03- up to 25 )lmol 

r 1 had no effect on reducing the problem of non-uniform mixing at these sites. The violation 

ofD15 increasing linearly with 15N03- at WA1, WA4, T01, and TA2 forN2 and at AH4, T01, 

and TA2 for N20, is analogous to the violation of assumption #2 at these sites. 

Visual inspection of the sediment surface did not show any evidence of rooted macrophytes 

that could have caused non-uniform mixing of the 15N03- and in situ N03-. However, a 

number of large pebbles were found in the sediment cores of W A4, and shell debris was 

present in the sediment cores of AH4, WA1, and TA2, which could have caused a barrier to 

the diffusion of 15N03- into the denitrification zone in some areas of the enclosed sediment. 

Another possible source of non-uniform mixing could be from bioturbation and bioirrigation 

of the sediment by macrofauna. Some heterogeneity of the sediment surface from burrow 

structures and bivalve siphons was observed visually in the sediment cores. However, if 

macrofauna had been the main source of non-uniform mixing it would be expected that the 

two sites (AH2 and T04) where assumption #3 was verified for both N2 and N20 would have 

low abundances and biomasses of macrofauna compared to the sites where assumption #3 was 

not verified, but this was not the case. Both AH2 and T04 had relatively high biomasses of 

molluscs and abundances of annelids in the sediment cores compared to the other sites (Figure 

3.10.). T04 also had the third highest abundance of arthropods of the 7 sites (Figure 3.10.). 

Cook et al. (2006) provide another possible explanation for the occurrence of non-uniform 

mixing in systems with sandy sediments: advective transport of pore water. In muddy 

sediments, stirring of the water column should stimulate the thickness of the DBL and 

influence the rate of N03- transport from the water column into the suboxic denitrification 

zone via molecular diffusion (Vanderborght and Billen 1975). However, an important 

difference between muddy sediments and sandy sediments is that sandy sediments are highly 

permeable, meaning that solute exchange is also mediated by advection driven by sediment 

pressure gradients (Burdige 2006). Roughness in the topography of the sediment surface, 

which could include sand ripples or biogenic structures, causes strong pressure gradients as 
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water flows laterally across the elevated objects (Ziebis et al. 1996). The magnitude of the 

pressure gradient depends on the speed of the flowing water (Burdige 2006). As bottom 

water passes over an elevated object it accelerates, resulting in a pressure drop that pushes 

bottom water into the sediment on the upstream side of the object and pulls pore water out of 

the sediment on the downstream side of the object (Burdige 2006). Consequently, advection 

makes it possible for oxygenated bottom water to come in contact with suboxic pore water at 

different areas of the sediment matrix, potentially stimulating Dw in these places. 

Additionally, advection enhances concentration gradients (Boudreau et al. 2001) and could 

increase the length of time for 15N03- to reach a steady state profile (Cook et al. 2006). 

Therefore, at sandy sites where there was shell debris, large pebbles, and/or macrofauna 

burrow structures visible at the sediment surface, such as at AH4, WA1, WA4, and TA2, 

advection could be a contributing source for the non-uniform mixing. 

Whether or not higher concentrations of 15N03- than 25 11-mol r 1 added to the sediment cores 

would have reduced the problem of non-uniform mixing is unknown. However, the absence 

of a positive linearity between D15 and 15N03-, as occurred at WA1, WA4, T01, and TA2 for 

N2 and AH4, T01, and TA2 for N20, suggests that higher concentrations of 15N03- would 

have had a negligible effect. The results of the tests for the first three assumptions of the IPM 

and the low in situ concentrations of NOx- in the site water were considered when 

recommending concentrations of 15N03- to be added to the water phase during future 

incubations at these sites as well as adjacent sites that were not included in the concentration 

series experiments (Table 3.3.). Although the amount of 15N03- recommended for addition is 

low compared to other studies, the percentage of 15N03- in the total nitrate pool is within the 

same range as other studies and above the recommended amount of 30 % (Dalsgaard 2000). 

Assumption #4: In the current study, 1 h was allowed for a stable concentration gradient of 
15N03- to be established across the sediment-water interface following the addition of 15N03-

to the water column, then incubations were run over a 6 h period. While 1 h was sufficient for 

a stable concentration gradient of 15N03- to be established at AH2 and AH4, it was too short 

for the other sites. At WA1 and WA4, the time required was approximately 2 hand at T01, 

T04, and TA2, the time required was approximately 3 h. Taking into consideration the 

SOPD results from Chapter 2, recommended times to wait for future incubations to begin at 

these sites (as well as adjacent sites not included in the concentration series experiments) are 

listed in Table 3.4. When the time calculated (using Equation 3.1. and the oxygen penetration 

depth results from Chapter 2) to wait for 15N03- to mix with the in situ N03- in the reduction 
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Table 3.3. Concentration of nitrate + nitrite measured in the water column at the study sites during the course of the three sampling events_ The 
nutrient data represent means± SE~ n=9_ Also listed is the r·ecom:mended concentration of ]5N03- tracer to add to future incubations and the percentage 
of tracer that \Votdd be in the total nitrate + nitrite poo] if the in situ concentration of nitrate + nitrite remained the same. The concentration of 1~03-
(determined from concentration series ·experiments) used for :routine incubations in other studies is hsted for comparison_ 

l11 situ N03- 10N03- addition Cooce.utration of Penel:l.t~ge of 15N03-

Loration./Curreot study site roocentntiou test range dd d 1~o - trace•· in the total Reference a · e ·. 1 3 

btmol r 1
) btmol r 1

) t.-acer btmol r 1
) uih·ate pool 

Co1ne Estuary, England 295 75-250 100 25 Dong et al. (2000) 
Co1ne Estuary, England! 21 25-250 50 70 Dong et al. (2000) 
Deception Bay, Australia 5 Not tested 100 95 Ferguson and Eyre (2007) 
Konigshafen Bay, Germany 65-71 30-120 30-60 -30-47 Jensen et al. (1996) 
KonigshaJen Bay, Germany <0_1 5-120 30-60 >99 Jen<.>·en et al. (1996) 
Norsm.inde Fjord, Denmark 14 15-330 . 57 80 Pelegri et al. (1994) 
Norsminde Fjord, Denmark 15 15-330 136 90 Pelegri et al. (1994) 
Kertinge Nor Estuary, Denmark <50 20-80 20-60 -J28-54 Rysgaard et al. (1 995) 
Kertinge Nor Estuary, Denmark > 1000 20-80 250 --20 Rysgaard et al. (1 995) 
Central part of the North Sea 1 15-180 61 -83 98 Lohse et al. (1996) 
Aarhus Bay, Dewnark Not stated 5-100 50 Unknown Eyre et al. (2002) 
AH2, A von-Heathcote Estuary 3.5 :::±: 0.6 5-25 5 59 Current study 
AHl, A von-Heathcote Estuary Not Jmeasur·ed Not tested 5 Unknown Current study 
AH4, Avon-Heathcote Estum:y 63 :::±: 0.4 5-25 10 61 Current study 
AH3, AH5. Avon-Heathcote Estuary Not measured Not tested 10 Unknown Current study 
\VAl , Waikouaiti Estua1y LO::±: OJ 5-25 5 83 Current study 
\VA4, \'laikouaiti Estua1y Ll ± 0.1 5-25 5 82 Current study 
\VA2, WA3, \¥aikouaiti Esutay Not measured Not tested 5 Unknown Cucrent study 
TO 1, T okomairiro Estuary 1.4± 0.1 5-25 10 88 Cucrent study 
T04, T okomairiro Estuary 2.3 ± OA 5-25 10 82 Current study 
T03, T04, Tokomairico Estuary Not measured Not tested 10 Unknown Current study 
T A2, Tautuku Estuary 5.7 ± 0.6 5-25 10 64 Current study 
TAl, TA3, Tauttiku Estuary Not J!Deasur·ed Not tested 10 Unknown Current study 



zone exceeded that observed from the time-series experiments, the shorter time was used so 

that the waiting period would be as short as possible relative to the incubation time. Due to 

this discrepancy, it is recommended that all future incubations be run as time-series 

experiments to make it possible to verify that linear production of the gases is occurring, thus 

fulfilling the fourth assumption. 

Table 3.4. Calculated time for 15N03- to reach 90 % of its steady state rate based on Equation 
3 .1. and the oxygen penetration depth measured in the light at all sites using microelectrodes 
(from Chapter 2). Oxygen penetration depth data represent means± SE; n=9. Also listed is 
the actual time waited after adding the 15N03- before commencing measurements and the time 
that is recommended to wait for future measurements in the light. The recommended time is 
based on the linearity of 29N2, 

30N2, 
45N20, and 46N20 production with time and takes into 

consideration differences in porosity and sediment type for the sites not included in the 
concentration series experiments. NM, not measured. 

Oxygen penetration Calculated time 
Actual time (h) 

Recommended 
depth (mm) (h) for 15N03- to time (h) to wait 

Site waited after 
measured in the light reach 90 % of its adding 15N03-

after adding 
with microelectrodes stead~ state rate 15N03-

AHl 7.5 ± 0.2 4.7 NM 1.0 
AH2 3.8 ± 0.2 1.2 1.0 1.0 
AH3 3.0 ± 0.2 0.7 NM 1.0 
AH4 3.1 ± 0.2 0.8 1.0 1.0 
AH5 3.9± 0.2 1.2 NM 1.0 
WAl 7.5 ± 0.4 4.7 1.0 2.0 
WA2 6.4 ± 0.2 3.4 NM 2.0 
WA3 4.0± 0.3 1.3 NM 1.3 
WA4 5.9 ± 0.2 2.9 1.0 2.0 
TOl 9.6 ± 0.2 7.7 1.0 3.0 
T02 9.6± 0.3 7.7 NM 3.0 
T03 8.3 ± 0.1 5.7 NM 3.0 
T04 8.3 ± 0.1 5.7 1.0 3.0 
TAl 8.5 ± 0.3 6.0 NM 3.0 
TA2 6.4 ± 0.3 3.4 1.0 3.0 
TA3 4.1 ± 0.3 1.4 NM 0.7 

Assumption #5 (Anammox): Based on the calculations of Trimmer et a!. (2006), the 

contribution of anammox to N2 production could be high at some of the sites, especially at 

TA2 (ra = 94.53 %), T04 (ra = 89.27 %), and WA4 (ra = 74.82 %). On the other hand, there 

were no significant positive relationships between 15N03- concentration and the production of 

both D 14 and D15 at any of the sites, as would be expected if anammox had occurred 

(Risgaard-Petersen eta!. 2003). It is possible that anammox did occur (as is implied by the 

results of the calculations of Trimmer et al. (2006)), but was not apparent from the test above 

due to the violation of assumption #3 (uniform mixing of in situ N03- and 15N03-) at all sites 
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except AH2 and T04. Equally likely, the calculated contribution of anammox to N2 

production could have been overestimated if there was some inaccuracy in the slope of the 

linear regression of q(N2) versus q(N20) used to calculate ra (see Equation 3.12.). According 

to Trimmer et al. (2006) an inaccurate slope can result from too few 15N03- concentrations, 

too few replicates at each 15N03- concentration, or low in situ concentrations of N03-. Since 

the in situ concentrations of N03- in the current study were low (Table 3.1.) and data from 

only 3 concentrations of 15N03-, each with 3 replicates were used in the linear regression 

analysis, it is possible that there was some inaccuracy in the slope despite ra only being 

calculated from slopes with p values <0.05 (Figure A7.13.). 

Further research that could include anoxic slurry incubations, analysis of 16rRNA sequences, 

and/or analysis of intact polar or core ladderane lipid biomarkers (refer to Appendix 8) would 

be necessary to support or refute the calculated contribution of anammox to N2 production at 

these sites, which is based on an indirect approach and is, therefore, inconclusive. However, 

current research suggests that the contribution of anammox to N2 production is most 

important in continental shelf sediments (Dalsgaard et al. 2005) and of only minor 

significance in most estuarine sediments (Nicholls and Trimmer 2009). Ideally anammox 

rates would have been quantified using anoxic slurry incubations, but this was beyond the 

scope of the study as the primary focus was to quantify rates of denitrification. Despite this, I 

acknowledge that the presence of bacteria capable of anammox are a challenge when 

measuring denitrification using the IPM because these bacteria, through their respiration, have 

the potential to violate the assumption of binomial distribution of the isotopic N2 species. 

Therefore, I attempted to assess the presence or absence of bacteria capable of anammox at 

the sites using ladderane lipid analysis, which is the latest developed methodology at the 

forefront of anammox research (Jaeschke et al. 2009). The results of the ladderane lipid 

analysis suggest that bacteria capable of anammox were absent from at least some sites in the 

estuaries where denitrification was measured during at least one time of the year (see 

Appendix 8). 

Further research would also be needed to determine the contribution of nitrification, DNRA, 

and chemodenitrification to N2 and N20 production at these sites since these processes were 

not measured in the current study due to time and budgetary constraints. 
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3.4.2. Conclusions 

Despite not all of the assumptions of the IPM being met for all of the study sites, it is still 

concluded that the IPM should be used to measure further rates of denitrification at these sites 

because it is the best method currently available to suit the objectives of the study. For the 

current study I wanted to directly measure rates of denitrification, taking into account the 

roles of bioturbation and bioirrigation by macrofauna and light for stimulating photosynthesis 

in microphytes, at several sites across four estuaries. The N2:Ar method (Kana et al. 1994) is 

another widely used approach for measuring rates of denitrification which was considered for 

the current study, but I decided against using it because of the following three disadvantages: 

(1) instead of measuring denitrification directly, the N2:Ar method estimates the 'net 

denitrification' rate, which is the net flux of N2 from processes that produce N2 

(denitrification and anammox), and processes that consume N2 (N-fixation); (2) the N2:Ar 

method is unable to differentiate between Dw and Dn and does not quantify N20 production; 

(3) the N2:Ar method is very sensitive to oxygen bubble formation via photosynthesis by 

microphytes in light incubations, which often results in an underestimation of denitrification 

rates (Eyre et al. 2002). 

As a consequence of spatial and seasonal changes in environmental variables that affect 

oxygen penetration depth and the availability of nitrate and carbon sources, the validity of the 

assumptions of the IPM, the optimal amount of tracer to add, and the amount of time to wait 

for steady state conditions of N03- diffusion to be obtained may vary over time. However, 

this study, which to my knowledge is the first to look at the applicability of the IPM for 

measuring rates of denitrification in New Zealand estuaries characterized by low water 

column NOx- concentrations, and also the first to include the production of N20 in 

concentration series experiments, is a starting point for further research. 
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Chapter 4 - Spatial variation in sediment denitrification 
rates in four New Zealand estuaries 

4.1. Introduction 

A variety of physicochemical and biotic factors affect rates of denitrification in estuaries and 

this can cause rates of denitrification to vary widely between estuaries and at different sites 

within estuaries, as discussed in Chapter 1. There is no obvious relationship from studies in 

the literature between denitrification rate and the location within an estuary. While some 

studies, including Seitzinger (1987), have found no significant relationship between the rate 

of denitrification and the location within an estuary, other studies have found significant 

relationships. In a study of the rates of denitrification in the Colne, Humber, and Conwy 

estuaries in the UK (Dong et al. 2006), rates of sediment denitrification generally decreased 

from the head to the mouth sites as N03- concentrations were lowered. Similarily, Dong et al. 

(2000) found the highest rates of sediment denitrification at the head of the Colne estuary in 

the UK and the lowest rates of sediment denitrification at the mouth of the estuary, 

corresponding to the highest and lowest water column N03- concentrations and highest and 

lowest sediment organic carbon contents, respectively. Conversely, Gran and Pitkanen (1999) 

found the lowest rates of sediment denitrification (<1 11mol m-2 h-1
) in the inner Neva estuary 

in the eastern Gulf of Finland, higher rates of denitrification (2-10 11mol m-2 h-1
) downstream 

in the outer, more organic sediments of the estuary, and the highest rates of sediment 

denitrification (30-50 11mol m-2 h-1
) in the open Gulf where bioturbating macrofauna were 

present in high abundances. 

4.1.1. Objectives 

In this study, rates of sediment denitrification were measured using the IPM under illuminated 

conditions at all of the sites within the four study estuaries (during a single spring season). 

These denitrification rate measurements were carried out with the aim of: 

• Quantifying the rates of denitrification within each estuary at discrete sites located along 

a salinity gradient that covers a range of macrofauna! abundances, sediment organic 

carbon contents, and sediment types, 
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• Determining which environmental factors have the greatest influence on the rates of 

denitrification in terms of the magnitude of the total denitrification rates, proportion of 

N20 produced relative to N2, and prevalence ofDw or Dn, 

• Assessing the effect of different N water column concentrations associated with pristine 

(Tautuku) to moderately nutrified estuaries (Avon-Heathcote, Waikouaiti, Tokomairiro) 

on the prevalence of Dw or Dn. 

4.2. Materials and methods 

4.2.1. Sample collection and denitrification measurement 

Each site within the four study estuaries (Figures 1.5.-1.8.) was sampled once during the 

three-month period between September and November 2008 according to the methods in 

Chapter 3. Physicochemical parameters of the water column (temperature, salinity, dissolved 

oxygen, pH), sediment characteristics (organic carbon content, volumetric and gravimetric 

relationships, sediment grain size), chlorophyll a content in the surface sediments, and 

nutrient concentrations in the water column (ammonia and combined nitrate and nitrite) were 

measured according to the procedures described in Chapter 2. 

Rates of sediment denitrification (Dw and Dn) that include the production of both N2 and N20 

were measured under illuminated conditions using a modified version of the IPM (Nielsen 

1992) with batch-mode, time-series incubations as described in Chapter 3, but with the 

exceptions that follow. During the incubation, the temperature of the room was maintained at 

the mean water temperature for the month(± 1.0 °C), averaged over a 17 year period (1989-

2005) for the Avon-Heathcote (12.1 °C) estuary sites, and a 13 year period (1995-2007) for 

the Waikouaiti (12.1 °C) and Tokomairiro (14.0 °C) River estuary sites, based on available 

records (Table A2.1.). Because water temperature records were not available for the Tautuku 

River estuary, the temperature of the room for samples from this estuary was maintained at 

the temperature (± 1.0 °C) recorded in the field on the first day of sampling (13.2 °C). An 

aliquot of 45 mmol r1 15N03- solution (K15N03-, 99 atom % 15N, Cambridge Isotope 

Laboratories, Inc., Massachusetts, USA) was added to the water phase of each chamber to 

give a final concentration in the water of either 5 or 10 J..tmol r 1 as recommended for each site 

(Table 3.3.). After the addition of the 15N03- and before the chambers were capped, the 

sediment cores were allowed to equilibrate for a period of 0.7 to 3.0 has recommended for 

each site (Table 3.4.). While the equations listed in Chapter 3 were used to calculate the rate 
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of sediment denitrification, the potential contribution of anammox to N2 production 

(Equations 3.10.-3.12.) was not calculated. The ratio of the rates of N20 production and N2 

production was calculated using the following equation: 

N 0 
N2 0: N2 (%) = - 2

- x 100 
Nz 

(Equation 4.1.) 

where N20 and N2 are the rates of production of each gas (J.Lmol m-2 h-1
) from Dn and Dw. 

In this chapter, the rate of total denitrification (or simply 'denitrification rate') refers to the 

combined rate ofN2 and N20 production from both Dw and Dn: 

(Equation 4.2.) 

At the end of the denitrification incubation period the macrofauna inside each chamber were 

immediately recovered by wet sieving (mesh size: 0.5 mm) each sediment core. The 

macrofauna retained on the sieve were preserved, identified, counted, and weighed according 

to the procedures described in Chapter 2. The samples selected for analysis were all of the 

samples recovered from the five chambers within tank 1 (these chambers made up the first 

replicate denitrification rate) for each sampling site. Therefore, a total of 80 macrofauna 

samples (5 from each of the 16 sampling sites) were analysed. 

4.2.2. Statistical analysis 

The statistical analysis was completed using SPSS v. 16.0 (SPSS Inc., USA). One-way 

analysis of variance and a Tukey HSD post hoc test were carried out to test for any 

differences in the rate of total denitrification between the sites within the estuaries as well as 

across the different estuaries. Normality was assessed using residuals plots and homogeneity 

of variance was assessed by the Levene's test. Where necessary the data were transformed to 

log10 or square-root values to meet the assumptions of normal distribution and uniform 

distribution of the standard deviations of the means. For the analysis of the rates of total 

denitrification between sites within the estuaries the data were highly skewed so the log10 

transformation was more effective than the square-root transformation for making the 

distribution more symmetrical (Weinberg and Abramowitz 2008). On the other hand, a 
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square-root transformation was suitable for the analysis of the rates of total denitrification 

between estuaries because a nested analysis design removed some of the variability. 

Linear regression analysis of the rate of denitrification (mean rate of total denitrification, 

mean rate ofDw, mean rate ofDn, and mean %N20:N2; n=3) versus the various environmental 

parameters (e.g. percentage organic carbon, salinity, etc. as mean values; n=3) measured 

across the four study estuaries was used to determine significant (p<0.05) relationships. 

Then, stepwise multiple regression analysis (Draper and Smith 1981) with denitrification rate 

(mean rate of total denitrification, mean rate of Dw, mean rate of Dn, and mean %N20:N2) as 

the dependent variable was carried out against several independent environmental variables 

(those used in the linear regression analysis with the exception that DIN was excluded due to 

covariance) for the sites across the four study estuaries. 

RDA was carried out on the data using CANOCO software, v. 4.0 to test for correlations 

between the mean rates of Dw and Dn (with a square-root transformation) at each site and 

several of the measured environmental variables. Environmental variables that were 

significant (p<0.05) from the linear regression analysis as well as the mean biomass of the 

macrofauna at phylum level were included in the multivariate analyses. The concentration of 

ammonia and DIN were excluded from the analysis since they covaried with the concentration 

of combined nitrate and nitrite and caused a high variance inflation factor (VIF). Also 

excluded from the analysis was the percentage mud because it covaried with the percentage 

sand. DCA was performed on the rates of Dw and Dn in order to decide whether a linear 

response model or a unimodal response model should be used. The length of the gradient was 

<1.5 standard deviation, hence the rates of Dw and Dn were best described by a linear model. 

Accordingly, it was assumed that the rates ofDw and Dn increased or decreased with the value 

· of each environmental variable. RDA was used as the linear response model so that the 

variation in the rate of Dw and Dn could be visualized directly in relation to the quantified 

environmental variables. A Monte Carlo permutation test was used to examine the statistical 

significance of the effects of the environmental variables on the rates of Dw and Dn. Dw and 

Dn were plotted together with the environmental variables in an ordination biplot. The 

eigenvalues, which lie between 0 and 1 with the sum of all eigenvalues being 1, indicate the 

goodness-of-fit of each axis (Jongman et al. 1995). 

Multivariate analyses were also carried out using PRIMER software, v. 6.1.6. (Clarke and 

Gorley 2006) to assess dissimilarities in the community structure of the macrofauna 
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(abundance at class level; Gastropoda, Bivalvia, Malacostraca, Anthozoa, Polychaeta) 

between sites, estuaries, and site positions (mouth sites: AHl, WAl, TOl, TAl, mid estuary 

sites: AH2, WA2, WA3, T02, T03, TA2, upstream sites: AH3, AH4, AH5, WA4, T04, 

TA3). Hierarchical cluster analysis was carried out using a Bray-Curtis similarity matrix on 

untransformed data (using mean values; n=5) to produce a dendrogram plot. The relative 

distance between the sites in the dendrogram plot reflects the dissimilarity in the macrofauna 

class structure (Clarke and Warwick 2001). One-way ANOSIM tests were used to test the 

null hypotheses that there were no significant community differences between estuaries or 

between the site positions. The R statistic is always between -1 and 1 with small R values 

indicating a strong overlap between groups (Clarke and Gorley 2006; Clarke and Warwick 

2001 ). Lastly, the SIMPER test was used to indicate the most discriminating classes of 

macrofauna between the estuaries and between the site positions. 

4.3. Results 

4.3.1. Characteristics of the sampling sites at the four estuaries 

Water and sediment characteristics for the 16 sites within the four study estuaries are listed in 

Table 4.1. The raw data are listed in Tables A3.1. (organic carbon), A3.2. (volumetric and 

gravimetric relationships), A3.3. (sediment grain size), A3.4. (chlorophyll a), and A4.1. 

(water column characteristics) according to the sampling date. Among the four study 

estuaries, the Tautuku River estuary had the lowest pH in the water column, ranging from 

8.17 at the mouth (TAl) to 7.54 at the furthest upstream site (TA3). While the highest water 

column pH (8.88) was recorded at W A2, the pH in the water column at all other sites in the 

Avon-Heathcote, Waikouaiti, and Tokomairiro River estuaries ranged from 8.34 to 8.77. 

Salinities in the water columns were generally lower in the upstream sites and higher at the 

mouth sites except at the Waikouaiti River estuary where there was no consistent trend (the 

mouth and the furthest upstream sites both had a salinity of 20 psu). The water column at all 

sites was well oxygenated; the dissolved oxygen concentration ranged from 7.65 mg r 1 at 

AH3 (W2) to 11.19 mg r 1 at TAl at the time of sampling (Table A4.1.). 

Whereas the highest average nutrient concentrations occurred in the Avon-Heathcote estuary, 

the lowest occurred in the Waikouaiti and Tokomairiro River estuaries, and the Tautuku River 

estuary was intermediate. Ammonia was the dominant inorganic form of N in the A von

Heathcote estuary with concentrations much greater than combined nitrate and nitrite, 
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especially at the upstream sites (AH3, AH4, AH5) where the water was collected from W2. 

Ammonia and combined nitrate and nitrite were approximately equal in concentration at all 

sites in the Waikouaiti and Tokornairiro River estuaries. In the Tautuku River estuary, the 

combined nitrate and nitrite concentration was 2-3 times higher than that of ammonia. 

In the Tokornairiro and Tautuku River estuaries, the sediment was sandy at the mouth and 

muddy at the upstream sites. In contrast, the sediment was sandy at all four of the sites in the 

Waikouaiti River estuary. In the Avon-Heathcote estuary, the sediment was sandy at the 

mouth (AHl), muddy at AH3, and muddy sand at the remaining sites (AH2, AH4, AH5) 

(Figures A3.2.-A3.4.). The organic carbon content in the top 0-2 ern of sediments was 

generally higher in the muddy sediment and lower in the sandy sediment. Likewise, in the 

Tokornairiro and Tautuku River estuaries, the organic carbon content (top 0-2 ern of 

sediments) was the lowest at the mouth and the highest at the upstream sites. Also, AH3 had 

the highest organic carbon content (2.9 ± 0.1 % dw) of all sites in the Avon-Heathcote 

estuary. The porosity and water content of the top 0-2 ern of sediments ranged from 0.50 ± 

0.03 rnl H20 rnr1 sediment and 55.3 ± 1.4 % ww (at T04) to 0.22 ± 0.03 rnl H20 rnr1 

sediment and 25.2 ± 0.3 % ww (at AH4), respectively. The highest chlorophyll a content of 

the top 0-2 ern of sediments occurred at TA2 (11.4 ± 1.5 11g g dw-1
) and at T04 (10.5 ± 0.2 11g 

g dw-1
) and the lowest occurred at AHI (0.14 ± 0.06 11g g dw-1

). 

The abundance and biomass of the benthic macrofauna varied strongly in the study estuaries. 

At the Tokornairiro and Tautuku River estuaries arthropods were the dominant phylum in 

abundance (Figure 4.l.A.). Within the Arthropoda at these two estuaries, Malacostraca was 

the dominant class (Figure A5.2.B.). In contrast, the Avon-Heathcote and Waikouaiti River 

estuaries were dominated by high numbers of annelids and molluscs (Figure 4.l.A.). 

Molluscs comprised the bulk of the macrofauna biomass at WAI, WA2, WA3, T02, AH2, 

AH3, and AH4 (Figure 4.l.B., Table A5.1.). Only one bivalve species, Austrovenus 

stutchburyi, was found at W AI, WA2, WA3, and T02. On the other hand, at AH2, AH3, and 

AH4, the bivalve, Macomona Iiliana was found in addition to Austrovenus stutchburyi (Table 

A5.2.). 

A dendrogram of the hierarchial clustering .of macrofauna using mean values (n=5) of the 

abundance at class level from each site (based on a Bray-Curtis similarity matrix) shows three 

main clusters of macrofauna (Figure 4.2.). In the first cluster are the mouth sites, AHI and 

TAl, which are characterized by a very low abundance of all classes of macrofauna. In the 
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second cluster are the Tokomairiro and Tautuku River estuary sites (except TAl). In the third 

cluster are the Avon-Heathcote and Waikouaiti River estuary sites (except AHl). 

A one-way ANOSIM test found a significant difference in the classes of macrofauna between 

estuaries (p=0.003, Global R=0.446). According to the pairwise tests, a significant difference 

(p<0.05) was found between the classes of macrofauna at the Avon-Heathcote and 

Tokomairiro River estuaries (p=0.008, R statistic=0.769) and at the Waikouaiti and 

Tokomairiro River estuaries (p=0.029, R statistic=0.844) (Table 4.2.). The SIMPER test 

indicated that the Avon-Heathcote and Tokomairiro River estuaries had an average 

dissimilarity of 93 %, with 86 % of the dissimilarity due to a difference in the mean 

abundance ofMalacostraca (2.28 versus 260.75 individuals per 56 cm2 at the Avon-Heathcote 

versus Tokomairiro River estuaries, respectively) (Table A5.5.). Similarily, the SIMPER test 

indicated that the Waikouaiti and Tokomairiro River estuaries had an average dissimilarity of 

85 %, with 82 % of this dissimilarity due to a difference in the mean abundance of 

Malacostraca (12.10 versus 260.75 individuals per 56 cm2 at the Waikouaiti versus 

Tokomairiro River estuaries, respectively) (Table A5.5.). 

A one-way ANOSIM test also found a significant difference in the classes of macrofauna 

between the site positions within the four study estuaries (p=0.018, Global R=0.274). The 

pairwise tests showed that the variation was due to a significant difference (p<0.05) between 

the classes of macrofauna at the mouth and middle sites within the four study estuaries 

(p=0.029, R statistic=0.413) (Table 4.2.). The SIMPER test indicated that the mouth and mid 

estuary sites had an average dissimilarity of 89 % (Table A5.6.). While 60 % of the 

dissimilarity was due to a difference in the mean abundance of Malacostraca (146.75 versus 

72.43 individuals per 56 cm2 at the mouth versus mid estuary sites, respectively), 34 % of the 

dissimilarity was due to a difference in the mean abundance ofPolychaeta (2.15 versus 41.07 

individuals per 56 cm2 at the mouth versus mid estuary sites, respectively) (Table A5.6.). 
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Figure 4.1. (A) Mean abundance (number of individuals per 56 cm2
) and (B) mean biomass 

(g wet weight per 56 cm2
) of macrofauna (phyla: Mollusca, Arthropoda, and Annelida) 

recovered (sieve mesh size: 0.5 mm) from all benthic chambers from 'tank 1' used to measure 
the first replicate rate of denitrification for each site. Bars indicate SE (n=5). 
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Table 4.2. Results of the one-way analysis of similarities (ANOSIM) tests used to test the 
null hypotheses that there were no significant differences in macro faunal communities (class 
level) among estuaries or among site positions. The data type was the abundance (number of 
individuals per 56 cm2) of macrofauna recovered from all 'tank 1' chambers used for the 
measurement of denitrification at each site (data represent means; n=5). Relationships that 
are significant at a 5 % level are in bold. 

Factor 
Estuary 

Position 

Groups 
AH,WA 
AH,TO 
AH,TA 
WA,TO 
WA,TA 
TO,TA 
Mouth, Mid estuary 
Mouth, Upstream 
Mid estuary, Upstream 

R Sfatistic 
0.019 
0.769 
0.477 
0.844 
0.370 
0.315 
0.413 
0.270 
0.174 

4.3.2. Quantification of the rates of denitrification 

Significance level % 
40.5 
0.8 
5.4 
2.9 
5.7 
5.7 
2.9 
8.1 
12.3 

Across all four estuaries, the measured rates of total denitrification varied from 0.0578 ± 

0.0497 ~-tmol m-2 h-1 (at WAl) to 346.6 ± 76.2 ~-tmol m-2 h-1 (at T04) (Figures 4.3. to 4.5.). 

The results of a nested one-way analysis of variance showed that the mean rate of total 

denitrification was significantly (p<0.05) different among estuaries (Table 4.3.). A Tukey 

HSD post hoc test showed that on average, the highest rates of denitrification occurred in the 

Tokomairiro River estuary (mean: 216.8226 ~-tmol m-2 h-1
), the lowest rates occurred in the 

Waikouaiti River estuary (mean: 3.8215 ~-tmol m-2 h-1
), and moderate rates occurred in the 

Tautuku (mean: 57.7666 ~-tmol m-2 h-1
) and Avon-Heathcote (mean: 69.4113 ~-tmol m-2 h-1

) 

River estuaries (Table 4.3.). 

Dn(N2+N20) exceeded 86% of the total denitrification at all sites except at AHl (1.84 %) and 

TAl (0.00 %) where the total rates of denitrification (0.5542 ± 0.5177 ~-tmol m-2 h-1 and 

0.0830 ± 0.0469 ~-tmol m-2 h-1
, respectively) were low (Figure 4.6.A.). The highest rate of 

Dw(N2+N20) recorded at all sites in the four study estuaries was 10.2 ± 4.4 ~-tmol m-2 h-1 at 

AH3 and the lowest rate was 0.0067 ± 0.0067 ~-tmol m-2 h-1 at W A4. 

The rate ofN20 production was much lower than the rate ofN2 production at all sites (Table 

A7.1.). The highest rate ofN20 production recorded was 0.1878 ± 0.0837 ~-tmol m-2 h-1 at 

AH5 and the lowest rate was 0.0000 ± 0 ~-tmol m-2 h-1 at TAl. The highest ratios between 

N20:N2 fluxes at all sites in the four study estuaries occurred at AH5 (11.20 %), followed by 

SPATIAL VARIATION IN DENITRIFICATION 163 



WAl (1.62 %), WA2 (1.49 %), AH3 (0.48 %), AH4 (0.19 %), and TAl (0.13 %) (Figure 

4.7.A.). 

In the Avon-Heathcote estuary, the rates of total denitrification ranged from 0.5542 ± 0.5177 

/-!mol m-2 h-1 at the mouth site (AHl) to 111.7 ± 85.7 /-!mol m-2 h-1 at the site (AH4) in closest 

proximity to the WWTP outfall (Figures 4.3. and 4.5.). Within the Avon-Heathcote estuary, 

the total rates of denitrification were significantly (p<0.05) different between sites (Table 

4.4.). A Tukey HSD post hoc test revealed that the total rate of denitrification at AHI was 

significantly (p<0.05) different from the rates at AH2, AH3, and AH4, but the rate at AH5 

(41.5 ± 37.6 /-!mol m-2 h-1
) could not be distinguished between the two groups (Table 4.4.). 

The percentage of Dn(N2+N20) in the total denitrification was greatest at AH4 (96.78 %), 

followed by AH2 (95.56 %), AH5 (92.39 %), and AH3 (90.29 %). 

In the Waikouaiti River estuary, the rates of total denitrification ranged from 0.0578 ± 0.0497 

/-!mol m-2 h-1 at the mouth site (WAI) to 12.0 ± 6.1 /-!mol m-2 h- 1 at the mid estuary site (WA2) 

located adjacent to WAI (Figures 4.3. and 4.5.). Within the Waikouaiti River estuary, there 

was no significant (p>0.05) difference in the total rates of denitrification between sites (Table 

4.4.). The percentage of Dn(N2+N20) in the total denitrification was greatest at WA2 (99.47 

%), followed by WA4 (98.89 %), WA3 (97.07 %), and WAI (86.73 %). 

The rates of total denitrification in the Tokomairiro River estuary ranged from 43.3 ± 12.5 

/-!IDOl m-2 h-1 at the mouth site (TOI) to 346.6 ± 76.2 /-!mol m-2 h-1 at the site (T04) furthest 

upstream (Figures 4.4. and 4.5.). Within the Tokomairiro River estuary, the total rates of 

denitrification were significantly (p<0.05) different between sites (Table 4.4.). A Tukey HSD 

post hoc test revealed that the total rate of denitrification at TO 1 differed significantly 

(p<0.05) from the rates at T02, T03, and T04 (Table 4.4.). The percentage of Dn(N2+N20) 

in the total denitrification was greater than 99 % at all four sites in the Tokomairiro River 

estuary. Also, within the Tokomairiro River estuary, the highest ratio between N20:N2 fluxes 

occurred at TOl (0.02 %) (Figure 4.7.A.). 

In the Tautuku River estuary, the rates of total denitrification decreased down the estuary 

from the upstream site (TA3: 117 ± 100 /-!mol m-2 h-1
) to the middle site (TA2: 55.5 ± 32.9 

/-!IDOl m-2 h-1
) to the mouth site (TAl: 0.0830 ± 0.0469 /-!IDOl m-2 h-1

) (Figures 4.4. and 4.5.). 

Within the Tautuku River estuary, the total rates of denitrification were significantly (p<0.05) 

different between sites (Table 4.4.). A Tukey HSD post hoc test revealed that the total rate of 
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denitrification at TAl was significantly (p<0.05) different from the rates at TA2, and TA3 

(Table 4.4.). The percentage ofDn(N2+N20) in the total denitrification was 95.73% at TA2 

and 99.26 % at TA3. The production of N20 decreased along the estuary, being 0.0086 ± 

0.0017 11mol m-2 h-1
, 0.0008 ± 0.0004 j.lmol m-2 h- 1

, and 0.0000 ± 0 11mol m-2 h-1 at TA3, TA2, 

and TAl, respectively. However, the ratios between N20:N2 fluxes were the highest at TAl 

(0.13 %), the lowest at TA2 (0.00 %), and TA3 (0.03 %) was intermediate (Figure 4.7.A.). 

Table 4.3. Results of the nested analysis of variance of the total rate of denitrification (with 
square-root transformation) versus estuary. The mean rate of denitrification (n=3 except at 
AH4; n=2) determined for each site was used for the analysis. 

Total denit. rate v.s. estuary 
d.f. F Significance (p) 
3 5.264 0.015 

Tukey HSD post hoc test of homogeneous subsets 
Estuary N Means 1 Means 2 
Waikouaiti 4 3.8215 
Tautuku 3 57.7666 
Avon-Heathcote 5 69.4113 
T okomairiro 4 
Sig. 0.288 

57.7666 
69.4113 
216.8226 
0.129 

*Levene's test of equality of error variances showed that uniform distribution of the standard 
deviations of the means was met (F=2.685, 3 d.f.l, 12 d.f.2, p=0.094). The assumption of 
normality was also met as was determined from the visual inspection of a histogram plot of 
the residuals. 
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T able 4.4. Results of the anal ysis ofvariance of the total rate of denitrification (with logw transformation) ver&1.1S site for each estuary. 

Levene•s test of equality of ·eiTOil" variances Noil·mally TotaJ rate of denihifiratiton ' '.S. site Tukey HSD post hoc test of hom. subsets 
F (Lf.l d.f.2 Sii~ific;mre (~) di:c;hibuted dJ'. F St~nificanre (~~· Site N lUeaos l l\·Ieans 2 
A'l.ron-Heathcote 
1.243 4 9 0.359 Yes 4 6.98.3 0.008 AH1 3 0.5542 

AH5 3 41.5545 41.5545 
AH2 3 88.2167 
AlB 3 105.0681 
AH4 2 111 .6630 
Si . 0.08.9 0.730 

'Vaikouaiti' 
10.716 3 8 0.005 No 3 1.58.6 0.277 WAl 3 0.0578 

WA4 3 0.6096 
WA3 3 2.6266 
W.ll;2 3 11.9922 
Si _ 0.432 

Tokomair-iro 
2.461 3 8 0 .137 Yes 3 16.073 0 .001 TOl 3 43.3594 

T02 3 134.4421 
T03 3 342.8528 
T04 3 346.6361 
Sig. 1.000 0.128 

Tautu1!m 
1.084 2 6 0.396 Yes 2 13.590 0 .006 TAl 3 0.0830 

T.l\2 3 55.5467 
TA3 3 117.670 1 
Sig. 1.000 0.915 

"The analysis. of variance assumptions. of nomuhty .1.nd unifOllll distribution of the stancbrd deviations of the means wt'l'e not met for d1e Waikouaiti River estuary . 
A nonpa1'.1.metric pai:twise Kruskal-Wallis test (wnfidence intenral: 95.0 %) fow1d that the total rate of denitrification was the same across all sites in the Waikouaiti 
River estuary (H=5.154, 3 d.f., p=0.161). 



4.3.3. Linear regression analysis 

The mean rate of total denitrification at all sites in the four study estuaries was significantly 

(p<0.05) correlated with the temperature of the laboratory, the chlorophyll a content of the 

sediment (Figure 4.8.A.), the percentage sand, and the percentage mud (Figure 4.8.B., Table 

4.5.). Although the first replicate rate of total denitrification at each site was not significantly 

(p>0.05) correlated to the mean abundance of molluscs, arthropods, or annelids (Figure 

4.9.A.), it was significantly (p<0.05) correlated to the mean biomass of arthropods and the 

mean biomass of annelids recovered from the incubation chambers (Figure 4.9.B.). 

Similar to the mean rate of total denitrification, the mean rate ofN2 and N20 production from 

Dn at all sites in the four study estuaries was significantly (p<0.05) correlated with the 

temperature of the laboratory, the chlorophyll a content of the sediment, the percentage sand, 

and the percentage mud (Table 4.5.). In contrast, the mean rate of N2 and N20 production 

from Dw at all sites in the four study estuaries was significantly (p<0.05) correlated to the 

concentration of ammonia, combined nitrate and nitrite (Figure 4.6.B.), and DIN in the water 

column as well as the percentage sand, and the percentage mud (Table 4.5.). 

The mean ratio between N20:N2 fluxes at all sites in the four study estuaries was significantly 

(p<0.001) correlated with the concentration of ammonia and DIN (Figure 4.7.B.) in the water 

column (Table 4.5.). 

Neither the mean rate of total denitrification, the mean rate ofN2 and N20 production from Dn 

or Dw, or the mean ratio between N20:N2 fluxes at the 16 sites were significantly (p>0.05) 

correlated with the mean salinity or pH of the water column or the mean organic carbon or 

water content of the top 2 em of the sediment (Table 4.5.). 
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Table 4.5. Results of the linear regression analysis ohhe rate of denitrification (mean.; n=3) versus the various envirownental parameters (mean.; n=3) 
measured across the 16 sites w:ithin the fom study estuaries_ Significant (p<0.05) correlations are in bold_ 

Imlep~nd(>nt variabl(> 

\Vat~r 

Salinity (psu) 
pH 
Laboratory temperature ec) 
Ammonia (~tmol r [) 
Nitrate + nitrite (~tmo] r t) 
DIN (~mol r ]) 
S(>dimeut 
Sand(«}·!) dw), top 0-2 em 
Mud (% dw), top 0-2 em 
Organic carbon («}'0 d\v), top 0-2 em 
\Vater content (0/o ~"'w} top 0-2 em 
Chlorophyll a (~tg g d\v-]), top 0-2 em 

Total rate of denitrification 
R: p 

0.002 0.858 
0.017 0.630 
0.396 0.009 
0.007 0.751 
0.003 0.850 
0.007 0 .767 

0.575 0.001 
0.310 0 .. 025 
0.176 0.106 
0210 0.074 
0.295 0 .. 030 

Dw (N2 aml N:O) 
R~ p 

0.013 0.676 
0.010 0.714 
0.079 0291 
0.263 0.042 
0.541 0.001 
0.353 0.015 

0.287 0.033 
0.400 0.009 
0.170 0.113 
0.109 0.211 
0.002 0.856 

Do (N: and N:O) %N:O:N: 
R: p R: p 

0.002 0.865 0.010 0.718 
0.018 0.622 0.026 0.548 
0.407 0.008 0.085 0_274 
0.010 0.716 0.761 <0.001 
0.005 0.800 0.198 0.084 
0.009 0.726 0.632 <0.001 

0.559 0.001 0.000 0.948 
0.296 0.030 0.007 0.757 
0.169 0.114 0.009 0.721 
0.205 0.078 0.020 0.599 
0.299 0.028 0.057 0373 
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4.3.4. Multiple regression analysis 

The results of the stepwise multiple regressiOn analyses with the mean rate of total 

denitrification, the mean rate ofDw, the mean rate ofDn, or the mean ratio between N20:N2 as 

the dependent variable against the environmental parameters listed in Table 4.5. (excluding 

DIN) as the independent variables for all sites in the four study estuaries are summarized in 

Table 4.6. Both the mean rate of total denitrification and the mean rate of N2 and N20 

production from Dn were found to be significantly correlated with the percentage sand, the 

temperature of the laboratory, and the pH of the water column. In both cases, the models 

accounted for 83 % of the variation in the mean rate of total denitrification and the mean rate 

of Dn at the 16 sites. The mean rate of N2 and N20 production from Dw was found to 

correlate significantly only with the concentration of combined nitrate and nitrite in the water 

column. The model accounted for 54 % of the variation in the mean rate of Dw at the 16 sites. 

The mean ratio between N20:N2 fluxes was found to be significantly correlated with the 

concentration of ammonia and combined nitrate and nitrite in the water column as well as the 

water salinity. The model accounted for 96 % of the variation in the mean ratio between 

N20:N2 fluxes at the 16 sites. 

Table 4.6. Regression models (p<0.05) for denitrification (determined using means; n=3 for 
the dependent and independent variables) for the 16 study sites within the four study estuaries. 

Dependent 
Coefficients of 

Regression model independent variables Sig. (p) R2 
variable 

B SE 
Total rate of (constant) -1037.220 387.635 
denitrification Sand(% dw) -4.804 0.894 <0.001 

Lab temperature (0 C) 60.186 16.272 0.003 
0.834 

Water pH 88.946 35.989 0.029 
Dw (N2 &N20) (constant) 0.133 0.610 

0.541 Water NOx- (!lmol r1
) 0.187 0.046 0.001 

Dn (N2 & N20) (constant) -1069.937 390.397 
Sand(% dw) -4.689 0.900 <0.001 

0.831 
Lab temperature CCC) 61.714 16.388 0.003 
Water pH 89.181 36.246 0.030 

%N20:N2 (constant) 2.148 0.545 
Water NH/ (!lmol r1

) 0.138 0.010 <0.001 
0.956 Water NOx- (!lmol r1

) -0.210 0.029 <0.001 
Water salinity (psu) -0.059 0.018 0.007 
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4.3.5. Ordination analysis 

According to the CANOCO Monte Carlo permutation procedure (Table 4.7.), the percentage 

sand and laboratory temperature were the most influential environmental variables in 

determining the magnitude of the rates of D11 and Dw at the 16 study sites. The first axis of the 

RDA (Figure 4.10.) explained 83.7 % of the variance in the rates of Dn and Dw across the 

study sites (Table 4.8.). Ninety-two percent of this variance was explained by the 

environmental variables included in the analysis. D11 was strongly ordinated along the first 

RDA axis. AHl was negatively related to D11 • The concentration of combined nitrate and 

nitrite was identified as a factor influencing the rate of Dw, which was positively related to 

AH3, AH4, and AH5 and negatively related to TOl. The percentage of sand and the biomass 

of the molluscs were positively related to WAl, WA2, WA3, WA4, and TAl and negatively 

related to TA2 and TA3, which were loosely related to the biomass of annelids. The 

laboratory temperature, biomass of arthropods, and chlorophyll a content of the sediment 

were positively related to T02, T03, and T04. AH2 was situated close to the centre of the 

RDA and therefore was not strongly affected by the environmental factors included in the 

analysis. 

Table 4.7. Statistical significance of the effects of the impact variables (data represent means, 
n=3 except macrofauna biomass; n=5) as determined using a CANOCO Monte Carlo 
permutation procedure. The dependent variables were the mean (n=3) rates of N2 and N20 
production from direct denitrification (Dw) and coupled nitrification-denitrification (Dn) (with 
square-root transformation) measured across the 16 sites within the four study estuaries. 
Significant (p<0.05) correlations are in bold. 

Variable 
Sand(% dw), top 0-2 em sediment 
Laboratory temperature (°C) 
Chlorophyll a (!lg g dw-1

), top 0-2 em sediment 
Nitrate+ nitrite (11mol r 1

) 

Biomass Annelida (g ww 56 cm-2
) 

Biomass Mollusca (g ww 56 cm-2
) 

Biomass Arthropoda (g ww 56 cm-2
) 

F 
20.51 
7.85 
1.76 
1.82 
2.49 
0.08 
0.03 

p 
0.005 
0.020 
0.210 
0.235 
0.165 
0.845 
0.905 
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Figure 4.10. Linear direct gradient redundancy analysis (RDA) diagram of the production of 
N2 and N20 from direct denitrification (Dw) and coupled nitrification-denitrification (Dn) 
(with square-root transformation) and several environmental variables (concentration of 
combined nitrate and nitrite in the water colurrm, sediment chlorophyll a content, percentage 
sand, laboratory temperature, and the biomass of annelids, arthropods, and molluscs) from the 
sites within the Avon-Heathcote ( •), Waikouaiti ( A), Tokomairiro ( *), and Tautuku (e) 
River estuaries. 
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Table 4.8. Summary of the redundancy analysis (RDA) of the production of N2 and N20 
from direct denitrification (Dw) and coupled nitrification-denitrification (Dn) (with square-root 
transformation) and several environmental variables from the sites within the four study 
estuaries. 

• Eigenvalues 
• Denitrification

environment correlations 
• Cumulative percentage 

variance of: 
a. denitrification data 
b. denitrification
environment relation 

• Sum of all unconstrained 
eigenvalues 

• Sum of all canonical 
eigenvalues 

1st axis znd axis 

0.837 0.012 

0.922 0.869 

83.7 84.9 

98.6 100.0 

4.3.6. Denitrification and total community respiration 

3rd axis 

0.147 

0.000 

99.6 

0.0 

4th axis 

0.004 

0.000 

100.0 

0.0 

Total 
variance 

1.000 

1.000 

0.849 

There was no significant (p>0.05) correlation between rate of total denitrification and the 

benthic mediated uptake of oxygen into the sediment (see Chapter 2) at all sites within the 

four study estuaries (Figure 4.11.). Furthermore, no significant (p>0.05) correlation was 

found between the rate of total denitrification and the total or diffusive flux of oxygen 

measured across the sediment-water interface in the light (Figure A 7.14.) or dark (Figure 

A7.15.) at all sites in the four study estuaries using whole core incubations or microelectrodes, 

respectively. 

SPATIAL VARIATION IN DENITRIFICATION 179 



450 

400 
~ 

I 

350 ..c 
CiJ 
E 
0 300 
E 
:::1.. 

Q) 
250 

...... m 
'-
c 200 

.Q ...... m 
150 () 

;,;::: 
·;:: 
."!::::! 
c 100 Q) 

0 

50 

0 
0 200 400 600 800 

• Avon-Heathcote 
.A. Waikouaiti * Tokomairiro 
• Tautuku 

R2 = 0.0002, p = 0.963 

1000 1200 1400 

Benthic mediated oxygen uptake (~mol m-2 h-1
) 

Figure 4.11. Total rate of denitrification measured in the light versus the consumption of 
oxygen (benthic mediated uptake of oxygen into the sediment) measured at all sites within the 
four study estuaries (see Chapter 2). Data represent means± SE (n=3). 

4.4. Discussion 

Denitrification in estuaries is an important ecosystem service because it is a mechanism for 

permanently removing Nr from the system, thereby decreasing the amount of continentally 

derived Nr that is transported downstream to coastal waters and possibly helping to control the 

degree of eutrophication (Seitzinger 1988). Various environmental factors have been found to 

affect rates of denitrification, of which the most important are generally the concentration of 

oxygen in surface sediments, the N03- concentration in the water column, organic carbon 

loading in the sediment, temperature, and bioturbation and bioirrigation of benthic 

macrofauna (see Environmental and ecosystem controls on denitrification rates, Section 

1.1.6.). N cycling in New Zealand estuaries is not well understood, especially with regard to 

sediment denitrification. Therefore, in this study, rates of sediment denitrification (N2 and 

N20 production from Dn and Dw) were measured at specific sites within four New Zealand 

estuaries and the environmental factors that influence the rates were identified. The 

magnitude of the rates of total denitrification, contribution of Dn, Dw, N2, and N20 to the total 
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rates, and the environmental controls that were found to be important for explaining the 

distribution of these rates are summarized in Figure 4.12. 

4.4.1. Relative importance and control ofDn and Dw 

The Tautuku River estuary had the most pristine catchment of the four study estuaries and 

therefore one might expect that within this estuary there would be less inorganic N available 

for denitrification and, consequently, low denitrification rates. However, overall, the Tautuku 

River estuary did not have the lowest rates of total denitrification in the study estuaries. 

Instead, the total rates of sediment denitrification were low (0-12 f!mol m-2 h-1
) in the 

Waikouaiti River estuary, moderate (0-118 f!mol m-2 h-1
) in the Avon-Heathcote and Tautuku 

River estuaries, and high (43-347 f!mol m-2 h-1
) in the Tokomairiro River estuary. These 

values were within the range (0-458'f!mol m-2 h-1
) reported for other estuarine systems where 

the IPM was used (Table 4.9.). The rates oftotal denitrification at the 16 study sites were not 

associated with the concentration of DIN or combined N03- and N02- in the water column. 

This was because the main source ofN03- for denitrification was the production ofN03- via 

nitrification in oxic sediment zones rather than the diffusion ofN03- from the overlying water 

column. Given that the concentration of combined N03- and N02- was <30 f!mol r1 at all 

study sites, and bottom water is generally the dominant source ofN03- for denitrification only 

at concentrations >60 f!mol r1 (Seitzinger et al. 2006), it is not surprising that Dn was the 

dominant form of denitrification in the current study. 

Denitrification in oligotrophic, pristine systems is understudied relative to nutrified and 

hypemutrified, urban and agriculturally influenced systems. The current study is unique 

because even the most nutrified estuary (Avon-Heathcote estuary) had an extremely low 

combined N03- and N02- concentration in the water column (6-28 f!mol r 1
) compared to the 

concentration range ofN03- in estuaries in Europe and North America where the majority of 

denitrification measurements have occurred (e.g. Colne estuary, UK: 5-483 f!mol r1
, Humber 

estuary, UK: 5-306 f!mol r1 (Dong eta!. 2006)). 

In the current study, multiple variables in combination- sediment grain size, temperature, and 

water column pH- influenced the rate of total denitrification with each variable explaining a 

percentage of the total variation. The percentage of sand was the most important variable for 

explaining the variation in the rate of total denitrification at the 16 study sites. The rate of 

total denitrification generally decreased with coarser substrata. Consequently, total 
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denitrification rates were lowest at the mouth sites in each estuary and at the Waikouaiti River 

estuary sites where the percentage of sand was the highest. The rates of total denitrification 

were highest at the middle and upstream sites in the Tokomairiro River estuary. These high 

rates may be partially explained by the fine-grained sediment at the sites and by the high 

temperature, relative to the other sampling events, that the laboratory was kept at during the 

measurements. The pH of the water column was found to have a minor effect on the rates of 

total denitrification when considered in combination with the sediment grain size and 

temperature. The water column pH was lowest at the Tautuku River estuary, as would be 

expected given that this estuary had a heavily forested catchment and tannins leached out of 

decaying vegetation can increase the acidity of water (Sioli 1975). When considered 

independently, the rate of total denitrification also generally increased with increasing 

chlorophyll a content in the surface sediment. 

Since Dn was the main contributor to the rates of total denitrification, the same environmental 

factors that were found to have a significant influence on the rates of total denitrification 

(sediment grain size, temperature, water column pH, sediment chlorophyll a content), also 

influenced the rate of Dn. Like the rate of total denitrification, the rate of Dn generally 

increased with increasing chlorophyll a content in the surface sediment. This is to be 

expected given that the abundance of photosynthetic microphytes likely increased with 

sediment chlorophyll a content, causing more oxygen to be released into the surrounding 

sediment and a greater depth interval in which nitrification could occur (Risgaard-Petersen et 

al. 1994). Likewise, the highest rates of Dn were recorded at the middle and upstream sites in 

the Tokomairiro River estuary where the sediment chlorophyll a content was >6 )lg g dw-1 

and the SOPD (measured two months prior) was the greatest of the 16 sampling sites (see 

Chapter 2). 

The rate of Dw, on the other hand, was dependent only on the sediment grain size and the 

concentration of DIN, combined N03- and N02-, and NH/ in the water column. Of these 

environmental variables, the concentration of combined N03- and N02- explained the most 

variation in the rates of Dw. The rates of Dw were the highest at the middle and upstream sites 

in the Avon-Heathcote estuary where the concentration of combined N03- and N02- was the 

highest. The shallow SOPD measured during the same month at these middle and upstream 

sites in the Avon-Heathcote estuary, compared to the sites in the other estuaries (see Chapter 

2), may have also contributed to the high rates of Dw. This is because the diffusional distance 

that N03- must travel from the water column to reach the suboxic denitrification zone is less 
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when the SOPD is shallow than when it is deep (Rysgaard et al. 1994). The rates ofDw were 

the lowest at the sites in the Waikouaiti River estuary where the concentration of combined 

N03- and N02- was the lowest. Possibly, the low concentration ofN03- in the water column 

was the limiting factor for denitrification at the Waikouaiti River estuary. 

The rates of denitrification in the current study were measured at the four study estuaries (in 

order of increasing latitude: Avon-Heathcote, Waikouaiti, Tokomairiro, Tautuku) during the 

three-month period (approaching summer) between September and November. With the 

resources available, it was not possible to complete the measurements within a shorter period. 

Since temperature was found to have a significant effect on the rates of total denitrification 

and Dn, had denitrification been measured at all four estuaries during the same month, the 

differences in the rate of total denitrification and Dn between the estuaries may have varied 

slightly. New Zealand is in the southern hemisphere so the mean temperature decreases from 

north to south. Therefore, if the measurements had all been made during the same month, the 

warmer temperature in the Avon-Heathcote estuary may have had a greater positive influence 

on the rate of total denitrification and Dn than the cooler temperature in the Tautuku River 

estuary. 

There are at least two possible explanations as to why the rates of denitrification were 

generally higher at the sites with muddy sediment compared to the sites with sandy sediment. 

The first possible explanation is that the population size of the nitrifying and denitrifying 

bacteria was limited in the sandy sediment due to competition for space with larger 

populations of heterotrophic bacteria (Henriksen and Kemp 1988). Less surface area is 

available for bacteria to colonize in coarser substrata compared to finer substrata, thus 

bacteria may reach their maximum carrying capacity in sandy sediment more quickly than in 

muddy sediment. The second possible explanation is that the deeper penetration of light in 

sandy sediment compared to muddy sediment (Fenchel and Straarup 1971) inhibited 

nitrification in the sandy sediment. Natural populations of nitrifying bacteria have been found 

to be inhibited by low intensities oflight (Guerrero and Jones 1996; Kaplan eta!. 2000; Olson 

1981). Other studies that found higher rates of denitrification in fine-grained sediment 

compared to coarse-grained sediment are Inwood et al. (2007), Vance-Harris and Ingall 

(2005), Deutsch et al. (2010), Pattinson et al. (1998), Solomon et al. (2009), and Sundback 

and Miles (2000). 
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Although the rates of total denitrification were generally higher at sites with muddy sediment 

compared to sites with sandy sediment, and the organic carbon contents in the top 0-2 em of 

sediments were generally higher in the muddy sediment and lower in the sandy sediment, the 

rates of total denitrification were not significantly related to the organic carbon content of the 

sediment. This is contrary to the results of studies in other aquatic systems that have found 

higher rates of denitrification in areas with higher sediment organic carbon content (e.g. 

Arango and Tank (2008); Barnes and Owens (1998); Deutsch et al. (2010); Dong et al. 

(2000); Jensen et al. (1988); Yoon and Benner (1992)). Possibly, denitrification is more 

dependent on the reactivity of the organic carbon in the sediment or the rate of organic carbon 

input rather than simply the quantity of organic matter. The organic carbon content 

measurements from the current study reflect the quantity, but not the quality, of the organic 

carbon potentially available for denitrifying bacteria in the sediment. Alternatively, a surplus 

of organic matter may have been available to the denitrifying bacteria at some sites and, 

therefore, organic carbon was not the limiting factor for denitrification. 

In the current study, the concentration of Hs- in the sediments was not measured. However, if 

HS- was present in the sediment at the study sites, it may have had a negative effect on the 

rates of Dn and Dw (see Hydrogen sulfide, Section 1.1.6.10.). In particular, HS- could have 

contributed to the low rates of denitrification at the Waikouaiti River estuary where HS

production has been observed previously (ORC 1992; ORC 2000; Robertson 1978). 

Therefore, future research in these estuaries should investigate the contribution of HS- to 

denitrification. 

The high degree of variation between replicates in the rate of denitrification at some sites was 

likely due to a combination of the heterogeneity of the sediment cores and the analytical 

procedures for the measurement of the gas samples. 

4.4.2. Relative importance and control ofN2 and N20 production 

N20 formed at much smaller concentrations than N2, with N2 comprising >98 % of the gases 

produced (except at AH5). The majority of the N20 produced was likely a consequence of 

incomplete reduction ofN03-, but it cannot be ruled out that some of the N20 may have been 

produced during nitrification, DNRA, or chemodenitrification (see Chapter 3). The ratio of 

N20:N2 produced increased with increasing DIN concentration in the water column (Figure 

4.7.B.). However this finding should be treated with caution since the highest ratio, which 
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occurred at AH5 (N20:N2: 11.20 %, DIN concentration: 140 ~-tmol r') largely determined this 

trend. Multiple studies have reported a significantly higher ratio of N20:N2 production at 

higher water column DIN concentrations (Dong et al. 2006; Nedwell 1996; Seitzinger and 

Kroeze 1998). The higher N20:N2 ratio is undesirable because whereas the production ofN2 

is beneficial, the production of N20 is linked to many environmental and human health 

problems (Badr and Probert 1993; Fields 2004; Hahn and Crutzen 1982). To reduce the 

occurrence of these problems, the results of the current study suggest that reducing the input 

of DIN (particularly NH/) to the estuaries would be a successful means for decreasing the 

ratio ofN20:N2. 

4.4.3. Effect of benthic macrofauna on denitrification rates 

The biomass of the macrofauna was better correlated to the rates of total denitrification than 

was the abundance of the macrofauna. In the current study, the high biomass of arthropods at 

T01, T02, T03, T04, TA2, and TA3 and the high biomass of annelids at AH2, AH3, AH4, 

AH5, T02, T03, and T04 likely enhanced rates of total denitrification at those sites. Unlike 

the arthropod and annelid biomasses, the biomass of molluscs was not significantly correlated 

to the rates of total denitrification. This is surprising given that the total fluxes of oxygen 

measured in the light were only significantly correlated to mollusc biomass (see Chapter 2). 

It is interesting to note that in areas with predominately sandy sediment (WA1, WA2, WA3, 

T02) the only bivalve that was found was the suspension feeder Austrovenus stutchburyi, but 

in areas (AH2, AH3, AH4) with more silt and clay the deposit-feeding bivalve Macm:nona 

liliana (Hewitt et al. 1996) was found in addition to Austrovenus stutchburyi. In general, 

deposit feeders dominate over suspension feeders in areas with high silt and clay content 

because high turbidity levels and fine particles tend to clog the filtering apparatus of 

suspension-feeding macrofauna (Nicholls et al. 2003). Although Macomona liliana occurred 

in some of the same locations as Austrovenus stutchburyi, they likely occupied different 

sediment depths (Jones and Marsden 2005) and their different feeding behaviours may have 

influenced the sediment redox conditions and rates of denitrification differently. 

A significant interaction between benthic macrofauna and denitrification has been found 

elsewhere (Gran and Pitkiinen 1999; Kristensen 1988; Pelegri et al. 1994; Rysgaard et al. 

1995; Seitzinger 1988; Tuominen et al. 1999; Webb and Eyre 2004). The presence of 

macrofauna usually results in enhanced rates of total denitrification as compared to sediments 
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without (see Macrofauna, Section 1.1.6.3.). In sediments of the northern Baltic Proper, the 

biomass of macrofauna was the most significant factor affecting the rate of denitrification 

(Tuominen et al. 1998). However, biomass is not always the best predictor of denitrification 

activity. For example, in the Yaquina River estuary, Oregon, D'Andrea and DeWitt (2009) 

found that the burrow hole density (Y-shaped burrows 20-100 em deep) of the suspension

feeding thalassinid mud shrimp Upogebia pugettensis was a better indicator of N fluxes than 

was the shrimp population density or biomass. In addition to the density of burrow holes 

(which is a proxy for the oxic-anoxic contact zone area), species and functional group 

composition also affect the rate of denitrification (Karlson eta/. 2007). 

Active bioturbators, which are mobile, and undergo extensive reworking of the sediment and 

ventilation of their burrows, have a larger stimulatory effect on denitrification compared to 

less active bioturbators (Karlson et a/. 2007). Suspension-feeding bivalves are generally 

semi-mobile and they cause limited oxygen release into the surrounding sediment because 

direct contact between the water pumped through their siphons and their burrows is largely 

avoided (Karlson et a/. 2007). As a result, the effects of suspension-feeding bivalves on 

denitrification are usually limited to the metabolism of the individuals (Karlson et al. 2007). 

This may explain why, in the current study, the biomasses of annelids and arthropods (likely 

comprised of active bioturbators) were each significantly correlated to the rate of total 

denitrification, but the biomass of molluscs (comprised of deposit and suspension feeders) 

was not significantly correlated. 

Individuals from the phylum Foraminifera were found only at one site (WAl) in low 

abundance (Table A5.2.). It would be unlikely to find fungi capable of denitrification in 

estuarine environments. Therefore, bacteria and also possibly Archaea are most likely 

responsible for the denitrification at the study sites. 

4.4.4. Denitrification and total community respiration 

In the current study, the rates of total denitrification measured at the 16 study sites were not 

well correlated with the BOU. However, most other studies in the literature have reported a 

strong positive linear relationship between these two biogeochemical processes (Fennel eta/. 

2009; Laursen and Seitzinger 2002; Seitzinger 1994; Seitzinger 1990; Tomaszek and 

Czerwieniec 2003; Wang et a/. 2009). Denitrification usually increases with increasing 

sediment oxygen consumption because as aerobic respiration lowers the concentration of 
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dissolved oxygen in the sediment, it increases the demand for alternative electron acceptors 

such as N03-. The coupling between the two processes is also generally attributed to the 

control of Dn by the decomposition of organic matter that supplies NH4 + for nitrification in 

sediments (Seitzinger 1990). The rate of the decomposition of organic matter and production 

ofNH/ directly influence the rate of the uptake of oxygen in the sediment. Dw also depends 

on the availability of organic matter and thus the relationship between denitrification and total 

community respiration is also expected in sediments where the primary source of N03- for 

denitrification is from the water column (Seitzinger 1990). Therefore, the fact that the rate of 

total denitrification (which was predominately Dn) and the uptake of oxygen in the sediment 

in the current study were not significantly correlated could indicate that the rate of 

denitrification was not limited by the availability of organic carbon or NH4 +. However, as the 

pore water NH4 + concentration was not measured, no definite conclusion can be made. 

4.4.5. Conclusions 

It can be concluded that nitrification in the sediment is the primary source of N03- for 

denitrification in the four study estuaries. The most important factors for regulating the rate 

of denitrification in these estuaries appear to be the size of the sediment particles, the 

temperature, chlorophyll a content of the surface sediment, and the biomass of arthropods and 

annelids. The rates of total denitrification were the lowest at the mouth of the estuaries and at 

all sites within the Waikouaiti River estuary where the percentage of sand was the highest. In 

contrast, the rates of total denitrification were the highest at the middle and upstream sites of 

the Tokomairiro River estuary where there was a high percentage of mud and a high 

laboratory temperature where the measurements occurred. Although the total rates of 

denitrification were not significantly related to the concentration of DIN in the water column, 

the ratio between N20:N2 fluxes increased with increasing DIN concentration. 

To my knowledge, these are the first rates of denitrification that have been measured in these 

estuaries. In addition, these are among the few denitrification measurements reported from 

low nutrient estuarine systems (Dong et al. 2006; Seitzinger 1987). Future studies in these 

estuaries should focus on measuring the rates of denitrification in both dark and illuminated 

conditions to better assess the influence of microphytes and the photoinhibition of nitrification 

on the rates of Dn. Future studies in these estuaries should also assess the influence of HS- on 

the rates of denitrification, and quantify the effects of benthic macrofauna on the 

denitrification rates using a species or functional group approach. 
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Figure 4.12. Conceptual model depicting the rates of denitrification observed in the current 
study. The width of the yellow, black, and blue arrows is proportional to the rate of total 
denitrification, direct denitrification, and coupled nitrification-denitrification, respectively. 
The size of the circles is proportional to concentration. At the mouth sites (AHl, TOl, TAl) 
and at all sites in the Waikouaiti estuary, sandy sediment in combination with low chlorophyll 
a supported low rates of denitrification. At the other sites, silty sediment in combination with 
moderate chlorophyll a supported moderate and high rates of denitrification. The highest 
denitrification rates were recorded at T02, T03, and T04 where the temperature was the 
highest. AH5 had the highest concentration ofNH4 +in the water and highest N20:N2 ratio. 
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Table 4.9. Rates of denitrification and coupled nitrification-denitrification (D0 ) measured using the 15N isotope pairing method in sediment from 
estuarine and marine environments. 

L ocation 

Northern Baltic Proper 
Gulf of Finland, Baltic Sea 
Southern and central Bahic Sea 
River Colne ·estu.ary, England 
\Vadden Sea, Germany 
North Se.a 
Norsm.inde Fjord, Denmark 
Norsminde Fjord, Denmark 
Avon-Heathcote estuary, Ne\v Zealand 
\Vaikouaiti estuary, Nev;.r Zealand 
Tokomairiro estuary, New Zealand 
Tautuku estuary, New Zealand 

Denihific.ation 1·ate 
(~tmol m-: h-1) 

1-12 
4-27 
0-29 
3-4:58 
0-17 
9- B 
162-221 
87-217 
0-112 
0-12 
43-347 
0-118 

Dn 
(% of total denitr ification) 
39-67 
54-95 
>70 
0-81 
25-31 
95 
16-31 
8-27 
2-97 
87-99 
99 
0-99 

So one 

Tuominen et al. (1998) 
Tuominen et al. (1998) 
Deutsch et al. (2010) 
Ogilvie et al. (1997) 
Jensen et aL (1996) 
Lohse et al. (1996) 
Rysgaard eta!. (1993) 
Risgaard-Petersen et al. (1994) 
Current study 
Current study 
Current study 
Current study 



Chapter 5 - Temporal variation in sediment denitrification 
rates in the A von-Heathcote estuary, New Zealand 

5.1. Introduction 

In temperate coastal marine systems, denitrification rates often display seasonal patterns 

primarily controlled by temperature, the availability of N03- in the water column, and the 

availability of organic carbon in the sediment (Cabrita and Brotas 2000; Koch et a!. 1992; 

Senga eta!. 2010; Smith eta!. 1985; Yoon and Benner 1992). It is unknown what effect, if 

any, seasonal changes in the number of hours of daylight per day have on rates of 

denitrification. 

The time of the year for the seasonal maximum for denitrification activity varies among 

coastal systems. Several studies in estuaries have reported a peak in denitrification activity in 

the spring when increasing temperatures coincide with high availability of water column N03-

(J0rgensen and S0rensen 1988; S0rensen 1984). Seitzinger (1987) also reported the highest 

rates of denitrification in the spring, but the major source ofN03- for denitrification was from 

nitrification, not the water column. Jensen et a!. (1988) reported the highest denitrification 

rates in sediments of Aarhus Bight, Denmark, in the spring coinciding with a phytoplankton 

bloom, then declining rates in the early summer and relatively constant rates throught the 

remainder of the year. On the other hand, Tuominen et a!. (1998) reported the highest 

denitrification rates in sediments ofthe open northern Baltic Sea during late summer and early 

autumn. In a cross-system analysis of denitrification in five types of aquatic environments, 

Pifia-Ochoa and Alvarez-Cobelas (2006) found that rates of denitrification were generally 

highest during the summer due to high concentrations of N03- and low concentrations of 

oxygen in the water column, and high concentrations of organic carbon in the sediment. 

When there is an ample supply ofN03- to support denitrification throughout the year, there is 

usually a good correlation between the rate of denitrification and the ambient temperature 

(Herbert 1999; Kaplan eta!. 1977). For example, in Narragansett Bay, USA, Seitzinger eta!. 

(1984) found that the highest rates of denitrification occurred during the summer when the 

temperature was 15 °C, and the lowest rates of denitrification occurred during the winter 

when the temperature was 2 °C. Denitrification rates were also the highest during the summer 

190 TEMPORAL VARIATION IN DENITRIFICATION 



in the Yangtze River estuary due to high temperatures ( ~ 17.2-28.5 °C) and lower during the 

winter due to low temperatures (~3.6-8.0 °C) (Wang et al. 2007). 

In estuarine systems, when the external input of N03- to the water column far exceeds the 

endogenous production ofN03- from nitrification in sediment, denitrification rates are mostly 

determined from the concentration of N03- in the water column (King and Nedwell 1987; 

Smith et a!. 1985). In this situation, when the external input of N03- to the water column is 

controlled by episodic events, as often occurs in near-shore environments when urban and 

agricultural surface runoff is enhanced during rainfall events, the rate of denitrification may 

change temporally depending on the input of N03- to the water column (Rysgaard et al. 

1995). In an agriculturally influenced reservoir, Wall et al. (2005) found that denitrification 

was significantly limited at all sites by the low concentration of N03- in the water column 

during the autumn and winter. 

In the sediment of Norsminde Fjord, Denmark, J0rgensen and S0rensen (1988) found that 

denitrification rates were the highest during the spring and autumn when high N03-

concentrations were present in the water column. While the limiting factor for denitrification 

in the summer was a low water column N03- concentration, the limiting factor for 

denitrification in the winter was the low ambient temperature (J0rgensen and S0rensen 1988). 

Also, in this study, a strong diel pattern of denitrification with low activity during the day 

occurred during early spring (but not during the remainder of the year) because oxygen 

production during daytime benthic photosynthesis inhibited Dw by extending the distance that 

N03- from the water column had to travel to reach the suboxic sediment denitrification zone. 

When the external input ofN03- to the water column in estuarine systems is low, nitrification 

is generally the principal source of N03- for denitrification (Seitzinger et al. 2006). In this 

situation, denitrification rates are strongly influenced by the amount of oxygen supporting 

nitrification in the surface sediments. Sediment redox conditions may change temporally 

depending on a variety of factors including changes in the sediment organic carbon content, 

the abundance of macrofauna, and the distribution of photosynthesizing microphytes in the 

surface sediment (refer to Chapter 1). In the Patuxent River estuary, USA, Jenkins and Kemp 

(1984) found a tight coupling between nitrification and denitrification during the spring 

whereby >99 % of the N03- produced during nitrification was reduced to N2 during 

denitrification. However, in the summer, the rate of denitrification was decreased by two 
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orders of magnitude because low concentrations of oxygen in the surface sediments reduced 

nitrification rates (Jenkins and Kemp 1984). 

5.1.1. Objectives 

In this study, rates of denitrification were measured usmg the IPM under illuminated 

conditions at all ofthe sites within the Avon-Heathcote estuary during two seasonal transition 

periods (transition from summer to autumn and transition from winter to spring). These 

denitrification rate measurements were carried out with the aim of: 

• Developing an understanding of how rates of denitrification change temporally in the 

Avon-Heathcote estuary, 

• Determining which environmental factors (e.g. changes in incubation temperature, water 

column N03- concentration, sediment organic carbon content) have the greatest influence 

on the rates of denitrification over a temporal period. 

5.2. Materials and methods 

5 .2.1. Sample collection and denitrification measurement 

The five sites within the Avon-Heathcote estuary (Figure 1.5.) were sampled once on three 

occasions, each during a single week in February 2008, September 2008, and August 2009. 

Fifteen sediment cores as well as an 80 1 sample of subsurface water were collected from each 

site during the three sampling events according to the methods in Chapter 3. Physicochemical 

parameters of the water column (temperature, salinity, dissolved oxygen, pH), sediment 

characteristics (organic carbon content, volumetric and gravimetric relationships, sediment 

grain size), chlorophyll a content in the surface sediments, and nutrient concentrations in the 

water column (ammonia and combined nitrate and nitrite) were measured according to the 

procedures described in Chapter 2. 

Rates of sediment denitrification (Dw and Dn) that include the production of both N2 and N20 

were measured under illuminated conditions using a modified version of the IPM (Nielsen 

1992) with batch-mode, time-series incubations as described in Chapter 3, but with the 

exceptions that follow. The temperature of the room where the experiment was conducted 

was maintained at the mean water temperature for the month (± 1.0 °C), averaged over a 17 
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year period (1989-2005) (Table A2.1.). Therefore, the incubation temperatures during the 

three denitrification measurement periods were as follows: 18.0 ± 1.0 °C in February 2008, 

12.1 ± 1.0 oc in September 2008, and 9.5 ± 1.0 oc in August 2009. An aliquot of 45 mmol r1 

15N03- solution (K15N03-, 99 atom % 15N, Cambridge Isotope Laboratories, Inc., 

Massachusetts, USA) was added to the water phase of each chamber to give a final 

concentration in the water of 5 llmol r 1 at AH1 and AH2, and 10 llmol r 1 at AH3, AH4, and 

AH5. The lower concentration of 15N03- added to the water for the sites closer to the mouth 

of the estuary compared to the upstream sites reflects the lower in situ concentration of N03-

in the water at Wl than at W2, respectively (Table A4.1.). After the addition of the 15N03-

and before the chambers were capped, the sediment cores were allowed to equilibrate for a 

period of 1 h. The equilibration time was determined from the calculated time for 15N03- to 

reach 90% of its steady state rate based on Equation 3.1. (using the SOPD measured at each 

site in the light with microelectrodes (Chapter 2)) and the linearity of 29N2, 
30N2, 

45N20, and 
46N20 from the concentration series experiments (Chapter 3) (Table 3.4.). The equations 

listed in Chapter 3 (except for Equations 3.10.-3.12.) and Equations 4.1. and 4.2. were used to 

calculate the rates of sediment denitrification. 

At the end of the denitrification incubation period the macrofauna inside each chamber were 

immediately recovered by wet sieving (mesh size: 0.5 mm) each sediment core. The 

macrofauna retained on the sieve were preserved, identified, counted, and weighed according 

to the procedures described in Chapter 2. The samples selected for analysis were all of the 

samples recovered from the five chambers within tank 1 (these chambers made up the first 

replicate denitrification rate) for each sampling site during the three measurement periods. 

Therefore, a total of 75 macrofauna samples (15 from each of the 5 sampling sites) were 

analysed. 

5.2.2. Statistical analysis 

All statistical analyses were completed usmg SPSS v. 16.0 (SPSS Inc., USA). An 

independent means t-test was carried out to test for any differences in the rate of total 

denitrification at each site during the two sampling seasons: transition from summer to 

autumn (February 2008), and transition from winter to spring (September 2008, August 

2009). Homogeneity of variance was assessed by the Levene's test. Then, one-way analysis 

of variance and a Tukey HSD post hoc test were carried out to test for any differences in the 

rate of total denitrification between the three sampling events at each site. The data were 
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transformed to square-root values to meet the assumptions of normal distribution and uniform 

distribution of the standard deviations of the means. Normality was assessed using residuals 

plots and homogeneity of variance was assessed by the Levene's test. Lastly, linear 

regression analysis of the rate of denitrification (mean rate of total denitrification, mean rate 

of Dw, mean rate of Dn, and mean %N20:N2; n=3) versus the various environmental 

parameters (e.g. percentage organic carbon, salinity, etc. as mean values; n=3) measured 

during the three sampling events was used to determine significant (p<0.05) relationships for 

each site. 

5.3. Results 

5.3 .1. Characteristics of the sampling sites at the four estuaries 

Water and sediment characteristics for the 5 sampling sites, determined during the 3 sampling 

events, are listed in Table 5.1. The raw data are listed in Tables A3.1. (organic carbon), A3.2. 

(volumetric and gravimetric relationships), A3.3. (sediment grain size), A3.4. (chlorophyll a), 

and A4.1. (water column characteristics) according to sampling date. For all sites, the pH of 

the water column was greatest during the August 2009 sampling event. Seasonally, the pH 

was greater during the winter-to-spring than the summer-to-autumn measurement periods. 

There was no consistent temporal trend in the salinity of the water column. However, the 

water was always more saline near the mouth of the estuary at W1 (water collection site for 

AH1 and AH2) than further upstream at W2 (water collection site for AH3, AH4, and AH5). 

Ammonia was the dominant inorganic form of N, with concentrations much greater than 

combined nitrate and nitrite (Table 5.1.). The concentration of ammonia in the water column 

was higher during the summer-to-autumn than during the winter-to-spring sampling season at 

all sites except AH2 (highest ammonia concentration recorded in August 2009). The 

concentration of combined nitrate and nitrite in the water column was lower during the 

summer-to-autumn than during the winter-to-spring sampling season at AH2, AH3, and AH4. 

In contrast, at AH5, the concentration of combined nitrate and nitrite in the water column was 

approximately the same during the two seasons. At AH1, the concentration of combined 

nitrate and nitrite in the water column was the lowest in August 2009 and the highest in 

September 2008. During all three sampling events, the concentration of combined nitrate and 

nitrite in the water column was lower at AH1 and AH2 where water was collected from W1 

than at AH3, AH4, and AH5 where water was collected from W2. 
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There was no consistent temporal trend in the characteristics of the sediment (Table 5.1.) at 

the 5 sampling sites. The sediment was sandy at the mouth (AH1), muddy at AH3, and 

muddy sand at the remaining sites (AH2, AH4, AH5) (Figures A3.1.-A3.5.). The highest 

organic carbon content (2.9 ± 0.1 % dw), porosity (0.40 ± 0.02 ml H20 mr1 sediment), and 

water content ( 44.9 ± 1.4 % ww) of the top 0-2 em of sediments were recorded at AH3 during 

September 2008. The lowest organic carbon content (1.2 ± 0.1 % dw), porosity (0.21 ± 0.05 

ml H20 mr1 sediment), and water content (25.9 ± 0.2% ww) of the top 0-2 em of sediments 

were recorded at AH4 during February 2008. Microphyte biomass, measured as chlorophyll a 

concentration, was measured during the winter-to-spring, but not during the summer-to

autumn, so no seasonal comparison can be made. The highest chlorophyll a content of the top 

0-2 em of sediments occurred at AH2 in September 2008 (5.7 ± 0.4 11g g dw-1
) and the lowest 

occurred at AH1 in September 2008 (0.14 ± 0.05 !lg g dw-1
). 

Molluscs and annelids dominated the macrofauna communities at the 5 sites (Figure 5.l.A., 

Table A5.1.). Except in August 2009 when the polychaete family, Spionidae was present in 

high abundance, the abundance of macrofauna were low at AH1, with only a few individuals 

of the bivalve, Pap hies australis and the polychaete family, Glyceridae being recorded (Table 

A5.2.). The tunnelling mud crab, Helice crassa was found in low abundance(< 5 individuals 

per 56 cm2
) at AH2, AH3, AH4, and AH5. The most common families of polychaetes at 

AH2, AH3, and AH4 were Orbiniidae, Spionidae, and Nereididae. At AH2, the polychaete 

family, Spionidae was present in very high abundance (15-78 individuals per 56 cm2
) during 

the winter-to-spring season (September 2008 and August 2009). Nereididae was the most 

common polychaete family at AH5. Molluscs comprised the bulk of the macrofauna biomass 

at AH2, AH3, AH4, and AH5 (Figure 5.l.B., Table A5.1.). Both of the bivalve species, 

Macomona Iiliana and Austrovenus stutchburyi were present at AH2, AH3, and AH4. 

Conversely, at AH5, only Austrovenus stutchburyi was present. Gastropods were present in 

high abundance at AH5, especially during the summer-to-autumn season (February 2008). 
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Figure 5.1. (A) Mean abundance (number of individuals per 56 cm2
) and (B) mean biomass 

(g wet weight per 56 cm2
) of macrofauna (phyla: Mollusca, Arthropoda, and Annelida) 

recovered (sieve mesh size: 0.5 mm) from all benthic chambers from 'tank 1' used to measure 
the first replicate rate of denitrification for each site in the Avon-Heathcote estuary during the 
three sampling events. Bars indicate SE (n=5). 

TEMPORAL VARIATION IN DENITRIFICATION 197 



5.3.2. Quantification of the rates of denitrification 

The measured rates of total denitrification varied from 0.5542 ± 0.5177 ).!mol m-2 h-1 (at AH1 

during September 2008) to 550 ± 261 ).!mol m-2 h-1 (at AH4 during August 2009) (Figure 

5.2.). Despite this wide range of rates, there was no significant (p>0.05) difference in the rate 

of total denitrification among the two seasons (summer-to-autumn or winter-to-spring) at any 

of the 5 sites (Table 5.2.). Also, within each of the sites: AH1, AH4, and AH5, there was no 

significant (p>0.05) difference among the rate of total denitrification between the three 

sampling events (Table 5.3.). However, at AH2 and AH3, there was a significant (p=0.022 

and p=0.045, respectively) difference among the rate of total denitrification between the three 

sampling events. At AH2, a Tukey HSD post hoc test revealed that the total rate of 

denitrification measured in February 2008 was significantly (p<0.05) different from the rate 

measured in September 2008, but the rate measured in August 2009 (28.7 ± 4.3 ).!IDOl m-2 h-1
) 

could not be distinguished between the two groups (Table 5.3.). At AH3, a Tukey HSD post 

hoc test revealed that the total rate of denitrification measured in September 2008 was 

significantly (p<0.05) different from the rate measured in August 2009, but the rate measured 

in February 2008 (267 ± 26.8 ).!mol m-2 h-1
) could not be distinguished between the two 

groups (Table 5.3.). 

The rate ofN20 production was much lower than the rate ofN2 production at all sites, during 

all 3 sampling events (Figure 5.2.). The highest rate of N20 production (0.8663 ± 0.1059 

).!IDOl m-2 h-1
) was recorded at AH5 in February 2008 and the lowest rate (0.0001 ± 0.0001 

).!IDOl m-2 h-1
) was recorded at AH1 in September 2008. The highest ratios between N20:N2 

fluxes at all sites, during all 3 sampling events, occurred at AH5, in September 2008 (11.20 

%) and February 2008 (2.20 %), but were otherwise <0.48% (Figure 5.3.). The mean ratio of 

the rates of N20 production and N2 production (N20/N2x100) were the highest during 

September 2008 at all sites except AH2 (highest mean ratio recorded in February 2008) 

(Figure 5.3.). 

The contribution of N2 production from Dn was generally much greater than that of Dw, 

accounting for >82 % of total denitrification at all sites, during all 3 sampling events, except 

at AH1 in September 2008 (1.83 %) where the total rate of denitrification (0.5542 ± 0.5177 

).!mol m-2 h-1
) was low (Figure 5.4.). The contribution ofN2 production from Dw to the total 

denitrification was 17.85 % at AH1 and 15.46 % at AH5 in February 2008, and 13.97 % at 

AH3 in August 2009 (Figure 5.4.). These correspond to the highest (AH3, August 2009: 
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Figure 5.2. Mean rates of denitrification and in situ concentration of ammonium and nitrate 
+nitrite measured at the five sampling sites within the Avon-Heathcote estuary during three 
different sampling events. (A) total rate of denitrification, (B) rate ofN2 production from Dw, 
(C) rate ofN2 production from Dn, (D) rate ofN20 production from Dw, and (E) rate ofN20 
production from Dn. Bars indicate SE (n=3, except where indicated). 
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, AH5, February 2008: 30.1 ± 6.7 f.tmol m-2 h-1

) and lowest (AH1, 

February 2008: 0.48 ± 0.05 f.tmol m-2 h-1
) rates ofN2 production from Dw recorded at all sites, 

during all 3 sampling events (Figure 5.2.). There was no consistent temporal trend in the 

contribution of N2 production from Dw to the total denitrification among the 5 sites (Figure 

5.4.). 
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Table 5.3. Results of the one-way analysis of variance ofthe total rate of denitrification (with square-root transformation) versus the sampling date for 
the five sites in the Avon-Heathcote estuary_ 
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vanauces 

. Total rate of de-n itrificatioa 
Nm·maDy . .. . . 1 • 0' d ~ Tukey HSD post hoc test of homogeneous subsets 
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F d.f.l d.f.2 Significance (p) s 
11 0 
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AH4 
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0.146 Yes 2 

0.123 Yes 2 

0.187 Yes 2 

0.299 Yes 2 

0.519 Yes 2 

1.962 0.221 

7.650 0.022 

5.455 0.045 

2.777 0.154 

3.868 0.083 

Sep-08 3 
Feb-08 3 
Aug-09 3 
Sig_ 

Feb-08 3 
Aug-09 3 
Sep-08 3 
Sig. 

Sep-08 3 
Feb-08 3 
Aug-09 3 
Sig. 

Feb-08 3 
Sep-08 2 
Aug-09 3 
Sig_ 

Sep-08 3 
n 
> 
~ ,.._. 
0 z 
"' Feb-08 3 

w ~~3 Sig_ 
0 

0.5542 
2.6882 
8.1776 
0.200 

15.9552 
28.7486 

0578 

105.0681 
267.4649 

0.127 

103.7423 
11 1.6630 
550.7817 
0.210 

41.5545 
194.6295 
340.5734 
0 072 

28.7486 
88.2167 
0.075 

267.4649 
364.1004 
0.681 



5.3.3. Linear regression analysis 

At AH1, the mean rate of total denitrification and the mean rate of N2 and N20 production 

from Dn, measured during the three sampling events, were each significantly (p<0.05) 

correlated with the concentration of combined nitrate and nitrite in the water column, the 

percentage sand, and the percentage mud (Table 5.4., Figure A7.16.). Conversely, the mean 

rate ofN2 and N20 production from Dw, measured during the three sampling events at AH1, 

was significantly (p<0.05) correlated to the pH of the water column (Table 5.4., Figure 

A7.17.). At AH4, the mean rate of total denitrifitication, the mean rate ofN2 and N20 

production from Dn, and the mean rate ofN2 and N20 production from Dw, measured during 

the three sampling events, were each significantly (p<0.05) correlated with the pH of the 

water column (Table 5.4., Figure A7.17.). At AH3, the mean ratio between N20:N2 fluxes, 

measured during the three sampling events, was significantly (p<0.05) correlated to the 

salinity of the water column (Table 5.4., Figure A7.17.). At AH2 and AH5, there were no 

significant (p>0.05) correlations between the mean rate of total denitrification, the mean rate 

ofN2 and N20 production from Dn, the mean rate ofN2 and N20 production from Dw, or the 

mean ratio between N20:N2 fluxes and any of the measured environmental parameters. 

Table 5.4. Results of the linear regression analyses of the total rate of denitrification, the rate 
ofN2 and N20 production from direct denitrification (Dw), the rate ofN2 and N20 production 
from coupled nitrification-denitrification (Dn), and the percentage ratio N20:N2 (mean; n=3) 
versus the various environmental parameters (mean; n=3) measured at each of the five sites in 
the Avon-Heathcote estuary during the three sampling events. The environmental parameters 
tested were the salinity, pH, and concentration of NH/, N03- + N02-, and DIN in the water 
column, laboratory temperature, percentage sand, percentage mud, and the organic carbon and 
water content of the top 0-2 em of the sediment. Only significant (p<0.05) correlations are 
listed in the table. 

Site Dependent variable 
Environmental R2 Significance 
,earameter (,e) 

AH1 Total rate of denitrification No3- + N02- 0.997 0.034 
%Sand 0.997 0.033 
%Mud 0.997 0.033 

Dw (N2 and N20) pH 0.998 0.026 
Dn (N2 and N20) No3- + N02- 0.998 0.025 

%Sand 0.996 0.042 
%Mud 0.996 0.042 

AH3 %N20:N2 Salinity 0.999 0.016 
AH4 Total rate of denitrification pH 1.000 0.004 

Dw (N2 and N20) pH 1.000 0.004 
Dn (N2 and N20) pH 1.000 0.004 
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5.4. Discussion 

5.4.1. Seasonal variation in the rates of denitrification 

Since denitrification rates in the sediment of temperate aquatic systems often display seasonal 

variations due to a combination of controlling factors including temperature, N03-

availability, and the supply of organic carbon (Cabrita and Brotas 2000; Hasegawa and Okino 

2004; Senga et al. 2010; Strauss et al. 2006), it was expected that the rates of denitrification in 

the Avon-Heathcote estuary would vary seasonally as well. However, in the current study, no 

seasonal differences in the rates of total denitrification were detected. The absence of a 

seasonal trend in the denitrification rates is unusual, but not unique. For example, Laursen 

and Seitzinger (2002) found no strong seasonal patterns in the rates of denitrification 

measured in the continental shelf sediments of the Mid-Atlantic Bight during the spring 

through autumn. Also, there was little variation between the rates of denitrification measured 

in the spring and summer in the shelf and slope sediments of the Chukchi Sea in the western 

Arctic (Chang and Devol 2009). 

Perhaps the rates of total denitrification measured in the current study did not show any 

significant seasonal differences because of the relatively small variation between the summer 

and winter temperatures. Since New Zealand has a maritime climate, the country does not 

have a large seasonal temperature range and lacks the temperature extremes found in most 

continental climates. In Christchurch, the location of the A von-Heathcote estuary, the mean 

winter and summer air temperatures in 2009 were 6.5 °C and 16.2 °C, respectively (NIW A 

2009; NIW A 2010). Winter temperatures on the east coast of the South Island, New Zealand 

(Table A2.1.) do not drop as low as those in Europe and North America where many of the 

studies on the effects of seasonality on denitrification have occurred (e.g. mean winter water 

temperature: northern Baltic Sea, 0.8 oc (Tuominen et al. 1998); Narragansett Bay, USA, 2 

oc (Seitzinger et al. 1984); Norsminde Fjord, Denmark, 0 oc (J0rgensen and S0rensen 

1988)). It is rare for snow to fall or for freshwater to freeze in the eastern coastal areas of 

New Zealand's South Island during the winter months. Therefore, the seasonal changes in 

temperature in southern New Zealand may not affect changes in organic matter, shifts in 

bacterial species composition, or microbial reaction kinetics to the same extent as in other 

temperate locations (see Temperature, Section 1.1.6.8.). 
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It is also likely that the infrequent sampling missed much of the dynamic control of the 

environmental variables on the rates of total denitrification. This is perhaps a more plausible 

explantation than the low temperature range, for why the rates of total denitrification 

measured in the two seasons were not significantly different. Previously, it has been found 

that denitrification rates can be disproportionally high during a short period of time compared 

to a longer time interval (Christensen et al. 1990). Water temperature is one example of the 

many environmental variables that influence denitrification that can fluctuate naturally over 

short periods of time as a consequence of physical factors (e.g. changes in the degree of 

mixing between underlying seawater and incoming freshwater, rain and wind events, changes 

in solar irradiance from cloud cover (Comelisen and Goodwin 2008)). Perhaps more 

sampling events throughout the year or a balanced sampling regime (e.g. two sampling events 

during each of the two seasons) may show more seasonal variability in the rates of total 

denitrification in the Avon-Heathcote estuary. 

Also, the same light intensity (150 11mol photons m-2 s-1
) was used to illuminate the sediment 

during all three sampling events. However, it is possible that the in situ light intensity was, on 

average, greater during the summer months than during the winter months. If this had been 

taken into account in the experimental design, it is possible that the changes in the light 

intensity throughout the year may have influenced the rates of denitrification. 

5.4.2. Seasonal and temporal changes in the water column N concentration 

The concentration of inorganic N in the water column ofthe Avon-Heathcote estuary is likely 

to change on a seasonal or short-term temporal basis and this could affect the rates of 

nitrification and denitrification in the sediment. The discharge of inorganic N from the 

WWTP outfall could vary over time depending on differences in the peak water usage. Also, 

the amount of inorganic N discharged into the estuary from the A von and Heathcote Rivers 

and the storm drains is likely to vary on a seasonal or short-term temporal basis depending on 

the the quantity of rainfall in the catchment (Table A2.3 .) and the flow of water in the rivers. 

Indeed there were some differences in the concentration of NH4+ and combined N03- and 

N02- in the water column during the three sampling events. 

Between 1989-1999, Bolton-Ritchie and Main (2005) found that in most areas of the Avon

Heathcote estuary, the concentration of combined N03- and N02- in the water column was 

lowest during the late spring and early summer when N assimilation by phytoplankton and 
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macroalgae was the greatest, and highest in the autumn when the degradation of the primary 

producers caused N to be released back into the water column. However, during this same 

period between 1989 and 1999, Bolton-Ritchie and Main (2005) found no seasonal pattern in 

the concentration of combined N03- and N02- at the present study's water collection site, W2. 

Bolton-Ritchie and Main (2005) suggest that the lack of seasonality in the concentration of 

combined N03- and N02- at W2 was likely caused by the continual input ofN to the estuary 

from the Heathcote River, located adjacent to W2, or from the WWTP outfall. 

The concentration of DIN in the water column in the current study may have also changed 

over time depending on the synchronicity of the water sample collection, the discharge regime 

of the oxidation pond effluent, and the rate of the water movement in the estuary. During the 

current study, effluent was discharged from the WWTP into the Avon-Heathcote estuary for 4 

h during the outgoing tide (1 h before and 3 h after high tide) (Bolton-Ritchie and Main 

2005). In tum, water samples were collected from W1 and W2, 0-2 h after high tide. The 

amount of time for the discharged effluent to reach W1 and W2 will reflect the conditions of 

tidal and wind generated water movement. Bolton-Ritchie and Main (2005) found that the 

concentration of NH/ was generally highest at W2, 3-3.5 hours after high tide. Therefore, 

the concentration of DIN in the water column of the Avon-Heathcote estuary changes 

throughout the day and the DIN concentrations measured in the current study at W1 and W2 

may not represent the highest concentrations of DIN that occurred at those sites during the 

days the samples were collected. 

5.4.3. Temporal variation in the rates of denitrification 

Although there were no significant differences in the rates of total denitrification between the 

two seasons at the Avon-Heathcote estuary, there were some significant temporal differences 

in the rates of total denitrification at AH2 and AH3. At AH2, the rate of total denitrification 

measured in September 2008 was significantly higher than the rate measured in February 

2008. In contrast, at AH3, there was a significant difference in the rate of total denitrification 

during the two winter-to-spring sampling events with the rate measured in August 2009 being 

much higher than the rate measured in September 2008. None of the measured environmental 

variables could explain the temporal differences in the rates of total denitrification at AH2 and 

AH3. It is possible that since Dn mainly contributed to the rates of total denitrification at both 

sites, there may have been some changes in the SOPD that in tum affected the production of 
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N03- via nitrification in the sediment. However, this is purely speculation as the SOPD was 

not measured at the sites during the three sampling events. 

Vopel et al. (2010) measured the flux ofNH/ across the sediment-water interface in dark and 

illuminated (light intensity: 670 )!mol photons m-2 s-1
) conditions with benthic chambers 

containing sediment collected from AH2 during the same week in February 2008 and 

September 2008 as the rates of denitrification were measured in the current study. They 

found a similar amount of NH4 + being released into the water column from the sediment in 

the dark and illuminated conditions. The release of NH4 + from the sediment at AH2 in 

February 2008 was approximately twice the release in September 2008 (Vopel et al. 2010). 

These findings suggest that any microphytes present at the sediment surface were consuming 

little NH4 + from the water column during conditions of light and either more NH4 + was being 

produced by organic carbon mineralization and excreted by benthic macrofauna in February 

2008 or more NH4 + was being utilized by nitrifying bacteria in September 2008. The results 

from the current study tend to support the second conclusion, that in September 2008 more of 

the NH4 + being produced was utilized by nitrifying bacteria to support higher rates of Dn and, 

therefore, less NH4 +was available to be released into the water column than in February 2008. 

The sediment at AH2 appears to be a source of NH4 + rather than a sink for NH4 + from the 

water column. While this information does not explain the temporal differences in the rates 

of total denitrification at AH2, it does provide some extra information about the 

biogeochemical processes occurring during these two time periods. 

Similar to the findings of Chapter 4, the rates of total denitrification were low at the sandy 

mouth site (AHl) during all three sampling events. Also, N2 production from Dn was the 

main contributor to the rates of total denitrification during the three sampling events at the 

five study sites, with N2 production from Dw and N20 production from Dn and Dw comprising 

a much smaller proportion of the total rate. The mean ratio of N20:N2 was generally low, 

except at AH5 in September 2008 (N20:N2: 11.20 %). However, none of the measured 

environmental variables could explain why the ratio ofN20:N2 was higher in September 2008 

at AH5 than during the other sampling events at this site. 
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5.4.4. Distribution and abundance of benthic macrofauna 

There was some variability in the abundance and biomass of the benthic macrofauna during 

the three sampling events at the five study sites. For example, at AHl, the abundance and 

biomass of the benthic macrofauna were generally low during the three sampling events, but 

during August 2009, there was a high (>60 individuals per 56 cm2
) abundance of annelids 

(mainly the polychaete family Spionidae, but also some individuals from Glyceridae ). It is 

interesting to note that individuals from the polychaete family Glyceridae, as well as the 

suspension-feeding bivalve Paphies australis were only found at AHl. Paphies australis was 

likely limited in distribution to the mouth of the estuary due to its inability to tolerate fine 

sediments and dilute seawater (Jones and Marsden 2005). A lack of tolerance to dilute 

seawater probably also prevented individuals from the polychate family Glyceridae from 

inhabiting the upstream estuary sites (Jones and Marsden 2005). The factors affecting the 

distribution and abundance of macrofauna are complex, but can include changes in the food 

supply, supply of colonizing larvae, interspecies competition, and concentrations of urban

derived contaminants (Morrisey et al. 2003; Wildish 1977). 

5.4.5. Conclusions 

Rates of sediment denitrification in the Avon-Heathcote estuary appear to be relatively 

constant throughout the year, but this finding could be an artefact of the limited number of 

sampling events. Since the water column was found to be a minor source of N03- for 

denitrification, it is essential for the maintenance of denitrification that an oxic layer is 

maintained in the sediment throughout the year. The supply of NH4 + can also be important 

for controlling the rate of Dn. Therefore, to maintain denitrification throughout the year, it is 

also important that there is a sufficient supply of NH4 + into the sediments from either the 

water column, macrofauna excretion, or from the mineralization of organic matter. If the 

concentration of NH4 + in the sediment becomes too low, and nitrifying bacteria have to 

compete with microphytes for NH/, the rate ofDn may be reduced (Risgaard-Petersen 2003). 

The rates of Dn in sandy sediments, which tend to be low compared to the rates in silty 

sediments, can be particularly vulnerable to temporal or seasonal changes in the growth of 

microphytes (Sundback and Miles 2000). Future studies of the rates of denitrification in the 

Avon-Heathcote estuary should include more sampling events and include simultaneous 

measurements of the SOPD, sediment chlorophyll a content, and NH/ flux at the sites. 
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Chapter 6 - General discussion 

6.1. Significance and major findings of the current study 

The data reported in the current study comprise, probably, the first survey of the rates of 

denitrification in New Zealand estuaries. To my knowledge, these are the first measurements 

of sediment oxygen consumption and denitrification in the four study estuaries: A von

Heathcote, Waikouaiti, Tokomairiro, and Tautuku. This is also the first study to test the 

assumptions of the IPM from the production of both N2 and N20. To my knowledge, 

previous studies have tested the assumptions of the IPM from only the production ofN2. 

Most studies of denitrification in estuarine systems have occurred in systems that receive 

significant amounts of N from anthropogenic sources. Notable exceptions are the studies by 

Seitzinger (1987) in the Ochlockonee Bay estuary, USA, and Dong et al. (2006) in the Conwy 

estuary, UK. In the current study, rates of denitrification were measured in the relatively 

pristine Tautuku River estuary. This is important because studies in pristine systems have the 

potential to be used as baselines for distinguishing between natural and anthropogenic 

influences on N cycling in estuarine systems. 

There are very few pristine environments left on the Earth (Adams 2003). In fact, most often, 

sites classified as pristine are not actually completely unaffected by human activity, but rather 

less impaired than impacted sites. Confounding this problem is the fact that estuaries are 

often influenced by more than one type of land use, making it challenging to interpret the 

effects of one specific land use on denitrification activity. Despite these challenges, given the 

increasing nutrient loading pressures that humans are imposing on estuarine systems, it is 

critical that rates of denitrification are quantified in systems that are still relatively unpolluted 

as well as those that are moderately or highly polluted. 

The major findings from the current study are as follows: 

Chapter 2, Benthic oxygen exchange: 

• Non-diffusive forms of sediment oxygen transport, such as advection and bioirrigation, 

were significant in all four study estuaries. 
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• The rate of benthic oxygen production in the four study estuaries was generally low 

despite moderate rates of benthic oxygen consumption. The low benthic oxygen 

production was likely due to the sandy sediment, which generally contains less 

photosynthetic microphytes than muddy sediment. 

• Many factors likely contributed to the magnitude of the fluxes of oxygen at the four study 

estuaries, but from the measured variables, temperature and the biomass of molluscs were 

most important. 

• Generally, in both the dark and illuminated conditions, the SOPD was greatest at the 

Tokomairiro River estuary, followed by the Tautuku River estuary, the Waikouaiti River 

estuary, and lastly, the Avon-Heathcote estuary. The SOPD was also generally greatest 

at the mouth site of each estuary where the sediment was sandy, compared to the middle 

and upstream sites where the sediment was muddy. 

Chapter 3, Assumptions of the IPM: 

• In these estuaries characterized by low organic carbon content in the sediment, low 

concentrations of NOx- in the water column, low sediment oxygen production rates, and a 

dominance of Dn over Dw, some of the assumptions of the IPM were verified with low 

concentrations (5-25 llmol r') of 15N03-, but all four assumptions could not be fulfilled 

for both N2 and N20 at any single site. 

• A violation of the assumption of uniform mixing of the in situ N03- and 15N03- was the 

most common source of error. A possible explanation for the occurrence of this violation 

was advective transport of pore water, especially at sites with sandy sediment. 

Chapter 4, Spatial variation in denitrification: 

• The rates of sediment denitrification ranged from 0-347 llmol m-2 h-1
. In general, the 

highest denitrification rates occurred in the Tokomairiro River estuary, moderate rates 

occurred in the Avon-Heathcote and Tautuku River estuaries, and the lowest rates 

occurred in the Waikouaiti River estuary. Within each estuary, the rate of denitrification 

was lowest at the mouth site, compared to the middle and upstream sites. 

• At all four estuaries, the main source of N03- for denitrification was the production of 

N03- via nitrification in oxic sediment zones rather than the diffusion of N03- from the 

overlying water column. 
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• The most important factors for regulating the rate of denitrification in these estuaries 

appeared to be the size of the sediment particles, the temperature, the chlorophyll a 

content ofthe surface sediment, and the biomass of arthropods and annelids. 

• The rate of denitrification was not significantly related to the organic carbon content of 

the sediment, suggesting that the quality rather than the quantity of the organic carbon 

was most important. 

• The ratio between N20:N2 fluxes increased with increasing DIN concentration in the 

water column. Therefore, reducing the input of DIN to the estuaries may be a successful 

means for decreasing the ratio ofN20:N2. 

Chapter 5, Temporal variation in denitrification: 

• No seasonal differences in the rates of denitrification at the Avon-Heathcote estuary were 

detected, but this could be an artefact of the limited number of sampling events. 

• Significant temporal differences occurred in the rate of denitrification at AH2 and AH3. 

Although the highest rate of denitrification at each of these sites occurred during the 

winter-to-spring transitional period, they occurred during different years. 

• Since the water column was found to be a minor source ofN03- for denitrification in the 

Avon-Heathcote estuary, it is essential for the maintenance of denitrification that an oxic 

layer is maintained in the sediment throughout the year. 

6.2. Mass balance model 

Ideally, to evaluate the significance of denitrification in these estuarine systems, the measured 

rates of denitrification should be scaled-up to ecosystem level, then compared with the 

magnitude of N inputs and outputs in the estuaries. The ultimate goal is to construct mass 

balance models (also known as N budgets) that account for the sources ofNr to the systems, 

the magnitude of Nr removal (e.g. via denitrification), and the export of Nr to downstream 

systems (Figure 6.1.). N budgets have been developed for a variety of estuaries and coastal 

systems including the Apalachicola Bay estuary, Florida (Mortazavi et al. 2000), the Nueces 

estuary, Texas (Brock 2001; Yoon and Benner 1992), the Scheidt estuary, southwest 

Netherlands (Hofmann et al. 2008), the Colne estuary, UK (Thornton et al. 2007), the 

Guadalupe estuary, Texas (Bianchi 2007; Yoon and Benner 1992), the Moreton Bay, 

Australia (Eyre and McKee 2002), the Chesapeake Bay, USA (Boynton et al. 1995), and the 

Boston Harbour, USA (Bianchi 2007). Mass balance models are a means for comparing N 
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cycling in estuaries with similar and dissimilar characteristics. They also facilitate making 

predictions about the transport and fate of N inputs to estuaries and making decisions about N 

management options (Bianchi 2007). 

Nexchange~ 

with ocean '\.r--V 

Atmospheric N 
inputs 

~ 

Groundwater N 
inputs 

Figure 6.1. Schematic of a mass balance model of nitrogen cycling in estuarine systems. 
(modified from Anammox (2007)) 

6.2.1. Sources and sinks ofNr in the study estuaries 

Unfortunately, the total current Nr inputs to the Avon-Heathcote, Tokomairiro, and Tautuku 

River estuaries are unknown and it was not within the scope of the current study to quantify 

these Nr sources. Aside from the Tautuku River estuary, which had a relatively pristine 

forested catchment, anthropogenic N inputs from point source effluents and nonpoint urban 

and agricultural runoff are likely to be the major sources of Nr to these study estuaries. N 

fixation by planktonic organisms tends to be low in estuaries due, in part, to the low 

availability of one or both of the trace metals, molybdenum and iron, which are essential for 

N fixation (Howarth et al. 1988a; Howarth et al. 1999). In estuaries, rates of benthic N 

fixation by bacteria tend to be slightly higher than the N fixation rates by planktonic 

organisms, with the highest rates occurring in organic-rich sediments (Howarth et al. 1988b). 

However, even in estuaries with moderately high rates of benthic N fixation, N fixation only 
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supplies a small percentage of the total Nr inputs to the estuaries (Howarth et al. 1988b ). 

Estuaries can also receive Nr through wet (e.g. N dissolved in snow or rain) and dry (e.g. 

gravitational settling of N dust particles) atmospheric deposition (Paerl et a!. 2002; Whitall et 

al. 2003), groundwater advection (Nowicki et al. 1999), and the movement of oceanic water 

into estuaries as a consequence of tides and upwelling events (Prego and Bao 1997). The 

amount of atmospheric N deposition in New Zealand is relatively low (compared to North 

America and Europe) (Nichol et al. 1997) and, therefore, it is unlikely that atmospheric N 

deposition was a significant source ofNr to the study estuaries. 

Using a model, Heggie and Savage (2009) estimated the average annual land-based Nr load 

for three site-specific subcatchments of the Waikouaiti River estuary. The estimated annual 

Nr load for each subcatchment was 0.0544 Mmol N i 1
, 0.4817 Mmol N i 1

, and 3.0716 Mmol 

N i 1 (combined N load: 3.6077 Mmol N i 1
). According to Heggie and Savage (2009), the 

catchment area of the Waikouaiti River estuary is dominated by agriculture, with fertilizer 

contributing >70 % of the total land-based Nr inputs. The annual Nr loads estimated by 

Heggie and Savage (2009) for the three Waikouaiti River estuary site-specific subcatchments 

are substantially lower than the total annual loads of DIN for the Colne (17 Mmol N y-1
), 

Conwy (27 Mmol N i 1
), and Humber (2030 Mmol N i 1

) estuaries in the UK (Dong et al. 

2006). The lower Nr loading of the Waikouaiti River estuary, compared to the UK estuaries, 

may be a result of the lower population density and, consequently, less atmospheric N 

deposition and WWTP effluent discharge. Also, the average annual land-based Nr load 

estimated by Heggie and Savage (2009) for the Waikouaiti River estuary is likely to be an 

underestimation of the total Nr load since the ocean might also be a significant source of Nr 

due to a recirculation pattern that permits eutrophic water from nearby Hawksbury Lagoon to 

enter the estuary (ORC 2000). Stable isotope ratios in attached macroalgae further support 

the contribution of oceanic Nr to the Waikouaiti River estuary (Savage et al. 2010). Ideally, 

the nutrient effect factor should be determined by multiplying the Nr load by the estuary water 

residence time (Dong et al. 2006). However, the water residence time for the Waikouaiti 

River estuary has not been quantified. 

Denitrification is only one of five major pathways for the removal of Nr from estuaries. 

Before (1) Nr is transported downstream to coastal waters (either dissolved in water or by the 

emigration of fish and macro faunal species out of the estuary), in estuaries, Nr can also be (2) 

permanently buried in sediments, (3) removed by fisheries activity (recreational or 

commercial harvesting of fish or shellfish), or ( 4) removed via anammox. The significance of 
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estuarine sediments in permanently removing Nr is not well understood (Tappin 2002), but in 

a coastal inlet of the Baltic Sea, ~5-11 % of the wastewater N discharged into the bay was 

permanently buried in the sediments (Savage et a!. 2004). Recreational fishing occurs in all 

of the study estuaries, except the Tautuku River estuary (Clutha 1998; ORC 1992; Owen 

1992). However, since fishing does not occur on a commercial scale, fisheries are unlikely to 

be a significant source of Nr removal in these estuaries. In the current study, ladderane lipids 

were not detected at any of the study sites where it was measured (see Appendix 8). 

Anammox bacteria may still have been present at these sites, but were synthesizing ladderane 

lipids in too low of concentrations to be detected. Therefore, the significance of anammox in 

removing Nr from the study estuaries is currently unknown. 

Although the load of Nr to the Avon-Heathcote, Tokomairiro, and Tautuku River estuaries, 

and the estuarine flushing times for all four study estuaries are unknown, from the results of 

the current study, a basic estimate of the magnitude of Nr removal via denitrification for each 

estuary can be made. 

6.2.2. Whole-estuary denitrification estimate 

While the rates of denitrification measured on a small, centimetre and hour scale in the 

current study provide some information about the rate of N removal via denitrification in 

discrete areas of the estuary, for a mass balance model it is necessary to extrapolate the 

denitrification rates to kilometre and year scales to determine the annual rate ofN removal via 

denitrification in the whole estuary. Therefore, the amount ofN2 and N20 produced annually 

in each estuary from Dw and Dn was estimated by dividing the estuaries into sectors (one 

sector was designated for each sampling site from the current study) then multiplying the 

mean rate of denitrification measured in each sector by the area of the sector and by time. 

The sectors in each estuary were then summed. 

For the Waikouaiti, Tokomairiro, and Tautuku River estuaries, the scaled-up denitrification 

estimates are based on the single mean denitrification rate measurements presented in Chapter 

4. For the Avon-Heathcote estuary, the scaled-up denitrification estimates are based on mean 

denitrification rates measured over 6 months in February 2008 and 6 months in September 

2008 (see Chapter 5). 
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The area of each sector is as follows. The Avon-Heathcote estuary has a total surface area of 

7.20 km2 (Bolton-Ritchie and Main 2005) and because there were 5 sampling sites distributed 

approximately evenly across the estuary, I divided the estuary into 5 sectors, each 20 % (1.44 

km2
) of the total estuary area. The total surface areas of the Waikouaiti River estuary and the 

Tokomairiro River estuary are 1.18 km2 and 0.37 km2
, respectively (Hooper 2009) and 

because there were 4 sampling sites spaced approximately evenly across the length of each 

estuary, I divided each estuary into 4 sectors, each 25 % (0.30 km2 and 0.09 km2
, 

respectively) of the total estuary area. Lastly, the total surface area of the Tautuku River 

estuary is 0.64 km2 (Hooper 2009) and because there were 3 sampling sites spaced 

approximately evenly across the length of the estuary, I divided the estuary into 3 sectors, 

each 33 % (0.21 km2
) of the total estuary area. 

The annual budget of N2 and N20 production from Dw and Dn in the four study estuaries is 

presented in Table 6.1. According to this budget, the Avon-Heathcote estuary removes the 

most Non an annual basis (5.8754 Mmol N i 1
), followed by the Tokomairiro River estuary 

(0.7028 Mmol N i 1
), the Tautuku River estuary (0.3239 Mmol N i 1

), and lastly the 

Waikouaiti River estuary (0.0395 Mmol N y-1
). The Avon-Heathcote estuary has the largest 

surface area of all the estuaries and also removes the most N per year. In contrast, the 

Waikouaiti River estuary, which has the second largest surface area of all the estuaries, 

removes the least N per year; while the Tokomairiro River estuary, which has the smallest 

surface area, removes the second most N per year. Dn comprises >92 % of the total annual 

denitrification in each of the four estuaries. The annual estimate ofN20 formation in each of 

the four estuaries is <0.20% of the total denitrification. 

Because these budgets were determined by scaling-up only one or two mean denitrification 

rate measurements made exclusively under illuminated conditions, the budgets should be 

treated with caution (refer to Problems associated with scaling-up denitrification rates, 

Section 6.2.3. below). For a more reliable estimate of the amount of N removed from each 

estuary via denitrification each year, more measurement sites that cover a greater proportion 

of the estuary area and more annual measurements (preferably one measurement per month) 

are needed to assess the spatial variation and seasonality of the denitrification activity. In 

addition, the denitrification measurements should be made under dark and illuminated 

conditions and scaled-up according to the mean number of hours of daylight for each month. 

Also, the monthly average immersion time of the sediment should be taken into consideration. 

Remote sensing data and contour plots of the environmental conditions in various locations 
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within each estuary could be used to more accurately determine the area to include within 

each sector. 

6.2.3. Problems associated with scaling-up denitrification rates 

A major problem associated with scaling-up rates of denitrification that remains unresolved is 

how to do representative sampling that accounts for the large spatial and temporal 

heterogeneity of the estuarine environment. Much of the challenge results from the fact that 

denitrification rates can be disproportionately high in small areas, commonly known as 

'hotspots', compared to the surrounding area (Parkin 1987; Petersen et al. 1996). 'Hot

moments' can also occur where denitrification rates are disproportionately high during a short 

period oftime compared to a longer time interval (Christensen et al. 1990). Hotspots and hot

moments may occur separately or overlap in time at specific locations, and unless a 

continuous source of reactants is supplied, hotspot reactions will not be able to maintain high 

processing rates for long periods of time due to a limited supply of reactants (McClain et al. 

2003). In estuaries, hydrological movement of water may produce hotspots or hot-moments 

at convergence zones where fresh and saline waters mix, at intersecting flow paths when two 

reactants are temporarily brought together, or during the movement of reactants with tidal 

mixing of water and sediment exposure (McClain et al. 2003). Denitrification hotspots can 

occur for example, in small patches of labile organic matter within the sediment matrix, which 

provide a temporary energy source for denitrifying bacteria. Denitrification hot-moments 

may occur, for example, when a temporary rain storm washes a large volume of runoff water 

with high concentrations of N03- and NH/ into an area with suitable conditions for 

denitrification. 

Significant error can occur when attempting to extrapolate denitrification rates measured 

using the IPM (in small chambers at centimetre and hour scales), to whole-system estimates 

(at kilometre and month or year scales) if the distribution of hotspots or the frequency of hot

moments are missed in the sampling design. Hotspot and hot-moment phenomena also 

provide challenges when trying to develop computer models from measurements of 

denitrification made with the IPM (Boyer et al. 2006; Groffman et al. 2009). Therefore, when 

using the IPM, as many replicate denitrification measurements as time and money will allow 

should be made in space and time to minimize the errors associated with heterogeneity of the 

environment. Integrating denitrification measurements made with the IPM with 
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denitrification measurements made with other methods at a landscape scale may also provide 

a solution to this problem. 

6.2.4. Percentage of nitrogen inputs removed by denitrification 

On average, denitrification usually removes 40-50 % of the DIN inputs that an estuary 

receives (Seitzinger 1988). The percentage of the Nr inputs removed by denitrification in an 

individual estuarine system will depend on many environmental factors, of which water 

residence time is perhaps of utmost importance (see Residence time of freshwater, Section 

1.1.6.12.). Denitrification in four Gulf of Mexico estuaries in Texas and Florida, USA 

removed an estimated 14 to 136% of the Nr inputs to these estuaries: in the Nueces estuary, 

with a water residence time of 485 d, denitrification removed 136 % of the Nr inputs (Y oon 

and Benner 1992); in the Guadalupe estuary, with a water residence time of 93 d, 

denitrification removed 23 % of the Nr inputs (Yoon and Benner 1992); in the Trinity-San 

Jacinto estuary, with a water residence time of 70 d, denitrification removed 14% of the Nr 

inputs (Zimmerman and Benner 1994); and in the Ochlockonee Bay estuary, with a water 

residence time of 4.5 d, denitrification removed 52% of the Nr inputs (Seitzinger 1987). 

Since the Nr inputs and freshwater residence times of the Avon-Heathcote, Tokomairiro, and 

Tautuku River estuaries in the current study are unknown, the percentage of the Nr inputs 

removed by denitrification in these systems cannot be determined. However, the percentage 

of the Nr inputs removed by denitrification might be expected to be high due to the generally 

low concentration of NOx- in the water column that caused more denitrification to be fuelled 

by N03- produced by nitrification rather than N03- from the water column. A higher 

proportion of the NH/ entering the estuary may have been converted to N2 or N20 as a 

consequence of higher rates of Dn than Dw. 

Since there are too many uncertainties in the Nr load estimated by Heggie and Savage (2009) 

and the scaled-up denitrification rates, I decided not to estimate the percentage of the annual 

Nr load removed by denitrification in the Waikouaiti River estuary. The model that Heggie 

and Savage (2009) used for estimating the average annual Nr load for the site-specific 

subcatchments in the Waikouaiti River estuary does not account for pulse events, has not been 

verified, and is likely to be an underestimation of the total annual Nr load. Further research 

should focus on reducing some of these uncertainties so that an accurate estimate of the Nr 

load removed by denitrification in the Waikouaiti River estuary can be made. 
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Table 6.1. Ammal budget ofN2 and' N20 production from denitrification in the four study estuaries. Values in par·entheses are the percentage of th·e 
total. The annual budget for the hypenmtrified Colne, the nuttified Humbe-r, and oligotrophic Couwy estuaries in the United Kingdom (Dong et al. 
2006) are included for comparison. 
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6.3. Unaccounted influences on denitrification 

The accuracy of the rates of denitrification measured using the IPM depends on the validity of 

the assumptions, which was the focus of Chapter 3. However, additional variables which 

were not assessed in the current study should be considered when evaluating how the 

measured denitrification rates reflect the rates in situ. The relevance of these variables to the 

study systems and the methods available to account for them are discussed below. 

6.3.1. Exposure of the sediment to the atmosphere 

Intertidal environments experience periodic exposure and inundation from sea and river 

water, creating large temporal variation in the sediment chemistry. When intertidal flats are 

exposed to the atmosphere, water loss from evaporation and drainage can alter solute 

gradients (e.g. percolation can cause solutes to move through the sediment faster than can be 

accomplished by molecular diffusion alone) and sediment structure (e.g. sediments can either 

become compacted or empty pore spaces can fill with air resulting in increased surface area of 

oxic-anoxic contact zones), and increase sediment temperature (Howes and Goehringer 1994), 

which in tum have the potential to affect biogeochemical processes within the sediment. 

Exposure of sediment to the atmosphere may also influence biogeochemical processes by 

both excluding a water column source of N03- into the sediment (may decrease Dw) and 

preventing regenerated NH/ and N03- from escaping the sediment, causing them instead to 

either accumulate or be consumed (may increase Dn) within the sediment (Hou et al. 2006; 

Rocha 1998). 

Despite these potential effects of air exposure on rates of denitrification, measurement of 

denitrification in the current study was achieved exclusively with sediment that was 

continually inundated. Most measurements of denitrification rates using the IPM, such as 

Dong et al. (2006) and Nielsen (1992) have occurred using sediment that was continually 

inundated. This is partially a result of the fact that there are lower background concentrations 

of N2 in water than in air making analytical precision greater in measurements of water 

samples. Since denitrification was being measured for the first time in these estuaries, for this 

study I decided to focus all sampling efforts on submerged sediments. However, it is possible 

to measure rates of denitrification in air-exposed sediments using the ammonium spray 

method, a modified version of the IPM (Ottosen et al. 2001). For the development of this 

method, 15N~ + was considered an ideal tracer to be sprayed onto the sediment surface 
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because denitrification in exposed sediments is often supported by the oxidation of NH4 + to 

N03-, nitrification. Although the ammonium spray method has great potential for studying 

the role of exposed intertidal mudflats in the cycling of nitrogen, it is a relatively new method 

that lacks robust field validation and has not been widely published. 

6.3.2. Groundwater advection as a source ofN03- for denitrification 

While Dw from sources of N03- to the water such as atmospheric deposition, wastewater 

discharge, riverine export, and urban and agricultural runoff could be quantified with the 

version of the IPM used in this study, denitrification supported by N03- from groundwater 

advection could not be quantified. Groundwater advection could be an important source of 

N03- for denitrification, especially in watersheds with permeable soil or rock where humans 

have increased the load ofN03- in groundwater from land use practices. Denitrification may 

not be efficient at removing nitrate from contaminated groundwater in all systems though, as 

was found to be the case in the Nauset Marsh estuary where the groundwater flow was too 

rapid and mostly seeped into well-oxygenated, sandy sediments with low organic matter 

content that could not support high levels of denitrification (Nowicki et al. 1999). Limited 

groundwater quality, flow, and seepage data have been collected in the aquifers from the 

study regions so it is difficult to draw any conclusions about what effect groundwater may 

have had on the measured denitrification rates. However, if groundwater advection was a 

significant source of N03- for denitrification, the IPM would have misinterpreted the 

groundwater derived N03- as instead coming from nitrification, thus the rate of Dn would be 

overestimated. 

At least two modified approaches of the traditional IPM have been proposed in order to 

account for groundwater advection when measuring rates of sediment denitrification. Master 

et al. (2005) proposed a modified approach of the IPM in theory for field studies that can 

differentiate between N03- input from groundwater advection and N03- produced during 

nitrification by using two parallel experimental setups: the first with added 15N03-, and the 

second with added 15NH/. Sanders and Trimmer (2006) took a different approach to measure 

denitrification using the IPM in areas with significant groundwater advection by developing a 

water probe system that is capable of spiking sediment pore waters with 15N03- then 

measuring the rate of denitrification over short incubation periods in in situ condition. 
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6.3.3. Diurnal changes in denitrification 

In the current study, rates of denitrification were quantified only in the light. Had rates of 

denitrification also been quantified in the dark they may have differed substantially from 

those measured in the light. For example, Risgaard-Petersen et al. (1994) found that Dn was 

stimulated and Dw reduced under illuminated conditions because photosynthesis in the top 

layers of the sediment during illumination resulted in deeper oxygen penetration. However, in 

the current study, the measured benthic fluxes of oxygen and SOPD were similar in the dark 

as in the light (mainly consumption in dark and light, very little oxygen production in the 

light) at most of the study sites and, therefore, the difference in the rates of denitrification in 

the dark versus light may not have been as pronounced as has been recorded in other estuarine 

systems. 

6.3.4. Denitrification in the water column 

Although denitrification in the water column was not measured, the water columns at the 

sampling sites were generally well oxygenated (Table A4.1.) and, therefore, unlikely to 

support high rates of denitrification. 

6.3.5. Water-air gas exchange rates 

As the rates of denitrification from the current study were measured by blocking the exchange 

ofN2 and N20 between the water column and the atmosphere it is unknown how much of the 

N2 and N20 produced via denitrification would have remained dissolved in the water column 

and how much would have been lost directly to the atmosphere assuming in situ conditions. 

The exchange of gases between the water and the atmosphere is controlled by a number of 

factors including the surface area ofthe water-air interface, the amount of mixing (e.g. waves, 

wind) of the water phase with the gaseous phase, and the concentration and equilibrium 

distribution of the gases in the two phases (Broecker and Peng 1974; Brutsaert and Jirka 

1984). Three types of mechanisms for the transfer of gases from the water column to the 

atmosphere are diffusive exchange, spray transfer from breaking waves, and bubble transfer 

(Brutsaert and Jirka 1984). Bubble transfer occurs when dissolved gases are supersaturated in 

the water (or when cold water is rapidly heated) and micro bubbles form which coalesce, rise, 

and burst at the water surface. Natural water bodies may either be a source or sink ofN2 and 

N20 to the atmosphere depending on the degree of the water gas saturation. 
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6.4. Conclusions 

The current study has progressed our understanding of the rates of sediment-water oxygen 

exchange and sediment denitrification in four temperate, southern hemisphere estuarine 

systems. It shows that moderate rates of denitrification (0-118 11mol m-2 h-1
) can occur in 

estuaries with pristine forested catchments. The results of the current study support the theory 

that Dw is a minor form of denitrification in systems with water column N03- concentrations 

<30 11mol r 1 (Seitzinger 2006). The current study also shows that in systems where Dn is the 

dominant form of denitrification, the substratum type can have a large influence on the rate of 

denitrification. 

This study may aid in the long-term development of a baseline for distinguishing between 

natural and anthropogenic influences on N cycling in estuarine systems. Most ofthe tools for 

monitoring estuary health 12 that have been developed until now (e.g. benthic macrofauna 

population surveys, simple water column measurements, isotopic techniques to evaluate 

nutrient enrichment in macroalgae, toxicity studies, and seagrass distribution and depth range 

measurements) are designed to measure a snapshot of the local ecological conditions. These 

indicators are generally not able to distinguish the underlying pressures that cause 

environmental change, nor can they discern the contribution of multiple pressures operating 

over a range of temporal and spatial scales (Niemi et al. 2004). Since the eutrophication 

process is driven by excess nutrients, it is important to monitor the major microbial processes 

that regulate nutrient cycling. Microbial processes that are influenced by multiple variables 

and limiting resources have in general, proven to be very systematic in terms of how, why, 

and when they respond to changing conditions (Paerl and Steppe 2003). Since microbial 

bacterial communities are also widely distributed across different estuaries, their processes 

have the potential to be broadly applicable for assessing ecological condition and change. 

Application of denitrification as an indicator of estuary health has the potential to yield an 

enormous amount of information gathered across physical, chemical, and biological levels 

and spatial and temporal scales, which will be key in predicting changes in the structure and 

functioning of estuaries. This information will be highly beneficial to environmental 

managers who will be better able to diagnose stressors, measure environmental condition, and 

develop effective management strategies for protecting the health of estuarine systems. 

12 Ecosystem health is defined here as a system that is stable and sustainable; it is active and maintains its 
organization and autonomy over time and is resilient to stress (Haskell et a!. 1992). 
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6.5. Future research directions 

Since this study was the first to measure rates of denitrification in the four study estuaries, not 

all of the factors relating to N cycling in these estuaries could be addressed. In essence, this 

study represents the beginning of a multitude of other research on N cycling that could occur 

in these estuaries. Future research in these estuaries should focus on: 

• Addressing the influences of spatial and temporal heterogeneity of the environment on 

the rates of denitrification and the fluxes of oxygen across the sediment-water interface 

more thoroughly. 

• Determining the contribution of nitrification, DNRA, chemodenitrification, and anammox 

to N2 and N20 production at the study sites. 

• Measuring the rates of denitrification in both dark and illuminated conditions to assess 

the influences ofmicrophytes and photoinhibition of nitrification on the rates ofDn. 

• Investigating the influence of HS- on the rates of nitrification and denitrification, 

especially at the Waikouaiti and Tokomairiro River estuaries. 

• Developing methods to effectively quantify the rate of organic carbon input to the study 

sites in order to assess the effects of organic carbon input on the rates of oxygen 

consumption and denitrification. 

• Measuring the pore water dissolved carbon and nutrient concentrations as well as the 

fluxes ofNH/ and N03- across the sediment-water interface in both dark and illuminated 

conditions. 

• Using a species or functional group approach for quantifying the effects of benthic 

macrofauna on the sediment oxygen consumption and denitrification rates. 

• Comparing the rates of denitrification measured in sediments during high-tide conditions 

of inundation with the rates measured during low-tide conditions of atmospheric 

exposure. 

• Investigating the influence of advection on the rates of denitrification and the pore water 

mixing of the added 15N03- with the in situ N03-. 

• Quantifying the water residence time and the input ofNr to the estuaries from the various 

natural and anthropogenic sources to develop mass balance models and determine what 

percentage of the DIN inputs to the study estuaries are removed by denitrification. 
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Appendix 1 - Study sites 

Table Al.l. Global position coordinates of the sampling sites and water collection sites 
within the four study estuaries. 

Estuary Site Sou thing Easting 
Avon-Heathcote AHl 43.56266 172.74375 

AH2 43.54426 172.73889 
AH3 43.55921 172.70825 
AH4 43.54672 172.72144 
AH5 43.53169 172.72912 
Wl 43.56233 172.73970 
W2 43.55935 172.70947 

Waikouaiti WAl 45.64286 170.66053 
WA2 45.63731 170.65690 
WA3 45.63289 170.65522 
WA4 45.62313 170.64681 

Tokomairiro TOl 46.22095 170.04469 
T02 46.21809 170.04265 
T03 46.21674 170.04525 
T04 46.21102 170.04474 

Tautuku TAl 46.60006 169.43101 
TA2 46.59464 169.42122 
TA3 46.59034 169.41732 
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AH1 AH2 

Figure Al.l. Photographs of the five study sites (including the positions of the 1.5 m x 1.5 m 
sampling quadrat) in the Avon-Heathcote estuary. 

Figure A1.2. Photographs of the four study sites (including the positions of the 1.5 m x 1.5 
m sampling quadrat) in the Waikouaiti River estuary. 
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Figure A1.3. Photographs of the four study sites (including the positions of the 1.5 rn x 1.5 
rn sampling quadrat) in the Tokornairiro River estuary. 
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Figure A1.4. Photographs of the three study sites (including the positions of the 1.5 m x 1.5 
m sampling quadrat) in the Tautuku River estuary. The position of the mouth is also shown. 
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Allpendix 2 - Climatic and astrono1nical information 

Table A2.l. Summary of ruontb.ly bottom-level water column temperatures eCJ at Wl (sampled 1989-2005) and W2 (sampled 1989-2004) in the 
Avon-Heathcote estuary, Orbells Crossing (srunpled 1995-2007), \VAl (sampled 2007) and WA3 (sampled 2007) in the Waikouaiti. River estuary, and 
Tok.oiti (sampled 1995-2007) in the Tokomaiir·iro Riiver es.tuary. n , munber of samp]es. NM, not measured. 

~·Iouth 

Tempentm.-e (O'C) Jan. Feb. l\L1.r . Apr. I\Iay Jun. Ju1. Aug. Sep. Oct. Nov. Dec. 
Avon-Heathcote estuail.·y at WI 1, 1989-2005 
Minimum 16.5 14.0 14.0 13.0 '9.8 9.4 5.8 8.2 11.3 11 .0 12.1 14.8 
Median 18.3 18.5 173 14.4 11.7 10.2 9.1 9.8 12.0 13.0 15.3 17.0 
Mean 18.3 18.8 17.1 14.5 12.1 10.3 8.9 9.8 12.2 13.6 15.1 17.1 
Standard Deviation L1 2.1 2.1 u 1.6 0.8 L9 L3 0.8 2.0 2.0 1.5 
Maximm.n 20.0 'n.6 2LO 16.0 15.0 11.6 12.0 11 .7 13.4 16.5 17.8 21.5 
n 16 16 10 6 IO 8 8 5 6 7 11 17 
Avon-Heathcote estual.)' at W2, 1989-2004 
Minim lUll 16.5 14.5 14.0 12.5 9.2 7.8 5.3 7.5 10.6 13 .2 12.2 15 .0 
Median 18.8 18.7 16.0 13.5 10.9 9.6 8.5 9.2 12.0 13 .8 16.1 175 
Me.::tn 18 .. 9 19 .. 2 16.5 14.0 11.2 9.4 8.2 9.1 12.0 14.5 15.7 17.4 
Standard Deviation 1.4 2.2 2.0 1.5 1.5 0.8 L6 LO 0.9 1.5 2.3 1.3 
Maximum 21.5 22.5 19.0 16.2 14.0 10.3 10.5 10.2 13.1 17.5 19.9 20.0 
11 16 18 9 6 10 8 8 6 7 7 11 17 
" 'aikouaiti Riwr estuary at Orbells Crossing~ (5 km upstil.·eam of \VA4), 1995-2007 
ivlinimum 13.5 11.9 13.4 8.0 6.0 L5 3.2 3.2 6.6 8.4 12.0 13.5 
Median 17.8 17.1 14.8 1L5 8.2 4.9 4.6 6.1 7.9 IO.O 14.2 15.7 
Mean 17.3 16 .. 6 14.9 ll.5 9.0 4.8 4.4 5.5 8.3 9.9 13.9 16.1 
Stand..'U'd Deviation 2.3 2.4 1.3 2.0 2.8 2.1 0.9 1.6 1.6 1.6 1.3 1.9 
i\.bximum 20.7 1'9.5 17.3 14.4 12.8 7.0 5.2 7.9 10.4 13.1 15.5 19.8 
n 1 10 7 9 5 10 4 10 6 7 5 11 



N 
Vl 
N 

> ""'0 
""'0 

~ Month u TemperatU!J:e COC) Ja:n. Feb. l\Lu. Apr. . l\lay Jun. Jul. Aug. Sep . Oct. Nov. Dec. 
~ " laikouaiti River estuat·y at \VAl',. 2007 N 

Minimum Nl\·i Nl\•i Nlvl 6.4 7.4 2.3 1.5 0.7 0.9 7.9 NM NM 
(') Median Nl\•1 Nl\•f NYI 12.4 11.2 8.6 7.9 8.4 9.9 10.8 NM NM 
t""' 

~ Mean Nl\•1 Nl\•1 N1vl 12.3 ll. l 8.5 7.5 8.1 9.8 10.9 NM NM 

> Standard Deviation Nl\•1 Nl\•f N1vl 1.3 0.8 1.6 1.3 1.3 1.5 1.0 NM NM 
.......] i\.·faximtun Nl\•f Nl\•f N1vf 21.5 13.7 11.4 12.9 14.8 18.1 15.4 NM NM -(') n Nl\•1 Nl\1 Nlvf 3599 8927 8030 8927 8927 8639 6262 NM NM 
Ro \Vaik ouaiti River estuary at \VA.3', 2007 
> Minimum Nl\{ Nl\•i Nilvf 8.8 9.5 5.2 5.6 6.9 7.1 9.7 NM NM C/J ...., 

Median NI\•f Nl\•f NM 14.3 13.1 10.5 9.7 10.5 12.4 13 .2 NM NM 
?0 

Mean NI\•1 N1·1 Mvl 14.2 12.8 10.2 9•.4 10.4 12.4 13.2 NM Nlvf 0 z Standard Deviation Nl\•[ Nl\·1 Mvl 1.3 1.0 1.8 1.4 0.9 1.3 1.2 NM NM 
0 Maxmnun Nl\.f Nl\•f M\.·1 24.1 15.4 13.5 15.1 13.7 16.7 17.2 Nlvf NM s;: - n NM NJ\o[ M\.·1 3599 8927 8624 8927 8927 8638 6438 NM NM 
(') 

Tokomairiro Rive1: estuat·y at Tokoiti- (10 km upstream ofT04).199·5-2007 > 
t""' ivfinimwn 13.9 14.0 13 .0 8.7 6.5 3.3 0.8 2.6 6.9 LS 12.1 12.3 z Median 17.4 16.8 14.5 10.9 8.5 5.6 5.0 4.0 8.4 10.2 13.0 14.0 
"Tj 

1\.·le.an 17.2 17.0 14.8 10.·6 8.0 5.5 4.4 4.0 8.5 9.4 14.0 14.2 0 

~ Standard Deviation 2.8 2.0 1.5 1.4 1.3 1.2 2.7 1.0 1.6 3.1 2.6 1.3 

> Maximum 21.2 20.4 17.1 12.5 9.0 7.3 7.0 5.5 10.5 12.1 16.9 16.5 
.......] n 6 13 5 10 3 8 5 9 4 9 3 9 -0 z 1 Data provided by Enviromnent. Canterbury 

2Data provided by the Otago Regional C ouncil 
3D ata provided by Heggie (2008) 



Table A2.2. Sunrise and sunset times (obtained from Land Information New Zealand) and 
the corresponding number of hours of overnight darkness provided during the denitrification 
and oxygen measurement pre-incubation periods. 

Sampling Time of Time of Hours of 
Site Incubation type overnight 

date sunrise sunset 
darkness 

23-Nov-07 WAl Denitrification 0447 2003 8.75 
25-Nov-07 WAl Denitrification 0447 2003 8.75 
28-Nov-07 WAl Denitrification 0447 2003 8.75 
10-Dec-07 WA4 Denitrification 0442 2016 8.50 
12-Dec-07 WA4 Denitrification 0442 2016 8.50 
16-Dec-07 WA4 Denitrification 0442 2016 8.50 
4-Jan-08 AH2 Denitrification 0501 2012 8.75 
6-Jan-08 AH2 Denitrification 0501 2012 8.75 
8-Jan-08 AH2 Denitrification 0501 2012 8.75 
10-Jan-08 AH4 Denitrification 0501 2012 8.75 
12-Jan-08 AH4 Denitrification 0501 2012 8.75 
14-Jan-08 AH4 Denitrification 0501 2012 8.75 
18-Feb-08 AH2 Denitrification 0555 1931 10.50 
20-Feb-08 AHl Denitrification 0555 1931 10.50 
22-Feb-08 AH5 Denitrification 0555 1931 10.50 
24-Feb-08 AH3 Denitrification 0555 1931 10.50 
26-Feb-08 AH4 Denitrification 0555 1931 10.50 
20-Mar-08 T04 Denitrification 0641 1848 12.00 
22-Mar-08 T04 Denitrification 0641 1848 12.00 
24-Mar-08 T04 Denitrification 0641 1848 12.00 
26-Mar-08 TOl Denitrification 0641 1848 12.00 
28-Mar-08 TOl Denitrification 0641 1848 12.00 
30-Mar-08 TOl Denitrification 0641 1848 12.00 
22-Apr-08 TA2 Denitrification 0720 1753 13.50 
24-Apr-08 TA2 Denitrification 0720 1753 13.50 
26-AJ2r-08 TA2 Denitrification 0720 1753 13.50 
3-Aug-08 WAl Oxygen 0759 1731 14.50 
5-Aug-08 WA2 Oxygen 0759 1731 14.50 
7-Aug-08 WA3 Oxygen 0759 1731 14.50 
9-Aug-08 WA4 Oxygen 0759 1731 14.50 
16-Aug-08 T02 Oxygen 0745 1742 14.00 
19-Aug-08 TOl Oxygen 0745 1742 14.00 
19-Aug-08 T04 Oxygen 0745 1742 14.00 
23-Aug-08 T03 Oxygen 0745 1742 14.00 
30-Aug-08 AHl Denitrification 0711 1806 13.00 
1-Sep-08 AH2 Denitrification 0711 1806 13.00 
3-Sep-08 AH3 Denitrification 0711 1806 13.00 
5-Sep-08 AH4 Denitrification 0711 1806 13.00 
7-Se)2-08 AH5 Denitrification 0711 1806 13.00 
16-Sep-08 TA2 Oxygen 0633 1831 12.00 
16-Sep-08 TA3 Oxygen 0633 1831 12.00 
20-Se)2-08 TAl Oxygen 0633 1831 12.00 
27-Sep-08 AHl Oxygen 0548 1846 11.00 
27-Sep-08 AH2 Oxygen 0548 1846 11.00 
30-Sep-08 AH3 Oxygen 0548 1846 11.00 
30-Sep-08 AH5 Oxygen 0548 1846 11.00 
3-0ct-08 AH4 Oxygen 0548 1846 11.00 
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Sampling Time of Time of 
Hours of 

Site Incubation type overnight 
date sunrise sunset 

darkness 
14-0ct-08 WAl Denitrification 0536 1910 10.50 
16-0ct-08 WA2 Denitrification 0536 1910 10.50 
18-0ct-08 WA3 Denitrification 0536 1910 10.50 
20-0ct-08 WA4 Denitrification 0536 1910 10.50 
29-0ct-08 TOl Denitrification 0520 1925 10.00 
31-0ct-08 T02 Denitrification 0520 1925 10.00 
2-Nov-08 T03 Denitrification 0520 1925 10.00 
4-Nov-08 T04 Denitrification 0520 1925 10.00 
13-Nov-08 TA2 Denitrification 0505 1939 9.50 
15-Nov-08 TA3 Denitrification 0505 1939 9.50 
17-Nov-08 TAl Denitrification 0505 1939 9.50 
4-Aug-09 AHl Denitrification 0732 1738 14.00 
6-Aug-09 AH2 Denitrification 0732 1738 14.00 
8-Aug-09 AH4 Denitrification 0732 1738 14.00 
10-Aug-09 AH3 Denitrification 0732 1738 14.00 
12-Aug-09 AH5 Denitrification 0732 1738 14.00 
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Table A2.3. Monthly rainfalls recorded throughout the course of the survey at weather 
stations located near the four study estuaries. Rainfall data was obtained from the National 
Institute of Water and Atmospheric Research's National Climate Database (CliFlo). The 
weather stations monitored for each estuary are as follows: Avon-Heathcote (Agent #4860, 
43.5029 S, 172.66629 E), Waikouaiti (Agent #5354, 45.755 S, 170.638 E), Tokomairiro 
(Agent #5703, 46.175 S, 170.083 E), Tautuku (Agent #5893, 46.449 S, 169.81 E). Rainfall 
data measured during months where sediment samples . were collected at the estuaries are 
indicated in bold. NM, Not measured. 

Year/month 

2007 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

2008 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

2009 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

A von-Heathcote 
(Agent #4860) 

NM 
30.7 
26.9 
48.7 
10.5 
60.9 
76.4 
31.2 
25.7 
68.8 
22.7 
44.2 

4.8 
128.0 
22.2 
26.5 
77.5 
69.7 
134.1 
79.7 
32.8 
25.2 
3.6 

40.0 

7.6 
57.4 
18.9 
NM 
165.5 
25.9 
38.1 
NM 
24.3 
81.4 
12.3 
NM 

Monthly rainfalls (mm) 
Waikouaiti 

(Agent #5354) 

34.6 
16.1 
33.0 
30.5 
17.0 
91.7 
103.6 
33.9 
49.7 
126.3 
24.4 
66.5 

33.2 
61.5 
60.4 
27.0 
83.2 
36.5 
171.8 
48.0 
41.8 
38.7 
27.8 
74.1 

73.0 
158.6 
70.2 
45.3 
215.8 
25.7 
63.6 
22.4 
45.9 
56.1 
30.0 
NM 

Tokomairiro 
(Agent #5703) 

64.3 
36.9 
54.1 
56.4 
21.2 
135.0 
114.4 
28.3 
44.0 
124.3 
25.8 
93.5 

31.0 
66.0 
97.0 
79.9 
94.1 
56.8 
134.0 
85.9 
82.4 
39.2 
56.1 
54.2 

44.6 
151.7 
83.4 
44.4 
193.7 
35.6 
68.1 
21.2 
76.0 
63.9 
29.4 
NM 

Tautuku 
(Agent #5893) 

38.4 
32.2 
63.2 
45.9 
20.4 
148.0 
64.6 
45.0 
17.6 

101.8 
40.6 
64.6 

35.8 
48.4 
92.6 
64.4 
67.6 
70.6 
79.5 
84.9 
83.2 
52.4 
81.2 
49.4 

88.4 
60.2 
65.7 
27.6 
98.5 
59.2 
70.8 
23.0 
72.8 
63.3 
33.2 
NM 
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Appendix 3 - Sediment characteristics of study sites 

Table A3.1. Volatile and non-volatile solids of top 0-2 em and 2-4 em of sediments collected 
throughout the course of the survey at all sampling sites within the four study estuaries. 

Sampling Depth 
Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids solids 
date (em) 

~g dwl ~gdwl ~o/odwl ~o/odwl 
23-Nov-07 WA1 0-2 1 0.3413 14.9059 2.239 97.761 
23-Nov-07 WA1 0-2 2 0.2952 15.4035 1.881 98.119 
23-Nov-07 WA1 0-2 3 0.3220 14.8061 2.128 97.872 
23-Nov-07 WA1 2-4 1 0.2591 15.3270 1.662 98.338 
23-Nov-07 WA1 2-4 2 0.3528 14.8284 2.324 97.676 
23-Nov-07 WA1 2-4 3 0.2961 14.7939 1.962 98.038 
10-Dec-07 WA4 0-2 1 0.1668 15.1437 1.089 98.911 
10-Dec-07 WA4 0-2 2 0.1648 15.1546 1.076 98.924 
10-Dec-07 WA4 0-2 3 0.1909 15.1979 1.240 98.760 
10-Dec-07 WA4 2-4 1 0.1052 15.2249 0.686 99.314 
10-Dec-07 WA4 2-4 2 0.1066 15.0811 0.702 99.298 
10-Dec-07 WA4 2-4 3 0.1041 15.4442 0.669 99.331 
4-Jan-08 AH2 0-2 1 0.1914 15.6396 1.209 98.791 
4-Jan-08 AH2 0-2 2 0.1843 15.6592 1.163 98.837 
4-Jan-08 AH2 0-2 3 0.2129 15.0746 1.393 98.607 
4-Jan-08 AH2 2-4 1 0.2556 14.8627 1.691 98.309 
4-Jan-08 AH2 2-4 2 0.2435 15.4096 1.555 98.445 
4-Jan-08 AH2 2-4 3 0.2849 15.0522 1.858 98.142 
10-Jan-08 AH4 0-2 1 0.1425 14.9114 0.947 99.053 
10-Jan-08 AH4 0-2 2 0.1600 15.1433 1.045 98.955 
10-Jan-08 AH4 0-2 3 0.1762 15.0903 1.154 98.846 
10-Jan-08 AH4 2-4 1 0.1914 15.0804 1.253 98.747 
10-Jan-08 AH4 2-4 2 0.1927 14.8359 1.282 98.718 
10-Jan-08 AH4 2-4 3 0.1858 14.8362 1.237 98.763 
18-Feb-08 AH2 0-2 1 0.2449 14.8429 1.623 98.377 
18-Feb-08 AH2 0-2 2 0.2153 14.8225 1.432 98.568 
18-Feb-08 AH2 0-2 3 0.2391 14.7877 1.591 98.409 
18-Feb-08 AH2 2-4 1 0.2245 14.8166 1.493 98.507 
18-Feb-08 AH2 2-4 2 0.2218 14.7950 1.477 98.523 
18-Feb-08 AH2 2-4 3 0.2334 14.8187 1.550 98.450 
20-Feb-08 AH1 0-2 1 0.2017 14.8722 1.338 98.662 
20-Feb-08 AH1 0-2 2 0.1965 14.8331 1.307 98.693 
20-Feb-08 AH1 0-2 3 0.2193 14.8373 1.456 98.544 
20-Feb-08 AH1 2-4 1 0.2154 14.8053 1.434 98.566 
20-Feb-08 AH1 2-4 2 0.2154 14.7734 1.437 98.563 
20-Feb-08 AH1 2-4 3 0.2276 14.8451 1.510 98.490 
22-Feb-08 AH5 0-2 1 0.1958 14.8429 1.302 98.698 
22-Feb-08 AH5 0-2 2 0.2151 14.7775 1.435 98.565 
22-Feb-08 AH5 0-2 3 0.1786 14.8430 1.189 98.811 
22-Feb-08 AH5 2-4 1 0.2779 14.7704 1.847 98.153 
22-Feb-08 AH5 2-4 2 0.2522 14.8385 1.671 98.329 
22-Feb-08 AH5 2-4 3 0.2586 14.7839 1.719 98.281 
24-Feb-08 AH3 0-2 1 0.2338 14.7728 1.558 98.442 
24-Feb-08 AH3 0-2 2 0.2535 14.8211 1.682 98.318 
24-Feb-08 AH3 0-2 3 0.2793 14.7350 1.860 98.140 
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Sampling Depth 
Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids . solids 
date (em) 

(g dw) (g dw) (%dw) (%dw) 
24-Feb-08 AH3 2-4 1 0.2807 14.6814 1.876 98.124 
24-Feb-08 AH3 2-4 2 0.3057 14.7105 2.036 97.964 
24-Feb-08 AH3 2-4 3 0.3019 14.7387 2.007 97.993 
26-Feb-08 AH4 0-2 1 0.1532 14.8707 1.019 98.981 
26-Feb-08 AH4 0-2 2 0.1882 14.8075 1.255 98.745 
26-Feb-08 AH4 0-2 3 0.1919 14.8377 1.277 98.723 
26-Feb-08 AH4 2-4 1 0.2489 14.7811 1.656 98.344 
26-Feb-08 AH4 2-4 2 0.2212 14.8508 1.468 98.532 
26-Feb-08 AH4 2-4 3 0.2409 14.7706 1.605 98.395 
20-Mar-08 T04 0-2 1 0.6767 14.3705 4.497 95.503 
20-Mar-08 T04 0-2 2 0.7493 14.2994 4.979 95.021 
20-Mar-08 T04 0-2 3 0.7143 14.2876 4.762 95.238 
20-Mar-08 T04 2-4 1 0.7494 14.2999 4.980 95.020 
20-Mar-08 T04 2-4 2 0.9324 14.1179 6.195 93.805 
20-Mar-08 T04 2-4 3 0.9043 14.1117 6.022 93.978 
26-Mar-08 T01 0-2 1 0.0457 15.0326 0.303 99.697 
26-Mar-08 T01 0-2 2 0.0543 15.0068 0.361 99.639 
26-Mar-08 T01 0-2 3 0.0475 15.0437 0.315 99.685 
26-Mar-08 T01 2-4 1 0.0668 15.0090 0.443 99.557 
26-Mar-08 T01 2-4 2 0.0630 14.9974 0.418 99.582 
26-Mar-08 T01 2-4 3 0.0781 14.9039 0.521 99.479 
22-Apr-08 TA2 0-2 1 0.3266 14.6795 2.177 97.823 
22-Apr-08 TA2 0-2 2 0.3411 14.6600 2.274 97.726 
22-A]2r-08 TA2 0-2 3 0.3351 14.6773 2.232 97.768 
22-Apr-08 TA2 2-4 1 0.3496 14.6661 2.328 97.672 
22-Apr-08 TA2 2-4 2 0.3346 14.6772 2.229 97.771 
22-Apr-08 TA2 2-4 3 0.3448 14.6950 2.293 97.707 
3-Aug-08 WA1 0-2 1 0.1347 14.8894 0.897 99.103 
3-Aug-08 WA1 0-2 2 0.1267 14.9028 0.843 99.157 
3-Aug-08 WA1 0-2 3 0.1168 14.9414 0.776 99.224 
3-Aug-08 WA1 2-4 1 0.1405 14.8878 0.935 99.065 
3-Aug-08 WA1 2-4 2 0.1245 14.9202 0.827 99.173 
3-Aug-08 WA1 2-4 3 0.1058 14.9687 0.702 99.298 
5-Aug-08 WA2 0-2 1 0.2334 14.8383 1.548 98.452 
5-Aug-08 WA2 0-2 2 0.2039 14.8652 1.353 98.647 
5-Aug-08 WA2 0-2 3 0.2460 14.8134 1.634 98.366 
5-Aug-08 WA2 2-4 1 0.2034 14.8896 1.348 98.652 
5-Aug-08 WA2 2-4 2 0.2329 14.8272 1.546 98.454 
5-Aug-08 WA2 2-4 3 0.1971 14.8037 1.314 98.686 
7-Aug-08 WA3 0-2 1 0.3002 14.7591 1.993 98.007 
7-Aug-08 WA3 0-2 2 0.4051 14.6918 2.684 97.316 
7-Aug-08 WA3 0-2 3 0.2967 14.7316 1.974 98.026 
7-Aug-08 WA3 2-4 1 0.2475 14.8045 1.645 98.355 
7-Aug-08 WA3 2-4 2 0.5101 14.3525 3.432 96.568 
7-Aug-08 WA3 2-4 3 0.3961 14.6596 2.631 97.369 
9-Aug-08 WA4 0-2 1 0.1050 14.9542 0.698 99.302 
9-Aug-08 WA4 0-2 2 0.1104 14.8995 0.736 99.264 
9-Aug-08 WA4 0-2 3 0.1078 14.9263 0.717 99.283 
9-Aug-08 WA4 2-4 1 0.3699 14.6834 2.458 97.542 
9-Aug-08 WA4 2-4 2 0.0881 14.9289 0.587 99.413 
9-Aug-08 WA4 2-4 3 0.0898 14.9773 0.596 99.404 
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Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids solids 
date (em) 

(g dw) (g dw) (%dw) (%dw) 
16-Aug-08 T02 0-2 1 0.2825 14.7309 1.882 98.118 
16-Aug-08 T02 0-2 2 0.2140 14.8187 1.423 98.577 
16-Aug-08 T02 0-2 3 0.2697 14.8045 1.789 98.211 
16-Aug-08 T02 2-4 1 0.1518 14.9012 1.008 98.992 
16-Aug-08 T02 2-4 2 0.1842 14.8197 1.228 98.772 
16-Aug-08 T02 2-4 3 0.2265 14.8155 1.506 98.494 
19-Aug-08 T01 0-2 1 0.0364 15.0242 0.242 99.758 
19-Aug-08 T01 0-2 2 0.0391 14.9625 0.260 99.740. 
19-Aug-08 T01 0-2 3 0.0359 14.9997 0.239 99.761 
19-Aug-08 T01 2-4 1 0.0351 14.9805 0.234 99.766 
19-Aug-08 T01 2-4 2 0.0368 14.9978 0.245 99.755 
19-Aug-08 T01 2-4 3 0.0414 15.0299 0.275 99.725 
19-Aug-08 T04 0-2 1 0.5063 14.5084 3.372 96.628 
19-Aug-08 T04 0-2 2 0.5032 14.5633 3.340 96.660 
19-Aug-08 T04 0-2 3 0.5241 14.5156 3.485 96.515 
19-Aug-08 T04 2-4 1 0.4226 14.6421 2.805 97.195 
19-Aug-08 T04 2-4 2 0.4282 14.6717 2.836 97.164 
19-Aug-08 T04 2-4 3 0.4023 14.6773 2.668 97.332 
23-Aug-08 T03 0-2 1 0.2447 14.8475 1.621 98.379 
23-Aug-08 T03 0-2 2 0.2937 14.7411 1.954 98.046 
23-Aug-08 T03 0-2 3 0.1958 14.8925 1.298 98.702 
23-Aug-08 T03 2-4 1 0.1403 14.8979 0.933 99.067 
23-Aug-08 T03 2-4 2 0.2577 14.7536 1.717 98.283 
23-Aug-08 T03 2-4 3 0.1681 14.8367 1.120 98.880 
30-Aug-08 AH1 0-2 1 0.1752 14.9060 1.162 98.838 
30-Aug-08 AH1 0-2 2 0.1846 14.8871 1.225 98.775 
30-Aug-08 AH1 0-2 3 0.1891 14.8532 1.257 98.743 
30-Aug-08 AH1 2-4 1 0.1962 14.8270 1.306 98.694 
30-Aug-08 AH1 2-4 2 0.2014 14.8570 1.338 98.662 
30-Aug-08 AH1 2-4 3 0.1992 14.8531 1.324 98.676 
1-Sep-08 AH2 0-2 1 0.2243 14.7731 1.496 98.504 
1-Sep-08 . AH2 0-2 2 0.2237 14.8021 1.489 98.511 
1-Sep-08 AH2 0-2 3 0.2382 14.8133 1.583 98.417 
1-Sep-08 AH2 2-4 1 0.3060 14.7065 2.038 97.962 
1-Sep-08 AH2 2-4 2 0.3504 14.7220 2.324 97.676 
1-Sep-08 AH2 2-4 3 0.3321 14.6769 2.212 97.788 
3-Sep-08 AH3 0-2 1 0.4016 14.6909 2.661 97.339 
3-Sep-08 AH3 0-2 2 0.4600 14.5565 3.063 96.937 
3-Se_Q-08 AH3 0-2 3 0.4453 14.5842 2.963 97.037 
3-Sep-08 AH3 2-4 1 0.3950 14.6131 2.632 97.368 
3-Sep-08 AH3 2-4 2 0.4589 14.6111 3.045 96.955 
3-Se_Q-08 AH3 2-4 3 0.4747 14.5820 3.152 96.848 
5-Sep-08 AH4 0-2 1 0.2370 14.7989 1.576 98.424 
5-Sep-08 AH4 0-2 2 0.2303 14.8657 1.525 98.475 
5-Se_Q-08 AH4 0-2 3 0.2383 14.7822 1.586 98.414 
5-Sep-08 AH4 2-4 1 0.2082 14.7987 1.387 98.613 
5-Sep-08 AH4 2-4 2 0.1991 14.8693 1.321 98.679 
5-Se_Q-08 AH4 2-4 3 0.2073 14.8692 1.375 98.625 
7-Sep-08 AH5 0-2 1 0.2101 14.7920 1.400 98.600 
7-Sep-08 AH5 0-2 2 0.2369 14.8560 1.570 98.430 
7-Se_Q-08 AH5 0-2 3 0.2425 14.8750 1.604 98.396 
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Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids solids date (em) 
(g dw) (g dw) (o/odw) (%dw) 

7-Sep-08 AH5 2-4 1 0.2123 14.8043 1.414 98.586 
7-Sep-08 AH5 2-4 2 0.2584 14.7783 1.718 98.282 
7-SeQ-08 AH5 2-4 3 0.2458 14.7544 1.639 98.361 
16-Sep-08 TA2 0-2 1 0.4349 14.5983 2.893 97.107 
16-Sep-08 TA2 0-2 2 0.4061 14.6522 2.697 97.303 
16-SeQ-08 TA2 0-2 3 0.4089 14.6425 2.717 97.283 
16-Sep-08 TA2 2-4 1 0.3980 14.6101 2.652 97.348 
16-Sep-08 TA2 2-4 2 0.4250 14.5747 2.833 97.167 
16-SeQ-08 TA2 2-4 3 0.4516 14.6193 2.997 97.003 
16-Sep-08 TA3 0-2 1 0.5236 14.5166 3.481 96.519 
16-Sep-08 TA3 0-2 2 0.5686 14.4471 3.787 96.213 
16-SeQ-08 TA3 0-2 3 0.5665 14.4479 3.773 96.227 
16-Sep-08 TA3 2-4 1 0.4434 14.5750 2.953 97.047 
16-Sep-08 TA3 2-4 2 0.4045 14.6294 2.691 97.309 
16-SeQ-08 TA3 2-4 3 0.4305 14.6028 2.864 97.136 
20-Sep-08 TAl 0-2 1 0.2174 14.8081 1.447 98.553 
20-Sep-08 TAl 0-2 2 0.2069 14.7911 1.379 98.621 
20-Sep-08 TAl 0-2 3 0.2362 14.8233 1.568 98.432 
20-Sep-08 TAl 2-4 1 0.1727 14.8724 1.148 98.852 
20-Sep-08 TAl 2-4 2 0.1894 14.8674 1.258 98.742 
20-SeQ-08 TAl 2-4 3 0.1951 14.8433 1.297 98.703 
27-Sep-08 AHl 0-2 1 0.1885 14.9052 1.249 98.751 
27-Sep-08 AHl 0-2 2 0.1815 14.8459 1.208 98.792 
27-SeQ-08 AHl 0-2 3 0.1927 14.8911 1.278 98.722 
27-Sep-08 AHl 2-4 1 0.1922 14.8772 1.275 98.725 
27-Sep-08 AHl 2-4 2 0.1929 14.8357 1.284 98.716 
27-Sep-08 AHl 2-4 3 0.1892 14.8941 1.254 98.746 
27-Sep-08 AH2 0-2 1 0.2197 14.8507 1.458 98.542 
27-Sep-08 AH2 0-2 2 0.2244 14.8380 1.490 98.510 
27-SeQ-08 AH2 0-2 3 0.2742 14.7770 1.822 98.178 
27-Sep-08 AH2 2-4 1 0.2138 14.7981 1.424 98.576 
27-Sep-08 AH2 2-4 2 0.2264 14.8263 1.504 98.496 
27-Sep-08 AH2 2-4 3 0.2418 14.7696 1.611 98.389 
30-Sep-08 AH3 0-2 1 0.3685 14.6343 2.456 97.544 
30-Sep-08 AH3 0-2 2 0.3577 14.7011 2.376 97.624 
30-Sep-08 AH3 0-2 3 0.3376 14.7533 2.237 97.763 
30-Sep-08 AH3 2-4 1 0.3465 14.6785 2.306 97.694 
30-Sep-08 AH3 2-4 2 0.3175 14.7212 2.111 97.889 
30-SeQ-08 AH3 2-4 3 0.3571 14.6940 2.373 97.627 
30-Sep-08 AH5 0-2 1 0.2435 14.7988 1.619 98.381 
30-Sep-08 AH5 0-2 2 0.2681 14.8193 1.777 98.223 
30-SeQ-08 AH5 0-2 3 0.2602 14.8197 1.726 98.274 
30-Sep-08 AH5 2-4 1 0.2490 14.7743 1.658 98.342 
30-Sep-08 AH5 2-4 2 0.2446 14.7773 1.629 98.371 
30-SeQ-08 AH5 2-4 3 0.2479 14.7831 1.649 98.351 
3-0ct-08 AH4 0-2 1 0.2195 14.8190 1.459 98.541 
3-0ct-08 AH4 0-2 2 0.2161 14.7989 1.439 98.561 
3-0ct-08 AH4 0-2 3 0.2354 14.7657 1.569 98.431 
3-0ct-08 AH4 2-4 1 0.2481 14.8416 1.644 98.356 
3-0ct-08 AH4 2-4 2 0.2300 14.8208 1.528 98.472 
3-0ct-08 AH4 2-4 3 0.2171 14.7841 1.447 98.553 
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Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids solids 
date (em) 

(g dw) (gdw) (%dw) (% dw) 
14-0ct-08 WA1 0-2 1 0.1349 14.9779 0.892 99.108 
14-0ct-08 WA1 0-2 2 0.1057 12.9567 0.809 99.191 
14-0ct-08 WA1 0-2 3 0.1388 14.8614 0.925 99.075 
14-0ct-08 WA1 2-4 1 0.1309 14.9150 0.870 99.130 
14-0ct-08 WA1 2-4 2 0.1226 14.9737 0.812 99.188 
14-0ct-08 WA1 2-4 3 0.1049 14.9530 0.697 99.303 
16-0ct-08 WA2 0-2 1 0.2039 14.8262 1.356 98.644 
16-0ct-08 WA2 0-2 2 0.2314 14.8479 1.534 98.466 
16-0ct-08 WA2 0-2 3 0.2343 14.7815 1.561 98.439 
16-0ct-08 WA2 2-4 1 0.1609 14.9375 1.066 98.934 
16-0ct-08 WA2 2-4 2 0.1555 14.9112 1.032 98.968 
16-0ct-08 WA2 2-4 3 0.1640 14.9349 1.086 98.914 
18-0ct-08 WA3 0-2 1 0.3103 14.7416 2.061 97.939 
18-0ct-08 WA3 0-2 2 0.2700 14.7883 1.793 98.207 
18-0ct-08 WA3 0-2 3 0.2099 14.8508 1.393 98.607 
18-0ct-08 WA3 2-4 1 0.5499 14.4915 3.656 96.344 
18-0ct-08 WA3 2-4 2 0.3543 14.6736 2.358 97.642 
18-0ct-08 WA3 2-4 3 0.2794 14.7369 1.861 98.139 
20-0ct-08 WA4 0-2 1 0.1788 14.8297 1.191 98.809 
20-0ct-08 WA4 0-2 2 0.2004 14.8144 1.335 98.665 
20-0ct-08 WA4 0-2 3 0.1917 14.8303 1.276 98.724 
20-0ct-08 WA4 2-4 1 0.1373 14.9273 0.911 99.089 
20-0ct-08 WA4 2-4 2 0.1418 14.9433 0.940 99.060 
20-0ct-08 WA4 2-4 3 0.4876 14.5761 3.237 96.763 
29-0ct-08 T01 0-2 1 0.0584 15.0094 0.388 99.612 
29-0ct-08 T01 0-2 2 0.0661 14.9610 0.440 99.560 
29-0ct-08 T01 0-2 3 0.0508 15.0385 0.337 99.663 
29-0ct-08 T01 2-4 1 0.0385 15.0387 0.255 99.745 
29-0ct-08 T01 2-4 2 0.0475 14.9810 0.316 99.684 
29-0ct-08 T01 2-4 3 0.0407 15.0403 0.270 99.730 
31-0ct-08 T02 Q-2 1 0.2398 14.7678 1.598 98.402 
31-0ct-08 T02 0-2 2 0.2265 14.8050 1.507 98.493 
31-0ct-08 T02 0-2 3 0.2692 14.7572 1.791 98.209 
31-0ct-08 T02 2-4 1 0.2546 14.7867 1.693 98.307 
31-0ct-08 T02 2-4 2 0.2384 14.8169 1.584 98.416 
31-0ct-08 T02 2-4 3 0.2632 14.7767 1.750 98.250 
2-Nov-08 T03 0-2 1 0.1964 14.8914 1.302 98.698 
2-Nov-08 T03 0-2 2 0.1577 14.8668 1.050 98.950 
2-Nov-08 T03 0-2 3 0.2001 14.8333 1.331 98.669 
2-Nov-08 T03 2-4 1 0.1988 14.8894 1.318 98.682 
2-Nov-08 T03 2-4 2 0.1713 14.8607 1.139 98.861 
2-Nov-08 T03 2-4 3 0.1785 14.8303 1.189 98.811 
4-Nov-08 T04 0-2 1 0.4964 14.5568 3.298 96.702 
4-Nov-08 T04 0-2 2 0.4759 14.5984 3.157 96.843 
4-Nov-08 T04 0-2 3 0.4803 14.5486 3.196 96.804 
4-Nov-08 T04 2-4 1 0.5058 14.5167 3.367 96.633 
4-Nov-08 T04 2-4 2 0.4206 14.5952 2.801 97.199 
4-Nov-08 T04 2-4 3 0.4335 14.5716 2.889 97.111 
13-Nov-08 TA2 0-2 1 0.3821 14.6301 2.545 97.455 
13-Nov-08 TA2 0-2 2 0.4023 14.6443 2.674 97.326 
13-Nov-08 TA2 0-2 3 0.3912 14.6810 2.595 97.405 
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Volatile Non-volatile Volatile Non-volatile 

Site Replicate solids solids solids solids 
date (em) 

(g dw) (g dw~ (%dw) (%dw) 
13-Nov-08 TA2 2-4 1 0.4141 14.6220 2.754 97.246 
13-Nov-08 TA2 2-4 2 0.4296 14.5852 2.861 97.139 
13-Nov-08 TA2 2-4 3 0.4085 14.6105 2.720 97.280 
15-Nov-08 TA3 0-2 1 0.4260 14.6117 2.833 97.167 
15-Nov-08 TA3 0-2 2 0.5558 14.4962 3.693 96.307 
15-Nov-08 TA3 0-2 3 0.5677 14.4347 3.784 96.216 
15-Nov-08 TA3 2-4 1 0.3467 14.6614 2.310 97.690 
15-Nov-08 TA3 2-4 2 0.3724 14.6442 2.480 97.520 
15-Nov-08 TA3 2-4 3 0.4437 14.5685 2.956 97.044 
17-Nov-08 TAl 0-2 1 0.1339 14.8733 0.892 99.108 
17-Nov-08 TAl 0-2 2 0.1496 14.9231 0.992 99.008 
17-Nov-08 TAl 0-2 3 0.1429 14.9326 0.948 99.052 
17-Nov-08 TAl 2-4 1 0.1447 14.8936 0.962 99.038 
17-Nov-08 TAl 2-4 2 0.1565 14.9024 1.039 98.961 
17-Nov-08 TAl 2-4 3 0.1510 14.8774 1.005 98.995 
4-Aug-09 AHl 0-2 1 0.1932 14.8948 1.280 98.720 
4-Aug-09 AHl 0-2 2 0.1907 14.8368 1.269 98.731 
4-Aug-09 AHl 0-2 3 0.1724 14.9097 1.143 98.857 
4-Aug-09 AHl 2-4 1 0.1825 14.8268 1.216 98.784 
4-Aug-09 AHl 2-4 2 0.1706 14.8342 1.137 98.863 
4-Aug-09 AHl 2-4 3 0.1675 14.8392 1.116 98.884 
6-Aug-09 AH2 0-2 1 0.2866 14.7642 1.904 98.096 
6-Aug-09 AH2 0-2 2 0.2533 14.7480 1.689 98.311 
6-Aug-09 AH2 0-2 3 0.2740 14.7879 1.819 98.181 
6-Aug-09 AH2 2-4 1 0.2867 14.7373 1.908 98.092 
6-Aug-09 AH2 2-4 2 0.2701 14.7776 1.795 98.205 
6-Aug-09 AH2 2-4 3 0.3080 14.7392 2.047 97.953 
8-Aug-09 AH4 0-2 1 0.2436 14.7904 1.620 98.380 
8-Aug-09 AH4 0-2 2 0.2259 14.8272 1.500 98.500 
8-Aug-09 AH4 0-2 3 0.2254 14.8480 1.496 98.504 
8-Aug-09 AH4 2-4 1 0.2288 14.8201 1.520 98.480 
8-Aug-09 AH4 2-4 2 0.2299 14.8258 1.527 98.473 
8-Aug-09 AH4 2-4 3 0.2359 14.7994 1.569 98.431 
10-Aug-09 AH3 0-2 1 0.3168 14.7226 2.106 97.894 
10-Aug-09 AH3 0-2 2 0.2836 14.7305 1.889 98.111 
10-Aug-09 AH3 0-2 3 0.3065 14.7738 2.032 97.968 
10-Aug-09 AH3 2-4 1 0.3873 14.6751 2.571 97.429 
10-Aug-09 AH3 2-4 2 0.3237 14.7468 2.148 97.852 
10-Aug-09 AH3 2-4 3 0.3588 14.6815 2.386 97.614 
12-Aug-09 AH5 0-2 1 0.3207 14.7008 2.135 97.865 
12-Aug-09 AH5 0-2 2 0.2699 14.7545 1.796 98.204 
12-Aug-09 AH5 0-2 3 0.2881 14.7858 1.912 98.088 
12-Aug-09 AH5 2-4 1 0.3285 14.6747 2.189 97.811 
12-Aug-09 AH5 2-4 2 0.2917 14.7463 1.940 98.060 
12-Aug-09 AH5 2-4 3 0.2859 14.7301 1.904 98.096 
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N 
0\ 
N Table A3 .. 2. Porosity and related wat:e:r content, specific g:ra;?:ity, and density measurements of top 0 -2 em and 2-4 em of sediments collected 

> throughout the course of the survey at all sam.pli11g sites within the four study ·estuaries. Nl\11, not measured. 
'"t:l 
'"t:l 

~ Sampling D{'ptb 
S{'d1iment \l-.'at{'r 

Specific 
Vol. solids in Vol .. voids in 

Void 
Pomsity Bulk DI1' 

Site Rep. :so!liid.s content sed. mass sed. ma.ss 
• 1 

density density u dat{' (em) 21·avitv ratio 
(mi H20mr 

~ (gdw} (%ww} e • (:xHr5 m3} (:dO-:; m 3) sedim{'nt} (kgm·~ (kgm-3) 
\.;.) 23-Nov-07 VilA I 0-2 l 39.103. 28.13 2.54 1.54 0.84 0 .549 0.35 2097 1637 

\/1 23-Nov-07 \VAl 0-2 2 40.231 29.84 2.60 1.55 0.83 0.538 0.35 2187 1684 
tn 23-Nov-07 \\lAl 0'-2 3 37.454 30.94 2.56 1.46 0.92 0.633 0.39 2053 1568 u 
~ 23-Nov-07 WAl 2-4 1 32 .. 987 29.87 2.57 1.28 1.10 0.859 0.46 1793 1381 

tn 23-Nov-07 \\fAl 2-4 2 32.676 28.54 2.59 1.26 1.12 0.890 0.47 1758 1368 
z 23-Nov-07 WAl 2-4 3 39 .. 693 29.14 2 .60 L53· 0.86 0 .559 0.36 2146 1661 
~ 

10-Dec~07 WA4 0-2 1 36.237 32.12 2.56 1.42 0.97 0.682 0 .41 2004 1517 (') 
:::c: 10-Dec-m WA4 0-2 2 34.464 35.12 2 .47 1.40 0.99 0 .708 0.41 1949 1443 
> 10-Dec-'07 WA4 0-2 3 37.976 31.15 2.50 1.52 0.87 0 .569 0.36 2085 1590 
~ 10-Dec-07 WA4 2-4 1 32.484 35.43 2.56 1.27 1.12 0 .881 0 .47 1841 1360 
(') 10-Dec-'07 WA4 2-4 2 30.919 36.73 2.54 1.22 1.11 0.959 0.49 1770 1294 
~ 
trJ 10-Dec-07 WA4 2-4 3 30.709 32.64 2.56 1.2:0 1.19 0.989 0 .50 1705 1285 
:::0 4-Jan-08 AH2 0-2 1 m:~ m~ NrYI Mvl NI\•f NM NM NM Mvl >--< 
\/1 
~ 4~Jan-08 .AH2 0-2 2 NM m:~ m.~ Mvl NI\•f Nrvi NM Mvl Mvl 
>--< 
(') +Jan-08 AH2 0-2 3 Nrvi Nir\.1[ m.:~ NM: ID.•i N1vi Nir\1.1[ Mvl M\11 
\/1 

4-Jan-08 AH2 2-4 1 NM m:~ ]\JITv.l[ Mvl N1vl: Nrvi ~ Mvl Mvl 
4-Jan-08 1\IP . ~ 2-4 2 "NLM m:~ m:~ Mvl Nl\•1 NM NM NM Nl\11 
4-Jan-08 !\H'l . ~ 2-4 3 NM Nt\11 NM Mvl Nl\•i NM NM Nl\11 Nl\.f 
10-Jan-08 AH4 0'-2 1 NM NJ\.f m:~ Nlvl NJ\•1 NM NM NM Mvl 
10-Jan-08 AH4 0-2. 2 m~ Nr\.f NM Nl\11 Nl\•f Nrvi NM Nl\.f NM 
10-Jan~os AH4 0-2 3 NM m~ Nrvi m...·l ID.•f NM NM Nlvl Mvl 
10-Jan~08 AH4 2-4 1 NM m~ NM m...•l NM NM Mvi Ml-·1 Mvl 
10-Jan-08 .lli4 2-4 2 NM m~ NM Nlvl Nlvf NM NM Ml-•1 Mvl 
10-Jan-08 .lli4 2-4 3 Nfr\.1[ m,.~ Nr\.1[ Mvl ID.·f NM: NM NM Ml.f 
18-Feb-08 AH2 0-2 1 34.803 29.53 2.43 1.43 0.'96 0.668 0.40 1887 1457 
18-Feb-'08 AH2 0'-2 2 38388 27.29 2.52 L52 0.86 0 .567 0.36 2045 1607 
18-F.eh-'08 AH2 0-2 3 35.989 2S55 2.44 L47 0.91 0 .619 0.38 1937 1506 
18-Feb-'08 AH2 2-4 1 43.562 2:&.28 2.44 1.78 0.60 0.338 0.25 2339 1823 



Sampling De-ptb 
Se-diment \Vate-r 

Specific 
Vol. solids in Vol. voids in 

Void 
Porosity Bnlk Dry 

Site Rep. solids content sed. mass sed. mass (mlH:~,O ~r1 density density 
date- (em) 

(g dw) (% ww) gravity (xlo-s m3) (xl0-5 m 3) 
ratio sedime-nt) (kg m-3) (kg m-3) 

18-Feb-08 AH2 2-4 2 39 .. 550 26.68 2.43 1.63 0.76 0.466 0.32 2097 1656 
18-Feb-08 AH2 2-4 3 42 .123 27.65 2.24 1.89 0.50 0.266 0.21 2251 1763 
20-Feb·08 AHl 0'-2 1 41.444 29.26 2.58 1.61 0.78 0.483 0.33 2242 1735 
20-Feb-08 AHl 0-2 2 38.641 30.08 2.33 1.66 0.73 0.439 0.30 2104 1617 
20-Feb·08 AHl 0-2 3 39.952 30.25 2.43 L64 0.74 0.452 0.31 2178 1672 
20-Feb-08 AHl 2-4 1 37 .. 295 30.78 2.~4 1.47 0.92 0.621 0.38 2042 1561 
20-Feb-08 AH1 2-4 2 35 .. 63 1 29.58 2.48. 1.44 0.95 0.657 0.40 1933 1491 
20-Feb-08 • .!\H1 2-4 3 36.102 30.19 2.17 1.67 0.72 0.432 0 .30 1967 1511 
22-Fe.b·08 • .!\H5 0-2 1 45..437 34. 19 2.54 1.79 0.59 0.331 0 .25 2552 1902 

> 22-Feb·08 AH5 0-2 2 39.664 26. 11 2.32 1.72 0.67 0.393 0.28 2094 1660 
"1:1 22-Feb-08 • .!\H5 0-2 3 45.573 26.97 2.58 1.77 0.62 0.349 0.26 2422 1908 
"1:1 

22-Feb-08 • .!\H5 2-4 1 37.102 25.76 2 .00 1.86 053 0.284 0 .22 1953 1553 
~ 22-Feb-08 • .!\H5 2-4 2 37.567 25.08 2 .22 L70 0.69 0.408 0.29 1967 1572 u 

22-Fe.b-08 AH5 2-4 3 39.366 24.67 2.20 1.79 059 0.332 0.25 2054 1648 ->< 24-Feb-08 • .!\H3 0-2 1 43.667 28.05 2.42 1.81 0.58 0.323 0.24 2340 1828 (.;..) 

24-Feb·08 AH3 0'-2 2 37.266 2S.Ol 2.48 1.51 0.88 0.586 0.37 1997 1560 
[/] 

24-Feb-08 • .!\H3 0-2 3 37.655 26.43 2.38 1.58 0.80 0 .508 0.34 1993 1576 trJ 
u 24-Feb-'08 AH3 2-4 1 38.264 26.74 2.31 1.66 0.73 0.439 0.31 2030 1602 
~ 24-Feb-08 AlB 2-4 2 26.672 25.37 2.40 1.11 1.27 1.145 0.53 1400 1116 
trJ 24-Fe.b-08 AH3 2-4 3 32.515 25.72 2.2:7 1.44 0.95 0 .662 0.40 1711 1361 z 
>-l 26-Feb-08 AH4 0-2 1 4 8.809 25.85 2 .49 1.96 0.43 0 .217 0.18 2571 2043 
n 26-Feb-08 • .!\H4 0-2 2 44.216 25.59 2.16 2.06 0.33 0.163 0.14 2324 1851 ::r: 
> 26-Fe.b-08 • .!\H4 0-2 3 44.742 26.29 2.74 1.64 0.75 0.459 0.31 2365 1873 

~ 26-Feb-08 AH4 2-4 1 33.812 26.31 2.50 1.35 1.03 0.764 0.43 1788 1415 
n 26-Feb-08 AH4 2-4 2 36.736 24.47 2 .70 1.36 1.02 0.752 0.43 1914 1538 
>-l 26-Feb-08 .'\H4 2-4 3 36.188 25.67 2.36 1.53 0.85 0.557 0.36 1904 1515 trJ 
~ 20-Mar-08 T04 0-2 1 24.751 68.34 2.36 LOS 1.34 1.276 0 .56 1744 1036 
[/] 20-Mar-08 T04 0-2 2 24.109 64.11 2.19 L l O 1.28 1.162 0.54 1656 1009 >-l - 20-Mar-08 T04 0-2 3 28.067 58.93 1.58 1.78 0.61 0.340 0.25 1867 1175 n 
[/] 20-Mar-08 T04 2-4 1 16.172 79.27 1.78 0.91 1.48 1.618 0.62 1214 677 

N 
20-Mar-08 T04 2-4 2 20.665 59.06 1.96 1.06 1.33 1.260 0 .56 1376 865 

0\ 
(.;..) 



N 
0'\ 
~ 

Sediment \Vater Vol. solids in Vol. voids in Porosity Bulk DI1' 

> Sampling 
Site 

Deptb 
Rep. sollids content 

Spedfic 
sed. mass sed. mass 

Void (mlH:~.O mr1 density density 
"'t:: date- (em) 

(g dw) (% 'WW) 
graYity (xl<r 5- m3) (:xlo-5 m3) ratio sediment) (kg m-3) (kgm-3) "'t:: 

~ 20-Mar-08 T04 2-4 3 20.403 62.83 2.16 0.94 1.44 1.528 0.60 1391 854 
tJ 26-Mar-08 TOt 0-2 1 39.095 24.45 2.46 L60 0.79 0.498 0.33 2037 1636 
~ 26-Mar-08 TOl 0-? 2 43.515 25.91 2.46 1.77 0.62 0.347 0.26 2293 1821 
w 26-Mar-08 TOt 0-2 3 39.367 2532 2.91 1.36 1.03 0.362 0.43 2065 1648 
I 

\/1 26-Mar-08 TOt 2-4 1 39.355 25.95 3.16 1.25 1.14 0.913 0.48 2075 1647 
ti1 26-Mar-08 TOt 2-4 2 36.478 28.26 2.60 1.40 0.98 0.701 0.41 1958 1527 tJ 
~ 26-Mar-08 TOt 2-4 3 35.350 27.18 2.43 1.46 0.93 0.639 0.39 1882 1480 

~ 
22-Apr-08 TA..2 0-2 1 35.533 35.43 2.52 1.41 0.98 0.694 0.41 2014 1487 
22-Apr-08 D\.2 0-2 2 38.093 33.14 2.50 1.53 0.86 0.564 0.36 2123 1595 ....., 
22-Apr-08 TA.2 0-2 3 35.107 36.72 2.56 1.38 1.01 0.736 0.42 2009 1470 n 

:::c: 22-Apr-08 TA2 2-4 1 32.909 33.17 2.49 1.32 1.06 0.804 0.45 1834 1378 
> 22-Apr-08 TA2 2-4 2 27.252 31.63 2.44 1.12 1.27 1.137 0.53 1502 1141 s; 22-Apr-08 D\.2 2-4 3 32.539 34.45 2.47 1.32 1.07 0.812 0.45 1831 1362 
n 3-A.ug..oOS. \VAl 0-2 1 35.741 31.05 2.58 1.3'9 1.00 0.720 0.42 1961 1496 ....., 
ti1 3-Aug..oO& \~lA1 0-2 2 37.365 31.23 2.48 1.51 0.88 0.585 0 .37 2052 1564 
10 3-A.ug~08 \VAl 0-2 3 39.243 31.69 2.51 1.57 0.82 0.524 0.34 2163 1643 -\/1 ....., 3-A.ug-08 \"VAl 2-4 1 28.919 33.99 2.52 1.15 1.24 1.078 0.52 1622 1211 -n 3-Aug-08 \VAl 2-4 2 30.367 34.15 2.54 1.20 1.19 0.996 0.50 1705 1271 
\/1 

3-Aug-08 \VAl 2-4 3 34.539 3231 2.61 1.33 1.06 0.801 0.44 1913 1446 
5-A.ug~08 \VA2 0-2 1 38.079 32.92 2.56 1.50 0.90 0.601 0.38 2119 1594 
5-Aug-08 \"VA2 0-2 2 37. 18~2 32.86 2 .60 1.43 0.95 0.666 0.40 2068 1556 
5-Aug..o08 \"VA2 0-2 3 37.159 33.46 2.58 1.44 0.95 0.659 0.40 2076 1555 
5-Aug..oOS \VA2 2-4 1 31.<0]4 32.18 2.57 L21 1.18 0.978 0.49 1716 1298 
5-Ang..o08 \\lA2 2-4 2 34.701 31 .68 2.56 L36 1.03 0.756 0.43 1913 1453 
5-Aug-08 WA2 2-4 3 35.967 31.60 2.57 1.40 0.99 0.704 0.41 1981 1506 
7-Aug-08 \VA3 . 0-2 1 34.403 33.98 2.30 1.50 0.89 0.592 0.37 1929 1440 
7-Aug-08 \VA3 0-2 2 37.887 33.34 2 .40 1.58 0.80 0.508 0.34 2115 1586 
7-Aug-08 \VA3 0-2 3 32.364 31.38 2.35 1.38 1.01 0.732 0.42 1780 1355 
7-A.ug..oOS \VA3 2-4 1 37.409 35.99 2.40 1.56 0.83 0.533 0.35 2130 1566 
7-Aug-08 WA3 2-4 2 28.297 36.54 2.49 1.14 1.25 1.098 0.52 1617 1184 
7-Aug-08 \\lA3 2-4 3 29.806 35.55 2 .27 1.31 1.08 0.819 0.45 1691 1248 



Sampling Depth 
Sediimeut ''rater Specific 

Vol solids in Vol. voids in 
Void 

Pm·osH~y Bulk DI1' 
Site Rep. solids content sed. mass sed. mass (mi H10 ~r1 density density 

date (em) (g dw) (% \VW} 
gravity (:xlo-5 m3) (:xlO..s m3) ratio sediment) (kg m·3) (kg m-3) 

9-Aug-08. \'lilA4 0-2 1 36.696 25 .11 2.62 1.40 0.99 0.705 0.41 1922 1536 
9-i\ug~os. \\i'A4 0-2 2 3L'9H 34L07 2.65 1.21 1.18 0.978 0 .49 1791 1336 
9-Aug-08. \VA4 0-2 3 26.945 32.90 2.27 1.19 1.20 1.005 050 1499 1128 
9-Aug-08 \\lA4 2-4 1 37.496 22.98 2.54 1.48 0.91 0.613 0.38 1930 1570 
9-Aug-08 \VA4 2-4 2 39.833 32.37 2.65 1.50 0.88 0.589 0.37 2207 1667 
9-Aug~08 VtlA4 2-4 3 4L250 33.15 2.59 1.60 0.79 0.498 0.33 2299 1727 
16-Aug-08 T02 0-2 1 35.'923 35.44 2.33 1.55 0.84 0.545 0.35 2037 1504 
16-Aug-08 T02 0-2 2 36.017 32.80 2.37 1.52 0.87 0.569 0.36 2002 1508 
16-Aug-08 T02 0-2 3 33.528 33.93 2.36 1.42 0.97 0.680 0.40 1880 1403 

> 16-Aug-08 T02 2-4 1 34.819 30.33 2.40 1.45 0.94 0.645 0 .39 1899 1457 
'1:;j 16-Aug-08 T02 2-4 2 32.445 28.61 2.46 1.32 1.07 0.806 0.45 1747 1358 
'1:;j 

16-A.ug-08 T02 2-4 3 27.937 31.60 2 .44 1.14 L24 UJ87 0.52 1539 1169 tTJ z 19-Aug-08 TOt 0-2 1 47 .. 737 27.30 2.41 1.98 0.40 0.203 0.17 2544 1998 
tj 

~ 19-Aug-08 T0 1 0-2 2 45.359 27.04 2.50 1.82 0.57 0.313 0.24 2412 1899 

w 19-Aug-08 TO l 0-2 3 42.019 27.76 2.46 1.71 0.68 0.397 0.28 2247 1759 
I 1'9-Aug-08 TOI 2-4 1 25.518 29.02 2.55 1.00 1.39 1.382 0 .58 1378 1068 

IZl 19-Aug-08 TO! 2-4 2 23.460 29.05 2.50 0.94 1.45 1.545 0.61 1267 982 tTJ 
tj 19-Aug-08 TOl 2-4 3 33.150 29.79 2.48 1.34 1.05 0.782 0.44 1801 1388 ,......, 
s;:: 19-Aug-08 T04 0~2 1 23.995 65.48 2.21 1.09 1.30 1.194 0.54 1662 1004 
trJ 19-Aug-08 T04 0-2 2 26.047 55.65 2.16 1.21 1.18 0.977 0.49 1697 1090 z ,.., 19-Au_g-08 T04 0-2 3 30.278 58..84 2.12 1.43 0.96 0.668 0.40 2013 1267 
n 19-Aug-08 T04 2-4 1 26.467 40.51 2. 18 1.21 1.17 0.968 0.49 1557 1108 ::c: 
> 19-AtJg-08 T04 2-4 2 27.396 42.85 2.06 1.33 1.05 0.793 0.44 1638 1147 

~ 19-Ang-08 T04 2-4 3 23.831 41.09 2.26 1.06 1.33 1.260 0.56 1407 998 
n 23-Aug-08 T03 0-2 1 38.090 34.28 2.43 1.57 0.82 0.521 0.34 214 1 1594 ,.., 

23-Aug-08 T0 3 0-2 2 40.288 26.05 2.43 L66 0.73 0.440 0.31 2126 1686 tTJ 
~ 23-Aug-08 T03 0-2 3 36.704 34.87 2 .40 1.53 0.85 0.558 0.36 2072 1536 
IZl 23-Aug-08 T03 2-4 1 36.185 25.62 2.34 1.55 0.84 0.541 0.35 1903 1515 ,.., 
,......, 23-A.ug-08 T03 2-4 2 34.804 24.37 2.38 1.46 0.92 0.631 0.39 1812 1457 n 
IZl 23-Aug-08 T03 2-4 3 34 .. 991 25.75 2.39 1.46 0.92 0.629 0.39 1842 1465 

N 
30-A.ug-08 AHl 0-2 1 39 . .250 28.53 2.30 1.71 0.68 0.400 0.29 2112 1643 

0\ 
u, 



N 
0\ 
0\ 

Sediment \Yater Vol. solids in Vol. voids in Porosi()' Bulk Dl1' 

> 
Sampling 

Site 
Deptb 

Rep. solids content 
Specific 

sed. mass sed . . mass 
Void 

(mlH20 mr1 density density 
"i::j date (em) 

(g dw)' (%1 ww) gravity (:xlo-~ m3} (:d0-5 m~ ratio 
sediment) (kg m-3) (kg m-3) "i::j 

tTJ 30-Aug-08 AHl 0-2 2 39.113 28.53 2.35 1.67 0.72 0.432 0.30 2104 1637 z 
tJ 30-Aug-08 ... 1\Hl 0-2 3 38.439 29.15 1.72 2.24 0.15 0.065 0.06 2078 1609 
~ 30-Aug-08 .'\H1 2-4 1 35.255 29.43 2.67 1.32 1.06 0.805 0.45 1910 1476 
U-l 30-Aug-08 .1\Hl 2-4 2 34.174 29.97 2.28 1.50 0.89 0.590 0.37 1859 1430 
f./1 30-Aug-08 .1\Hl 2-4 3 31.158 30.19 4 .69 0.67 1.72 2.586 0.72 1698 1304 
tTJ 1-Sep-08 ... '\H2 0-2 1 35.572 27.44 2.51 1.42 0.97 0.680 0 .40 1898 1489 tJ 
ge 1-Sep-08 .'\H2 0-2 2 41.831 28.21 2 .56 1.63 0.75 0.462 0.32 2245 1751 

tTJ 1-Sep-08 AH2 0-2 3 35.855 32.68 2:.32 1.55 0.84 0.546 0.35 1991 1501 
z 1-Sep-08 .'\H2 2-4 1 41.541 28.23 1.90 2.19 0.20 0.093 0.09 2230 1739 ,.., 
n 1-Sep-08 ... '\H2 2-4 2 33..304 29.78 2.58 1.29 1.10 0.849 0.46 1809 1394 
::c: 1-Sep-08 .'\H2 2-4 3 36.787 31.83 2.22 1.67 0.73 0.439 0.31 2030 1540 
> 3-Sep-08 .'\H3 0-2 1 30.780 46.78 2. 15 1.43 0.95 0.667 0.40 1891 1288 
~ 3-Sep-08 AlB 0-2 2 32.188 42.06 2.15 1.50 0.89 0.590 0.37 1914 1347 
n 3-Sep-08 .'\H3 0-2 3 29.897 45.79 2.21 1.36 1.03 0 .762 0.43 1824 1251 ,.., 
tTJ 3-Sep-08 .'\H3 2-4 1 31.280 38.09 2.27 1.38 1.01 0.733 0.42 1808 1309 
:::0 
>---< 3-Sep-08 AlB 2-4 2 30.249 37.89 2.12 1.43 0.96 0.674 0 .40 1746 1266 
f./1 ,.., 3-Sep-08 .'\H3 2-4 3 29.264 36.06 
>---< 

2.05 1.43 0.96 0.667 0.40 1667 1225 
n 5-Sep-08 A.H4 0-2 1 40.962 25.80 2.07 1.98 0.40 0.204 0.17 2157 1715 
f./1 

5-Sep-08 AH4 0-2 2 44.232 24.93 2.52 1.76 0.63 0.360 0.26 2313 1851 
5-Sep-08 AH4 0-2 3 42.080 24.93 2.25 1.87 0.52 0 .278 0.22 2200 1761 
5-Sep-08 AH4 2-4 l 38.700 25.23 2.97 1.30 1.08 0.832 0.45 2029 1620 
5-Sep-08 .'\H4 2-4 2 40.471 24.57 2.42 1.67 0.72 0.428 0.30 2110 1694 
5-Sep-08 AH4 2-4 3 38.697 26.11 1.94 2.00 0.39 0.196 0.16 2043 1620 
7-Sep-08 .'\H5 0-2 1 37.717 31.30 2.2S 1.66 0.73 0.441 0.31 2073 1579 
7-Sep-08 .. '\H5 0-2 2 41.168 27.19 2.05 2.01 0.38 0.190 0 .16 2192 1723 
7-Sep-08 AH5 0-2 3 38.645 27.'92 2.47 1.57 0.82 0.526 0.34 2069 1618 
7-Sep-08 .1\HS 2-4 l 37.663 25.51 2.29 1.65 0.74 0.447 0.31 1979 1577 
7-Sep-08 .'\H5 2-4 2 33.266 25.91 2. 19 1.52 0.86 0.567 0.36 1753 1392 
7-Sep-08 A.H5 2-4 3 35.687 25.58 1.98 1.80 0.59 0.326 0.25 1876 1494 

16.:Sep..:08 TA2 0-2 1 36.537 38.34 2.78 1.32 1.07 0.813 0.45 2116 1529 
16-Sep-08 TA2 0-2 2 38.464 36.40 2.72 1.42 0.97 0.687 0.41 2196 1610 



Sampling De-ptb 
Se-dilm.ent \Yate-r 

Specific 
VoL solids in Vol. ' 'oids in 

Void 
Porosity Bulk DI1' 

Site Rep. solids se-d. mass sed. mass 
• 1 

density density content (mlH20mr 
date- (em) 

(g dw) (%ww) 
gravity (xHr~ m3) (xl0-5 m3) ratio 

sedime-nt) (kg m-3) (kg m -3) 

16-Sep-08 T ... l\2 0-2 3 32.443 35.35 2.12 1.53 0.86 0 .560 0.36 1838 1358 
16-Sep-08 T ... l\2 2-4 1 28.165 36.75 2.36 1.19 1.19 1.000 0.50 1612 1179 
16-Sep-08 T ... l\2 2-4 2 33.287 33.43 2.2] LSI 0.88 0 .585 0.37 1859 1393 
16-Sep-08 T.l\2 2-4 3 32.289 34.63 2.26 1.43 0.96 0.671 0.40 1820 1352 
16-Sep~08 TA3 0-2 l 26.482 46.50 2.50 1.06 1.33 1.254 0.56 1624 1108 
16-Sep-08 TA.3 0-2 2 32.641 42.64 4.38 0.75 1.64 2.200 0.69 1949 1366 
16-Sep-08 TA3 0-2 3 25.952 61.56 2.39 1.09 1.30 1.195 0.54 1755 1086 
16-Sep~os TA3 2-4 l 34.997 36.24 2.15 1.63 0.76 0.468 0.32 1996 1465 
16-Sep~os TA.3 2-4 2 29.151 34.23 2.66 1.10 L30 1.179 0.54 1638 1220 

> 16-SewOS T.A3 2-4 3 32.469 38.64 2.93 1.11 1.28 1.153 0 .54 1884 1359 
>-c 20-Sep-~08 TAl 0-2 1 43.789 29.04 2.37 1.85 0.54 0.290 0 .22 2365 1833 
>-c 

20-Sep-~08 TAl 0L2 2 36.748 28.92 2.40 1.53 0.86 0.559 0 .36 1983 1538 tTl z 20-Sep-08 TAl 0-2 3 42.181 29.35 2.39 1.77 0.62 0 .351 0 .26 2284 1766 
d 

20-Sep-08 TAl 2-4 1 32.318 29.81 2.59 1.25 1.14 0.913 0.48 1756 1353 ~ 
w 20-Sep~08 TAl 2-4 2 34.383 28.42 2.88 1.19 1.19 0.999 0.50 1848 1439 

20-Sep-08 TAl 2-4 3 31.541 28.59 2.58 1.23 1.16 0.947 0.49 1698 1320 
[/) 

27-Sep-08 Alfl 0-2 1 42.332 27.48 2.55 1.67 0.72 0.434 0.30 2259 1772 tTl 
d 27-Se.p~08 AH1 0-2 2 41.104 26.63 2.45 1.68 0.70 0.419 0.30 2179 1721 ,._.; 

a:: 27-Sep-08 AHl 0-2 3 43.392 27.99 2.50 1.73 0.65 0.317 0.27 2325 1816 

~ 27-Sep-08 AHl 2-4 1 29.956 2859 2.57 1.17 1.22 1.048 0.51 1612 1254 ..., 27-Sep·OS AHl 2-4 2 34.091 27.24 2.54 1.35 1.04 0.774 0.44 1816 1427 
n 27-Sep·08 A.Hl 2-4 3 33.452 29.27 2.57 1.30 1.08 0.832 0.45 1810 1400 ::c: 
> 27-Sep-08 AH2 0-2 1 38.279 30.38 2.30 1.66 0.72 0.436 0.30 2089 1602 

s;: 27-Sep-'08 AH2 0-2 2 39.934 2S.85 2.24 1.78 0.61 0.340 0.25 2154 1672 

n 27-Sep-'08 AH2 0-2 3 42.848 28.23 2.33 1.85 0.54 0 .294 0.23 2300 1794 ..., 
27-Sep-08 AH2 2-4 1 37.283 3255 2.35 1.59 0.80 0.500 0.33 2069 1561 tTl 

i'O 27-Sep-08 AH2 2-4 2 37.203 2658 2.28 1.63 0.76 0.464 0.32 1971 1557 -[/) 27-Sep-08 AH2 2-4 3 31.394 27.65 2.43 1.29 1.09 0.845 0.46 1677 1314 ..., - 30-Sep-08 AlB 0-2 1 34.967 32.20 2 .24 1.56 0.82 0.526 0.34 1935 1464 n 
[/) 30-Sep..c08 AlB 0-2 2 34.248 31.75 2.29 1.50 0 .89 0.591 0.37 1889 1434 

N 
30-Sep~os AlB 0-2 3 32.656 33.57 2.35 1.39 1.00 0.717 0.42 1826 1367 

0\ 
-..) 
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00 

Bulk Dry 
D('pfb 

Sed1iment \Vat('r 
Spedfk 

Vol. solids in Vol. voids in 
Voi(l 

Porositv 

> Sampling 
Site Rep .. sollid.s content S('d. m ass sed. mass (ml H20 _;.r1 density deusitv 

"i:i date- (em) {g dw} ( 0;'0 ww} 
gravity (xHr~ m3) (xl0-5 m 3) 

ratio sedim('nt) (kg m·3) (kg m-3) "i:i 

~ 30-Se.p~os AlB 2-4 1 30.296 30.78 2.32 1.3 1 1.08 0.823 0.45 1658 1268 

u 30-Sep~08 AlB 2-4 2 36.498 27.98 2.24 1.64 0.75 0.461 0.32 1955 1528 

~ 30-Sep~os AlB 2-4 3 32.528 30.41 2.26 1.44 0.95 0 .658 0.40 1776 1362 
w 30-Sep-08 AHS 0-2 1 40.167 27.89 1.89 2.B 0.26 0 .122 0 .11 2150 1681 

r:/1 30.;Sep·08 AH5 0-2 2 35.478 30.76 2.26 1.57 0.82 0.519 0.34 1942 1485 
m 30-Se~~o8 AH5 0-2 3 37.772 30.14 2.07 1.82 0.56 0.310 0.24 2058 1581 u 
~ 30-Sep·08 • .!\H5 2-4 l 32.285 23 .80 2 .20 1.47 0.92 0 .624 0.38 1673 1351 

~ 
30-Sep·08 ..!\H5 2-4 2 32.517 25.75 2.33 1.40 0.99 0 .708 0.41 1712 1361 
30-Se~-08 .AH5 2-4 3 29588 26.03 2.25 1.32 1.07 0 .811 0 .. 45 1561 1239 ,.., 

(') 3-0ct~o8 AH4 0-2 l 40.413 24.76 2.35 1.72 0.66 0.385 0.28 2110 1692 
:::c: 3-0c.t-08 AH4 0-2 2 44.03S 2439 2 .37 1.86 053 0 .284 0.22 2293 1843 
> 3-0c.t-08 AH4 0-2 3 42517 24. 18 2.50 1.70 0.68 0.402 0 .29 2210 1780 

~ 3-0ct·08 AH4 2-4 1 38.529 25.05 2.52 1.53 0.86 0.562 0.36 2017 1613 
(') 3-0ct·08 .. .!\H4 2-4 2 34.228 24.72 2.32 1.48 0.91 0.619 0.38 1787 1433 ,.., 
m 3-0Ct-'08 AH4 2-4 3 35.021 24.64 2.33 1.51 0.88 0 .584 0.37 1827 1466 
?;:i 

14-0C-t-08 \\'AI 0-2 1 38523 30.86 2 . .56 1.51 0.88 0.583 0.37 2110 1613 -r:/1 
14-0c.t-08 \VAl 0-2 2 40.231 30.06 2 .52 1.60 0.79 0.492 0 .33 2190 1684 ,.., -(') t4-0ct~8 \\1A1 0-2 3 40.819 29.43 2.52 1.62 0_77 0.474 0.32 2211 1709 

r:/1 
14-0ct-08 WAl 2-4 1 29.494 3032 2 .. 45 1.21 1.18 0 .980 0.49 1609 1235 
14-0ct~8 WA1 2-4 2 30314 31.24 2.46 1.23 1.15 0.938 0.48 1665 1269 
14-0ct-08 WA1 2-4 3 32.290 28.99 2.49 130 1.09 0 .836 0.46 1743 1352 
16-0ct-08 \VAl 0'-2 1 37599 31.21 2.46 1.53 0.86 0.563 0.36 2065 1574 
16-0ct~8 WA2 0-2 2 37 . .970 30.84 2.44 1.56 0.83 0.529 0.35 2080 1589 
16-0ct~8 WA2 0-2 3 37.005 34.77 2.42 1.53 0.86 0.560 0.36 2088 1549 
16-0ct~8 WA2 2-4 1 37.894 33.22 2:.56 1.48 0.90 0.608 0.38 2113 1586 
16-0ct-08 WA2 2-4 2 37.003 30.19 2.53 L46 0.93 0 .633 0.39 2016 1549 
16-0ct-08 WA2 2-4 3 34.813 31.35 2: .42 L44 0.95 0 .661 0.40 1914 1457 
18-0ct-08 \VA3 0-2 1 27.108 2:8.50 2:.34 L16 1.23 1.061 0.51 1458 1135 
18-0ct-08 WA3 0-2 2 36 .. 719 30.65 2.30 L60 0.79 0 .495 0.33 2008 1537 
]8-0ct-08 \\TA3, 0-2 3 32.549 32.15 2 .45 1.33 1.06 0 .794 0.44 1800 1362 
18-0ct~8 VilA3 2-4 l 28.990 34.03 2 .28 L27 1.11 0.875 0 .47 1626 1213 



Sampling De-ptb 
Se-diment \Vater 

Spe-cific 
Vol. solids in V ol. voi(ls in 

Void 
Porosity Bulk DI1' 

Site Re-p .. soli<ls sed. mass sed. mass 
• I 

density density content (mlH20mr 
dat€' (em) (g dw} (~1o ww) gravity (:d0-~m3) (xlo-5 m 3) ratio se-dim€'nt) (kg m·3) (kg m·3) 

18-0ct-08 \VA3 2-4 2 34.448 30.25 2 .42 1.42 0.96 0.677 0.40 1878 1442 
18-0ct-08 \\lA3 2-4 3 29.858 37.04 2.34 1.28 Lll 0 .865 0.46 1713 1250 
20-0ct-08 \\lA4 0-2 l 32.619 28.79 2 .56 1.28 Lll 0.870 0.47 1758 1365 
20-0ct-08 \VA4 0-2 2 35.693 28.95 2 .60 1.37 1.01 0.738 0.42 1927 1494 
20-0ct-08 \"VA4 0-2 3 35.880 30.00 2.49 1.44 0.95 0 .655 0.40 1952 1502 
20-0ct-08 \\lA4 2-4 1 30.093 32.04 2.44 1.24 1.15 0.930 0 .48 1663 1260 
20-0ct-08 \VA4 2-4 2 31.967 29.00 2 .48 1.29 1.10 0.853 0.46 1726 1338 
20-0ct-08 \VA4 2-4 3 36.248 31.03 2.56 1.42 0.97 0.684 0.41 1988 1517 
29-0<:t-08 T01 0-2 l 36.702 26.29 2 .63 1.39 0.99 0.712 0.42 1940 1536 

::» 29-0ct-08 T01 0-2 2 41.738 26.44 2.65 1.58 0.81 0.513 0.34 2209 1747 
'"t:l 29-0ct-08 TOl 0-2 3 40.463 26.61 2.65 1.53 0.86 0.564 0.36 2144 1694 
'"t:l 29-0ct-08 TOll 2-4 1 42.7]4 26.08 2.61 1.64 0.75 0.455 0 .31 2254 1788 tTJ z 29-0ct-08 T01 2-4 2 33.632 25.95 2.56 1.31 1.07 0.817 0.45 1773 1408 
tj 

29-0ct-08 TOl 2-4 3 36.231 26.33 2.58 1.41 0.98 0.698 0.41 1916 1517 
~ 
VJ 31-0ct-08 T02 0-2 1 34.412 32.17 2.42 1.42 0.97 0.680 0.40 1904 1440 

31-0ct-08 T02 0-2 2 37.119 32.90 2.31 1.61 0.78 0.485 0.33 2065 1554 
(/) 

31-0ct-08 T02 0-2 3 37.258 3259 2.35 1.59 0.80 0.505 0.34 2068 1560 tTJ 
tj 31-0ct-08 T02 2-4 l 38.701 29.68 2 .46 1.57 0.81 0.518 0.34 2101 1620 
~ 31-0ct-08 T02 2-4 2 31.748 30.51 2.39 1.33 1.06 0.792 0.44 1734 1329 

~ 31-0ct-08 T02 2-4 3 32.946 30.58 2.45 1.35 1.04 0.775 0 .44 1801 1379 
...., 2-Nov-08 T03 0-2 1 41.247 27.99 2.42 1.71 0.68 0.397 0.28 2210 1727 
n 2-Nov-08 T03 0-2 2 47.156 24.35 2.43 1.94 0.45 0 .231 0.19 2454 1974 

~ 2-Nov-08 T03 0-2 3 39.079 26.65 2.42 1.62 0.77 0.476 0.32 2072 1636 

~ 2-No:v-08 T03 2-4 1 37.244 24.65 2.42 1.54 0.85 0.552 0.36 1943 1559 

n 2-Nov-08 T03 2-4 2 31.8 16 20.83 2 .45 1.30 1.09 0.835 0.46 1609 1332 ...., 
2-Nov-08 T03 2-4 3 37.587 22.62 2.24 1.68 0.71 0.424 0.30 1929 1573 tTJ 

~ 4-Nov-08 T04 0-2 1 23.0]3 57.73 2.18 1.06 L33 1.260 0.56 1519 963 
(/) 4-Nov-08 T04 0-2 2 28.642 53.05 2.20 1.30 1.09 0.835 0.46 1835 1199 ...., - 4-Nov-08 T04 0-2 3 27.304 55.05 2.22 1.23 1.16 0.939 0.48 1772 1143 n 
(/) 4-Nov-08 T04 2-4 1 26.189 47.04 2 .25 1.16 1.22 1.050 0.51 1612 1096 

N 
4-Nov-08 T04 2-4 2 30.755 41.52 2 .21 1.39 LOO 0 .717 0.42 1822 1287 

0\ 
\0 
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Sediment \Yater Vol. solids in Vol. voids in Porosity Bulk Dry 
Sampling 

Site 
Depth Rep. solii<ls content Specific sed. mass sed. mass Void (mlH2.0mr 1 density density > date- (em) gravity ratio ""0 (g dw) (% -nrw) (:xl0-:l'm3} (:d0-5 m3) sedime-nt) (kg m-3) (kg m-3) 

""0 
trJ 4-Nov~08 T04 2-4 3 27.364 50.59 2.18 1.25 1.13 0 .904 0.47 1725 1145 z 
tJ 13-Nov-08 T ... .!\2 0-2 1 33.212 43.29 2.43 1.37 1.02 0.748 0.43 1992 1390 

~ 13-Nov-08 T • .!\2 0-2 2 33.388 39.47 2.38 1.41 0.98 0.699 0.41 1949 1398 
(.;.) 13-Nov-08 TA2 0-2 3 34.438 40.77 2.38 1.45 0.'94 0.648 0.39 2029 1442 
(/). 13-Nov-08 T ... .!\2 2-4 1 27J&18 41.22 2 .46 l.B 1.26 1.113 0.53 1644 1164 
trJ 13-Nov-08 T .. .!\2 2-4 2 27.010 42.30 2.35 1.15 1.24 1.071 0.52 1609 1131 tJ 
~ 13-Nov-08 T • .!\2 2-4 3 30.879 40.41 2.44 1.26 1.12 0.888 0.47 1815 1293 

trJ 15-Nov-08 TA3 0-2 1 36.166 37.06 2.30 1.58 0.81 0.516 0.34 2075 1514 
z 15-Nov-08 TA3 0-2 2 31.818 44.24 2.24 1.42 0.97 0.682 0.41 1921 1332 
>-3 15-Nov-08 TA3 0-2 3 33.547 38.32 2.44 1.38 1.01 0.733 0.42 1942 1404 n 
:::r:: 15-Nov-08 TA3 2-4 1 34.517 29.44 2 .44 1.42 0.97 0.685 0.41 1870 1445 
> 15-Nov-08 TA3 2-4 2 25.444 38.51 2.28 1.12 1.27 1.139 0.53 1475 1065 
~ 15-Nov-08 D\3 2-4 3 31.2?? 32.80 2.45 1.28 1.11 0.872 0.47 1736 1307 
n 17-Nov-08 TAt 0-2 1 43.181 25.29 2.54 1.70 0.69 0 .403 0.29 2265 1807 >-3 
trJ 17-Nov-08 TAt 0-2 2 47.019 25.96 2.44 1.93 0.46 0.240 0.19 2479 1968 
~ 17-Nov-08 TAl 0-2 3 46.188 27.48 2.53 1.83 0.56 0.306 0.23 2465 1933 -(/). 

>-3 t7-Nov-08 TAt 2-4 1 35.550 27.76 2.50 1.43 0.96 0.674 0.40 1901 1488 -n 17-Nov-08 TAl 2-4 2 30.831 27.64 2.47 1.25 1.14 0.914 0.48 1647 1291 
(/). 

17-Nov-08 TAl 2-4 3 34.465 28.87 2.44 1.42 0.97 0 .686 0.41 1859 1443 
4-A:ug-09 AlB 0-2 1 38.134 28.41 2.57 1.49 0.90 0 .. 607 0.38 2050 1596 
4-A:ug~09 AH1 0-2 2 41.775 2931 2.51 1.67 0.72 0.433 0.30 2261 1749 
4-Aug-09 AHl 0L2 3 37.303 29.27 2.61 1.43 0.96 0.671 0.40 2019 1561 
4-A:ug-09 AHl 2-4 1 36.936 29.94 2 .52 1.47 0.92 0 .625 0.38 2009 1546 
4-Aug-'09 AJH 2-4 2 35.714 30.76 2.42 1.48 0.91 0 .619 0.38 1955 1495 
4-Aug~09 Alii 2-4 3 36.568 29.27 2.44 1.50 0.89 0.591 0.37 1979 1531 
6-Aug-09 .'lil2 0-2 l 38.405 31.61 2.35 1.64 0.75 0.459 0.31 2116 1608 
6-A.ug-09 .'lil2 0-2 2 41.805 . 29.75 2.32 1.80 0.58 0.324 0.24 2270 1750 
6-• .!\.ug-09 A.H2 0-2 3 40.210 29.87 2.37 1.70 0.69 0.404 0 .29 2186 1683 
6-Aug-09 AH2 2-4 1 32.926 33.04 2 .20 1.50 0.89 0.592 0.37 1834 1378 
6-• .!\.ug-09 .. AJI2 2-4 2 32.979 34.33 2 .23 1.48 0 .91 0.613 0.38 1854 1380 
6-• .!\.ug-'09 AH2 2-4 3 34.473 30.37 2.33 1.48 0.91 0 .611 0.38 1881 1443 



Sampling De-ptb 
Sedime-nt \Vate-r 

Specific 
Vol. solids in Vol. voids in 

Void 
Porosity Bulk Dry 

• 1 

date-
Site 

((;m) 
Rep .. solids wutent 

!!ravity 
se-d. mass sed. mass 

ratio 
(mlH20 mr density density 

{gdw} (%ww} .,. . (xlo-~ m3} (xlO-:; m3) sedime-nt) (kgm-3) (kgm-3) 

8-Aug-09 All4 0-2 l 48.492 32.87 2.53 L92 0.47 0.246 0.20 2697 2030 
8-Aug~09 AH4 0-2 2 40.706 26.38 2.49 1.64 0.75 0.459 0.31 2153 1704 
8-Aug-09 .AH4 0-2 3 46.150 27.55 2.40 l.92 0.46 0.241 0.19 2464 1932 

>- 8-Aug-09 .lli4 2-4 1 33.859 2.8.34 2.55 1.33 1.06 0.799 0.44 1819 1417 
'"'0 
'"'0 8-Aug-09 AH4 2-4 2 42.742 25.68 2.50 1.72 0.67 0.393 0.28 2249 1789 

~ 8-Aug-09 A.H4 2-4 3 32.501 27.76 2.49 1.31 1.08 0.827 0.45 1738 1360 
d 10-Aug-09 AlB 0-2 l 36.975 29.74 2.32 1.60 0.79 0.495 0.33 2008 1548 
~ 10-Aug-09 .ili3 0-2 2 34.773 31.96 2.34 1.49 0.90 0.608 0.38 1921 1456 
VJ 10-Aug-09 .lli3 0-2 3 39.679 30.69 2.22 1.79 0.60 0.337 0.25 2171 1661 
I 

\/) 10-Aug-09 .lli3 2-4 1 31.769 30.87 2.20 l.4!4 0.94 0.653 0.40 1740 1330 
tTl 10-Aug-09 .lli3 2-4 2 28.235 29.40 2.31 1.22 1.17 0 .954 0.49 1529 1182 d 
>-< 10-Aug-09 .lli3 2-4 3 27.180 28..49 2.20 1.24 1.15 0 .930 0.48 1462 1138 s::: 
~ 

12-Aug-09 AH5 0-2 1 37.129 30.11 2.28 1.63 0.76 0.467 0.32 2022 1554 

>-3 
12-Aug-09 .'\liS 0-2 2 38.905 29.74 2.29 1.70 0.69 0.405 0 .29 2113 1629 

() 12-Aug-09 AH5 0-2 3 36.762 30.56 2.33 1.58 0.81 0 .509 0.34 2009 1539 
::c: 12-Aug-09 AH5 2-4 1 38.745 28.76 2.11 1.84 0.55 0.299 0.23 2088 1622 
>- 12-Aug-09 .1\HS 2-4 2 38.412 28.29 2.20 1.75 0.64 0.364 0.27 2063 1608 g; 12-Aug-09 .1\HS 2-4 3 35.547 28.03 2 .23 1.60 0.79 0.496 0.33 1905 1488 
() 
>-3 
tTl 
~ 
\/) 

>-3 
>-< 
() 
\/) 

tv 
-.....] 
........ 
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N Table A3.3. Textural attributes of top 0-4 em of sediments collect-ed tbroughout the course ofthe survey at aU sampling sites within the four study 
?; estuaries. 
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23-Nov~07 \VAl 
23-Nov-07 \VAl 
23-Nov-07 \VAl 
10-Dec-07 WA4 
10-Dec-07 WA4 
10-Dec-07 WA4 
4-Jan-08 AH2 
4-Jan-08 • .!\H2 
4-Jan-08 • .!\H2 
10-Jan-08 . .!\H4 
10-Jan-08 • .!\H4 
10-Jan-08 AH4 
18-F eb-08 • .!\H2 
18-:Feb-08 • .!\H2 
18-Feb-08 AH2 
20-F'eb-08 AHl 
20-Feb-08 AHl 
20-Feb-08 AHl 
22-Feb-08 AH5 
22-Feb-08 • .!\liS 
22-F'eb-08 .lli5 
24-Feb-08 AH3 
24-Feb-08 .lli3 

"' ..... 
eo: 
c. 

c. 
"' c:: 

1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
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1 
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1 
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-:::0 = 0 = .... 
·'JJ f".' -

-~?E 
~: c 
~- ~ 
--~>.::: -~ -:; .;;v ,.e:.. ._, 

0.02 91.08 8.90 
0.04 94.79 S. .18 
0.04 95.32 4 .64 
34.29 60.03 5.68 
48.31 49.05 2 .64 
35.86 61.55 2.58 
0.38 
0.42 
0.91 
0.00 
0.04 
0.08 
0.03 
0.00 
o.n 
0.00 
0.00 
0.00 
0.04 
0.00 
0.00 
0.38 
0.18 

80.70 18.92 
86.63 12.94 
8.6.79 12.30 
88.88 11.12 
92.57 7.38 
93.27 6.65 
90.30 9.67 
92.67 7.33 
91.41 8.46 
97.64 2.36 
98.19 1.81 
98.18 1.82 
79.30 20.67 
84.18 15.82 
81.54 18.46 
69.03 30.59 
70.28 29.54 

=-. ;. E 
Sis -= a.. 
~ -~ - •. ~ 

0.16 
0.18 
0.18 
L15 
1.29 
1.35 
0.12 
0.14 
0.14 
0.14 
0.16 
0.17 
0.14 
0.17 
0.14 
0.17 
0.17 
0.17 
0.12 
0.13 
0.12 
0.10 
0.10 

= 
~k · .:.:::, 
bftl .._.. = Qi = -~ 
~ ~ 
~ 

2.60 
2.50 
2.49 
-0.21 
-0.37 
-0.43 
3.05 
2.82 
2.79 
2.84 
2.61 
2.56 
2.85 
2.57 
2.82 
2.55 
2.55 
2.55 
3.04 
2.94 
3.01 
3.36 
3.37 

c 
.;~ 
b c 

I~ -
""' =-=·="' ~ ~~ 

·~(I; 
"!!"' 
,C, 

0 .17 
0 .18 
0.18 
1.10 
1.87 
1.30 
0 .14 
0 .16 
0.16 
0.16 
0.17 
0.17 
0.15 
0.17 
0 .16 
0.17 
0.17 
0.17 
0.15 
0.16 
0 .15 
0.10 
0.10 

CJ 

= 
~~: = ·a<o ·= -~ "'t .... 
Qi .... 

,it:. 

256 
2.50 
2.49 
-0.14 
~0.90 

~0.38 

2.79 
2.62 
2.61 
2.67 
2.58 
2.56 
2.69 
2.57 
2.68 
2.55 
2.55 
2.55 
2.71 
2.66 
2.70 
3.30 
3.32 

= ·--r- :C 
~a ---= Qi ,... N 
e ·-
~ 

0.13 
0.13 
0.13 
0.50 
4.00 
0.50 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 

.9 c: ..,,-.. 
·till~ 

-:::: Qi 
..; .~ 
0 (I) 

~ 

3.00 
3.00 
3.00 
1.00 

-2.00 
1.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 

..-. 
Q 
'-' 

t:h .... = = ·-"' .... ·-... tJ 

~E 
'"' e 

0.69 
0.59 
0.55 
1.59 
0.85 
l.lt 
0.89 
0.82 
0.84 
0.76 
0.58 
0.55 
0.74 
0.56 
0.71 
0.45 
0.43 
0.44 
0.92 
0.86 
0.89 
0.99 
0.96 

~ 
•.E t:;[l 

c.= 
'E: ·-~ t: 
1j ~ 
Q 

mod. well sorte.d 

.~ .::: .,, 
c.:l 
~ t= 
bJl ~ 

·a<o 
c.).:.t:: 
c ~ -
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fute-skewed 
mod. well sorte.d 0.11 fine-skewed 
mod. \Vell sorted 0.09 near-symmetrical 

poorly sorted 0.37 very fine-skewed 
moderately sorted 1.13 very fine-skewed 

poorly sorted 0.33 very fine-skewed 
moderately sorted 0.42 very fine-skewed 
moderately sorted 0.40 very fine-skewed 
moderately sorted 0.33 very fine-skewed 
moderately sorted 0.42 very fine-skewed 
mod. \Veil sorted 0.30 fine-s~ewed 
mod. well sorted 0.25 fine-skewed 
moderately sorted 0.39 very fine-skewed 
mod. well sorted 0.26 fine-skewed 
mod. well sorted 0.38 very fine-skewed 

well sorted 0.19 fine-skewed 
well sorted 
weUsorted 

moderately sorted 
moderately sorted 
moderately sorted 
moderately sorted 
moderately sorted 

0.18 fine-skewed 
0.18 fine-skewed 
0.50 very fine-skewed 
0.49 very fine-skewed 
0.50 very fme-skewed 
0.07 near-symmetrical 
0. 07 near -symmetrical 
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24-Feb-08 AlB 3 0.08 68.54 31.38 0.09 3.41 0.10 3.39 0.13 3.00 0.96 moderately sorted 0.03 near-symmetrical 
26~Feb-08 AH4 1 0.00 93.49 6.51 0.17 2.57 0.17 2.57 0.13 3.00 0.55 mod. well sorted 0.25 fine-s~ewed 

26-Feb-08 AH4 2 0.00 95.46 4 .54 0.17 2.57 0.17 2.57 0.13 3.00 0.50 well sorted 0.22 fine-s~ewed 
26-Feb-08 AH4 3 0.00 95.26 4 .74 0.17 2.57 0 .17 2.57 0.13 3.00 0.50 well sorted 0.22 fine-ske,;..;ed 
20-Mac-08 T04 1 0.42 56.17 43.41 0.09 3.55 0 .08 3.66 0.03 5.00 1.01 poorly sorted -0.15 coarse-skewed 
20-1\•fa:r-08 T04 2 0.22 59.38 40.39 0.09 3.46 0.09 3.47 0.03 5.00 1.00 moderately sorted -0.01 near-symmetrical 
20-Mar~OS T04 3 0.12 62.16 37.72 0.09 3.41 0 .10 3.35 0.13 3.00 0.99 moderately sorted 0.08 near-symmetrical 
26-1\•Iar~OS TOt 1 0.30 97.42 2: .28 0.28 1.82 0.30 1.72 0.25 2.00 0.62 mod. well sorted 0.25 fine-skewed 
26-Mac-08 TOt 2 0.14 98.09 1.77 0.28 1.82 0.30 1.72 0.25 2.00 0.62 mod. well sorted 0.24 fine-skewed 
26-Mac-08 T01 3 0.17 98.07 1.76 0.28 L83 0.30 1.74 0.25 2.00 0.62 mod. well sorted 0.23 fme-skewed 
22-Apr-08 D\2 l 0.00 78.62 21.38 0.11 3.14 0.13 2.90 0.13 3.00 0.91 moderately sorted 0.37 very fine-skewed 
22-Apr-08 TA2 2 0.02 81.23 18.75 0.12 3.02 0 . .15 2.71 0.13 3.00 0.89 moderately sorted 0.50 very fine-skewed 
22-Apr-08 D\2 3 0.00 82.17 17.83 0.13 3.00 0 .16 2.68 0.13 3.00 0.88 moderately sorted 0.52 very fine-skewed 
3-Aug-08 \VAl 1 0.00 98.95 1.05 0.19 2.38 0.19 2.40 0.13 3.00 0.49 well sorted -0.21 coarse-skewed 
3-Aug-08 VilA1 2 0.00 99.40 0.60 0.20 2.35 0.19 2.39 0. 13 3.00 0.51 mod. \vell sorted -0.23 coarse-skewed 
3-Aug-08 WAl 3 0.00 99.35 0.65 0.20 2.32 0.19 2.38 0.13 3.00 0.53 mod. well sorted -0.25 coarse-skewed 
5-Aug-08 WA2 1 1.66 94.74 3.59 0.32 1.65 0.34 156 0.25 2.00 0.81 moderately sorted 0.16 fine-skewed 
5-Aug-08 \VA2 2 0.52 97.26 2:.22 0.34 1.57 0.35 L52 0.25 2.00 0.70 mod. well sorted 0.07 near-synunetrical 
5-Aug-08 WA2 3 0.73 96.75 2:.52 0.32 1.65 0.34 1.57 0.25 2.00 0.73 moderat.ely sorted 0.12 fine-skewed 
7-Aug-08 \VA3 1 15.60 78.51 5.89 0.66 1.61 0.58 0.79 0.25 2.00 1.67 poody sorted -0.04 near-synunetrical 
7-Aug-08 VilA3 2 13.84 78.65 7.50 0.54 0.89 0.47 1.08 0.25 2.00 1.75 poorly sorted -0.07 near-symmetrical 
7-Au~-08 \VA3 3 14.69 79.67 5.64 0.64 0.64 0.55 0.85 0.25 2.00 1.63 poody sorted -0.06 near-symmetrical 
9-Aug-08 \VA4 1 20.99 78.06 0.95 0.85 0.23 0 .71 0.50 0.50 1.00 1.3 1 poorly sorted -0.05 near-symmetrical 
9-Aug-08 WA4 2 39.70 59.84 01.46 0.90 0.16 0.98 0.03 4.00 -2.00 1.01 poorly sorted 0.43 very fine-skewed 
9-Aug-08 \VA4 3 18.90 80.57 0.54 0.89 0.16 0.80 0.32 0.50 l.OO 1.17 poorly sorted -0.07 near-sylll1netrical 
16-Aug-08 T02 1 1.51 84.85 13.65 0.17 2.53 0.19 2.42 0.13 3.00 1.10 poorly sorted 0.20 fine-skewed 
16-Aug-08 T02 2 1.29 87.16 11.55 0.20 2.35 0.20 2.33 0.13 3.00 1.02 poorly sorted 0. 16 fine-skewed 
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moderately sorted 0.13 fme-skewed 
mod. well sorted 0.25 fine-skewed 
mod. weU sorted 0.25 fine-skewed 
mod. \veU sorted 0.24 fme-skewed 

poorly sorted -'0. 4 3 v. coarse-skewed 
poorly sorted -0.41 v. coarse-skewed 
pooily sorted -'0.40 v. coarse-skewe.d 

vel)' poorly sorted 0.56 very fine-skewed 
very poorly sorted 0.60 very fine-skewed 
very poorly sorted 0.50 very fine-skewed 

well sorted 0.17 fme-skewed 
well sorted 0.16 fine-skewed 
\Vell sorted 0.16 fme-skewed 

moderately sorted 0.39 very fine-skewed 
moderately sorted 0.42 very fine-skewed 
moderately sorted 0.41 very fine-ske.wed 
moderately sorted -'0.18 coarse-skewed 
moderately sorted -'035 v. coarse-skewed 

poorly sorted -'0.25 coarse-skewed 
moderately sorted 0.41 very fine-skewed 
moderately sorted 0.42 very fine-skewed 
moderately sorted 0.44 very fine-skewed 
moderately sorted 0.49 very fine-skewed 
moderately sorted 0.49 very fme-skewed 
moderately sorted 0.50 very fine-skewed 
moderately sorted 0.33 very fine-skewed 
moderately sorted 0.35 very fine-skewed 



~ 
>-c 

~ 
t} 

~ 
w 

(/) 

gj 
§e 
~ 
>-l 
n 

~ 
n 
>-l 
tn 
~ 
(/) 

>-l -n 
(/) 

N 
-...l 
Vl 

bJ: 
c: -= ~ 

=-~ ;-o 
rf1 

<a ... 
U1 

c. .... = c. 

c. c. 
~ 

~ 

~ 
..... 

......_c? :" = "-'8 
"a;N 
;;r ,1\ =~ 

u 

~ - -· ~ ~ 
~ = 
~~ 

·~c=: 
-::o = 0 = ..... 
rJJ~ 

.-,...,. 
~ E 
~ E 
~ 
e.,~ 
'-::::%<~ 
... 1 ~ 

~v 
(1!.~ '-' 

=--. ;,; E 
~e -c: ~ 
~ .!:l 
~ ·rll 
~ 

= 
c:~ 
li-t Q 
bJl'-' 

c ~ = ·-· c. ~ 
:E 

.!3 -"" E 
~ --=-=-.: ~ 
~ ~~ 
~ 

~9 
-.: .......... 
t:~~ = :1 -.: ""! 
~-;;j 

~ 

c: - ,-.. 
~ 5 
ell ... :c --= <a 
] . . ~ - ~ it!; 

= c: 
~~ 

<a 
-o ~~ 
·0 ~ 

~ 

'Q ,_,. 
t:1l .... 
Q c 

... - Q.l ... ·-... "' 0£=: 
Vi ..... c. 

0 c. 

~ 

·E t: 
o.= 
'1: -~ 
(.1 .., 

•"l 0 
~ ~ 

Q 

CJ 

.::::. 
0.~ = = r;.o ~ 

~ 
c,;~ 
c •!"~) -

~ • <II 

·= ~ O.p 
'1: t:-
:Ji (Uo 

'?I~ 
aJ ~ ·= 

16-Sep-08 TA2 3 0.00 79.39 20.61 0.11 3.15 0.13 2.95 0.13 3.00 0.89 moderately sorted 0.34 very fine-skewed 
16-Sep-08 T.l\3 1 0.00 67.10 32.90 0.09 3.45 0 .09 3.44 0.13 3.00 0.95 moderately sorted 0.02 near-symmetrical 
16-Sep-08 T.l\3 2 0.08 65·.61 34.31 0;09 3.47 0 .09 3.46 0.13 3.00 0.95 moderately sorted 0.01 near-symmetrical 
16-Sep-08 T.l\3 3 0.00 67.08 32.92 0.09 3.46 0 .09 3.45 0.13 3.00 0.94 moderatelysorted 0.02 near-symmetrical 
20-Sep-08 TAl l 0.00 98.60 1.40 0.18 2.48 0.18 2.48 0.13 3.00 0.37 well sorted -0.08 near-symmetrical 
20-Sep-08 TAl 2 0.00 98.65 1.35 0.18 2.48 0.18 2.48 0.13 3.00 0.36 well sorted -0.06 near-symmetrical 
20-Sep-08 TAl 3 0.02 98.68 1.30 0.18 2.48 0.18 2.48 0.13 3.00 0.36 well sorted -0.08 near-symmetrical 
27-Sep-08 AHl 1 0.00 98.41 1.59 0.20 2.30 0 . .19 2.37 0.13 3.00 0.62 mod. well sorted -0.14 coarse-skewed 
27-Sep-08 AHl 2 0.00 98.31 1.69 0.21 2.26 0.20 2.34 0.13 3.00 0.65 mod. well sorted -0.12 coarse-skewed 
27-Sep-08 AHl 3 0.00 98.32 1.68 0.21 2.26 0.20 2.34 0.13 3.00 0.67 mod. well sorted -0.11 coarse-skewed 
27-Sep-08 AH2 1 0.00 89.54 10.46 0.14 2.80 0.16 2.64 0.13 3.00 0.74 moderately sorted 0.42 very fine-skewed 
27-Sep-08 AH2 2 0.00 88.18 11.82 0.14 2.84 0 .16 2.65 0.13 3.00 0.77 moderately sorted 0.43 very fine-skewed 
27-Sep-08 AH2 3 0.00 88.86 11.14 0.14 2.82 0.16 2.65 0.13 3.00 0.75 moderately sorted 0.43 very fine-skewed 
30-Sep-08 AlB 1 0.00 53.38 46.62 0.08 3.68 0.07 3.87 0.03 5.00 0.97 moderately sorted -0.27 coarse-skewed 
30-Sep-08 AlB 2 0.00 57.53 42.47 0.08 3.59 0.08 3.71 0.03 5.00 0.98 moderately sorted -0.18 coarse-skewed 
30-Sep-08 AlB 3 0.00 57.21 42.79 0.08 3.61 0.07 3.74 0.03 5.00 0.98 moderatelysorted -0.19 coarse-skewed 
30-Sep-08 AH5 1 0.00 78.39 21.61 0.12 3.07 0.15 2.73 0.13 3.00 0.92 moderately sorted 0.50 very fme-skewed 
30-Sep-08 AH5 2 0.00 77.35 22.65 0.12 3.08 0 .15 2.73 0.13 3.00 0.94 moderately sorted 0.49 very fine-skewed 
30-Sep-08 AH5 3 0.00 77.55 22.45 0.12 3.08 0.15 2.74 0.13 3.00 0.93 moderately sorted 0.49 very fine-skewed 
3-0ct-08 AH4 1 0.00 88.48, 11.52 0.15 2.74 0.16 2.60 0.13 3.00 0.74 moderately sorted 0.40 very fine-skewed 
3-0ct-08 AH4 2 0.00 90.56 ·9.44 0.16 2.65 0.17 2.58 0.13 3.00 0.66 mod. well sorted 0.33 very fme-skewed 
3-0ct-08 AH4 3 0.00 90.24 '91.76 0.16 2.65 0.17 2.58 0.13 3.00 0.67 mod. well sorted 0.33 very fme-skewed 
14-0ct~08 \VAl 1 

14-0ct-08 \VAl 2 
14-0<:t-08 \VAl 3 
16-0ct-08 \~lA2 1 
!6-0ct-08 \VA2 2 

- . - 97.32 - - --2.56 0.21 2.25 0.20 2.34 0.13 3.00 0.59 mod. well sorted U.lL 

0.10 
0.16 
2.18 
1.10 

97.41 
97.85 
92.74 
93.86 

2.49 
1.99 
5.08 
5.04 

0.20 2.32 0.19 
0.22 2.20 0.?0 
0.32 1.64 0.34 
0.30 1.72 0.33 

2.38 0.13 3.00 0.55 mod. well sorted 
2.29 0.13 3.00 0.61 mod. well sorted 
1.54 0.25 2.00 0.93 moderately sorted 
1.60 0.25 2.00 0.95 moderately sorted 

-0.26 coarse-skewed 
-0.25 coarse-skewed 
-0.25 coarse-skewed 
0.24 fine-skewed 
0.26 fine-ske.v •• ·ed 
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2.99 90.2:8 6.73 
9.79 80.38 9 .82 
6.10 86.92 6.98 
8.52 83.18 8.30 
9.48 88.27 2.25 
4.47 93.57 1.96 
2.92 94.70 2.38 
0.00 98.39 1.61 
0.00 98.55 1.45 
0.00 98.47 1.53 
0.99 85.83 l3U8 
0.52 85.94 131.55 
0.95 85.53 131.52 

28.48 60.64 10.88 
25.22 61 .86 12.92 
22.78 64.38 12.84 
2.97 53.93 43:.10 
3.83 50.03 46.14 
2.45 54.20 43.35 
0.00 77.20 22.80 
0.00 76.69 23.31 
0.00 76.30 23.70 
0.00 67.15 32.85 
0.00 70 . .96 29.'04 
0.00 65 .46 34.54 
0.00 98.86 1.14 
0.00 98.36 1.64 
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~ -e ... 
tltl• 8 
c-' e..: -~ 

~ .!S 
~ ·"l 

0.31 
0.41 
0.37 
0.50 
0.65 
0.57 
0.55 
0.25 
0.25 
0.26 
0.17 
0.16 
0.17 
0.73 
0.59 
0.53 
0.09 
0.09 
0.09 
0.11 
0.11 
0.11 
0;09 
0.10 
0.09 
0.17 
0.17 

c 
cr.: .
~ Q 
ell) ~ 

c ~ e..: .;;..;~ 
~ 17.1 

~ 

1.69 
1.29 
1.44 
1.01 
0.63 
0.82 
0.87 
1.98 
1.98 
1.96 
2.58 
2.60 
2.58 
0.46 
0.76 
0.92 
3.51 
3.55 
3.54 
3.]6 
3.]8 
3J l'9 
3.41 
3.32 
3.44 
2.52 
2.52 

c: 
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1!)(1 ,.. 
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::: Cl.l ·- ~ l"i ";j 

'Ill!"' 
<11!:, 

0.34 
0.40 
0.37 
0 .53 
0 .64 
0.59 
0.57 
0 .26 
0 .26 
0.26 
0.18 
0.18 
0.18 
1.03 
0.79 
0 .60 
0.08 
0 .07 
0 .08 
0 .13 
0.13 
0 .13 
0 .10 
o.n 
0 .09 
0.17 
0.17 
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-.:1 "" ;c; ·;,; 
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1.58 
1.31 
1.44 
0.92 
0.65 
0.76 
0.82 
1.96 
1.96 
1.92 
2.47 
2.47 
2..46 
-0.04 
0.34 
0.74 
3.70 
3.82 
3.73 
2.91 
2..95 
2.96 
3.36 
3.19 
3.42 
2.52 
2..52 

c: 
·;;; ·
... 8 
e.t~ a 
~ ·;: 
Q• .s:2 

il!"' <I) 
,t::. 

0.25 
0.25 
0.25 
0.50 
0.50 
0.50 
0.50 
0.25 
0.25 
0.25 
0.13 
0.13 
0.13 
1.00 
1.00 
1.00 
0.03 
0.03 
0.03 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 

.!3 
·~ -~ 
~~...:.. 

·-:: .a. 
·.C -~ Q <I) 

'01!!"0 
,t::. 

2.00 
2 .. 00 
2.00 
1.00 
1.00 
1.00 
1.00 
2.00 
2.00 
2 .. 00 
3.00 
3.00 
3.00 
0.00 
0.00 
0.00 
5 .. 00 
5 .. 00 
5.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 

'Q' 
>...;;,.. 

t:J!l .... 
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~,.- CJ 
·~ .. -
!.. "' 0!;; ,.,., .... 
.,,. C,) 

Q 
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1.08 
1.76 
1.48 
L68 
1.06 
0.90 
0.82 
0.63 
0.63 
0.63 
1.04 
1.06 
1.07 
2;06 
2.21 
2.19 
1.40 
1.46 
1.33 
0.92. 
0.92. 
0.'92 
0.'96 
0.95 
0.96 
0.33 
0.32 

·:1# .:: .... t:J!l 
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·~ 
~ r:#"j 

·.;:: ~ 
c. · 
·- !=! .... ... 
!J ,..-

gj~ 
0 ~ 

poorly sorted 0.23 fine-skewed 
poorly sorted 0.01 near-symmetrical 
poorly sorted 0.02 near-symmetrical 
poorly sorted 0.13 fine-'skewed 
poorly sorted -0.17 coarse-skewed 

moderately sorted 0.02 near-!.ymmetrical 
moderately sorted -0.03 near-symmetrical 
mod. well sorted 0.05 near-symmetrical 
mod. \veil sorted 0.04 near-sy:n:u.netrical 
mod. well sorted 0.08 near-sy:n:u.netrical 

poorly sorted 0.20 fine-skewed 
poorly sorted 0.21 fine""skewed 
poorly sorted 0.20 fine""skewed 

very poorly sorted 0.42 very fme-skewed 
very poorly sorted 0.28 fine-skewed 
very poorly sorted 0.15 fine-skewed 

poorly sorted -0.39 v. coarse--ske\ved 
poorly sorted -0.47 v . coarse-skewed 
poorly sorted ...!Q.38 v. coarse-skewed 

moderately sorted 0.37 very fine-skewed 
moderately sorted 0.34 very fine-skewed 
moderately sorted 0.34 very :fine-ske.wed 
moderately sorted 0.07 near-symmetrical 
moderately sorted 0.19 fine-'skewed 
moderately sorted 0.03 near-sy:n:u.netrical 
very well sorted 0. 00 near -sy:n:u.netrical 
ve£y well sorted 0.00 near-symmetrical 
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17-Nov-08 TAl 3 0.00 98.36 1.64 0. 18 2.51 0.18 2.51 0.13 3.00 0.32 very well sorted 0.00 near-symmetrical 
4-Aug-09 AHl 1 0.00 98.63 1.37 0.17 2.55 0.11 2.55 0.13 3.00 0.43 well sorted 0.17 fme-skewed 
4-Aug-09 AHl 2 0.00 98.06 11 .94 0.17 2.53· 0.17 2.53 0.13 3.00 0.40 well sorted 0.15 fine-ske,;s.;ed 
4-Aug-09 AHl 3 0.00 98.04 1.96 0.17 2.54 0.17 2.54 0.13 3.00 0.41 well sorted 0. 16 fine-skewed 
6-Aug-09 AH2 1 0.00 82.70 17.30 0.12 3.02 0.15 2.76 0.13 3.00 0.87 moderately sorted 0.44 very fine-skewed 
6-Aug-09 AH2 2 0.00 80.60 19.40 0. 12 3.07 0 .14 2.80 0.13 3.00 0.89 moderately sorted 0.43 very fine-skewed 
6-Aug-09 AH2 3 0.00 84.07 15.93 0.12 3.00 0.15 2.78 0.13 3.00 0.84 moderatelysorted 0.41 veryfine-ske.wed 
8-Aug-09 AH4 1 0.00 92.22 7.78 0.16 2.67 0 .11 2.60 0.13 3.00 0.63 mod. \vell sorted 0.35 very fine-skewed 
8-Aug-09 AH4 2 0.00 90.68 9.32 0.15 2.73 0.16 2.61 0.13 3.00 0.68 mod. well sorted 0.40 very fine-skewed 
8-Aug-09 AH4 3 0.00 89.0;7 10.93 0.14 2.80 0.16 2.63 0.13 3.00 0.74 moderat.elysorted 0.43 veryfine-skewed 
10-Aug-09 • .!\.H3 1 0.00 60.68 39.32 0.09 3.54 0.08 3.62 0.03 5.00 0.98 moderately sorted -0.12 coarse-skewed 
10-Aug-'09 .lli3 2 0.00 57.62 42.38 0.08 3.58 0 .08 3.71 0.03 5.00 0.98 moderately sorted -0.17 coarse-skewed 
10-Aug-09 • .!\H3 3 0.00 63 .20 36.80 0.09 3.50 0.09 3.54 0.03 5.00 0.98 moderately sorted -0.07 near-symmetrical 
12-Aug-09 • .!\H5 1 0.00 69.42 3058 0.10 3.29 0.12 3.10 0.13 3.00 0.96 moderatelysorted 0.26 fine-skewed 
12-Aug~09 • .!\H5 2 0.00 66.94 33.06 0.10 3.33 0.11 3.16 0.13 3.00 0.97 moderately sorted 0.23 fine-skewed 
12-Aug~09 AH5 3 0.00 68.51 31.49 0.10 330 0 .12 3.10 0.13 3.00 0.96 moderat.ely sorted 0.27 fine-skewed 
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23-Nov-07 WA1 Rep. 1 

23-Nov-07 WA1 Rep. 2 

23-Nov-07 WA1 Rep. 3 

1 O·Cec-07 WA4 Rep. 1 

10-Dec-07 WA4 Rep. 2 
10-Dec-07 WA4 Rep. 3 

4-Jan-08 AH2 Rep. 1 
4-Jan-08 AH2 Rep 
4-Jan-08 AH2 Rep. 3 

10-Jan-08 AH4 Rep. 1 

1:0-Jan-08 AH4 Rep. 2 
1·0.Jan-08 AH4 Rep. 3 

18-Feb·OS AH2 Rep. 1 

118-Feb-08 AH2 Rep. 2 
18-Feb-08 AH2 Rep. 3 

20-Feb-08 AH11 Rep. 1 
20-Feb-08 AH1 Rep. 2 
20-Feb-08 AH1 Rep. 3 
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22-Feb-08 AH5 Rep. 1 111=~~-=-~--~_:-=--
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24-F·eb-08 AH3 Rep. 11 
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26-Feb-08 AH4 Rep. 1 
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3-Aug.08 WA1 Rep. 1 
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3-Aug -08 WA1 Rep. 3 

5-Aug -08 WA2 Rep. 1 

5-Aug,·08 WA2 Rep. 2 

5-AUQ1·08 WA2 Rep. 3 

7-Aug,.()8 WA3 Rep. 1 

7 ·Aug -08 WA3 Rep. 2 

7 -Aug -08 WA3 Rep. 3 

9-Aug -08 WA4 Rep. 1 

9-Aug-08 WA4 Rep. 2 

9·Aug--D8 WA4 Rep. 3 

116-Aug..08 T02 Rep. 1 
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23-AUQi-08 T03 Rep. 2 

23-Aug·-08 T03 Rep. 3 

30-Aug .. ·OB AH1 Rep. 1' 

30-Aug -08 AH1 Rep. 2 

30-Aug.OB AH1 Rep. 3 
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7 -Sep-08 AH5 Rep. 1 

T-Sep-0

8 

AHS Rep. 
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!iiiiiiiiiiii~~~ 7 -Sep-08 AH5 Rep. 3 
116-Sep-08 TA2 Rep . 1 

16-Sep-(18 TA2 Rep. 2 
16-S·ep-08 T A2 Rep. 3 
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8 

TA

3 

Rep.
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!i55555555!ii~~i 1·6-Sep-08 TA3 Rep. 2 

16-Sep-08 TA3 R:ep. 3 
20 ~S ·ep.08 TA11 Rep. 1 

20-Sep•08 TA1 Rep . 2 
20 -Se -08TA1Re_ - - _. a_ J· -------~~~--~ -----~--~ -~----- -~- - ~: 
27 -Se:-·08 AH1 Re~ . 1 ~ "------, --~~~-~----~-- -~ : 

27 -Sep-08 AH1 Rep . 2 
---- -- ------------------ - -- l 

. .:-_ __:::__-===-==--=--:-_-:==.___~_:_ ___ -= I 
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~ 27-Sep•08 AH2 Rep . 1 

~. 27-Sep-08 AH2 Rep. 3 i 27· Sep-·08 AH2 Rep. 2 iii;;;;;;~~~~~~~ i 30-Sep-·08 AHJ Rep . 11 

3i 30-Sep-·08 AH3 Rep . 2 
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fit. 30-Sep .. o8 AH3 Rep. 3 l~~~~~~~~~===~~~ g· 30-Sep-·08 AH5 Rep . 11 

30-Sep,08 AH5 Rep. 2 
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3-0ct-08 AH4 Rep. 1 
3-0.c:t-08 AH4 Rep. 2 

3-0ct-08 AH4 Rep 3 ~~---~-~~~------- ------------- --- ' -~ 
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14-0ct-08 WA1 Rep. 2 :I I ! : 
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-- __ ---~_-_ ==.=--.--=: I 
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20-0ct-08 WA4 Rep. 1' 

20-0ct-08 WA4 Rep. 2 

20-0ct-08 WA4 Rep. 3 

29-0ct-08 T01 Rep. 1 

29-0ct-·OS T01 Rep. 2 

29-0ct-08 T01 Rep. 3 

31 -0ct•08 T02 Rep. 1; 

31-0ct-08 T02 Rep. 2 

31-0ct-08 T02 Rep. 3 
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Table A3.4. Chlorophyll a concentration of top 0-2 em of sediments collected throughout the 
course of the survey at all sampling sites within the four study estuaries. NM, not measured. 

Sampling 
Freeze dried Dilution (ml A66s A66s Chlorophyll 

date 
Site Rep. sediment extract: ml (before (after 

a (J.lg g dw-1
) 

(g dw) ethanol) acid.) acid.) 
23-Nov-07 WA1 1 NM NM NM NM NM 
23-Nov-07 WA1 2 NM NM NM NM NM 
23-Nov-07 WA1 3 NM NM NM NM NM 
10-Dec-07 WA4 1 NM NM NM NM NM 
10-Dec-07 WA4 2 NM NM NM NM NM 
10-Dec-07 WA4 3 NM NM NM NM NM 
4-Jan-08 AH2 1 NM NM NM NM NM 
4-Jan-08 AH2 2 NM NM NM NM NM 
4-Jan-08 AH2 3 NM NM NM NM NM 
10-Jan-08 AH4 1 NM NM NM NM NM 
10-Jan-08 AH4 2 NM NM NM NM NM 
10-Jan-08 AH4 3 NM NM NM NM NM 
18-Feb-08 AH2 1 NM NM NM NM NM 
18-Feb-08 AH2 2 NM NM NM NM NM 
18-Feb-08 AH2 3 NM NM NM NM NM 
20-Feb-08 AH1 1 NM NM NM NM NM 
20-Feb-08 AH1 2 NM NM NM NM NM 
20-Feb-08 AH1 3 NM NM NM NM NM 
22-Feb-08 AH5 1 NM NM NM NM NM 
22-Feb-08 AH5 2 NM NM NM NM NM 
22-Feb-08 AH5 3 NM NM NM NM NM 
24-Feb-08 AH3 1 NM NM NM NM NM 
24-Feb-08 AH3 2 NM NM NM NM NM 
24-Feb-08 AH3 3 NM NM NM NM NM 
26-Feb-08 AH4 1 NM NM NM NM NM 
26-Feb-08 AH4 2 NM NM NM NM NM 
26-Feb-08 AH4 3 NM NM NM NM NM 
20-Mar-08 T04 1 NM NM NM NM NM 
20-Mar-08 T04 2 NM NM NM NM NM 
20-Mar-08 T04 3 NM NM NM NM NM 
26-Mar-08 T01 1 NM NM NM NM NM 
26-Mar-08 T01 2 NM NM NM NM NM 
26-Mar-08 T01 3 NM NM NM NM NM 
22-Apr-08 TA2 1 5.02 4:0 0.633 0.416 12.383 
22-Apr-08 TA2 2 5.00 4:0 0.556 0.358 11.355 
22-Arr-08 TA2 3 5.01 4:0 0.555 0.360 11.149 
3-Aug-08 WA1 1 5.07 4:0 0.093 0.063 1.679 
3-Aug-08 WA1 2 5.02 4:0 0.095 0.065 1.713 
3-Aug-08 WA1 3 5.00 4:0 0.111 0.075 2.029 
5-Aug-08 WA2 1 5.04 4:0 0.296 0.207 5.078 
5-Aug-08 WA2 2 5.00 4:0 0.311 0.211 5.721 
5-Aug-08 WA2 3 5.00 4:0 0.349 0.246 5.904 
7-Aug-08 WA3 1 5.08 4:0 0.391 0.286 5.884 
7-Aug-08 WA3 2 5.06 4:0 0.370 0.277 5.273 
7-Aug-08 WA3 3 5.09 2:2 0.603 0.427 19.764 
9-Aug-08 WA4 1 5.06 4:0 0.053 0.040 0.753 
9-Aug-08 WA4 2 5.05 4:0 0.056 0.042 0.783 
9-Aug-08 WA4 3 5.02 4:0 0.062 0.048 0.788 
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Sampling 
Freeze dried Dilution (ml A66s A66s Chlorophyll 

date 
Site Rep. sediment extract: ml (before (after 

a (1-lg g dw-1
) 

(g dw) ethanol) acid.) acid.) 
16-Aug-08 T02 1 5.07 4:0 0.326 0.236 5.105 
16-Aug-08 T02 2 5.07 4:0 0.226 0.162 3.607 
16-Aug-08 T02 3 5.04 4:0 0.364 0.262 5.812 
19-Aug-08 TOl 1 5.07 4:0 0.014 0.011 0.181 
19-Aug-08 TOl 2 5.08 4:0 0.011 0.008 0.152 
19-Aug-08 TOl 3 5.01 4:0 0.009 0.007 0.143 
19-Aug-08 T04 1 5.04 3:1 0.556 0.399 11.210 
19-Aug-08 T04 2 5.06 2:2 0.356 0.253 11.725 
19-Aug-08 T04 3 5.07 2:2 0.294 0.209 9.553 
23-Aug-08 T03 1 5.09 4:0 0.315 0.240 4.195 
23-Aug-08 T03 2 5.08 4:0 0.342 0.256 4.869 
23-Aug-08 T03 3 5.08 4:0 0.287 0.215 4.085 
30-Aug-08 AHl 1 5.01 4:0 0.017 0.013 0.235 
30-Aug-08 AHl 2 5.07 4:0 0.009 0.009 0.040 
30-Aug-08 AHl 3 5.06 4:0 0.011 0.008 0.147 
1-Sep-08 AH2 1 5.00 4:0 0.415 0.303 6.466 
1-Sep-08 AH2 2 5.05 4:0 0.332 0.245 4.926 
1-Sep-08 AH2 3 5.01 4:0 0.363 0.262 5.795 
3-Sep-08 AH3 1 5.06 4:0 0.319 0.259 3.398 
3-Sep-08 AH3 2 5.08 4:0 0.306 0.244 3.464 
3-See-08 AH3 3 5.05 4:0 0.275 0.222 3.025 
5-Sep-08 AH4 1 5.01 4:0 0.139 0.112 1.533 
5-Sep-08 AH4 2 5.07 4:0 0.237 0.199 2.137 
5-See-08 AH4 3 5.00 4:0 0.325 0.271 3.090 
7-Sep-08 AH5 1 5.05 4:0 0.230 0.189 2.298 
7-Sep-08 AH5 2 5.02 4:0 0.222 0.179 2.438 
7-Sep-08 AH5 3 5.06 4:0 0.177 0.145 1.790 
16-Sep-08 TA2 1 5.06 2:2 0.219 0.140 9.006 
16-Sep-08 TA2 2 5.09 2:2 0.195 0.134 6.881 
16-See-08 TA2 3 5.07 2:2 0.244 0.163 9.203 
16-Sep-08 TA3 1 5.09 2:2 0.217 0.146 7.973 
16-Sep-08 TA3 2 5.06 2:2 0.214 0.143 8.032 
16-Sep-08 TA3 3 5.06 2:2 0.235 0.160 8.428 
20-Sep-08 TAl 1 5.09 4:0 0.071 0.045 1.503 
20-Sep-08 TAl 2 5.06 4:0 0.074 0.047 1.535 
20-Sep-08 TAl 3 5.09 4:0 0.075 0.047 1.571 
27-Sep-08 AHl 1 5.04 4:0 0.011 0.009 0.097 
27-Sep-08 AHl 2 5.04 4:0 0.009 0.007 0.097 
27-See-08 AHl 3 5.04 4:0 0.015 0.011 0.250 
27-Sep-08 AH2 1 5.07 4:0 0.371 0.261 6.229 
27-Sep-08 AH2 2 5.04 4:0 0.399 0.296 5.874 
27-See-08 AH2 3 5.04 4:0 0.344 0.234 6.249 
30-Sep-08 AH3 1 5.05 4:0 0.216 0.169 2.679 
30-Sep-08 AH3 2 5.02 4:0 0.213 0.169 2.495 
30-See-08 AH3 3 5.04 4:0 0.200 0.158 2.377 
30-Sep-08 AH5 1 5.06 4:0 0.216 0.175 2.294 
30-Sep-08 AH5 2 5.06 4:0 0.229 0.185 2.470 
30-See-08 AH5 3 5.09 4:0 0.238 0.194 2.455 
3-0ct-08 AH4 1 5.09 4:0 0.194 0.153 2.325 
3-0ct-08 AH4 2 5.07 4:0 0.192 0.157 2.001 
3-0ct-08 AH4 3 5.07 4:0 0.185 0.141 2.487 
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Sampling 
Freeze dried Dilution (ml A66s A66s Chlorophyll 

date 
Site Rep. sediment extract: ml (before (after 

a (!lg g dw-1
) 

(g dw) ethanol) acid.) acid.) 
14-0ct-08 WAl 1 5.03 4:0 0.123 0.081 2.410 
14-0ct-08 WAl 2 5.06 4:0 0.098 0.066 1.818 
14-0ct-08 WAl 3 5.09 4:0 0.127 0.086 2.275 
16-0ct-08 WA2 1 5.07 4:0 0.423 0.309 6.461 
16-0ct-08 WA2 2 5.06 4:0 0.462 0.323 7.873 
16-0ct-08 WA2 3 5.08 4:0 0.476 0.337 7.814 
18-0ct-08 WA3 1 5.01 4:0 0.386 0.289 5.543 
18-0ct-08 WA3 2 5.08 4:0 0.505 0.379 7.120 
18-0ct-08 WA3 3 5.07 4:0 0.325 0.238 4.918 
20-0ct-08 WA4 1 5.08 4:0 0.264 0.188 4.322 
20-0ct-08 WA4 2 5.04 4:0 0.195 0.143 2.923 
20-0ct-08 WA4 3 5.00 4:0 0.168 0.121 2.677 
29-0ct-08 TOl 1 5.04 4:0 0.166 0.115 2.906 
29-0ct-08 TOl 2 5.09 4:0 0.121 0.085 1.988 
29-0ct-08 TOl 3 5.05 4:0 0.151 0.112 2.191 
31-0ct-08 T02 1 5.07 4:0 0.321 0.227 5.297 
31-0ct-08 T02 2 5.04 4:0 0.390 0.275 6.488 
31-0ct-08 T02 3 5.07 4:0 0.462 0.320 8.021 
2-Nov-08 T03 1 5.06 4:0 0.320 0.223 5.511 
2-Nov-08 T03 2 5.02 3:1 0.471 0.332 9.891 
2-Nov-08 T03 3 5.00 4:0 0.375 0.260 6.626 
4-Nov-08 T04 1 5.00 3:1 0.463 0.319 10.353 
4-Nov-08 T04 2 5.04 3:1 0.449 0.305 10.214 
4-Nov-08 T04 3 5.08 3:1 0.508 0.354 10.874 
13-Nov-08 TA2 1 5.07 3:1 0.565 0.362 14.365 
13-Nov-08 TA2 2 5.01 4:0 0.499 0.338 9.216 
13-Nov-08 TA2 3 5.04 4:0 0.522 0.336 10.554 
15-Nov-08 TA3 1 5.05 4:0 0.510 0.338 9.784 
15-Nov-08 TA3 2 5.01 4:0 0.442 0.299 8.152 
15-Nov-08 TA3 3 5.08 4:0 0.338 0.231 6.059 
17-Nov-08 TAl 1 5.03 4:0 0.026 0.017 0.484 
17-Nov-08 TAl 2 5.03 4:0 0.026 0.017 0.507 
17-Nov-08 TAl 3 5.07 4:0 0.029 0.019 0.571 
4-Aug-09 AHl 1 5.03 4:0 0.045 0.032 0.707 
4-Aug-09 AHl 2 5.04 4:0 0.049 0.037 0.660 
4-Aug-09 AHl 3 5.09 4:0 0.035 0.026 0.484 
6-Aug-09 AH2 1 5.01 4:0 0.334 0.250 4.822 
6-Aug-09 AH2 2 5.02 4:0 0.345 0.262 4.727 
6-Aug-09 AH2 3 5.03 4:0 0.338 0.259 4.513 
8-Aug-09 AH4 1 5.02 4:0 0.266 0.216 2.883 
8-Aug-09 AH4 2 5.07 4:0 0.282 0.230 2.923 
8-Aug-09 AH4 3 5.00 4:0 0.353 0.287 3.800 
10-Aug-09 AH3 1 5.09 4:0 0.252 0.199 2.973 
10-Aug-09 AH3 2 5.09 4:0 0.241 0.184 3.232 
10-Aug-09 AH3 3 5.01 4:0 0.304 0.243 3.507 
12-Aug-09 AH5 1 5.02 4:0 0.261 0.207 3.100 
12-Aug-09 AH5 2 5.07 4:0 0.397 0.324 4.115 
12-Aug-09 AH5 3 5.05 4:0 0.403 0.329 4.160 
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Appendix 4 - Water column characteristics of study sites 

Table A4.1. Bottom-level water column measurements made throughout the course of the 
survey at the four study estuaries. Measurements made during low tide (± 2 h) at the site 
listed except for sites AHl and AH2 (measurements made 0-2 h after high tide at Wl), and 
sites AH3, AH4, and AH5 (measurements made 0-2 h after high tide at W2). Nutrient data 
represent means± SE; n=3, except where an asterisk(*) is present; n=2. NM, not measured. 
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23-Nov-07 WA1 0850 14.2 NM 6.91 34 23.7 ± 11.8 0.70± 0.2 
25-Nov-07 WA1 1041 17.9 NM 7.42 26 47.1 ± 34.2 0.95 ± 0.2 
28-Nov-07 WA1 1330 15.0 NM 7.82 39 22.7 ± 17.8 1.3 ± 0.3 
10-Dec-07 WA4 1059 20.3 NM 6.99 14 1.9±1.1 1.2±0.1 
12-Dec-07 WA4 1220 20.5 NM 6.90 16 0.86 ± 0.2 1.3 ± 0.1 
16-Dec-07 WA4 1524 20.5 NM 7.46 5 1.2 ± 0.2 0.72 ± 0.02 
4-Jan-08 AH2 1432 18.2 NM 8.82 35 68.9 ± 18.3 2.0±0.1 
6-Jan-08 AH2 1500 21.5 NM 8.90 33 30.8 ± 5.8 2.8 ± 0.5 
8-Jan-08 AH2 1615 21.2 NM 9.73 32 107 ± 39.5 5.6 ± 0.4 
10-Jan-08 AH4 0800 18.6 NM 7.57 35 88.7 ± 37.1 6.2 ± 0.6 
12-Jan-08 AH4 0800 17.9 NM 7.40 34 80.8 ± 12.9 7.3 ± 0.3 
14-Jan-08 AH4 0915 20.8 NM 7.42 32 41.2 ± 10.2 5.5 ± 0.5 
18-Feb-08 AH2 1545 19.2 8.12 7.67 35 6.2±2.7 0.43 ± 0.1 
20-Feb-08 AH1 1630 19.7 8.51 9.10 33 120 ± 82 6.5 ± 1.1 
22-Feb-08 AH5 0715 19.0 8.16 5.80 31 123 ± 41.3 26.2 ±2.2 
24-Feb-08 AH3 0830 18.9 8.23 6.09 32 179±18.1 18.0 ± 0.6 
26-Feb-08 AH4 0930 17.9 8.33 7.81 35 134 ± 31.6* 8.4 ± 0.04* 
20-Mar-08 T04 0900 15.8 8.33 7.73 27 10.9 ± 4.0 3.6 ± 0.2 
22-Mar-08 T04 1100 14.5 8.30 7.13 28 4.7 ± 0.7 2.3 ± 0.1 
24-Mar-08 T04 1216 15.5 8.36 7.80 30 4.4 ± 0.6 0.90 ± 0.1 
26-Mar-08 T01 1330 18.0 8.45 7.80 26 9.2 ± 2.9 1.5±0.1 
28-Mar-08 T01 1522 16.6 8.45 8.11 30 5.4 ± 1.1 1.6 ± 0.3 
30-Mar-08 T01 1545 17.7 8.52 8.80 30 3.3 ± 0.8 1.0 ± 0.05 
22-Apr-08 TA2 1044 10.5 8.01 9.80 14 4.0± 0.3 4.5 ± 0.7 
24-Apr-08 TA2 1100 12.4 7.91 9.49 7 4.6 ± 1.2 5.3 ± 1.1 
26-Apr-08 TA2 1145 12.4 7.74 10.25 4 3.2± 0.6 7.4 ± 0.4 
3-Aug-08 WA1 1045 8.1 7.90 9.42 9 8.4 ± 0.8 48.3 ± 2.0 
5-Aug-08 WA2 1240 8.4 8.24 9.85 9 14.1 ± 0.6 45.4 ± 2.3 
7-Aug-08 WA3 1400 11.9 8.15 9.54 6 11.7±1.1 30.0 ± 6.5 
9-Aug-08 WA4 1600 5.8 8.12 9.81 5 4.7 ± 0.2 37.4 ± 5.7 
16-Aug-08 T02 0900 5.9 7.93 10.47 14 4.6 ± 0.4 76.7 ± 4.3 
19-Aug-08 T01 1100 6.4 7.87 11.05 4 11.4 ± 0.4 86.8 ± 1.6 
19-Aug-08 T04 1215 8.9 7.87 10.01 4 10.3 ± 1.6 72.9 ± 6.0 
23-Aug-08 T03 1500 8.9 7.88 11.06 6 8.3 ± 0.6 92.7 ± 3.3 
30-Aug-08 AH1 1600 19.4 8.66 10.19 37 11.1 ± 0.5 7.7 ± 0.5 
1-Sep-08 AH2 1730 10.2 8:69 10.12 35 7.6 ± 0.8 5.8 ± 1.0 
3-Sep-08 AH3 0740 10.4 8.34 7.65 32 45.5 ± 0.9 27.4 ± 0.7 
5-SeQ-08 AH4 0900 9.2 8.36 8.25 29 39.4 ± 1.4 28.5 ± 1.5 
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7-Sep-08 AH5 1000 10.2 8.59 9.24 25 113 ± 4.9 27.0 ±2.2 
16-Sep-08 TA2 1000 13.5 7.30 10.21 5 8.8 ± 1.7 12.0 ± 0.4 
16-Sep-08 TA3 1200 11.8 7.32 10.46 3 2.7 ± 0.4 17.3 ± 1.2 
20-Sep-08 TAl 1230 12.5 8.23 10.40 7 2.9 ± 0.7 11.3 ± 2.8 
27-Sep-08 AHl 1540 11.2 8.73 8.50 40 0.59 ± 0.05 0.21 ± 0.05 
27-Sep-08 AH2 1540 11.2 8.73 8.50 40 3.8 ± 2.7 0.46 ± 0.1 
30-Sep-08 AH3 1700 13.4 8.58 8.95 33 92.3 ± 33.8 16.5 ± 4.0 
30-Sep-08 AH5 1700 13.4 8.58 8.95 33 49.9 ± 0.7 19.8 ± 0.5 
3-0ct-08 AH4 0830 10.5 8.18 8.07 20 24.9 ± 7.8 43.4 ± 7.0 
14-0ct-08 WAl 0830 13.1 8.56 9.33 20 0.96 ± 0.4 0.41±0.2 
16-0ct-08 WA2 1015 15.2 8.88 8.40 26 1.7 ± 0.5 0.68 ± 0.1 
18-0ct-08 WA3 1200 19.2 8.46 10.16 35 1.3 ± 0.5 0.49 ± 0.2 
20-0ct-08 WA4 1400 15.0 8.45 8.53 20 0.62 ± 0.3 0.33 ± 0.1 
29-0ct-08 TOl 0930 13.2 8.55 8.67 35 1.7 ± 0.3 3.7 ± 0.3 
31-0ct-08 T02 1100 14.1 8.67 10.03 30 2.1 ± 0.3 1.8±0.1 
2-Nov-08 T03 1230 16.4 8.61 10.21 25 1.8±0.1 2.0 ± 0.05 
4-Nov-08 T04 1400 16.6 8.77 9.60 18 1.8±0.4 0.52± 0.2 
13-Nov-08 TA2 1000 13.2 7.67 10.20 5 3.6 ± 0.3 12.9 ± 2.2 
15-Nov-08 TA3 1200 14.3 7.54 10.38 0 3.2±0.7 13.8 ± 0.6 
17-Nov-08 TAl 1245 14.9 8.17 11.19 14 3.7 ± 0.5 6.1 ± 1.2 
4-Aug-09 AHl 1540 10.1 8.98 7.45 37 17.2 ± 1.0 4.1 ± 0.2 
6-Aug-09 AH2 1700 8.9 9.04 8.01 39 14.8 ± 0.5 4.6 ± 0.2 
8-Aug-09 AH4 1810 11.1 9.51 6.17 22 102 ± 7.0 50± 0.6 
10-Aug-09 AH3 0800 8.4 8.82 6.51 33 126 ± 3.3 27.5 ± 0.4 
12-Aug-09 AH5 0930 8.6 8.64 6.58 26 82.0 ± 6.5 27.6 ± 2.4 
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Appendix 5 - Abundance and biomass of macrofauna 

Table AS.l. Abundance (number of individuals per 56 cm2
) and biomass (g wet weight per 

56 cm2
) of macrofauna (from the phylums: Mollusca, Arthropoda, Cnidaria, and Annelida) 

recovered (sieve mesh size: 0.5 mm) from all benthic chambers used for measurement of 
fluxes of oxygen ('0' Ocean Optics®, 'U' Unisense®) as well as from all 'tank 1' benthic 
chambers used for measurement of denitrification. 
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23-Nov-07 WAI IA 2 0.0080 0 0.0000 0 0.0000 44 0.0655 
23-Nov-07 WAI IB 4 I7.0567 0 0.0000 0 0.0000 202 0.39I5 
23-Nov-07 WAI IC 3 0.0438 I <O.OOOI 0 0.0000 134 O.I86I 
23-Nov-07 WAI ID I4 41.6360 I 0.0234 0 0.0000 IOI O.I425 
23-Nov-07 WAI 1E 4 6.I887 0 0.0000 0 0.0000 282 0.3460 
25-Nov-07 WAI IA 6 41.I937 0 0.0000 0 0.0000 39 0.0920 
25-Nov-07 WAI 1B 6 30.4932 2 <O.OOOI 0 0.0000 4I 0.0542 
25-Nov-07 WAI IC I5 24.3007 0 0.0000 0 0.0000 62 0.0986 
25-Nov-07 WAI ID 3 I5.7887 I O.OI80 0 0.0000 36 0.0745 
25-Nov-07 WAI IE 13 I8.840I 0 0.0000 0 0.0000 73 0.0626 
28-Nov-07 WAI IA 4 0.2I9I I O.OI53 0 0.0000 35 0.0392 
28-Nov-07 WAI IB 8 0.794I 3 <O.OOOI 0 0.0000 37 0.0490 
28-Nov-07 WAI IC I8 I.6687 I9 0.0547 0 0.0000 114 0.0988 
28-Nov-07 WAI ID 3 0.1156 7 0.0243 0 0.0000 38 0.0378 
28-Nov-07 WAl lE 11 0.7684 2 0.006I 0 0.0000 85 O.II41 11 

IO-Dec-07 WA4 IA I O.OI69 8I 0.0787 0 0.0000 34 O.I236 
IO-Dec-07 WA4 1B 0 0.0000 I7 0.0586 0 0.0000 17 0.0286 
10-Dec-07 WA4 IC 0 0.0000 67 0.0829 0 0.0000 37 0.0802 
10-Dec-07 WA4 ID 0 0.0000 9 0.0245 0 0.0000 15 O.I969 
IO-Dec-07 WA4 IE 0 0.0000 252 O.I787 0 0.0000 39 0.0650 
I2-Dec-07 WA4 IA 0 0.0000 55 0.0383 0 0.0000 19 0.0718 
I2-Dec-07 WA4 IB I <0.0001 36 0.0538 0 0.0000 45 0.0502 
I2-Dec-07 WA4 IC 1 0.5436 9 0.0405 0 0.0000 37 O.I424 
12-Dec-07 WA4 ID 0 0.0000 I05 O.I092 0 0.0000 33 0.065I 
12-Dec-07 WA4 1E 0 0.0000 57 0.0411 0 0.0000 39 0.0704 
I6-Dec-07 WA4 IA 0 0.0000 I46 0.084I 0 0.0000 30 0.0306 
I6-Dec-07 WA4 IB 0 0.0000 86 0.0853 0 0.0000 28 0.0807 
I6-Dec-07 WA4 IC 1 0.0278 139 0.0872 0 0.0000 43 O.I432 
I6-Dec-07 WA4 1D 0 0.0000 137 0.0959 0 0.0000 34 0.052I 
I6-Dec-07 WA4 1E 1 <O.OOOI 149 0.0732 0 0.0000 32 0.0567 
4-Jan-08 AH2 1A 6 0.4362 0 0.0000 0 0.0000 I4 0.0574 
4-Jan-08 AH2 1B 3 2.5878 0 0.0000 I 0.0389 I9 0.03I7 
4-Jan-08 AH2 IC 6 I.5276 0 0.0000 0 0.0000 26 0.0683 
4-Jan-08 AH2 1D 11 24.7110 0 0.0000 0 0.0000 37 0.0770 
4-Jan-08 AH2 1E 7 11.73I9 0 0.0000 2 <O.OOOI 33 0.0406 
6-Jan-08 AH2 IA 8 2.3833 0 0.0000 1 0.0439 38 0.0657 
6-Jan-08 AH2 1B 8 1.1100 0 0.0000 0 0.0000 5 0.0264 
6-Jan-08 AH2 IC 8 1.9221 0 0.0000 0 0.0000 36 0.1127 
6-Jan-08 AH2 ID 12 3.1904 0 0.0000 0 0.0000 30 0.0474 
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6-Jan-08 AH2 1E 8 2.1654 0 0.0000 1 <0.0001 47 0.1321 
8-Jan-08 AH2 1A 11 3.7836 0 0.0000 0 0.0000 8 0.0374 
8-Jan-08 AH2 1B 8 20.3424 0 0.0000 0 0.0000 28 0.2183 
8-Jan-08 AH2 1C 7 7.8701 0 0.0000 0 0.0000 17 0.1248 
8-Jan-08 AH2 1D 9 9.3363 0 0.0000 0 0.0000 21 0.0377 
8-Jan-08 AH2 1E 11 18.5186 0 0.0000 2 0.1742 13 0.0454 
10-Jan-08 AH4 1A 2 4.5443 0 0.0000 0 0.0000 18 0.1770 
10-Jan-08 AH4 1B 7 0.7640 0 0.0000 2 <0.0001 11 0.1002 
10-Jan-08 AH4 1C 2 1.3868 0 0.0000 0 0.0000 9 0.0628 
10-Jan-08 AH4 1D 11 3.9683 0 0.0000 0 0.0000 8 0.1043 
10-Jan-08 AH4 1E 7 12.5564 0 0.0000 3 <0.0001 10 0.1655 
12-Jan-08 AH4 1A 3 1.7891 0 0.0000 0 0.0000 1 0.0350 
12-Jan-08 AH4 1B 0 0.0000 0 0.0000 3 <0.0001 2 0.0568 
12-Jan-08 AH4 1C 1 0.0339 0 0.0000 0 0.0000 2 0.0419 
12-Jan-08 AH4 1D 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
12-Jan-08 AH4 1E 1 6.7526 0 0.0000 3 <0.0001 5 0.1302 
14-Jan-08 AH4 1A 2 0.0943 0 0.0000 0 0.0000 3 0.0426 
14-Jan-08 AH4 1B 2 2.8536 0 0.0000 0 0.0000 1 0.0342 
14-Jan-08 AH4 1C 1 0.0287 0 0.0000 6 <0.0001 1 0.0352 
14-Jan-08 AH4 1D 1 0.0431 0 0.0000 0 0.0000 1 0.0339 
14-Jan-08 AH4 1E 3 0.0302 0 0.0000 1 <0.0001 3 0.0300 
18-Feb-08 AH2 1A 5 2.1173 0 0.0000 0 0.0000 4 0.0519 
18-Feb-08 AH2 1B 4 9.0242 0 0.0000 1 0.0262 5 0.0420 
18-Feb-08 AH2 1C 5 3.7884 0 0.0000 0 0.0000 2 0.0367 
18-Feb-08 AH2 lD 5 1.8916 1 0.0438 0 0.0000 10 0.0370 
18-Feb-08 AH2 1E 3 1.5403 0 0.0000 0 0.0000 6 0.0477 
20-Feb-08 AH1 1A 2 0.0664 0 0.0000 0 0.0000 1 0.0197 
20-Feb-08 AH1 1B 0 0.0000 0 0.0000 0 0.0000 1 0.0502 
20-Feb-08 AH1 1C 0 0.0000 0 0.0000 0 0.0000 1 0.0573 
20-Feb-08 AH1 1D 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
20-Feb-08 AH1 1E 1 0.0279 0 0.0000 0 0.0000 0 0.0000 
22-Feb-08 AH5 1A 45 0.0558 1 0.0644 0 0.0000 3 0.0439 
22-Feb-08 AH5 1B 42 16.3176 3 0.0412 1 0.0269 5 0.0700 
22-Feb-08 AH5 1C 188 2.7887 5 0.0356 0 0.0000 4 0.2468 
22-Feb-08 AH5 1D 75 0.0831 1 0.0204 1 0.0764 4 0.1046 
22-Feb-08 AH5 1E 56 4.9914 0 0.0000 2 0.0167 6 0.0454 
24-Feb-08 AH3 1A 15 8.0515 0 0.0000 0 0.0000 5 0.0542 
24-Feb-08 AH3 1B 17 2.6883 0 0.0000 0 0.0000 4 0.0327 
24-Feb-08 AH3 1C 8 3.4664 0 0.0000 0 0.0000 2 0.0165 
24-Feb-08 AH3 1D 10 6.9963 0 0.0000 0 0.0000 2 0.0293 
24-Feb-08 AH3 1E 3 9.0499 1 0.5024 0 0.0000 0 0.0000 
26-Feb-08 AH4 1A 2 0.3430 0 0.0000 0 0.0000 3 0.0592 
26-Feb-08 AH4 1B 3 <0.0001 0 0.0000 0 0.0000 6 0.0428 
26-Feb-08 AH4 1C 2 6.2512 0 0.0000 0 0.0000 4 0.0328 
26-Feb-08 AH4 1D 4 2.9476 0 0.0000 1 <0.0001 3 0.0267 
26-Feb-08 AH4 1E 2 0.0206 0 0.0000 0 0.0000 4 0.0421 
20-Mar-08 T04 1A 23 23.8569 80 0.0922 0 0.0000 30 0.8606 
20-Mar-08 T04 1B 9 14.9951 50 0.0764 0 0.0000 32 0.3936 
20-Mar-08 T04 1C 3 3.2788 73 0.0763 0 0.0000 36 0.2226 
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20-Mar-08 T04 ID 9 22.9877 52 0.4358 0 0.0000 30 0.2500 
20-Mar-08 T04 IE 5 20.8I5I 69 0.0988 0 0.0000 37 0.3I73 
22-Mar-08 T04 IA 9 0.0459 7I 0.0673 0 0.0000 56 0.4743 
22-Mar-08 T04 IB 20 I2.4506 I07 O.I024 0 0.0000 36 O.I853 
22-Mar-08 T04 IC 2 3.6796 33 0.0200 0 0.0000 25 O.I044 
22-Mar-08 T04 ID 23 3.7013 72 0.0776 I 0.078I 30 0.3822 
22-Mar-08 T04 IE 8 8.876I 49 O.I435 0 0.0000 4I 0.5713 
24-Mar-08 T04 IA 3 7.478I IOO O.I036 0 0.0000 32 0.2039 
24-Mar-08 T04 IB 4 I3.0626 88 0.074I 0 0.0000 54 0.28I2 
24-Mar-08 T04 IC 4 Il.928I I27 0.1106 0 0.0000 43 O.I780 
24-Mar-08 T04 ID I 0.0227 62 0.9870 0 0.0000 26 O.I626 
24-Mar-08 T04 IE I 3.2956 118 0.2283 0 0.0000 46 0.2094 
26-Mar-08 TOI IA 0 0.0000 0 0.0000 0 0.0000 I 0.0340 
26-Mar-08 TOI 1B 0 0.0000 0 0.0000 0 0.0000 3 0.03I5 
26-Mar-08 TOI IC I <O.OOOI I 0.0254 0 0.0000 4 0.0277 
26-Mar-08 TOI ID 2 0.0349 0 0.0000 0 0.0000 5 0.0886 
26-Mar-08 TOI 1E 0 0.0000 0 0.0000 0 0.0000 I 0.03I2 
28-Mar-08 TOI IA 0 0.0000 I O.OI73 0 0.0000 0 0.0000 
28-Mar-08 TOI 1B 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
28-Mar-08 TOI IC 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
28-Mar-08 TOI ID 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
28-Mar-08 TOI IE 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Mar-08 TOI IA 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Mar-08 TOI 1B 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Mar-08 TOI lC 0 0.0000 1 0.0289 0 0.0000 1 0.0301 
30-Mar-08 TOI ID 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Mar-08 TOI 1E 0 0.0000 0 0.0000 0 0.0000 1 0.2854 
22-Apr-08 TA2 1A I <O.OOOI I27 O.I960 0 0.0000 2 0.083I 
22-Apr-08 TA2 1B 0 0.0000 I90 0.1529 0 0.0000 2 0.0279 
22-Apr-08 TA2 IC 0 0.0000 113 0.2281 0 0.0000 3 0.0448 
22-Apr-08 TA2 ID 0 0.0000 149 0.0679 0 0.0000 6 0.0432 
22-Apr-08 TA2 1E 0 0.0000 I8 0.5718 0 0.0000 2 0.040I 
24-Apr-08 TA2 IA 0 0.0000 130 0.0856 0 0.0000 5 0.0227 
24-Apr-08 TA2 1B 0 0.0000 I20 0.1007 0 0.0000 2 0.0244 
24-Apr-08 TA2 IC 0 0.0000 I 57 0.1270 0 0.0000 4 0.0492 
24-Apr-08 TA2 1D 0 0.0000 164 0.1260 0 0.0000 2 0.0520 
24-A_er-08 TA2 IE 0 0.0000 17I 0.1353 0 0.0000 2 0.1183 
26-Apr-08 TA2 IA 0 0.0000 158 0.0838 0 0.0000 0 0.0000 
26-Apr-08 TA2 1B 0 0.0000 95 O.I003 0 0.0000 1 0.0308 
26-Apr-08 TA2 IC 0 0.0000 I68 0.1006 0 0.0000 3 0.0362 
26-Apr-08 TA2 ID I <O.OOOI 149 0.0560 0 0.0000 I O.OI02 
26-A_er-08 TA2 IE 0 0.0000 127 0.0999 0 0.0000 3 0.0299 
3-Aug-08 WAI OA 0 0.0000 0 0.0000 0 0.0000 5 0.0277 
3-Aug-08 WAI OB I <O.OOOI 3 <0.0001 0 0.0000 1 <O.OOOI 
3-Aug-08 WAI oc 0 0.0000 0 0.0000 0 0.0000 5 0.03II 
3-Aug-08 WAI UA 0 0.0000 2 <O.OOOI 0 0.0000 3 0.1562 
3-Aug-08 WAI UB I 0.0283 0 0.0000 0 0.0000 11 0.0365 
3-Aug-08 WA1 uc 0 0.0000 1 0.0323 0 0.0000 5 0.023I 
5-Aug-08 WA2 OA 15 27.9847 2 <0.0001 0 0.0000 20 0.1232 
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5-Aug-08 WA2 OB 18 58.5798 0 0.0000 0 0.0000 7 0.1217 
5-Aug-08 WA2 oc 16 0.0748 0 0.0000 1 0.0221 24 0.1382 
5-Aug-08 WA2 UA 10 0.0895 1 <0.0001 0 0.0000 12 0.0674 
5-Aug-08 WA2 UB 22 0.1172 0 0.0000 0 0.0000 7 0.1464 
5-Aug-08 WA2 uc 16 0.0870 2 <0.0001 0 0.0000 15 0.1036 
7-Aug-08 WA3 OA 3 1.9118 9 0.2136 0 0.0000 95 0.1602 
7-Aug-08 WA3 OB 1 <0.0001 4 0.5464 0 0.0000 35 0.0564 
7-Aug-08 WA3 oc 0 0.0000 13 0.2060 0 0.0000 22 0.0522 
7-Aug-08 WA3 UA 0 0.0000 11 0.0369 0 0.0000 20 0.1449 
7-Aug-08 WA3 UB 1 1.1287 18 0.1444 0 0.0000 35 0.1670 
7-Aug-08 WA3 uc 4 6.3189 18 0.0434 0 0.0000 38 0.2812 
9-Aug-08 WA4 OA 0 0.0000 49 0.1853 0 0.0000 2 0.0365 
9-Aug-08 WA4 OB 3 6.6199 26 0.0876 0 0.0000 2 0.0204 
9-Aug-08 WA4 oc 0 0.0000 12 0.0404 0 0.0000 2 0.0574 
9-Aug-08 WA4 UA 0 0.0000 2 0.0334 0 0.0000 8 0.1255 
9-Aug-08 WA4 UB 0 0.0000 1 0.0384 0 0.0000 7 0.0498 
9-Aug-08 WA4 uc 0 0.0000 1 0.0281 0 0.0000 4 0.0510 
16-Aug-08 T02 OA 0 0.0000 226 0.1936 0 0.0000 12 0.1169 
16-Aug-08 T02 OB 1 0.0468 140 0.1339 0 0.0000 14 0.6833 
16-Aug-08 T02 oc 1 0.2985 203 0.1996 0 0.0000 10 0.1559 
16-Aug-08 T02 UA 0 0.0000 228 0.2935 0 0.0000 21 0.1164 
16-Aug-08 T02 UB 1 0.0278 198 0.2088 0 0.0000 17 0.2616 
16-Aug-08 T02 uc 0 0.0000 277 0.3222 0 0.0000 13 0.0551 
19-Aug-08 T01 OA 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
19-Aug-08 TOl OB 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
19-Aug-08 T01 oc 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
19-Aug-08 T01 UA 0 0.0000 1 <0.0001 0 0.0000 0 0.0000 
19-Aug-08 T01 UB 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
19-Aug-08 T01 uc 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
19-Aug-08 T04 OA 3 0.0403 187 0.2160 0 0.0000 15 0.0570 
19-Aug-08 T04 OB 2 0.0340 218 0.2715 0 0.0000 9 0.0230 
19-Aug-08 T04 oc 1 0.0769 202 0.2665 0 0.0000 10 0.0439 
19-Aug-08 T04 UA 3 4.6675 221 0.2990 0 0.0000 10 0.0533 
19-Aug-08 T04 UB 4 0.0881 208 0.2905 0 0.0000 10 0.0427 
19-Aug-08 T04 uc 3 2.2596 203 0.2315 0 0.0000 9 0.0704 
23-Aug-08 T03 OA 1 0.0304 197 0.2730 0 0.0000 19 0.2716 
23-Aug-08 T03 OB 0 0.0000 146 0.5378 0 0.0000 12 0.1186 
23-Aug-08 T03 oc 0 0.0000 139 0.9553 0 0.0000 9 0.0416 
23-Aug-08 T03 UA 0 0.0000 56 0.1283 0 0.0000 12 0.5656 
23-Aug-08 T03 UB 0 0.0000 109 0.1583 0 0.0000 4 0.0563 
23-Aug-08 T03 uc 0 0.0000 123 0.1807 0 0.0000 4 0.0600 
30-Aug-08 AHl lA 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Aug-08 AH1 1B 1 0.0299 0 0.0000 0 0.0000 0 0.0000 
30-Aug-08 AH1 1C 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
30-Aug-08 AH1 1D 3 0.0384 0 0.0000 0 0.0000 2 <0.0001 
30-Aug-08 AH1 1E 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
1-Sep-08 AH2 1A 7 1.0582 0 0.0000 0 0.0000 21 0.0913 
1-Sep-08 AH2 1B 12 14.6014 0 0.0000 0 0.0000 72 0.1539 
1-Sep-08 AH2 1C 11 12.6927 3 0.0379 1 <0.0001 41 0.0640 
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1-Sep-08 AH2 lD 4 1.1012 0 0.0000 0 0.0000 48 0.1758 
l-Se]2-08 AH2 lE 6 4.1217 1 0.0735 0 0.0000 59 0.1579 
3-Sep-08 AH3 lA 45 0.3613 4 0.1413 0 0.0000 3 0.0805 
3-Sep-08 AH3 lB 37 3.7309 1 0.0530 0 0.0000 3 0.2917 
3-Sep-08 AH3 lC 27 2.4975 1 0.0624 0 0.0000 1 0.0867 
3-Sep-08 AH3 lD 17 0.1399 0 0.0000 0 0.0000 3 0.1985 
3-Se]2-08 AH3 lE 12 0.1716 0 0.0000 0 0.0000 1 0.1593 
5-Sep-08 AH4 lA 18 1.4440 0 0.0000 1 0.0345 5 0.0809 
5-Sep-08 AH4 lB 20 3.4695 0 0.0000 2 0.0338 7 0.0479 
5-Sep-08 AH4 lC 4 8.7535 0 0.0000 9 0.0413 22 0.0454 
5-Sep-08 AH4 lD 9 0.0239 1 0.0270 2 0.0340 7 0.0631 
5-Sep-08 AH4 lE 11 0.0368 0 0.0000 3 0.0397 7 0.1626 
7-Sep-08 AH5 lA 31 0.0558 16 0.0315 0 0.0000 6 0.4603 
7-Sep-08 AH5 lB 13 0.0316 13 0.0486 0 0.0000 5 0.0342 
7-Sep-08 AH5 lC 17 0.0470 8 0.0318 0 0.0000 5 0.1109 
7-Sep-08 AH5 lD 42 0.0834 2 <0.0001 0 0.0000 2 0.0233 
7-Se]Z-08 AH5 1E 14 0.0144 7 0.0059 0 0.0000 5 0.0224 
16-Sep-08 TA2 OA 0 0.0000 137 0.1493 0 0.0000 1 <0.0001 
16-Sep-08 TA2 OB 0 0.0000 164 0.1757 0 0.0000 0 0.0000 
16-Sep-08 TA2 oc 1 7.6359 88 0.2058 0 0.0000 3 0.0258 
16-Sep-08 TA2 UA 0 0.0000 143 0.1621 0 0.0000 4 0.1460 
16-Sep-08 TA2 UB 0 0.0000 117 0.1441 0 0.0000 0 0.0000 
16-Se]2-08 TA2 uc 0 0.0000 150 0.3075 0 0.0000 3 0.0378 
16-Sep-08 TA3 OA 1 0.0380 46 0.0433 0 0.0000 1 0.1679 
16-Sep-08 TA3 OB 0 0.0000 12 0.1013 0 0.0000 0 0.0000 
16-Sep-08 TA3 oc 0 0.0000 65 0.0526 0 0.0000 2 0.0685 
16-Sep-08 TA3 UA 0 0.0000 27 0.0332 0 0.0000 1 0.0776 
16-Sep-08 TA3 UB 1 0.0224 41 0.0417 0 0.0000 2 0.2649 
16-Se]2-08 TA3 uc 1 0.0168 97 0.0514 0 0.0000 0 0.0000 
20-Sep-08 TAl OA 0 0.0000 2 0.0429 0 0.0000 0 0.0000 
20-Sep-08 TAl OB 0 0.0000 0 0.0000 0 0.0000 1 0.0419 
20-Sep-08 TAl oc 0 0.0000 2 0.0319 0 0.0000 0 0.0000 
20-Sep-08 TAl UA 0 0.0000 5 0.0192 0 0.0000 0 0.0000 
20-Sep-08 TAl UB 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
20-Sep-08 TAl uc 0 0.0000 3 <0.0001 0 0.0000 0 0.0000 
27-Sep-08 AHl OA 6 0.0510 0 0.0000 0 0.0000 1 <0.0001 
27-Sep-08 AHl OB 12 0.0091 0 0.0000 0 0.0000 0 0.0000 
27-Sep-08 AHl oc 9 0.2327 0 0.0000 0 0.0000 0 0.0000 
27-Sep-08 AHl UA 7 0.0475 0 0.0000 0 0.0000 0 0.0000 
27-Sep-08 AHl UB 3 0.0459 0 0.0000 0 0.0000 0 0.0000 
27-Se]2-08 AHl uc 29 0.1214 2 <0.0001 0 0.0000 1 0.0374 
27-Sep-08 AH2 OA 5 0.0528 0 0.0000 0 0.0000 70 0.1342 
27-Sep-08 AH2 OB 7 0.0832 0 0.0000 0 0.0000 80 0.1519 
27-Sep-08 AH2 oc 4 0.9249 0 0.0000 0 0.0000 66 0.1571 
27-Sep-08 AH2 UA 8 2.7207 0 0.0000 0 0.0000 70 0.0872 
27-Sep-08 AH2 UB 0 0.0000 0 0.0000 0 0.0000 66 0.1463 
27-Se]2-08 AH2 uc 4 0.6175 1 0.0063 0 0.0000 71 0.0849 
30-Sep-08 AH3 OA 5 0.0322 1 0.2586 1 <0.0001 4 0.0460 
30-Se]2-08 AH3 OB 9 4.1960 0 0.0000 0 0.0000 1 0.0806 
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30-Sep-08 AH3 oc 4 7.0612 1 0.0573 0 0.0000 1 0.0304 
30-Sep-08 AH3 UA 27 0.0665 0 0.0000 0 0.0000 0 0.0000 
30-Sep-08 AH3 UB 19 0.0522 0 0.0000 0 0.0000 0 0.0000 
30-Se]2-08 AH3 uc 1 0.0170 0 0.0000 0 0.0000 0 0.0000 
30-Sep-08 AH5 OA 36 0.0363 19 0.0253 0 0.0000 5 0.2311 
30-Sep-08 AH5 OB 19 0.0338 3 0.0096 0 0.0000 4 0.0413 
30-Sep-08 AH5 oc 18 9.6433 36 0.0811 0 0.0000 5 0.0968 
30-Sep-08 AH5 UA 22 1.2677 18 0.0321 0 0.0000 5 0.1512 
30-Sep-08 AH5 UB 29 0.0356 11 0.0417 0 0.0000 3 0.0579 
30-Sep-08 AH5 uc 30 0.0484 12 0.0353 0 0.0000 2 0.1347 
3-0ct-08 AH4 OA 0 0.0000 0 0.0000 0 0.0000 16 0.0442 
3-0ct-08 AH4 OB 1 0.0267 0 0.0000 1 0.0121 5 0.0920 
3-0ct-08 AH4 oc 12 0.9326 1 0.0345 4 0.0466 7 0.0784 
3-0ct-08 AH4 UA 2 <0.0001 0 0.0000 0 0.0000 13 0.0983 
3-0ct-08 AH4 UB 8 0.5804 0 0.0000 0 0.0000 8 0.0269 
3-0ct-08 AH4 uc 2 0.8568 0 0.0000 0 0.0000 5 0.0423 
14-0ct-08 WA1 1A 8 40.6563 17 0.0321 0 0.0000 2 0.0426 
14-0ct-08 WA1 1B 7 70.6059 12 0.0276 0 0.0000 4 0.0378 
14-0ct-08 WA1 1C 5 0.4016 5 0.0311 0 0.0000 21 0.1690 
14-0ct-08 WA1 1D 13 7.3516 10 0.0391 0 0.0000 2 0.0807 
14-0ct-08 WA1 1E 7 1.3596 8 0.0254 0 0.0000 11 0.0344 
16-0ct-08 WA2 1A 15 5.3095 88 0.0694 0 0.0000 133 0.1468 
16-0ct-08 WA2 1B 20 0.3808 30 0.0178 0 0.0000 84 0.0198 
16-0ct-08 WA2 1C 12 19.5862 21 0.0323 0 0.0000 135 0.1244 
16-0ct-08 WA2 lD 9 0.0771 19 0.0365 1 0.0226 86 0.0734 
16-0ct-08 WA2 1E 21 22.1283 36 0.0364 1 0.0240 92 0.0461 
18-0ct-08 WA3 1A 1 6.4827 13 0.0350 0 0.0000 17 0.0790 
18-0ct-08 WA3 1B 5 0.0350 4 0.0315 0 0.0000 66 0.1089 
18-0ct-08 WA3 1C 0 0.0000 5 0.0315 0 0.0000 45 0.1284 
18-0ct-08 WA3 1D 3 9.8941 1 <0.0001 0 0.0000 60 0.1786 
18-0ct-08 WA3 1E 4 0.0398 1 <0.0001 0 0.0000 75 0.1607 
20-0ct-08 WA4 1A 0 0.0000 1 0.0834 0 0.0000 2 0.0523 
20-0ct-08 WA4 1B 1 0.0448 7 0.0624 0 0.0000 2 0.0482 
20-0ct-08 WA4 1C 0 0.0000 14 0.0840 0 0.0000 3 0.0343 
20-0ct-08 WA4 1D 0 0.0000 26 0.0385 0 0.0000 6 0.0381 
20-0ct-08 WA4 1E 0 0.0000 8 0.0208 0 0.0000 7 0.0274 
29-0ct-08 T01 1A 0 0.0000 529 0.4029 0 0.0000 0 0.0000 
29-0ct-08 T01 1B 0 0.0000 529 0.3818 0 0.0000 0 0.0000 
29-0ct-08 T01 1C 0 0.0000 567 0.4784 0 0.0000 0 0.0000 
29-0ct-08 T01 1D 0 0.0000 689 0.5509 0 0.0000 0 0.0000 
29-0ct-08 T01 1E 0 0.0000 613 0.3679 0 0.0000 0 0.0000 
31-0ct-08 T02 1A 1 0.0259 108 0.0970 0 0.0000 28 0.0768 
31-0ct-08 T02 1B 1 <0.0001 94 0.0615 0 0.0000 10 0.0467 
31-0ct-08 T02 1C 2 6.3979 103 0.1046 0 0.0000 23 0.0600 
31-0ct-08 T02 1D 1 6.0297 153 0.0915 0 0.0000 19 0.0983 
31-0ct-08 T02 1E 0 0.0000 95 0.1232 1 0.0452 26 0.0529 
2-Nov-08 T03 1A 0 0.0000 295 0.2310 0 0.0000 19 0.2635 
2-Nov-08 T03 1B 0 0.0000 288 0.2271 0 0.0000 12 0.4421 
2-Nov-08 T03 1C 1 <0.0001 71 0.8362 0 0.0000 13 0.1762 
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2-Nov-08 T03 lD 0 0.0000 208 0.7038 0 0.0000 22 0.1451 
2-Nov-08 T03 lE 0 0.0000 34 1.2358 0 0.0000 14 0.2793 
4-Nov-08 T04 lA 1 0.1434 224 0.1488 0 0.0000 10 0.0392 
4-Nov-08 T04 1B 0 0.0000 92 0.1286 1 0.0508 14 0.1120 
4-Nov-08 T04 lC 1 <0.0001 96 0.0896 0 0.0000 7 0.0491 
4-Nov-08 T04 lD 0 0.0000 185 0.1536 0 0.0000 18 0.1872 
4-Nov-08 T04 1E 0 0.0000 242 0.1486 0 0.0000 8 0.0555 
13-Nov-08 TA2 lA 4 0.0241 137 0.0409 0 0.0000 6 0.0258 
13-Nov-08 TA2 lB 1 <0.0001 7 0.4011 0 0.0000 0 0.0000 
13-Nov-08 TA2 lC 8 0.0283 131 0.0612 0 0.0000 0 0.0000 
13-Nov-08 TA2 lD 1 <0.0001 166 0.0773 0 0.0000 0 0.0000 
13-Nov-08 TA2 lE 0 0.0000 101 0.0566 0 0.0000 6 0.0288 
15-Nov-08 TA3 lA 0 0.0000 78 0.0468 0 0.0000 0 0.0000 
15-Nov-08 TA3 lB 0 0.0000 35 0.0383 0 0.0000 0 0.0000 
15-Nov-08 TA3 lC 0 0.0000 29 0.0384 0 0.0000 0 0.0000 
15-Nov-08 TA3 lD 0 0.0000 74 0.0708 0 0.0000 2 0.1091 
15-Nov-08 TA3 lE 0 0.0000 37 0.0328 0 0.0000 0 0.0000 
17-Nov-08 TAl lA 0 0.0000 0 0.0000 0 0.0000 1 0.0239 
17-Nov-08 TAl 1B 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
17-Nov-08 TAl lC 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
17-Nov-08 TAl lD 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
17-Nov-08 TAl lE 0 0.0000 0 0.0000 0 0.0000 0 0.0000 
4-Aug-09 AHl lA 3 <0.0001 0 0.0000 4 <0.0001 25 0.0134 
4-Aug-09 AHl lB 2 0.0593 0 0.0000 0 0.0000 85 0.0273 
4-Aug-09 AHl lC 1 <0.0001 0 0.0000 0 0.0000 99 0.0598 
4-Aug-09 AHl lD 3 0.0283 0 0.0000 5 <0.0001 29 0.0185 
4-Aug-09 AHl lE 0 0.0000 0 0.0000 0 0.0000 72 0.0840 
6-Aug-09 AH2 lA 4 4.8051 1 0.0748 0 0.0000 68 0.1648 
6-Aug-09 AH2 1B 6 4.5003 0 0.0000 0 0.0000 52 0.1121 
6-Aug-09 AH2 lC 6 31.1341 0 0.0000 1 0.0625 81 0.4478 
6-Aug-09 AH2 lD 2 3.0788 1 0.0631 0 0.0000 81 0.1625 
6-Aug-09 AH2 1E 6 15.6984 0 0.0000 0 0.0000 73 0.2059 
8-Aug-09 AH4 lA 12 1.2464 1 0.0239 1 0.0278 11 0.1325 
8-Aug-09 AH4 lB 9 0.0363 0 0.0000 1 0.0203 5 0.0781 
8-Aug-09 AH4 lC 11 9.2798 1 0.0223 0 0.0000 5 0.0200 
8-Aug-09 AH4 lD 13 0.3839 0 0.0000 2 0.0269 7 0.0512 
8-Aug-09 AH4 lE 19 0.0472 1 0.0373 2 0.0436 7 0.0734 
10-Aug-09 AH3 lA 15 0.6875 0 0.0000 0 0.0000 1 0.0582 
10-Aug-09 AH3 lB 8 0.2744 1 0.0679 0 0.0000 1 0.0198 
10-Aug-09 AH3 lC 25 17.3863 0 0.0000 0 0.0000 2 0.2100 
10-Aug-09 AH3 lD 16 12.5875 2 0.0268 0 0.0000 2 0.0202 
10-Aug-09 AH3 1E 6 15.9378 0 0.0000 0 0.0000 3 0.0329 
12-Aug-09 AH5 lA 55 0.0873 3 0.0170 0 0.0000 6 0.0556 
12-Aug-09 AH5 lB 20 0.0363 5 0.0296 0 0.0000 3 0.0152 
12-Aug-09 AH5 lC 53 4.7369 1 <0.0001 0 0.0000 7 0.0471 
12-Aug-09 AH5 lD 25 0.0473 2 0.0276 0 0.0000 3 0.0348 
12-Aug-09 AH5 lE 56 0.0945 1 0.0265 0 0.0000 3 0.0410 
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Table A5.2. Abundance (number of individuals per 56 cm2
) and community composition of 

macrofauna recovered (sieve mesh size: 0.5 mm) from all benthic chambers used for 
measurement of fluxes of oxygen ('0' Ocean Optics®, 'U' Unisense~ as well as from all 
'tank 1' benthic chambers used for measurement of denitrification. Individuals are identified 
to at least phylum level and in some cases to class, family, or genus and species level. 

23-Nov-07, W Al 25-Nov-07, WAl 

< ~ u ~ ~ - < ~ u ~ ~ -1"'"i 1"'"i 1"'"i 1"'"i 1"'"i e'!l 1"'"i 1"'"i 1"'"i 1"'"i 1"'"i e'!l ..... ..... 
..= ..= ..= ..= ..= C> ..= ..= ..= ..= ..= C> 

u u u u u E-- u u u u u E--

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 2 2 3 4 2 13 4 3 7 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 4 1 6 4 2 4 1 2 13 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 1 6 1 8 2 4 7 2 8 23 
Total abundance 2 4 3 14 4 27 6 6 15 3 13 43 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 1 1 2 1 3 
Order Isopoda 
Order Amphipoda 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 1 1 0 2 0 2 0 1 0 3 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 4 7 1 13 1 2 7 2 5 17 
Family Spionidae 15 19 17 16 40 107 14 28 20 18 26 106 
Family Phyllodocidae 
Family Nereididae 1 1 
Family Glyceridae 4 1 1 2 3 11 1 1 3 1 6 
Family Nephtyidae 1 1 1 3 1 1 
Family Lumbrineridae 24 178 115 75 236 628 22 11 34 13 41 121 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 44 202 134 101 282 763 39 41 62 36 73 251 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 1 1 
Total abundance 0 0 0 1 0 1 0 0 0 0 0 0 
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28-Nov-07, W Al 10-Dec-07, WA4 

< ~ u ~ ~ - < ~ u ~ ~ -...... ...... ...... ...... ...... e.: ...... ...... ...... ...... ...... e.: ..... ..... 
..= ..= ..= ..= ..= c ..= ..= ..= ..= ..= c 
u u u u u E-- u u u u u E--

Phylum Mollusca 
Class Gastropoda 1 1 
Superfamily Patellacea 
Class Bivalvia 2 3 1 4 10 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 4 6 14 2 7 33 
Total abundance 4 8 18 3 11 44 1 0 0 0 0 1 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 1 2 8 2 13 
Order Isopoda 3 3 
Order Amphipoda 1 10 5 2 18 81 16 67 9 249 422 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 1 1 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 1 3 19 ,., 2 32 81 17 67 9 252 426 I 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 4 11 1 18 
Family Spionidae 5 16 41 17 10 89 1 2 5 8 
Family Phyllodocidae 
Family Nereididae 1 3 4 32 13 33 13 29 120 
Family Glyceridae 2 1 3 
Family Nephtyidae 1 1 
Family Lumbrineridae 28 17 59 20 70 194 
Family Pectinariidae 
Family Sabellidae 1 2 4 2 5 14 
Family Capitellidae 
Total abundance 35 37 114 38 85 309 34 17 37 15 39 142 
Phylum Nematoda 1 1 2 
Total abundance 0 0 0 0 0 0 1 0 0 0 1 2 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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12-Dec-07, WA4 16-Dec-07, W A4 

< ~ u ~ ~ - < ~ u ~ ~ -'l"'"'i 'l"'"'i 'l"'"'i 'l"'"'i 'l"'"'i ~ 'l"'"'i 'l"'"'i 'l"'"'i 'l"'"'i 'l"'"'i ~ ...... ...... 
..= ..= ..= ..= ..= c ..= ..= ..= ..= ..= c 
u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 1 1 2 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 1 1 
Total abundance 0 1 1 0 0 2 0 0 1 0 1 2 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 2 1 2 5 
Order Amphipoda 55 36 8 105 57 261 143 86 139 136 147 651 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 1 
Total abundance 55 36 9 105 57 262 146 86 139 137 149 657 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 1 5 1 8 1 3 1 1 6 
Family Phyllodocidae 
Family Nereididae 13 40 30 33 33 149 26 27 39 32 31 155 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 5 4 2 5 16 3 1 1 1 6 
Family Capitellidae 
Total abundance 19 45 37 33 39 173 30 28 43 34 32 167 
Phylum Nematoda 7 2 1 10 6 1 11 9 1 28 
Total abundance 0 7 2 1 0 10 6 1 11 9 1 28 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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4-Jan-08, AH2 6-Jan-08, AH2 

< = u ~ ~ - < = u ~ ~ -1""'1 1""'1 1""'1 1""'1 1""'1 e'IS 1""'1 1""'1 1""'1 1""'1 1""'1 e'IS ..... ..... 
..= ..= ..= ..= ..= Q ..= ..= ..= ..= ..= Q 

u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 3 3 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 6 2 6 8 4, 26 8 4 7 11 7 37 
Family Veneridae 
Austrovenus stutchburyi 1 3 3 7 1 1 1 1 4 
Total abundance 6 3 6 11 7 33 8 8 8 12 8 44 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Cnidaria 
Class Anthozoa 1 2 3 1 1 2 
Total abundance 0 1 0 0 2 3 1 0 0 0 1 2 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 3 7 1 13 4 2 10 1 8 25 
Family Spionidae 12 19 23 29 31 114 34 3 26 29 39 131 
Family Phyllodocidae 
Family Nereididae 1 1 2 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 14 19 26 37 33 129 38 5 36 30 47 156 
Phylum Nematoda 1 1 1 1 
Total abundance 0 0 1 0 0 1 1 0 0 0 0 1 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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8-Jan-08, AH2 10-Jan-08, AH4 

< ~ u ~ ~ - < ~ u ~ ~ -"'"" "'"" "'"" "'"" "'"" c:l "'"" "'"" "'"" "'"" "'"" c:l ..... ..... 
~ ~ ~ ~ ~ c ~ ~ ~ ~ ~ c 
u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea· 
Class Bivalvia 1 1 1 3 10 2 16 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 10 6 6 7 9 38 4 2 1 3 10 
Family Veneridae 
Austrovenus stutchburyi 2 1 2 2 7 1 2 3 
Total abundance 11 8 7 9 11 46 2 7 2 11 7 29 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Cnidaria 
Class Anthozoa 2 2 2 3 5 
Total abundance 0 0 0 0 2 2 0 2 0 0 3 5 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 6 5 1 2 15 2 4 1 5 6 18 
Family Spionidae 7 22 12 20 10 71 15 7 8 3 4 37 
Family Phyllodocidae 
Family Nereididae 1 1 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 8 28 17 21 13 87 18 11 9 8 10 56 
Phylum Nematoda 1 1 1 3 
Total abundance 0 0 0 0 0 0 1 0 0 1 1 3 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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12-Jan-08, AH4 14-Jan-08, AH4 

< ~ u ~ ~ - < ~ u ~ ~ -'f""i 'f""i 'f""i 'f""i 'f""i ~ 'f""i 'f""i 'f""i 'f""i 'f""i ~ 
~ ~ 

..c:l ..c:l ..c:l ..c:l ..c:l Q ..c:l ..c:l ..c:l ..c:l ..c:l Q 

u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 2 1 3 1 3 4 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 1 1 2 2 4 
Family Veneridae 
Austrovenus stutchburyi 1 1 1 1 
Total abundance 3 0 1 0 1 5 2 2 1 1 3 9 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Cnidaria 
Class Anthozoa 3 3 6 6 1 7 
Total abundance 0 3 0 0 3 6 0 0 6 0 1 7 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 1 1 1 
Family Spionidae 2 4 6 2 1 1 1 2 7 
Family Phyllodocidae 
Family Nereididae 1 2 3 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 1 2 2 0 5 10 3 1 1 1 3 9 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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18-Feb-08, AH2 20-Feb-08, AHl 

< ~ u ~ ~ - < ~ u ~ ~ -..... ..... ..... ..... ..... ~ ..... ..... ..... ..... ..... ~ ..... ..... 
..c:l ..c:l ..c:l ..c:l ..c:l Q ..c:l ..c:l ..c:l ..c:l ..c:l Q 

u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 2 2 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 4 3 2 4 3 16 
Family V eneridae 
Austrovenus stutchburyi 1 3 1 5 
Total abundance 5 4 5 5 3 22 2 0 0 0 1 3 

Phylum Arthropoda 
Superclass Crustacea 1 1 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 1 0 1 0 0 0 0 0 0 .L 

Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 1 0 0 0 1 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 3 3 7 
Family Spionidae 3 5 1 6 3 18 
Family Phyllodocidae 
Family Nereididae 1 1 2 
Family Glyceridae 1 1 1 3 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 4 5 2 10 6 27 1 1 1 0 0 3 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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22-Feb-08, AH5 24-Feb-08, AH3 

< ~ u ~ ~ - < ~ u ~ ~ -"'"" "'"" "'"" "'"" "'"" C'il "'"" "'"" "'"" "'"" "'"" C'il .... .... 
..= ..= ..= ..= ..= c ..= ..= ..= ..= ..= c 
u u u u u E-1 u u u u u E-1 

Phylum Mollusca 
Class Gastropoda 22 13 164 25 18 242 
Superfamily Patellacea 
Class Bivalvia 23 27 23 50 37 160 11 16 7 5 39 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 1 2 1 4 
Family Veneridae 
Austrovenus stutchburyi 2 1 1 4 3 1 1 3 2 10 
Total abundance 45 42 188 75 56 406 15 17 8 10 3 53 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 2 4 1 7 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 3 1 1 
Total abundance 1 3 5 1 0 10 0 0 0 0 1 1 .. 
Phylum Cnidaria 
Class Anthozoa 1 1 2 4 
Total abundance 0 1 0 1 2 4 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 2 
Family Spionidae 2 1 2 5 2 3 2 1 8 
Family Phyllodocidae 
Family Nereididae 1 4 2 4 6 17 1 1 1 3 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 3 5 4 4 6 22 5 4 2 2 0 13 
Phylum Nematoda 1 1 
Total abundance 0 0 0 0 1 1 0 0 0 0 0 0 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 3 2 6 18 6 2 5 31 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 1 1 3 5 
Family Veneridae 
Austrovenus stutchburyi 1 1 2 5 3 1 4 5 18 
Total abundance 2 3 2 4 2 13 23 9 3 9 5 49 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 1 
Order Amphipoda 80 49 73 51 69 322 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 0 0 0 0 0 0 80 50 73 52 69 324 

Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 0 0 1 0 1 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 1 
Family Spionidae 3 6 3 3 3 18 20 23 31 21 29 124 
Family Phyllodocidae 
Family Nereididae 1 1 10 9 5 9 8 41 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 3 6 4 3 4 20 30 32 36 30 37 165 

Phylum Nematoda 1 1 17 17 
Total abundance 0 1 0 0 0 1 0 0 17 0 0 17 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 9 17 1 22 6 55 1 2 1 4 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 3 1 1 2 7 2 4 2 1 9 
Total abundance 9 20 2 23 8 62 3 4 4 1 1 13 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 71 107 33 72 48 331 100 88 127 61 117 493 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 1 2 
Total abundance 71 107 33 72 49 332 100 88 127 62 118 495 
Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 0 0 1 0 1 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 1 2 
Family Spionidae 44 29 23 22 33 151 18 47 39 24 43 171 
Family Phyllodocidae 
Family Nereididae 12 7 2 8 8 37 13 7 4 1 3 28 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 56 36 25 30 41 188 32 54 43 26 46 201 
Phylum Nematoda 1 1 1 1 
Total abundance 0 1 0 0 0 1 0 0 1 0 0 1 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 2 2 
Superfamily Patellacea 
Class Bivalvia 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 0 1 2 0 3 0 0 0 0 0 0 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 1 1 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 1 0 0 1 1 0 0 0 0 1 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 5 6 
Family Spionidae 3 2 5 
Family Phyllodocidae 
Family Nereididae 
Family Glyceridae 2 1 3 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 1 3 4 5 1 14 0 0 0 0 0 0 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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u u u u u ~ u u u u u ~ 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 0 0 0 0 0 1 0 0 0 0 1 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 1 1 125 190 112 149 17 593 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 2 1 1 4 
Total abundance 0 0 1 0 0 1 127 190 113 149 18 597 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 2 3 5 1 12 
Family Phyllodocidae 
Family Nereididae 1 1 1 1 1 3 
Family Glyceridae 
Family Nephtyidae 1 1 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 0 0 1 0 1 2 2 2 3 6 2 15 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 0 0 0 0 0 0 0 0 1 0 1 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 130 120 157 164 171 742 158 94 168 149 127 696 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 130 120 157 164 171 742 158 95 168 149 127 697 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 5 2 2 1 1 11 1 3 1 3 8 
Family Phyllodocidae 
Family Nereididae 2 1 1 4 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 5 2 4 2 2 15 0 1 3 1 3 8 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 1 1 
Superfamily Patellacea 
Class Bivalvia 1 1 1 1 7 1 7 15 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 8 15 9 32 
Total abundance 0 1 0 1 0 1 0 1 15 18 16 49 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 2 2 2 1 3 2 2 
Order Isopoda 
Order Amphipoda 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 3 0 3 2 0 1 3 2 0 0 2 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 1 1 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 4 2 2 8 
Family Spionidae 5 1 5 11 2 11 5 18 15 5 16 36 
Family Phyllodocidae 
Family Nereididae 1 1 
Family Glyceridae 1 1 
Family Nephtyidae 1 1 1 1 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 4 4 
Family Capitellidae 
Total abundance 5 1 5 11 3 11 5 19 20 7 24 51 

Phylum Nematoda 2 2 1 5 
Total abundance 0 0 0 0 0 0 0 0 2 2 1 5 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 1 1 2 
Class Bivalvia 7 4 11 1 1 3 3 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 2 1 3 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 1 1 
Family Veneridae 
Austrovenus stutchburyi 9 12 10 31 3 3 1 1 2 
Total abundance 10 22 16 48 3 1 0 4 0 1 4 5 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 2 2 1 1 
Order lsopoda 1 1 
Order Amphipoda 1 1 5 1 11 17 11 16 17 44 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 3 3 2 8 1 1 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 1 0 2 3 9 4 13 26 11 18 18 47 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 2 3 2 2 3 4 4 11 
Family Spionidae 11 4 13 28 94 30 19 143 12 27 27 66 
Family Phyllodocidae 
Family Nereididae 1 1 2 2 
Family Glyceridae 
Family Nephtyidae 1 1 1 1 2 
Family Lumbrineridae 3 3 
Family Pectinariidae 1 1 2 2 
Family Sabellidae 1 1 5 1 6 4 3 7 
Family Capitellidae 
Total abundance 12 7 15 34 95 35 22 152 20 35 38 93 

Phylum Nematoda 3 5 8 1 2 3 
Total abundance 0 0 0 0 0 3 5 8 1 2 0 3 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 3 3 1 1 
Total abundance 0 3 0 3 0 0 0 0 0 1 1 2 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 2 3 
Order Amphipoda 47 24 12 83 2 1 1 4 226 140 203 569 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 1 1 
Family Grapsidae 
Helice crassa 
Total abundance 49 26 12 87 2 1 1 4 226 140 203 569 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 2 1 1 
Family Spionidae 2 2 4 1 2 1 4 3 2 3 8 
Family Phyllodocidae 
Family Nereididae 2 2 7 3 3 13 9 12 6 27 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 2 2 2 6 8 7 4 19 12 14 10 36 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 1 0 1 0 0 0 0 0 0 0 0 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 1 1 
Order Isopoda 
Order Amphipoda 226 198 277 701 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 228 198 277 703 0 0 0 0 1 0 0 1 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 19 6 10 35 
Family Phyllodocidae 
Family Nereididae 1 11 3 15 
Family Glyceridae 1 1 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 21 17 13 51 0 0 0 0 0 0 0 0 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 3 1 4 1 3 2 6 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 1 1 2 2 1 1 4 
Total abundance 3 2 1 6 3 4 3 10 1 0 0 1 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 1 1 1 
Order Amphipoda 187 218 202 607 221 208 202 631 197 144 138 479 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 2 
Total abundance 187 218 202 607 221 208 203 632 197 146 139 482 
Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 7 5 3 15 5 4 5 14 9 3 4 16 
Family Phyllodocidae 
Family Nereididae 8 4 7 19 5 6 4 15 10 9 5 24 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 15 9 10 34 10 10 9 29 19 12 9 40 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 3 4 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 0 0 0 0 1 0 3 0 4 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 1 
Order Amphipoda 56 108 123 287 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 56 109 123 288 0 0 0 0 0 0 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 3 1 1 5 2 2 
Family Phyllodocidae 
Family Nereididae 8 3 3 14 
Family Glyceridae 1 1 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 12 4 4 20 0 0 0 2 0 2 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 1 1 
Superfamily Patellacea 
Class Bivalvia 3 1 1 5 44 35 25 16 11 131 
Family Mactridae 1 1 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 5 7 6 3 4 25 1 1 
Family Veneridae 
Austrovenus stutchburyi 2 2 4 1 9 1 1 1 1 1 5 
Total abundance 7 12 11 4 6 40 45 37 27 17 12 138 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 3 3 
Superorder Eucarida 
Order Decapoda 1 1 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crass a 1 1 4 1 5 
Total abundance 0 0 3 0 1 4 4 1 1 0 0 6 
Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 0 1 0 0 1 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 4 3 2 3 4 16 
Family Spionidae 15 69 39 44 55 222 
Family Phyllodocidae 
Family Nereididae 1 1 3 3 1 3 1 11 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 1 1 2 
Family Sabellidae 
Family Capitellidae 
Total abundance 21 72 41 48 59 241 3 3 1 3 1 11 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 7 9 1 6 5 28 5 1 1 7 14 
Superfamily Patellacea 
Class Bivalvia 9 7 2 2 6 26 26 12 16 35 14 103 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 1 2 3 
Family Veneridae 
Austrovenus stutchburyi 1 2 1 1 5 
Total abundance 18 20 4 9 11 62 31 13 17 42 14 117 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 16 12 8 2 7 45 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 1 
Total abundance 0 0 0 1 0 1 16 13 8 2 7 46 

Phylum Cnidaria 
Class Anthozoa 1 2 9 2 3 17 
Total abundance 1 2 9 2 3 17 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 3 1 2 4 11 
Family Spionidae 4 4 5 5 3 21 2 1 1 2 6 
Family Phyllodocidae 
Family Nereididae 4 4 4 2 1 15 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 16 16 2 2 
Family Capitellidae 
Total abundance 5 7 22 7 7 48 6 5 5 2 5 23 

Phylum Nematoda 1 

Total abundance 1 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 1 1 
Total abundance 0 0 1 1 0 0 0 0 1 0 0 1 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 136 163 87 386 143 117 149 409 46 11 65 122 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 3 1 1 1 1 
Total abundance 137 164 88 389 143 117 150 410 46 12 65 123 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 3 4 2 3 5 
Family Phyllodocidae 
Family Nereididae 2 2 1 2 3 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 1 0 3 4 4 0 3 7 1 0 2 3 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 2 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 1 1 2 0 0 0 0 0 0 0 0 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 1 
Order Amphipoda 27 41 97 165 1 2 3 5 3 8 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 27 41 97 165 2 0 2 4 5 0 3 0 

0 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 2 2 1 1 
Family Phyllodocidae 
Family Nereididae 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 1 2 0 3 0 1 0 1 0 0 0 0 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

APPENDIX 5- MACROFAUNA ABUNDANCE & BIOMASS 317 



27-Sep-08, AHl 27-Sep-08, AHl 27-Sep-08, AH2 

< ~ u - ~ ~ u - < ~ u -0 0 0 ~ !;;;) !;;;) ~ 0 0 0 ~ ..... ..... ..... 
.= .= .= 0 .= .= .= 0 .= .= .= 0 

u u u E-< u u u E-< u u u E-< 

Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 1 1 
Class Bivalvia 12 12 3 3 6 6 6 
Family Mactridae 
Family Mesodesmatidae 6 9 15 
Paphies australis 4 3 26 33 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 4 4 8 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 6 12 9 27 7 3 29 39 5 7 4 16 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 2 2 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 0 0 0 2 2 0 0 0 0 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 1 3 
Family Spionidae 70 78 64 212 
Family Phyllodocidae 1 1 1 1 
Family Nereididae 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 1 0 0 1 0 0 1 1 70 80 66 216 

Phylum Nematoda 1 1 
Total abundance 0 0 0 0 0 0 0 0 1 0 0 1 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 5 8 2 15 27 19 1 47 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 6 4 10 
Family Veneridae 
Austrovenus stutchburyi 1 1 1 2 3 
Total abundance 8 0 4 12 5 9 4 18 27 19 1 47 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 2 
Total abundance 0 0 1 1 1 0 1 2 0 0 0 0 .. 
Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 0 0 0 1 0 0 1 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 1 
Family Spionidae 70 65 70 205 1 1 
Family Phyllodocidae 
Family Nereididae 2 1 3 
Family Glyceridae 1 1 2 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 1 1 
Family Capitellidae 
Total abundance 70 66 71 207 4 1 1 6 0 0 0 0 

Phylum Nematoda 1 1 2 
Total abundance 0 0 0 0 0 0 0 0 0 1 1 2 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 2 2 4 8 
Superfamily Patellacea 
Class Bivalvia 36 19 17 72 19 27 26 72 1 8 9 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 2 2 
Paphies donacina 
Family Tellinidae 
Macomona liliana 1 1 
Family Veneridae 
Austrovenus stutchburyi 1 1 1 1 1 1 
Total abundance 36 19 18 73 22 29 30 81 0 1 12 13 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 19 3 35 57 18 11 12 41 1 1 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 
Total abundance 19 3 36 58 18 11 12 41 0 0 1 1 

~ ~ 

Phylum Cnidaria 
Class Anthozoa 1 4 5 
Total abundance 0 0 0 0 0 0 0 0 0 1 4 5 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 1 2 3 
Family Spionidae 3 1 1 5 3 1 4 13 2 7 22 
Family Phyllodocidae 
Family Nereididae 2 3 4 9 5 1 6 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 2 2 
Family Capitellidae 
Total abundance 5 4 5 14 5 3 2 10 16 5 7 28 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 2 7 1 10 4 8 6 18 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 1 1 2 
Family Veneridae 
Austrovenus stutchburyi 8 7 1 5 1 22 
Total abundance 2 8 2 12 8 7 5 13 7 40 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 17 9 3 9 6 44 
Order Isopoda 
Order Amphipoda 3 2 1 2 8 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 0 0 0 0 17 12 5 10 8 52 

Phylum Cnidaria 
Class Anthozoa 5 5 
Total abundance 0 0 5 5 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 5 1 3 9 1 2 3 
Family Spionidae 6 7 1 14 2 4 20 11 37 
Family Phyllodocidae 
Family Nereididae 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 1 1 
Family Sabellidae 1 1 2 
Family Capitellidae 
Total abundance 13 8 5 26 2 4 21 2 11 40 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 4 1 1 7 4 17 
Total abundance 0 0 0 0 4 1 1 7 4 17 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 3 2 1 4 2 12 5 2 4 11 
Family Mactridae 
Family Mesodesmatidae 4 3 1 2 3 13 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 8 15 10 3 16 52 1 1 2 
Total abundance 15 20 12 9 21 77 1 5 0 3 4 13 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 7 20 2 3 8 40 
Order Isopoda 
Order Amphipoda 81 10 19 16 28 154 13 4 5 1 1 24 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 88 30 21 19 36 194 13 4 5 1 1 24 
Phylum Cnidaria 
Class Anthozoa 1 1 2 
Total abundance 0 0 0 1 1 2 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 1 7 1 1 12 3 5 4 12 5 29 
Family Spionidae 120 63 120 78 83 464 10 43 32 47 58 190 
Family Phyllodocidae 
Family Nereididae 2 1 3 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 11 20 8 7 8 54 4 18 7 1 11 41 
Family Capitellidae 
Total abundance 133 84 135 86 92 530 17 66 45 60 75 263 
Phylum Nematoda 1 1 1 3 
Total abundance 0 0 0 0 0 0 0 0 1 1 1 3 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 1 0 0 0 1 0 0 0 0 0 0 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 2 3 3 8 
Order Amphipoda 6 13 26 8 53 527 526 564 689 613 2919 

Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 1 1 1 3 
Family Grapsidae 
Helice crassa 
Total abundance 1 '7 14 26 8 56 529 529 567 689 613 2927 .1. I 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 3 4 
Family Phyllodocidae 
Family Nereididae 2 2 1 2 7 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 1 4 4 9 
Family Capitellidae 
Total abundance 2 2 3 6 7 20 0 0 0 0 0 0 

Phylum Nematoda 1 
Total abundance 1 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 2 1 1 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 2 1 3 
Total abundance 1 1 2 1 0 5 0 0 1 0 0 1 
Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 1 1 
Order Amphipoda 108 94 103 153 95 553 294 288 69 207 33 891 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 2 1 1 4 
Total abundance 108 94 103 153 95 553 295 288 71 208 34 896 
Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 0 0 0 1 1 0 0 0 0 0 0 
Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 26 9 20 18 23 96 4 3 4 11 
Family Phyllodocidae 
Family Nereididae 1 1 2 1 1 6 19 8 10 22 10 69 
Family Glyceridae 1 2 3 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 1 1 
Family Sabellidae 
Family Capitellidae 
Total abundance 28 10 23 19 26 106 19 12 13 22 14 80 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 1 1 4 1 8 1 14 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 1 1 
Family Tellinidae 
Macomona liliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 1 0 1 0 0 2 4 1 8 1 0 14 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 224 91 96 184 242 837 137 5 131 166 101 540 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 2 2 2 
Total abundance 224 92 96 185 242 839 137 7 131 166 101 542 

Phylum Cnidaria 
Class Anthozoa 1 1 
Total abundance 0 1 0 0 0 1 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 9 9 6 16 7 47 6 6 12 
Family Phyllodocidae 
Family Nereididae 1 4 1 2 1 9 
Family Glyceridae 1 1 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 10 14 7 18 8 57 6 0 0 0 6 12 
Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 
Class Bivalvia 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 78 35 29 74 37 253 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 
Total abundance 78 35 29 74 37 253 0 0 0 0 0 0 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 1 1 1 
Family Phyllodocidae 
Family Nereididae 1 1 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 0 0 0 2 0 2 1 0 0 0 0 1 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 
Superfamily Patellacea 2 2 
Class Bivalvia 3 1 4 2 1 3 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 2 3 5 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 3 3 3 2 11 
Family Veneridae 
Austrovenus stutchburyi 1 1 3 3 8 
Total abundance 3 2 1 3 0 9 4 6 6 2 6 24 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order lsopoda 
Order Amphipoda 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 2 
Total abundance 0 0 0 0 0 0 1 0 0 ' 0 2 .l 

Phylum Cnidaria 
Class Anthozoa 4 5 9 1 1 
Total abundance 4 0 0 5 0 9 0 0 1 0 0 1 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 2 16 2 1 21 
Family Spionidae 25 85 98 29 71 308 66 51 65 78 70 330 
Family Phyllodocidae 
Family Nereididae 1 1 
Family Glyceridae 1 1 
Family Nephtyidae 1 2 3 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 1 1 
Total abundance 25 85 99 29 72 310 68 52 81 81 73 355 

Phylum Nematoda 1 1 
Total abundance 0 0 0 1 0 1 0 0 0 0 0 0 

Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 6 4 7 5 11 33 1 1 
Superfamily Patellacea 
Class Bivalvia 4 5 2 6 8 25 14 7 18 12 2 53 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 1 1 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 2 2 1 5 1 1 6 4 4 16 
Total abundance 12 9 11 13 19 64 15 8 25 16 6 70 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 1 1 1 3 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 2 3 
Total abundance 1 0 1 0 1 3 0 1 0 2 0 3 
Phylum Cnidaria 
Class Anthozoa 1 1 2 2 6 
Total abundance 1 1 0 2 2 6 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 4 1 1 6 
Family Spionidae 6 4 5 6 5 26 1 1 2 
Family Phyllodocidae 
Family Nereididae 1 1 2 1 2 2 1 6 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 1 1 
Family Sabellidae 
Family Capitellidae 1 1 
Total abundance 11 5 5 7 7 35 1 1 2 2 3 9 
Phylum Nematoda 1 1 
Total abundance 0 0 0 0 0 0 0 0 0 1 0 1 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 0 0 0 0 0 0 
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Phylum Mollusca 
Class Gastropoda 2 6 7 9 2 26 
Superfamily Patellacea 
Class Bivalvia 53 14 45 16 54 182 
Family Mactridae 
Family Mesodesmatidae 
Paphies australis 
Paphies donacina 
Family Tellinidae 
Macomona Iiliana 
Family Veneridae 
Austrovenus stutchburyi 1 1 
Total abundance 55 20 53 25 56 209 

Phylum Arthropoda 
Superclass Crustacea 
Class Malacostraca 
Subclass Eumalacostraca 
Superorder Peracarida 
Order Cumacea 
Order Isopoda 
Order Amphipoda 3 4 1 1 9 
Superorder Eucarida 
Order Decapoda 
Family Hymenosomatidae 
Halicarcinus whitei 
Family Grapsidae 
Helice crassa 1 1 1 3 
Total abundance 3 5 1 2 1 12 .1. 

Phylum Cnidaria 
Class Anthozoa 
Total abundance 0 0 0 0 0 0 

Phylum Annelida 
Class Polychaeta 
Family Orbiniidae 
Family Spionidae 1 1 
Family Phyllodocidae 
Family Nereididae 5 3 7 3 3 21 
Family Glyceridae 
Family Nephtyidae 
Family Lumbrineridae 
Family Pectinariidae 
Family Sabellidae 
Family Capitellidae 
Total abundance 6 3 7 3 3 22 

Phylum Nematoda 
Total abundance 0 0 0 0 0 0 
Phylum Foraminifera 
Total abundance 0 0 0 0 0 0 
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Austrovenus stutchburyi Paphies australis Macomona Iiliana 

Order Amphipoda Order Isopoda Helice crassa Halicarcinus whitei 

Order Cumacea 

Class Anthozoa 

Family Glyceridae Family Spionidae Family Nereididae Fam. Pectinariidae 

Figure AS.l. Photographs (~25% magnification) of some of the most abundant macrofauna 
recovered (sieve mesh size: 0.5 mm) from the chambers used to measure fluxes of oxygen 
across the sediment-water interface and rates of denitrification. Individuals are identified to at 
least phylum level and in some cases to class, family, or genus and species level. 
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Table A5.3. Output of the SIMPER (similarity of percentages) test (using PRIMER software 
v. 6.1. 6.) indicating the most discriminating classes of macrofauna between estuaries. The 
data type was the abundance (number of individuals per 56 cm2

) of macrofauna recovered 
from all chambers used to measure fluxes of oxygen at each site (data represent means; n=6). 

Parameters 
Resemblance: Bray-Curtis similarity 
Cut off for low contributions: 90.00% 

Factor Groups 
AH: All5 sites in the Avon-Heathcote estuary 
WA: Al14 sites in the Waikouaiti River estuary 
TO: All 4 sites in the Tokomairiro River estuary 
TA: All 3 sites in the Tautuku River estuary 

GroupAH 
Average similarity: 34.86 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similarit~ % % 
Bivalvia 10.97 27.70 1.11 79.46 79.46 
Polychaeta 16.97 5.97 0.97 17.13 96.59 

Group WA 
Average similarity: 31.38 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similari!l: % % 
Polychaeta 16.04 22.53 2.47 71.81 71.81 
Malacostraca 6.92 6.07 0.47 19.34 91.15 

Group TO 
Average similarity: 41.84 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similarit~ % % 
Malacostraca 136.71 39.15 0.90 93.56 93.56 

Group TA 
Average similarity: 21.60 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similarity % 0/o 
Malacostraca 61.06 20.88 0.77 96.68 96.68 

Groups AH & WA 
Average dissimilarity: 68.71 

Class 
AH: Ave. WA: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % % 

Polychaeta 16.97 16.04 30.93 1.33 45.01 45.01 
Bivalvia 10.97 4.50 21.26 1.24 30.95 75.95 
Malacostraca 3.50 6.92 13.74 0.84 20.00 95.95 
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Groups AH & TO 
Average dissimilarity: 93.26 

Class 
AH: Ave. TO: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % % 

Malacostraca 3.50 136.71 61.26 1.81 65.69 65.69 
Bivalvia 10.97 0.83 16.66 0.60 17.87 83.56 
Polychaeta 16.97 8.75 14.24 0.62 15.27 98.82 

Groups WA & TO 
Average dissimilarity: 88.91 

Class 
WA: Ave. TO: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD % % 
Malacostraca 6.92 136.71 64.99 2.16 73.10 73.10 
Polychaeta 16.04 8.75 17.38 0.69 19.55 92.64 

Groups AH & TA 
Average dissimilarity: 92.57 

Class 
AH:Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD o;o % 

Malacostraca 3.50 61.06 50.88 1.57 54.96 54.96 
Bivalvia 10.97 0.22 22.27 0.88 24.06 79.02 
Polychaeta 16.97 1.00 17.97 0.66 19.41 98.43 

Groups WA & TA 
Average dissimilarity: 86.36 

Class 
WA:Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD % 0/o 
Malacostraca 6.92 61.06 53.76 1.87 62.25 62.25 
Polychaeta 16.04 1.00 23.86 1.03 27.63 89.88 
Bivalvia 4.50 0.22 7.16 0.53 8.30 98.18 

Groups TO & TA 
Average dissimilarity: 67.24 

Class 
TO: Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD 0/o % 

Malacostraca 136.71 61.06 62.64 1.85 93.16 93.16 
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Table A5.4. Output of the SIMPER (similarity of percentages) test (using PRIMER software 
v. 6.1.6.) indicating the most discriminating classes of macrofauna between site positions. 
The data type was the abundance (number of individuals per 56 cm2

) of macrofauna 
recovered from all chambers used to measure fluxes of oxygen at each site (data represent 
means; n=6). 

Parameters 
Resemblance: Bray-Curtis similarity 
Cut off for low contributions: 90.00% 

Factor Groups 
Mo: Mouth sites (AHI, WAI, TOI, TAl) 
Mid: Mid estuary sites (AH2, WA2, WA3, T02, T03, TA2) 
Up: Upstream sites (AH3, AH4, AH5, WA4, T04, TA3) 

GroupMo 
Average similarity: 7.76 

Class 
Average Average 

Sim./SD 
Abundance Similarity 

Malacostraca 0.67 5.47 1.22 
Polychaeta 1.38 1.67 0.88 

Group Mid 
Average similarity: 32.63 

Class 
Average Average 

Sim./SD 
Abundance Similari!X 

Malacostraca 80.97 18.23 0.57 
Polychaeta 25.31 13.22 0.80 

Group Up 
Average similarity: 25.94 

Class 
Average Average 

Sim./SD 
Abundance Similarity 

Malacostraca 47.78 12.86 0.73 
Bivalvia 7.17 6.76 0.59 
Polychaeta 4.94 6.20 1.01 

Groups Mo & Mid 
Average dissimilarity: 92.66 

Class 
Mo: Ave. Mid: Ave. Ave. Diss./ 
Abund. Abund. Diss. SD 

Malacostraca 0.67 80.97 49.33 1.13 
Polychaeta 1.38 25.31 33.61 0.99 
Bivalvia 2.83 3.75 8.93 0.60 

Contribution 
o;o 

70.49 
21.55 

Contribution 
% 

55.88 
40.52 

Contribution 
% 

49.57 
26.05 
23.92 

Contrib. 
% 

53.24 
36.27 
9.63 
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Cumulative 
% 

70.49 
92.05 

Cumulative 
% 

55.88 
96.40 

Cumulative 
% 

49.57 
75.62 
99.54 

Cumulative 
% 

53.24 
89.51 
99.15 



Groups Mo & Up 
Average dissimilarity: 84.46 

Class 
Mo: Ave. Up: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD 0/o % 

Malacostraca 0.67 47.78 45.99 1.23 54.46 54.46 
Bivalvia 2.83 7.17 22.83 0.89 27.04 81.49 
Polychaeta 1.38 4.94 12.79 0.83 15.14 96.63 

Groups Mid & Up 
Average dissimilarity: 72.64 

Class 
Mid: Ave. Up: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD 0/o % 
Malacostraca 80.97 47.78 44.90 1.39 61.80 61.80 
Polychaeta 25.31 4.94 20.29 0.84 27.93 89.73 
Bivalvia 3.75 7.17 6.63 0.84 9.13 98.87 
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Table AS.S. Output ofthe SIMPER (similarity of percentages) test (using PRIMER software 
v. 6.1.6.) indicating the most discriminating classes of macrofauna between estuaries. The 
data type was the abundance (number of individuals per 56 cm2

) of macrofauna recovered 
from all 'tank 1' benthic chambers used for the measurement of denitrification at each site 
(data represent means; n=5). 

Parameters 
Resemblance: Bray-Curtis similarity 
Cut off for low contributions: 90.00% 

Factor Groups 
AH: All5 sites in the Avon-Heathcote estuary 
W A: All 4 sites in the Waikouaiti River estuary 
TO: All4 sites in the Tokomairiro River estuary 
T A: All 3 sites in the Tautuku River estuary 

GroupAH 
Average similarity: 26.95 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similarit~ % % 
Bivalvia 12.72 17.46 1.03 64.79 64.79 
Polychaeta 13.00 7.57 1.11 28.10 92.89 

Group WA 
Average similarity: 29.86 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similari~ % % 
Polychaeta 42.65 18.18 1.17 60.88 60.88 
Malacostraca 12.10 7.15 1.51 23.94 84.81 
Bivalvia 6.55 3.11 0.91 10.41 95.22 

Group TO 
Average similarity: 61.97 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similarity % % 
Malacostraca 260.75 58.01 2.69 93.62 93.62 

Group TA 
Average similarity: 21.03 

Class 
Average Average 

Sim./SD 
Contribution Cumulative 

Abundance Similari~ % % 
Malacostraca 53.00 20.49 0.58 97.43 97.43 

Groups AH & WA 
Average dissimilarity: 71.03 

Class 
AH: Ave. WA:Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % % 

Polychaeta 13.00 42.65 34.42 1.35 48.47 48.47 
Bivalvia 12.72 6.55 14.75 0.95 21.77 70.23 
Malacostraca 2.28 12.10 12.84 0.87 19.77 90.00 
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Groups AH & TO 
Average dissimilarity: 92.83 

Class 
AH: Ave. TO: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % 0/o 

Malacostraca 2.28 260.75 80.06 6.47 86.24 86.24 
Polychaeta 13.00 12.15 6.66 1.30 7.17 93.41 

Groups WA & TO 
Average dissimilarity: 84.81 

Class 
WA: Ave. TO: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD % % 
Malacostraca 12.10 260.75 69.47 3.50 81.91 81.91 
Polychaeta 42.65 12.15 11.79 1.26 13.90 95.81 

Groups AH & TA 
Average dissimilarity: 92.75 

Class 
AH: Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % 0/o 

Malacostraca 2.28 53.00 48.11 1.41 51.87 51.87 
Bivalvia 12.72 0.93 23.45 0.92 25.28 77.15 
Polychaeta 13.00 1.00 16.73 0.73 18.04 95.19 

Groups WA & TA 
Average dissimilarity: 87.28 

Class 
WA:Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD % % 
Malacostraca 12.10 53.00 43.15 1.56 49.44 49.44 
Polychaeta 42.65 1.00 32.55 1.23 37.30 86.73 
Bivalvia 6.55 0.93 6.33 0.77 7.25 93.99 

Groups TO & TA 
Average dissimilarity: 64.42 

Class 
TO: Ave. TA: Ave. Ave. Diss./ Contrib. Cumulative 
Abund. Abund. Diss. SD % o;o 

Malacostraca 260.75 53.00 58.31 1.75 90.52 90.52 
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Table A5.6. Output ofthe SIMPER (similarity of percentages) test (using PRIMER software 
v. 6.1.6.) indicating the most discriminating classes of macrofauna between site positions. 
The data type was the abundance (number of individuals per 56 cm2

) of macrofauna 
recovered from all 'tank 1' benthic chambers used for the measurement of denitrification at 
each site (data represent means; n=5). 

Parameters 
Resemblance: Bray-Curtis similarity 
Cut off for low contributions: 90.00% 

Factor Groups 
Mo: Mouth sites (AHl, WAl, TOl, TAl) 
Mid: Mid estuary sites (AH2, WA2, WA3, T02, T03, TA2) 
Up: Upstream sites (AH3, AH4, AH5, WA4, T04, TA3) 

GroupMo 
Average similarity: 6.55 

Class 
Average Average 

Sim./SD 
Abundance Similari~ 

Polychaeta 2.15 5.50 0.48 
Bivalvia 2.20 0.97 0.41 

Group Mid 
Average similarity: 41.60 

Class 
Average Average 

Sim./SD 
Abundance Similari~ 

Malacostraca 72.43 20.62 0.70 
Polychaeta 41.07 19.18 0.85 

Group Up 
Average similarity: 25.71 

Class 
Average Average 

Sim./SD 
Abundance Similarit~ 

Malacostraca 40.03 11.28 0.76 
Bivalvia 9.27 7.34 0.44 
Polychaeta 5.37 6.49 1.07 

Groups Mo & Mid 
Average dissimilarity: 89.11 

Class 
Mo: Ave. Mid: Ave. Ave. Diss./ 
Abund. Abund. Diss. SD 

Malacostraca 146.75 72.43 53.39 1.44 
Polychaeta 2.15 41.07 30.13 0.93 

Groups Mo & Up 
Average dissimilarity: 87.86 

Class 
Mo: Ave. Up: Ave. Ave. Diss./ 
Abund. Abund. Diss. SD 

Malacostraca 146.75 40.03 53.25 1.34 
Bivalvia 2.20 9.27 18.00 0.68 
Polychaeta 2.15 5.37 8.69 0.83 

Contribution 
% 

83.92 
14.75 

Contribution 
0/o 

49.57 
46.10 

Contribution 
% 

43.87 
28.53 
25.24 

Contrib. 
0/o 

59.91 
33.81 

Contrib. 
% 

60.61 
20.48 
9.90 
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Cumulative 
% 

83.92 
98.67 

Cumulative 
% 

49.57 
95.66 

Cumulative 
% 

43.87 
72.40 
97.64 

Cumulative 
% 

59.91 
93.72 

Cumulative 
% 

60.61 
81.09 
90.99 



Groups Mid & Up 
Average dissimilarity: 74.00 

Class 
Mid: Ave. Up: Ave. Ave. Diss./ Contrib. Cumulative 

Abund. Abund. Diss. SD 0/o % 
Malacostraca 72.43 40.03 39.05 1.32 52.77 52.77 
Polychaeta 41.07 5.37 26.01 1.12 35.14 87.91 
Bivalvia 4.97 9.27 6.73 0.97 9.10 97.00 
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Appendix 6 - Oxygen flux measurements 

Table A6.1. Sediment-water total oxygen fluxes determined at constant temperature in the 
dark and light (150 ).!mol photons m-2 s-1

) with whole core incubations. Production is positive 
and consumption is negative. The concentration of oxygen in the water at air saturation 
(calculated from the measured water temperature and salinity) is also listed. 

Q) 
Q) ,-... 

= ·= Oxygen flux (J.Lmol m-2 h-1
) 

'"' eo:: '1=1: .. = Q)e':S=,-... 
= "' "Cl .. :=.. OJ) '"' Q,.., =";? '"' = ,-... = Q) '"' ..... eo:: ..... :- Q) ..... Q ~ ell eo::,-... '-' .;:l .s = <:J ..... Q 

= 
Q) ..c ""U ..... ~ .. ~- = .. ..... = ....... :.::= 
'"' 5 Q Q) .. Q ;9~10::: .;:l 5 ~ 10::: -= eo:: <:J ..... ..... Q) 0 '"' - 00. :=.. '-' ..... "'"'=5 = ·= ~ -= = '"' = 5 = :=.. eo:: 5 = <:J eo:: '"' ::t 5 -= ..... Q) :=.. .. ...... -e.= Q) ..... "Cl - 8~~'-' =""cOJJ ~ .. Q 

eo:: u Q) eo:: ~"'eo:: Q) :=.. ....... Q..;.. 
00 E-1 00. u = 

Q)"Cl 
~ Q..C Q.. ..... .. '-' 

3-Aug-08 WAl OA 8.0 ± 1.0 9 349 -458.37 -557.05 -98.68 
3-Aug-08 WAl OB 8.0 ± 1.0 9 349 -761.38 -1271.18 -509.80 
3-Aug-08 WAl oc 8.0 ± 1.0 9 349 -373.41 -1078.71 -705.30 
5-Aug-08 WA2 OA 8.0 ± 1.0 10 346 -1287.12 1685.81 2972.93 
5-Aug-08 WA2 OB 8.0 ± 1.0 10 346 -1581.37 1333.89 2915.26 
5-Aug-08 WA2 oc 8.0 ± 1.0 10 346 -915.91 1746.10 2662.01 
7-Aug-08 WA3 OA 8.0 ± 1.0 10 346 -902.01 -977.47 -75.46 
7-Aug-08 WA3 OB 8.0 ± 1.0 10 346 -1124.05 -386.33 737.72 
7-Aug-08 WA3 oc 8.0 ± 1.0 10 346 -627.45 -94.93 532.52 
9-Aug-08 WA4 OA 8.0 ± 1.0 5 358 -858.11 -1155.66 -297.55 
9-Aug-08 WA4 OB 8.0 ± 1.0 5 358 -1086.36 -1105.32 -18.96 
9-Aug-08 WA4 oc 8.0 ± 1.0 5 358 -1860.96 -638.90 1222.06 
16-Aug-08 T02 OA 4.0 ± 1.0 13 375 -638.09 -1014.17 -376.08 
16-Aug-08 T02 OB 4.0 ± 1.0 13 375 -1777.58 -131.69 1645.89 
16-Aug-08 T02 oc 4.0 ± 1.0 13 375 -1476.39 -365.35 1111.04 
19-Aug-08 TOl OA 4.0 ± 1.0 5 395 -1654.26 -2618.12 -963.86 
19-Aug-08 TOl OB 4.0 ± 1.0 5 395 -1371.19 159.18 1530.37 
19-Aug-08 TOl oc 4.0 ± 1.0 5 395 -608.10 756.41 1364.51 
19-Aug-08 T04 OA 4.0 ± 1.0 5 395 -668.79 -891.46 -222.67 
19-Aug-08 T04 OB 4.0 ± 1.0 5 395 -693.54 -1814.30 -1120.76 
19-Aug-08 T04 oc 4.0 ± 1.0 5 395 -473.79 -2085.27 -1611.48 
23-Aug-08 T03 OA 4.0 ± 1.0 6 393 -791.64 -27.66 763.98 
23-Aug-08 T03 OB 4.0 ± 1.0 6 393 -384.80 -562.33 -177.53 
23-Aug-08 T03 oc 4.0 ± 1.0 6 393 -1225.13 -928.22 296.91 
16-Sep-08 TA2 OA 12.5 ± 1.0 3 326 -637.50 -718.36 -80.86 
16-Sep-08 TA2 OB 12.5 ± 1.0 3 326 -814.30 -726.71 87.59 
16-See-08 TA2 oc 12.5 ± 1.0 3 326 -1019.11 -1135.56 -116.45 
16-Sep-08 TA3 OA 12.5 ± 1.0 3 326 -876.46 -504.19 372.27 
16-Sep-08 TA3 OB 12.5 ± 1.0 3 326 -326.67 -426.08 -99.41 
16-See-08 TA3 oc 12.5 ± 1.0 3 326 -510.77 -539.31 -28.54 
20-Sep-08 TAl OA 12.5 ± 1.0 6 320 -161.61 -331.49 -169.88 
20-Sep-08 TAl OB 12.5 ± 1.0 6 320 -242.21 -291.77 -49.56 
20-See-08 TAl oc 12.5 ± 1.0 6 320 -186.29 -4.15 182.14 
27-Sep-08 AHl OA 14.1 ± 1.0 39 252 -35.75 -476.21 -440.46 
27-Sep-08 AHl OB 14.1 ± 1.0 39 252 -35.62 -382.76 -347.14 
27-See-08 AHl oc 14.1 ± 1.0 39 252 -368.19 -62.74 305.45 
27-Sep-08 AH2 OA 14.1 ± 1.0 39 252 -311.47 -344.98 -33.51 
27-Sep-08 AH2 OB 14.1 ± 1.0 39 252 -633.02 -152.91 480.11 
27-Sep-08 AH2 oc 14.1 ± 1.0 39 252 -514.04 -135.20 378.84 
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30-Sep-08 AH3 OA 14.1 ± 1.0 25 275 -473.89 -750.02 -276.13 
30-Sep-08 AH3 OB 14.1 ± 1.0 25 275 -293.11 -186.25 106.86 
30-Sep-08 AH3 oc 14.1 ± 1.0 25 275 -1327.32 -379.65 947.67 
30-Sep-08 AH5 OA 14.1±1.0 25 275 -543.06 -345.87 197.19 
30-Sep-08 AH5 OB 14.1 ± 1.0 25 275 -177.84 -241.88 -64.04 
30-Sep-08 AH5 oc 14.1 ± 1.0 25 275 -1467.16 -1052.56 414.60 
3-0ct-08 AH4 OA 14.1 ± 1.0 15 292 -278.24 -479.62 -201.38 
3-0ct-08 AH4 OB 14.1 ± 1.0 15 292 -599.37 -551.19 48.18 
3-0ct-08 AH4 oc 14.1 ± 1.0 15 292 -516.13 -228.83 287.30 
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8.0± 1.0 
8.0±1~ 

8.0± LO 
8.0± LO 
8.0 ± LO 
.8._0± LO 
8.0 ± LO 
8.0 ± LO 
8.0± LO 
8.0± LO 
8.0± LO 
8.0± LO 
8..0 ± LO 
8.0± LO 
8.0± LO 

-a 
-.-' 

.c 
.s 
. ..fJ 

-' ,._ -= 'Z'' c· c c 
~~ 0 ~ 

0 "'' = 
... 'T"' · -0 ~ '"'0 
e:...-~ E Zl -

9 0.38±0.02 
9 0.38±0.02 
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9 0.38 ± 0.02 
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9 0.38±0.02 
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10 0.39 ± 0.'01 
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1.4431 
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1.4431 
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~ E 
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4 .9 

>8.4 
>8.5 
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>8.3 
>8.1 
>8.3 
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3.7 
3.6 
4.7 
5.5 
5.3 
5.7 
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5.4 
4.3 
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4.3 
2.6 

·0 
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5.5 
5.9 
6.5 
8.5 
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>8.0 
8.0 
8.3 
8.2 
6.6 
6.3 
6.7 
4.9 
6.1 
6.0 
7.5 
6.5 
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2.7 
4.6 
5.9 
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1."·111 . 
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-39.49 
-42.08 
-27.60 
-15.45 
-16.09 
-16.34 
-18.82 
-18.33 
-16.63 
-18.01 
-16.89 
-24.80 
-36.94 
-3.6.83 
-23.25 
-24.80 
-20.51 
-23.60 
-22.28 
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-19.35 
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-22.78 
9.46 

-24.16 
22.80 
-41.87 
0.26 
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3.65 
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4.56 
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WA4: UB 
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9.6 

>9.3 
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>8.5 
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S.5 
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7.3 

>10.0 
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16-Sep-08 TA2 UB 2 12.5 ± 1.0 3 0.40±0.03 1.6622 326 1.8 5.3 -2.89 -17.91 
16-Sep-08 TA2 UB 3 12.5 ± 1.0 3 0 .40±0.03 1.6622 326 2.0 7.1 -3.91 -3.68 
16-Sep-08 TA2 uc 1 12.5 ± 1.0 3 0 .40±0.03 1.6622 326 2.3 5.8 -7.46 -1 7.93 
16-Sep-08 TA2 uc 2 12.5 ± 1.0 3 0.40±0;03 1.6622 326 2.8 5.7 -13.06 -9.76 
16-Sep-08 TA2 uc 3 12.5 ± 1.0 3 0.40±0.03 1.6622 326 2.3 7.1 -10.44 -14.61 

>- 16-Sep-08 TA3 UA 1 12.5 ± 1.0 3 0.60±0.05 1.6622 326 6.1 3.1 -68.98 -13 1.76 '"d 
'"d 16-Sep-08 TA3 UA 2 12.5 ± 1.0 3 0 .60±0.05 1.6622 3·26 5.9 3.2 -57.46 -11 5.67 
~ 16-Sep-08 TA3 UA 3 12.5 ± 1.0 3 0.60±0.05 1.6622 326 6.0 4.5 -59.26 -82.08 
u 16-Sep-08 TA3 UB 1 12.5± 1.0 3 0.60±0.05 1.6622 326 2.2 3.1 -401.40 -213.88 
~ 
0\ 

16-Sep-08 TA3 UB 2 12.5 ± 1.0 3 0.60±0.05 1.6622 326 1.8 3.4 -465.12 -190.44 
I 16-Sep-08 TA3 UB 3 12.5 ± 1.0 3 0.60±0.05 1.6622 326 1.3 3.9 -362.88 -126.22 
0 16-Sep-08 TA3 uc 1 12.5 ± 1.0 3 0.60±0.05 1.6622 326 5.6 5.2 -74.77 -93 .20 
:>< 
>-<:; 16-Sep·-08 TA3 uc 2 12.5 ± 1.0 3 0.60±0.05 1.6622 326 6.0 5.7 -66.28 -103.50 
0 16-Sep-08 TA3 uc 3 12.5 ± 1.0 3 0.60±0.05 1.6622 326 5.6 4.7 -60.34 -119.70 
trJ 20-Sep·-08 TAl UA 1 12.5 ± 1.0 6 0 .28± 0.04 1.6522 320 >9.0 >9.0 -4.40 -0.23 z 
'Tj 20-;.Sep-08 TAl UA 2 12.5 ± 1.0 6 0.28±0.04 1.6522 320 >7.5 >9.1 -4.23 0.51 
r' 20-Sep·-08 TAl UA 3 12.5 ± t .O 6 0.28±0.04 1.6522 320 >9.0 8.9 -5.29 -1.36 e 
:>< 20-Sep·-08 TAl UB 1 12.5 ± 1.0 6 0.28±0.04 1.6522 320 >7.7 >6.7 -6.81 -9.53 
~ 20-Sep·-08 TAl UB 2 12.5 ± 1.0 6 0.2S±0.04 1.6522 320 >8.2 >8.1 -6. 11 -6.50 
trJ 20-Sep·-08 TAl UB 3 12.5 ± 1.0 6 0.2S±0;04 1.6522 320 >8.0 >8.1 -6.52 -6.60 >-
[/). 20-Sep-08 TAl uc 1 12.5 ± 1.0 6 0.28.±0.04 1.6522 320 >8.1 >8.4 -5.81 0.21 e 
Gl 

20-Sep-08 TAl uc 2 12.5 ± 1.0 6 0.28±0.04 1.6522 320 >7.1 >9.2 -5.27 0.64 
20-Sep·-08 TAl uc 3 12.5 ± 1.0 6 0.28±0.04 1.6522 320 >7.5 >8.8 -5.86 -1.53 

~ 27-Sep·-08 AH1 UA 1 14.1 ± 1.0 39 0 .29± 0:01 1.6434 252 5.0 8.5 -13.60 10.60 trJ z 27-Sep-08 AH1 UA 2 14.1 ± 1.0 39 0.29±0.01 1.6434 252 5.2 8.2 -10.66 10.95 
>-l 27-Sep·-08 AH1 UA 3 14.1 ± 1.0 39 0.29±0.01 1.6434 252 6.5 8.0 -14.58 5.08 [/). 

27-Sep--08 AIH UB 1 14.1 ± 1.0 39 0.29±0.01 1.6434 252 5.3 6.9 -13.44 -13 .81 
VJ 
.j::. 
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O 27-Sep-08 AlB UB 2 14.1±1.0 39 0.29±0;01 1.6434 252 8.1 8.0 -8.13 -0.94 
>< 27-Sep~08 AlB UB 3 14.1 ± LO 39 0 .29 ± 0.01 1.6434 252 7.7 7.4 -854 -8.37 
>-< 27-Sep-08 AH1 UC 1 14.1 ± LO 39 0 .29±0.01 L6434 252 4.0 6_8 -20.01 31.07 
~ 27-Sep-08 AHl UC 2 14.1 ± LO 39 0.29 ± 0.01 1.6434 252 4.3 6.9 -12.69 30.68 
Z 27-Sep-08 AH1 UC 3 14.1 ± t _.o 39 0.29 ± 0.01 L6434 252 5.2 6_9 -11.72 41.72 
~ 27-Sep--08 AH2 UA 1 14.l±LO 39 0.26±0_.02 1.6434 252 3.7 4.0 -11.28 -13 .54 
C 27-Sep-08 AH2 UA 2 14.1 ± LO 39 0 .26 ± o_,o2 1.6434 252 2.8 3.4 -15.52 0.50 
>< 27-Sep-08 AH2 UA 3 14.1± 1.0 39 0.26±0-'02 1.6434 252 2.5 4.0 -10.53 -10.16 
~ 27-Sep-08 .AH2 UB l 14.1 ± LO 39 0.26±0.02 L6434 252 2.1 3.1 -21. 10 -16.87 
> 27-Sep-08 AH2 UB 2 14.1 ± LO 39 0.26 ± 0.'02 1.6434 252 2.8 3.3 -17.44 -15.81 
C 27-Sep-08 .AH2 UB 3 14.1 ± LO 39 0.26 ± 0.02 1.6434 252 3.1 3.3 -10.73 -1 9.34 
~ 27-Sep-08 AH2 UC 1 14.1 ± 1.0 39 0.26 ± 0.02 1.6434 252 3.0 4_9 -17.40 -7.93 
S:::: 27-Sep-08 AH2 UC 2 14.1 ± LO 39 0.26 ± 0.02 1.6434 252 3.0 3.5 -12.80 0.50 
tT:1 27-Sep-08 AH2 UC 3 14.1 ± LO 39 0.26 ± 0.02 1.6434 252 3.9 4_3 -10.38 -14.58 
~ 30-Sep-08 AH3 UA 1 14.1 ± LO 25 0.38 ± 0.02 1.6890 275 2.0 3_0 -72.76 -43 .27 
rf.l 30-Sep·-08 AH3 UA 2 14.1 ± LO 25 0.38 ± 0.02 1.6890 275 2.7 4.1 -49.21 -45.97 

30-Sep-08 AH3 UA 3 14.1 ± LO 25 0.38 ± 0.02 1.6890 275 2.4 3.3 -49.18 -44.86 
30-Sep-08 AH3 UB 1 14.1 ± LO 25 0.38 ± 0.02 1.6890 275 3.1 1.9 -47.63 -89.03 
30-Sep·-'08 AH3 UB 2 14.1 ± 1.0 25 0.38 ± 0.02 1.6890 275 3.3 3.2 -43.42 -54.40 
30-Sep-'08 AH3 UB 3 14.1±1_0 25 0.38±0-'02 1.6890 275 3.0 2.7 -52.02 -70.67 
30-Sep·-08 AH3 UC 1 14.t±LO 25 0.38±0-'02 1.6890 275 2.4 2.9 -49.93 -51.66 
30-Sep-'08 AH3 UC 2 14.1 ± LO 25 0.38±0;02 1.6890 275 2.7 2.7 -49.97 -48.56 
30-Sep-08 AH3 UC 3 14.1 ± LO 25 0.38 ± 0.'02 1.6890 275 2.6 2.9 -46.55 -53.46 
30-Sep-08 AH5 UA 1 14.1 ± 1.0 25 0 .23 ± 0.07 1.6890 275 4.4 4.7 -11.93 -8.37 
30-sep-08 AH5 UA 2 14.1 ± LO 25 0.23 ± 0.07 ]_6890 275 4 .2 5.0 -7.32 -7.89 
30-Sep-08 AH5 UA 3 14.1 ± LO 25 0.23 ± 0.'07 1.6890 275 3.3 4_5 -8.81 -7.72 
30-Sep-08 AH5 UB t 14.1 ± LO 25 0.23 ± o_,o7 1.6890 275 4.3 3.5 -8.90 -8.09 



c. ... 
!:':: 

"'0 
bll• 

= 
0. -= !:':: 
rJ1 

30-Sep-08 

?; 
30-Sep-08 
30-Sep-08 

>-ci 

~ 
30-Sep·-08 
30-Sep-08 

tJ 
~ 

3-0ct-08 
3-0ct-08 

0\ 3-0ct-08 
0 3-0ct-08 

3-0ct-08 
3-0ct-08 

~ a 
3-0ct-08 
3-0ct-08 

~ 
>-:rj 

~ 
3-0ct-08 

~ 
~ Next Page: 
(/) 

(!,; ... 
i.i5 

AH5 
AH5 
AH5 
AH5 
AH5 
AH4 
AH4 
AH4 
AH4 
AH4 
AH4 
AH4 
AH4 
AH4 

(!,; ... ~ 
~ :::: ... .... ..... 

(!,; ~ 
.1::1 . -~ 

c: ...-... 
~u 6 c. o.e_.. 

d ~ 8 .l::l P:: u (!,; 

E-< 

UB 2 14.1 ± 1.0 
UB 3 14.1 ± 1.0 
uc 1 14.1 ± 1.0 
uc 2 14.1 ± 1.0 
uc 3 14.1 ± LO 
VA 1 14.1 ± LO 
VA 2 14.1 ± 1.0 
UA 3 14.1 ± 1.0 
UB 1 14.1 ± 1.0 
UB 2 14.1 ± 1.0 
UB 3 14.1 ± 1.0 
uc 1 14.1 ± 1.0 
uc 2 14.1 ± 1.0 
uc 3 14.1 ± 1LO 

~ - = ' -... .... -= -::- (!,; .... -
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0
tll Q, 0 c c .__. 0 0 (!,;,.. 

~; 0 ~ ~ ·- .. - -0 0 ~ ~~ c !._.1 f."J) c 
~ ·~Ct.~ ~ ..,.. ·-c 0 ..... ""0 ~ ·~ a.Jo "/ 

i!l-t- ~ ~:;e~ c !I'J 
00 - ::: -
25 0.23 ±0_07 1.6890 
25 0 .. 23 ±0.07 1.6890 
25 0.23 ± 0.07 1.6890 
25 0.23 ±0.07 1.6890 
25 0.23 ± 0.(0 1.6890 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0.26±0.02 1.7231 
15 0 .26±0.02 1.7231 
15 0 .26±0.02 1.7231 

c 
!f< ----

...:--= · -~ =- = ~ =· - ' '= . .c -'..Q ,.., 
·~ c,.., c. = 0 · - . - ~ .... 

b.£1 ...... ..;.. :... 0 .-., 0~ ~ ·.-! o 's ~=?.c 
.... 0 c rJ1 c (I] c 

0 ~ ; 8 .... ..... c ..,:'0 --..::.=: c .c 0 . ....... ..... - ;..... _. ..c~ 
"""' I"""! .::!1 E ~ ~ ~ -~ d 

::lJ) !:':: c 
c: ::::l = ::::1. ...;,;j:1. 0 .,. .__. ._.. 

u 
275 4.3 3.2 -6.97 -9.27 
275 4.2 3.6 -7.76 -10.15 
275 3.7 3_5 -10.03 -11.56 
275 3.3 2.9 -11.86 -11 .48 
275 4 .0 3_8 -5.94 -1 1.20 
292 3.2 3.7 -15.75 -17.47 
292 2.8 3.1 -7.65 -17.88 
292 4.0 3.1 -7.91 -15.94 
292 3.3 2.2 -12.09 -22.29 
292 4.0 2.5 -8.86 -22.05 
292 2.9 3.2 -10.82 -19.37 
292 2.8 3_7 -10.89 -12.86 
292 3.2 3_3 -11.12 -16.00 
292 3.9 3.4 -8.93 -12.25 

~ Fig~~·e A6.l. Oxygenpro~lles. measured at constant temp_erature in the light (150 }tm~l photons_ m~2 s-1
) and dark ~vith rnicroelectrodes. Production i<> 

~ poSl.bve a~d con:.umptlonts negatlve. _A bla.ck dot ( e ) n~dicat~s in situ data, a red lme ( - ) mdt_cat~s t~e fit usmg P~OFILE v. 1.0, and a grey bar 
~ (-.l mdicates the calculated productton and/or consumptton usmg PROFlLE v. 1.0. The dashed line mdtcates the sedtment smJace. 
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Figure A6.2. Oxygen fluxes measured in the dark and light at all sites using (A) whole core 
incubations and (B) microelectrodes. Negative values represent consumption and positive 
values represent production. The dashed line indicates zero exchange. Please note the 
differences in the x andy axis scales. 
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Table A6.3. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
diffusive flux of oxygen across the sediment-water interface measured in the dark and light 
with microelectrodes versus the incubation chamber for each site. The mean rank is listed 
where the measurements among the three chambers for each site were found to be 
significantly (exact significance, p<0.05) different. 

Test statistics Ranks 
Site and Chi-

d.f. 
Asymp. Exact Point 

Chamber N 
Mean 

treatment sguare Sig. Sig. Erobabilit~ rank 
AHl 
Dark 2.400 2 0.301 0.361 0.021 
Light 7.200 2 0.027 0.004 0.004 uc 3 8.00 

UA 3 5.00 
UB 3 2.00 

AH2 
Dark 1.689 2 0.430 0.511 0.071 
Light 5.445 2 0.066 0.071 0.007 
AH3 
Dark 0.800 2 0.670 0.721 0.057 
Light 7.200 2 0.027 0.004 0.004 UA 3 8.00 

uc 3 5.00 
UB 3 2.00 

AH4 
Dark 0.622 2 0.733 0.829 0.107 
Light 6.489 2 0.039 0.011 0.007 uc 3 7.67 

UA 3 5.33 
UB 3 2.00 

AHS 
Dark 0.622 2 0.733 0.829 0.107 
Light 6.489 2 0.039 0.011 0.007 UA 3 7.67 

UB 3 5.33 
uc 3 2.00 

WAl 
Dark 7.200 2 0.027 0.004 0.004 UB 3 8.00 

uc 3 5.00 
UA 3 2.00 

Light 7.200 2 0.027 0.004 0.004 UB 3 8.00 
uc 3 5.00 
UA 3 2.00 

WA2 
Dark 2.980 2 0.225 0.257 0.014 
Light 4.267 2 0.118 0.139 0.007 
WA3 
Dark 0.622 2 0.733 0.829 0.107 
Light 4.267 2 0.118 0.139 0.007 
WA4 
Dark 0.622 2 0.733 0.829 0.107 
Light 2.400 2 0.301 0.361 0.021 

APPENDIX 6 - OXYGEN FLUX MEASUREMENTS 397 



Test statistics Ranks 
Site and Chi-

d.f. 
Asymp. Exact Point 

Chamber N 
Mean 

treatment sguare Sig. Sig. ~robabilitl: rank 
TOl 
Dark 5.647 2 0.059 0.046 0.014 uc 3 7.00 

UB 3 6.00 
UA 3 2.00 

Light 1.098 2 0.578 0.625 0.029 
T02 
Dark 1.156 2 0.561 0.629 0.086 
Light 4.267 2 0.118 0.139 0.007 
T03 
Dark 4.622 2 0.099 0.100 0.014 
Light 5.422 2 0.066 0.071 0.021 
T04 
Dark 3.289 2 0.193 0.232 0.036 
Light 1.689 2 0.430 0.511 0.071 
TAl 
Dark 6.489 2 0.039 0.011 0.007 UA 3 7.67 

uc 3 5.33 
UB 3 2.00 

Light 5.422 2 0.066 0.071 0.021 
TA2 
Dark 3.289 2 0.193 0.232 0.036 
Light 0.356 2 0.837 0.879 0.050 
TA3 
Dark 5.956 2 0.051 0.025 0.014 UA 3 7.33 

uc 3 5.67 
UB 3 2.00 

Light 4.356 2 0.113 0.132 0.032 
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Table A6.4. Results of the nonparametric analysis of variance (Kruskal-Wallis test) of the 
sediment oxygen penetration depth measured in the dark and light versus the incubation 
chamber for each site. The mean rank is listed where the measurements among the three 
chambers for each site were found to be significantly (exact significance, p<0.05) different. 

Test statistics Ranks 
Site and Chi-

d.f. 
Asymp. Exact Point 

Chamber N 
Mean 

treatment sguare Sig. Sig. l!robabilit~ rank 
AHl 
Dark 5.401 2 0.067 0.075 0.007 
Light 6.330 2 0.042 0.021 0.021 UA 3 7.83 

UB 3 4.83 
uc 3 2.33 

AH2 
Dark 1.785 2 0.410 0.446 0.021 
Light 6.056 2 0.048 0.014 0.007 uc 3 7.33 

UA 3 5.67 
UB 3 2.00 

AH3 
Dark 5.695 2 0.058 0.046 0.021 UB 3 8.00 

uc 3 4.00 
UA 3 3.00 

Light 4.362 2 0.113 0.114 0.007 
AH4 
Dark 0.479 2 0.787 0.843 0.071 
Light 4.136 2 0.126 0.146 0.014 
AHS 
Dark 3.350 2 0.187 0.250 0.036 
Light 5.445 2 0.066 0.057 0.007 
WAl 
Dark 5.647 2 0.059 0.029 0.007 UB 3 7.00 

uc 3 6.00 
UA 3 2.00 

Light 5.804 2 0.055 0.032 0.014 UB 3 7.17 
uc 3 5.83 
UA 3 2.00 

WA2 
Dark 1.422 2 0.491 0.543 0.032 
Light 5.535 2 0.063 0.050 0.021 
WA3 
Dark 6.713 2 0.035 0.011 0.011 UA 3 7.67 

uc 3 5.33 
UB 3 2.00 

Light 3.115 2 0.211 0.232 0.014 
WA4 
Dark 1.103 2 0.576 0.661 0.043 
Light 2.734 2 0.255 0.279 0.029 
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Test statistics Ranks 
Site and Chi-

d.f. 
Asymp. Exact Point Chamber N 

Mean 
treatment sguare Sig. Sig. ~robabilit~ rank 
TOt 
Dark 6.305 2 0.043 0.018 0.014 UB 3 8.00 

UA 3 4.50 
uc 3 2.50 

Light 4.997 2 0.082 0.086 0.007 
T02 
Dark 5.804 2 0.055 0.029 0.007 uc 3 7.17 

UB 3 5.83 
UA 3 2.00 

Light 2.574 2 0.276 0.336 0.043 
T03 
Dark 2.870 2 0.238 0.268 0.014 
Light 3.920 2 0.141 0.157 0.014 
T04 
Dark 0.157 2 0.925 0.950 0.029 
Light 4.515 2 0.105 0.132 0.021 
TAl 
Dark 2.328 2 0.312 0.354 0.021 
Light 5.647 2 0.059 0.043 0.014 UA 3 7.00 

uc 3 6.00 
UB 3 2.00 

TA2 
Dark 7.261 2 0.027 0.004 0.004 UA 3 8.00 

uc 3 5.00 
UB 3 2.00 

Light 3.168 2 0.205 0.268 0.029 
TA3 
Dark 6.305 2 0.043 0.018 0.014 UA 3 7.50 

uc 3 5.50 
UB 3 2.00 

Light 5.445 2 0.066 0.071 0.007 
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Figure A6.3. Sediment oxygen penetration depth measured in the (A) dark and (B) light 
versus the concentration of N03- and N02- in the water column at all sites within the four 
study estuaries. Data represent means ± SE (n=9 for the oxygen penetration depth and n=3 
for the concentration ofN03- and N02} 
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Figure A6.4. Sediment oxygen penetration depth measured in the (A) dark and (B) light 
versus the temperature of the laboratory for all sites within the four study estuaries. Data 
represent means± SE (n=9). 
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Figure A6.6. Total oxygen flux measured in the dark using whole core incubations versus 
(A) the concentration of N03. and N02. in the water column and (B) the temperature of the 
laboratory for all sites within the four study estuaries. Data represent means± SE (n=3). 
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0 
0\ App·endix 7 - Denitrification rate measurements 
~ 
'"1::1 
'"1::1 
trJ z Table A7 . .1.. Rates of uncoupled denitrificatiion (Dw) and coupled nitrification-denitrification (Dn) in sediments measured at constant temperature in the 
d light (150 Jtmol photons: m-2 s-]) using the 15N isotope pairing method. Nutrient data represent means of the water column measurements made for aU 
><l 
-.....} chambers within a tank± SE; n=5 _ Porosity data repFesent means of top 0-2 em of s.ediments ± SE; n=3. ND, not detected. NM, not meastU'ed. 
I 

d Denitrification rate (~tmol m- h- ) trJ - 0 · z u <li "::1:- :. 
~ ,-, ....... . -:::- ~~ ~ .... - ...... L :::z: :c Q ... :. c..!... 'i: *"' = -=-..., 

"0 <li Q,j "' - <li 
~ U' ~ 

- 0 
....... <1i ,-.. 

~ 
.... ;.... Q. C: E ~c e~ .... ... ·- u-

Cll eo: - c: = ce.!... - 6 <li u - ..-.. ,....... 0 - = .... ..... .E"· - ·- + .... o ~~ + ..... o. ... , 
"' '"rj ~- "0: 7: z .... ... 

iJ5 -a c:= 
c~ :# ~ B ~ § z z - c. ~ ~ ~ c 0 , - '-' n <li c. .5 ~- r.l) 

~ .:: =- ;.... '""') il ~ '-' '-' - !Z: Q. ,;_ c.c, E~ c Q Q it = ~ c -a OJ.... l--1~.._. Q Q = = t:; a .!::: .0 C. z. ....... e': ..., rP., c. CF.• z. -<t.:g i - E- Q., 
0 z Concentration serie.s mea.s tuemeuts 

g; 23 -Nov~07 \'VAl [ 14.2 ± 1.0 26 0.36±0.01 0.84 ±0.1 5 9.9± LS 0.8294 8.2842 0.0005 0.0010 
..., 23-Nov-07 \VAl 2 14.2 ± 1.0 26 0.36±0.01 1.0±0.2 5 9.7± 0.6 0.2692 ND 0.0002 0.0001 
trJ 23-NoP07 WAl 3 14.2± LO 26 0.36±0.01 0.64±0.05 5 9.2±0.3 0.3135 :ND 0.0004 0.0024 
~ 25-Nov-07 WAI 1 17.9± 1.0 32 0.36 ± 0.01 1.1 ± 0.2 15 24.5 ± LO 0.3374 ]\q) 0.0029 0.0082 
trJ 
> 25-Nov~07 WAl 2 17.9± 1.0 32 0.36 ±0.01 0.69 ±0.1 15 22.9± L9 0.1995 107.2093 0.0023 0.0073 
(/) 25-Nov-07 WAl 3 17.9 ± 1.0 32 0.36 ± 0.01 0.88 ± 0.1 15 18.2 ± L8 0.13 13 6.8491 0.0035 0.0025 e 
~ 28-Nov~07 WAl 1 15.0 ± 1.0 37 0.36±0.01 1.5± 0.4 2:5 33.6±3.3 0.1790 14.3376 0.0017 0.0025 

~ 
28-Nov-07 WA1 2 15.0 ± 1.0 37 0.36±0.01 0.77 ±0.1 25 3LO ± 3.6 0.178:0 45.7501 0.0020 0.0087 

~ 
28-Nov~07 WAt 3 15.0 ± 1.0 37 0.36± 0.01 0.84 ±0.1 25 35.5 ± 2.7 0.1486 7.7420 0.0014 0.0059 
10-Dec-07 WA4 1 20.3 ± 1.0 19 0.39±0.02 1.2±0.05 5 7.2± 0.5 0.67!6 204.9347 0.0014 0.01 10 ..., 

(/) 10-Dec-07 \VA4 2 20.3 ± 1.0 19 0.39±0.02 1.2±0.1 5 8.1 ± 0.5 0.7629 228.2400 0.0027 0.0063 
10-Dec-07 WA4 3 20.3 ± 1.0 19 0.39±0.02 1.2±0.1 5 8.1 ± 0.5 0.6472 277.2768 0.0022 0.0042 
12.-Dec-07 WA4 1 20.5± 1.0 16 0.39±0.02 0.95±0.2 15 14.7 ± 2.2 0.1569 ND 0.0007 0.0027 
12-Dec-07 WA4 2 20.5 ± 1.0 16 039 ±0.02 0.86 ±0.1 15 20.7 ± 0.7 0.1897 36.3388 0.0015 0.0109 
12-Dec-07 WA4 3 20.5 ± 1.0 16 0.39±0.02 0.92 ±0.1 15 13.7 ± 3.5 0.4033 30.3150 0.0071 0.0019 
16-Dec-07 WA4 1 20.5 ± 1.0 5 0.39±0.02 0.60 ± 0.1 25 20.5 ± 1.5 0.1353 46.0890 0.0006 0.0062 
16-Dec-07 WA4 2 205± 1.0 5 0.39 ±0.02 0.44±0.04 25 21.7±3.7 0.1678 15.1448 0.0050 0.0239 
16-Dec-07 WA4 3 20.5± 1.0 5 0.39 ±0.02 0.54±0.03 25 26.4 ± 2.1 0.1050 34.5353 0.0044 0.0173 
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>-- 4-Jan-08 AH2 1 17.0 ± 1.0 35 0.38 ± 0.01 1.4 ± 0. 1 5 6.7± 0.3 0.9831 12.6627 0.0055 0.0168 
""'0 
""'0 4-Jan-08 AH2 2 17.0 ± 1.0 35 0.38 ± 0.01 0.91 ± 0.2 5 7.4 ± 0.5 0.3510 8.7736 0.0042 0.0102 
tTJ 4-Jan-08 AH2 3 17.0 ± 1.0 35 0.38 ± 0.01 1.3 ± 0.3 5 7.6 ± 0.3 0.8904 11.6428 0.0024 0.0093 z 
u 6-Jan-08 
>--< 

AH2: 1 17;0 ± 1.0 33 0.38 ± 0.01 5.3 ± 0.6 15 26.5 ±0.9 1.7626 10.6807 0.0077 0.0172 
>< 6-Jan-08 AH2: 2 17.0 ± 1.0 33 0.38 ± 0.01 4.4 ± 0.6 15 25.7± 1.6 1.4224 12.1243 0.0100 0.0211 
-.....! 6-Jan~08 AH2 3 17;0 ± 1.0 33 0.38 ± 0.01 4.8 ± 0.3 15 25.8± 1.'9 1.1398 8.2013 0.0038 0.0021 

u 8-Jan~08 AH2 1 17.0 ± 1.0 32: 0.38 ± 0.01 4.7 ± 0.5 25 l7.4 ± ]_4 L1451 7.0407 0.0082 0.0050 

~ 8-Jan-08 AH2 2 17.0 ± 1.0 3'' 0.38 ± 0.01 4.2 ± 0.5 25 39.1 ± 2.7 1.0978 8.8675 0.0108 0.0227 ""' 
>--< 8-Jan~08 AH2 3 17.0 ± 1.0 32 0.38 ±0.01 4.2 ± 0.3 25 39.9 ± 1.0 0.9148 7.4876 0.0063 0.0156 
'"""l 
~ 10-Jan-08 AH4 1 17.0 ± 1.0 35 0.21 ± 0.05 7.1 ± 0.4 5 14.9 ± 1.4 2:.7180 25.8611 0.0021 0.0023 
'"rj 10-Jan-08 AH4 2 17.0 ± 1.0 35 0.21 ± 0.05 7.2± 0.6 5 15.9 ± 1.0 2:.2608 22.2899 0.0067 0.008 1 >--< n 10-Jan-08 AH4 3 17.0 ± 1.0 35 0.21 ± 0.05 7.2 ± 0.8 5 14.3 ± 1.0 1.9388 14.0384 0.0009 0.0005 
>-- 12-Jan-08 AH4 1 17.0 ± 1.0 34 0.21 ± 0.05 9.6±0.5 15 30.5 ±0.6 1.2615 16.3040 0.0015 0.0042 '"""l 
>--< 12-Jan-08 AH4 2 17.0 ± 1.0 34 0.21 .± 0.05 9.4 ± 0.5 15 31.6 ± 0.7 1.6139 16.7960 0.0025 0.0050 0 z 12.-Jan-08 AH4 3 17.0 ± 1.0 34 0.21 ±0.05 9 .8 ± 0.4 15 31.0±0.8 1.1290 14.0012 0.0016 0.003 1 

~ 14-Jan-08 AH4 1 17.0 ± 1.0 32 0.21 .± 0.05 7.7 ± 0.4 2:5 37.3 ± 1.1 L1697 15.2126 0.0020 0.0054 
'"""l 14-Jan-08 AH4 2 17.0 ± 1.0 32 0.21 ± 0.05 6.6 ± 0.5 2:5 35.2± 1.5 0.9378 13.9181 0.0021 0.0058 
tTJ 14-Jan-08 AH4 3 17;0 ± 1.0 32: 0.21 ± 0.05 7.8 ± 0.2 25 35.2± 0.6 1.2694 12.4417 0.0023 0.0044 
~ 20-Mar-08 T04 1 15.8 ± 1.0 30 0.45 ± 0.10 3.3 ± 0.2 5 7.9 ± 0.8 4.7019 ND 0.0351 0.0308 tTJ 
>-- 20-Mar-08 T04 2 15.8 ± 1.0 30 0.45 ± 0.10 2.4 ± 0.5 5 7.1 ± 0.4 2.5832 176.4314 0.0118 0.0477 
\/) 

20-Mar-08 T04 3 15.8 ± 1.0 30 0.45 ± 0.10 3.4±0.1 5 7.2±0.4 3.8543 208.8382 0.0195 0.0265 c 
G; 22-Mar-08 T04 1 15.8 ± 1.0 26 0.45 ±0.10 2: .3 ± 0.3 15 17.8 ± 1.7 2.1947 309.7265 0.0251 0.0835 

~ 22-Mar-08 T04 2 15.8± 1.0 26 0.45 ± 0.10 2.1 ± 0.3 15 16.6±3.0 1.8762 123.7441 0.0081 0.0419 

~ 22-Mar-08 T04 3 15.8 ± 1.0 26 0.45 ± 0. 10 2.0± 0.4 15 14.3 ± 1.9 1.7727 189.3565 0.0100 0.0460 

'"""l 24-I\ofar-08 T04 1 15.8 ± 1.0 25 0.45 ± 0.10 0.95±0.1 25 19.9± 0.6 0.793 1 186.0380 0.0166 0.1401 
\/) 24-Mar-08 T04 2 15.8 ± 1.0 25 0.45 ± 0.10 1.1 ± 0.] 25 24.1 ± 0.7 0.6235 88.2649 0.0146 0.0860 

.j:::.. 24-Mar-08 T04 3 15.8 ± LO 25 0.45 ± 0.10 0.76 ± 0.2 2:5 23.2 ± ].4 0.4496 176.7054 0.0042 0.0743 
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26-Mar-08 TOl 1 15.8± LO 28 0.34±0.05 1.3±0.2 5 5.5 ± 0.7 ND ND 0.0002 0.0012 

,__. 26-MM-08 TOl 2 15.8 ± 1.0 28 0.34 ± 0.05 1.1 ± 0.1 5 5.6 ± 0.5 0.0346 0.2242 0.0001 0.0006 ,_, 
26-Mar-08 TOl 3 15.8 ± 1.0 28 0.34 ± 0.05 1.6±0.1 5 6.8 ± 0.9 0.0078 ND 0.0001 0.0003 

~ 28-MM-08 TOl 1 15.8 ± 1.0 28 0.34±0.05 2.2 ± 0.3 15 16.6 ±3.2 0.0017 ND ND 0.0001 "T1 ,__. 
28-l'vrar-08 TOl 2 15.8 ± 1.0 28 0.34 ±0_05 1.7 ± 0.5 15 17_0 ± 1.1 0.0060 0.0445 ND 0.0003 n 

;l> 28-Mar-08 T01 3 15.8 ± 1.0 28 0.34±0.05 2.0 ±0.3 15 18.4±2.7 ND ND ND· 0.0001 ,_, 
,__. 30-Mar-08 T01 1 15.8 ± 1.0 32 0.34 ± 0.05 1.4 ± 0.2 25 23.4 ± 3.2 0.0046 0.0738 ND 0.0001 0 z 30-1-:br-08 TOl 2 15.8 ± 1.0 32 0.34 ± 0.05 0.74±0.2 25 28.7 ±4.6 ND ND ND 0.0001 

~ 30-l'vlar -08 TOl 3 15.8 ± 1.0 32 0.34±0.05 0.62±0.05 25 32.1±4.8 0.0006 0.0189 ND ND 
,_, 22-Apr-08 TA2 1 105± 1.0 H 0.40±0.01 5.0 ± 0.4 5 11.4 ± 1.7 2.7955 95.8443 0.0011 0.0013 
trJ 22-Apr-08 TA2 2 10.5 ± 1.0 14 0.40 ± 0.01 4 .8±0.7 5 13.3 ± 1.7 0.6513 ND 0.0004 O.OOll 
~ 22-Apr-08 TA2 3 10.5 ± 1.0 14 0.40± 0.01 4.8 ± 0.7 5 8.8± LO 3.0818 160.1291 0.0020 0.0029 
trJ 24-• .!\pr -08 TA2 1 10.5 ± 1.0 7 0.40 ±0.01 6.7 ± 0.3 15 26.1 ± 1.3 0.5887 70.7734 0.0001 0.0003 ;l> 
C/). 24-Apr-08 TA2 2 10.5 ± 1.0 7 0.40 ±0.01 6.7±0.3 15 30.6 ±0.4 0.6532 78.6255 0.0005 0.00 12 c:::: 
G; 24-Apr-08 TA2 3 10.5 ± 1.0 7 0.40 ± 0.01 5.4 ± 0.2 15 24.9±3.8 0.9551 92.5857 0.0005 0.0011 

~ 
26-Apr-08 TA2 1 105 ± 1.0 4 0.40 ±0.01 1.2 ± 0.1 25 23.5 ± 1.8 0.0922 42.8344 ND 0.0007 

trJ 26-Apr-08 TA2 2 10.5 ± 1.0 4 0.40 ±0.01 1.4±0.04 25 25.2 ± 2.9 0.1159 49.7994 0.0001 0.0009 
z 26-• .!\pr -08 TA2 3 10.5 ± 1.0 4 0.40 ±0.01 1.7±0.2 25 21.3 ± 1.1 0.1375 38.2239 0.0001 0.0009 ,_, 

Spatial and t.-mporal measun~·meuts C/). 

18-Feb-08 AH2 1 18.0 ± 1.0 35 0.38 ± 0.01 1.9 ± 0.3 5 73 ± 0.9 0.7498 5.9531 0.0522 0.0044 
18-Feb-'08 AH2 2 18.0 ± 1.0 35 0.38 ± 0.01 1.8±0.2 5 7.9± L4 0.8368 23.6578 0.0122 0.0108 
18-Feb-08 AH2 3 18.0 ± 1.0 35 0.38 ±0.01 2.1 ± 0.3 5 7.6±0.6 1.3562 15.1622 0.0619 0.0082 
20-Feb-08 AlB 1 18.0 ± 1.0 32 0.31 ± 0.01 6.7±0.7 5 13.5 ± 1.2 0.3829 ND 0.0002 ND 
2:0-Feb-'08 AHl 2 18.0 ± 1.0 32 0.31 ± 0.01 7.5 ± 0.3 5 11.9± 1.3 0.5550 ND 0.0006 ND 
20-Feb-08 AH1 3 18.0 ± 1.0 32 0.31 ± 0.01 6.7 ± 0.4 5 11.3 ± 1.4 0.5017 6.6226 0.0008 0.0009 
22-Feb-08 AH5 1 18.0 ± 1.0 25 0.26±0.01 23_3 ± 2.5 10 32.6 ± 1.7 16.7500 ND 0.3209 0.6487 
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>-o 22-Feh-08 AH5 2 18.0± 1.0 25 0.26 .±0.01 24.9 ± 1.8 10 29.9±2.0 36.7542 108.3048 0.7207 0.2541 >-o 

~ 22-Feh-08 AH5 3 18.0± 1.0 25 0.26±0.01 24.8±2.0 10 29.6± 1.5 36.7656 382.7152 0.5237 0.1307 

t:i 24-Feh-08 AH3· 1 18.0± 1.0 27 032±0.04 193±1.1 10 31.0 ± 2.2 11.5174 268.1295 0.0617 0.1343 

~ 24-Feh-08 AH3 2 18.0± 1.0 27 0.32±0.04 21.0± 1.6 10 30.0±2.0 13.1878 202.5228 0.1182 0.1867 
-..) 24-Feb-08 AH3 3 18.0± 1.0 27 0.32±0.04 16.8± 1.4 10 28.7± 1.2 12.0884 294.2008 0.0725 0. 1746 

I 
26-Feh-08 AH4 1 18.0± 1.0 30 0 .21 ± 0.05 11.8±0.6 10 26.9± 1.7 3.0809 48.2196 0.0040 0.0076 t:i 

tTJ 26-Feh-08 AH4 2 18.0 ± 1.0 30 0.21 ±0.05 10.7 ±0.7 10 24.2 ± 1.7 3.1731 109.8719 0.0026 0.0014 z 26-Feb-08 AH4 3 18.0 ± 1.0 30 0.21 ±0.05 12.1 ±0.4 10 24.1 ± 1.9 3.7926 143.0606 0.0112 0.0014 ->-l 30-Aug-08 AH1 I 12.1 ± 1.0 37 0.22±0.08 6.6±0.9 5 13.6 ±2.1 1.5889 ND ND ND 
~ 
'"Tj 30-Aug-08 AH1 2 12.1 ± 1.0 37 0.22±0.08 7.0± 1.2 5 14.2 ± 2.4 0.'0046 ND ND ND - 30-Aug~08 AH1 3 12.1 ± 1.0 37 0.22 ±0.08 6.9 ± 1.4 5 15.9 ± 1.3 0.'0385 0.0305 0.0001 0.0001 n 
~ 1-Sep-08 .AH2 1 12.1 ± 1.0 35 0.36±0.03 4.7±0.5 5 10.7 ± 1.3 0.8546 127.0279 0.0008 0.002.8 >-l - 1-Sep-08 AH2 2 12.1±1.0 35 0.36± 0.03 7.0±0.5 5 8.7 ± 0.8 8.9426 30.0789 0.0135 ND 0 z 1-Sep-08 .AH2 3 12.1 ± 1.0 35 0.36± O.Q3. 6.5±0.8 5 11.6±0.8 1.9312 95.7926 0.0031 0.0021 

~ 3-Sep-08 AH3 1 12.1 ± 1.0 21 0.40±0.02 2.8,_9±5.6· 10 39.4±4.8 17.5316 ND 0.1327 0.1030 

>-l 3-Sep-08 AH3 2 12.1 ± 1.0 21 0.40±0.02 27.9±3.6 10 39.5 ±3.8 10.4299 140.3798 0.0235 0.0476 
tTJ 3-Sep-08 AH3 3 12.1 ± 1.0 21 10.40± 0.02 24.0±3.7 10 50.5 ± 1.6 2.4690 144.0011 0.0129 0.0733 
~ 5-Sep-08 AH4 l 12.1 ± 1.0 26 10.22 ± 0.03 25.9±2.8 10 35.1 ±3.1 4.5473 21.3338 0.0175 0.0624 
tTJ 5-Sep-08 AH4 2 12.1 ± 1.0 26 10.22 ± O.Q3. 24.2 ±2.8 10 30.8±2.8 N1vl NM 0.0170 0.1015 ~ 
r.n 5-Sep-08 AH4 3 12.1 ± 1.0 26 10.22 ±0.03 20.7 ± 3..9 10 37.9± 1.3 2.6226 194.6128 0.0142 0.1153 e 7-Sep-08 AH5 1 12.1 ± 1.0 21 10.27±0.06 29.8±5.3 10 43.9 ±3.2 6.3704 ND 0.0746 0.1074 ~ 
~ 

7-Sep-08 AH5 2 12.1 ± 1.0 21 10.27±0.06 27.1 ±3.7 10 42.5 ± 1.8 1.0932 ND 0.0438 0.29 18 

~ 
7-Sep-08 AH5 3 12.1±1.0 21 0.27 ±0.06 31.4 ± 5.3 10 44.1 ± 1.6 1.9018 114.7347 0.0058 0.0400 
14-0ct~os. WAI 1 12.1 ± 1.0 21 0.34±0.01 0.48 ±0.1 5 23±0.3 0.0032 ND ND ND 

>-l 
14-0ct-08 WA1 2 12.1 ± 1.0 21 0.34±0.01 0.54 ±0.1 5 2.5±0.3 0.0068. 0 .1503 ND ND r.n 
14-0ct-08 WAI 3 12.1 ± 1.0 21 0.34±0.01 0.72±0.03 5 2.8±0.3 0.0124 ND 0.0006 ND 
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~ 16-0ct-~08 WA2 1 12.1 ± 1.0 26 0.36 ± 0.00 0.85 ± 0.1 5 5.2 ± 0.3 0.0839 16.2071 0.0005 0.0005 
25 16-0ct-08 \VA2 2 12_1 ± 1.0 26 0.36± 0.00 0.61 ±0.1 5 5.6 ± 03 0.0157 ND 0.0003 0.0004 
~ 16-0ct -08 WA2 3 12.1 ± 1.0 26 0.36± 0.00 0.89 ± 0.05 5 55± 0.6 0.0893 19.5780 0.0002 0.0006 
'"Ii 18-0ct~08 WA3 1 12.1 ± 1.0 37 0.43 ± 0.05 1.3 ± 0.04 5 53± 0.2 0.0952 5.2497 0.0010 ND 
n 18-0ct-08 WA3 2 12.1 ± 1.0 37 0.43 ± 0.05 1.3 ± 0.01 5 4.9 ± 0.3 0.0575 0.8988 0.0010 ND 
~ 18-0ct-08 WA3 3 12_1 ± 1.0 37 0.43 ± 0.05 1.3 ± 0.05 5 5.1 ± 0.4 0.0750 1.5006 0.0010 ND 
O 20-0ct-08 WA4 1 12_1 ± 1.0 22 0.43 ± 0.02 0.87 ± 0.03 5 3.2 ± 0.5 ND ND ND ND 
z 20-0ct-~08 WA4 2 12:.1±1.0 22 0.43±0.0"2 0.80±0.02 5 4.9±0.7 o.o:w 1 1.8079 o.ooo1 o.ooo5 
~ 20-0ct .. 08 \VA4 3 12.1 ± 1.0 22: 0.43 ± 0.02 0.72 ± 0.04 5 3.6 ± 0.6 ND ND ND· 0.0001 
,_, 29 -0ct~08 TOl 1 14.0 ± 1.0 37 0.37 ± 0.02 1.6 ± 0.3 10 9.2 ± 0.9 0.2835 58.5091 0.0025 0.0090 
trJ 2:9 -0ct-~08 T01 2 14.0±1.0 37 037±0.02 2.3± 0.3 10 8.7 ±1.6 0.4385 52.1708 0.0032 0.0047 
s;:: 29-0ct-~08 TOl 3 14.0 ± 1.0 37 037 ± 0.02 1.0 ± 0.1 10 9.9 ± 1.3 0.0699 18.5815 0.0007 0.0049 
~ 31-0ct-'08 T02 1 14.0 ± 1.0 31 0.36 ± 0.02 1.6 ± 0. I 10 11.6 ± 0.3 0.5537 162.5998 0.0006 0.0037 
w 31-0ct~08 T02 2 14.0 ± 1.0 31 0.36 ± 0.02 1.7 ± 0.1 10 12.7 ± 0.6 0.3210 111.9623 0.0003 0.0018 
~ 31-0ct-~08 T02 3 14.0 ± 1.0 31 0.36 ± 0.02 1.3 ± 0.04 10 12.0 ± 0.7 0.2575 127.6221 0.0003 0.0032: 
t"rJ 2:-Nov-'08 T03 l 14.0 ± 1.0 30 0.2:6± 0.04 2.3 ± 0.1 10 11.9 ± 0.6 1.9271 405.9561 0.0009 0.0056 
~ 2-Nov-'08 T03 2 14.0 ± 1.0 30 0.26± 0.04 2 .2 ± 0.1 10 12.7 ± 0.4 1.0821 407.1173 0.0012 0.0094 
~ 2-Nov-'08 T03 3 14.0 ± 1.0 30 0.26± 0.04 1.9 ± 0.3 10 12.1 ± 0.7 L0326 211.4197 0.0008 0.0055 
w 4-Nov-'08 T04 1 14.0 ± 1.0 20 0.50± O.OJ 1.4± 0.3 10 5.2 ± 0.9 2.2242 456.9094 0.0017 0.0044 

4-Nov-08 
4-Nov-'08 
13-Nov-08 
13-Nov-08 
13-Nov-08 
15-Nov-08 
15-Nov-08 

T04 2 14.0 ± 1.0 20 0.50± 0.03 1.3 ± 0.5 10 11.6 ± 1.0 1.1951 378.2406 0.0012 0.0084 
T04 3 14.0± 1.0 20 050±0.03 0.70±0.1 10 9.4±0.9 0.4204 200.8953 0.0005 0.0071 
TA2 1 B .2 ± 1.0 5 0.41 ± 0.01 9.9 ± 0.2 10 22.2 ± 0.6 2.3 151 ND 0.0001 ND 
TA2 2 13.2 ± 1.0 5 0.41 ± 0.01 9.8 ± 0.2 10 22.7 ± 1.2 1.8613 113.9421 0.0006 0.0002 
TA2 3 B.2 ± 1.0 5 0.41 ± 0.01 l U) ± 0.5 10 21.5 ± 0.6 2.9332 45.5861 0.0006 0.0008 
TA3 1 13.2 ± 1.0 5 0.39 ± 0.03 10.8 ±0.5 10 2:0.4 ± 0.9 1.4367 25.9774 0.0097 0.0004 
TA3 2 B .2±1.0 5 0.39±0.03 10.4±0.7 10 22.5±0.7 0.4416 7.6116 0.0041 0.0011 
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15-Nov~os TA3 3 13.2 ± 1.0 5 0.39 ± 0.03 9.8 ± 0.4 10 20.8 ± 1.2 0.6959 316.8212 0.0085 0.0021 
17-Nov-'08 TAl 1 13.2 ± 1.0 16 0.24 ± 0.03 2.5 ± 0.2 10 12.2 ± 0.8 0.0252 ND 0.0001 ND 

ti 17-Nov-'08 TAl 2 13.2 ± 1.0 16 0.24 ± 0.03. 3.1 ± 0.3 10 12.7 ± 0.8 0.0478 ND ND ND 
~ 17-Nov-'08 TAl 3 13.2± 1.0 16 0.24±0.03- 3.4±0.2 10 12.5 ±0.7 0.1758 ND ND ND 
~ 4-Au.g-09 AH1 1 9.5 ± 1.0 37 0.36 ± 0.03 4.9 ± 0.3 5 10.6 ± 0. 7 0.3370 ND ND ND 
~ 4-Au.g-09 AH1 2 9.5 ± 1.0 37 0.36 ± 0.03 5.6± 0.6 5 11.4 ± 1.2 1.0959 11.96:90 0.0008 ND 
~ 4-Aug-09 AH1 3 9.5 ± 1.0 37 0.36±0.03 5. .6±0.2 5 11.4±0.3 0.5432 10.5845 0.0011 0.0012 
~ 6-Aug-09 AH2 1 9.5 ± 1.0 35 0.28 ± 0.02 5.2 ± 0.2 5 9.4 ± 1.1 1.4733 27.7900 0.0014 0.0006 
~ 6-Aug-09 AH2 2 9.5 ± 1.0 35 CU8 .± 0.02 5.1 ± 0.2 5 9.6 ± 0.9 1.6864 19.3636 0.0014 0.0016 
0 6-Aug-09 AH2 3 9.5±1.0 35 0.28 ±0.02 5.1±0.2 5 11.1±0.3 1.3383 34.5851 0.0017 0.0023 
z 8-Aug-09 AH4 1 9.5 ± 1.0 2:0 0.24 ± 0.04 40.2 ± 2.9 10 47.2 ± 4.6 16.6657 1026.1742 0.0252 0.0236 
~ 8-At.g-09 AH4 2 9.5±1.0 2:0 0.24±0.04 40.0 ±3.5 10 5.0.4±0.9 8.6375 145.1794 0.0164 0.0325 
~ 8-Aug-09 AH4 3 9.5 ± 1.0 2:0 0.24 ± 0.04 35.8 ± 3.3 10 50.2 ± 1;0 7.9853 447.2609 0.0393 0.3051 
tTJ 10-Augc-09 .AH3 l 9.5±1.0 28 0.32±0.04 33.4±1.~ 10 38.1±2.9 20.2273 313.3199 0.1838 0.0930 
~ 10-Aug'-'09 .AH3· 2 9.5 ± 1.0 28 0.32 ± 0.04 30.8 ± 1.6 10 37.8 ± 4.2 14.4911 219.1719 0.0357 0.0338 
f;; 10-Aug-09 AH3 3 9.5 ± 1.0 28 0.32 ±0.04 32.2 ±0.7 10 35.4±3.2 117.9409 406.6744 0.1295 ND 
C:::: 12-Aug-'09 .AH5· 1 9.5±1.0 22 0.31±0.01 42.6±0.7 10 48.0±1.7 12.6296 412.2787 0.0879 ND 
G; 12-Aug_,09 AH5 2 9.5 ± L O 22 0.31 ± 0.01 42.5 ± 1.2 10 46.0 ± 4L5 52.1825 153.9306 0.6108 ND 
~ 12-.Aug-09 AH5 3 9.5 ± 1.0 22 0.31 ±0.01 38.'9±3.3 10 51.4± 1.2 8.5228 381.1651 0.1123 0.2000 
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~ 
>-c 

~ 
v 
~ 
--.) 

v 
~ 
>--< 
>-l 

~ 
>--< n » 
>-l 
>--< 
0 z 
~ 
>-l 
tTJ 

~ 
tTJ » 
C/1 
c g; 
~ 

~ 
>-l 
C/1 

-+:>. ,_.. 
w 

so Site WA l 

70 

1: 
h i 60 ·,.. 

!;;; 

0 
~ 50 
3. 
11> .w -!! 
!;;; 30 

.~ 
"C 
::: 20 

"C 
0 ... 

10 ::::. ,, = -0.0151~ t 0.5139 
"' ;;;;:;; 0 R, = D.3677, p = 0.0034 

0 

0 5 ! 0 15 20 l5 

Site WA4 
300 l 

~ .... 
_;: 250 1 

~ c~ 

E 
~ 200 
~ 

E: ~ 1 • -lO.>IH>< • <50.<566 ~ 
';C 150 

~·00000 .. 
:: 
Q 
E 1oo 
~ 

-:::> 
Q 
~ 

50 
-......_ 

0. 
'( = -0.0279x tO. 77&1 ~ N 

::;: R,=0.824 l , p= O.C007 ~ Q 
0 • 

0 5 10 15 10 25 

15 1·10,- {~unol t1 

0. 009 0 -

~ 0. 0080 

<"jtc 0.0070 

! 0. 0060 

~ 0.0050 

"' .... 
"" 0.0040 
¢ 
';:l 
w D. 00 30 
::; 

l 0.0(120 ] 

9. 0.001 0 
;;;;:; 

-----, 0.0000 

30 0 

0.0250 

~ 
r• 
'E 0.020 0 

0 
E; 
2: 0.0150 
~' ..., 
"' ... ... 
0 0.0100 

:;;;; 

.a 
2 
Q.. 0. 0050 

0 
"' :;::: 

D.OOOO 

30 0 

SiteWAl 

l / j v=0.0002.o;t0.0009 / 
R2=0. 364D, p =0.0/ / 

/ .,. = O.OOO!x + O.OOOG 

/ ~ P.:,=0.26~98 

5 10 15 

Site WA4 

1 = O.CX:lO.h t 0.0029 
~,=0.2639, p =0. 1572 

+ 

~0 .25 

+ Dw 

D Dr, 

30 

~- •( = O.OOO.l.!: t 0.0019 
R1 =0.00)1, p =0.5251 

5 10 15 10 25 30 

lStJ~- (~uno l t 1) 

F igu.t·e A7.2.. Test of assumption #1 of the isotope pairing method! dtat added 1~03- does not interlere with denitrification of in situ N03- at the 
\¥aikouaiti River estuary. Rates ofD1,,, and Dn for N2 c.mdl N20 production versus t~ol- concentration in the water column. To meet the assmnption, 
D.,. and Dn must be independent of[[5N03,1. Incubations wer,e m the light. The bars indicate SE (n=3). P]ease note differences in they-axis scales. 



.j:::. 

........ 

.j:::. 

> 
'"t:i 
'"t:i 
trJ z 
u 
~ 
-..) 

I 

u 
~ ........ 
~ 

~ ........ 
n 
> 
~ ........ 
0 z 
~ 
~ 
trJ 

~ 
trJ 
> 
U'l 
c 
§ 
~ 
trJ z 
~ 
U'l 

Site TOl 

~ 
Site TO l 

0.1600 ;;- O. OOll l 
:;;-- 0.1400 .l: 1 

..:;;; <:'~ 0. 001 0 
r< ;;;: 
'E o.12oo 0 
0 s 0. 0008 
E: 0. 1000 -=': 
~ Q.o .... 
{l 0.0~00 }' = -0.0022;.; + 0.0790 ~ 0.0006 1-~ y= ·0.0000H0.0008 

~g ... R' = 0.~2. p = O.SOlO ~ R' = 0.5608, p =0.0202 § 0. 06 00 '"' :.;::; ~ 0.0004 ~ .... 

'(•>=~ 
~ 

~ 0. 0400 - ~ '( = ·O.OOOOX t 0.0001 ~ e ..... , .. :··l'i • 0 O.OOOl R2 =0. 7Ql7, p =O.CI048 ~ 
:;:; 0. 02 00 ... 
z: z 

"'-,_~ 
0. 0000 0. 0000 I 

0 5 10 15 20 2:5 30 0 5 10 15 2:0 15 30 

SiteT0 4 Site T04 
?.00 l 0.1400 

~ 

::::;- ~ onoo j .1=: l50 
~= <:' 

' , ' ·"'"" 0.015' f = }' = l .OS66X+ 145.68lll 0 0.1000 R'=0.6145, p =0.0'/ 
] 2:00 R' =0.0122, p =0.7770 -a 
~ -; 0.0.900 
~ 150 

...., 

"' :: 
~ - 0.0600 l /' = 0 1 

0 :.;::; 
B 1oa :::: 
:;;;;; .;:; 0.0400 

I r y =~-0005 ~ +0.0239 ~ 0 
2 ... 11' =0.2229, p =0.19?1 y = -0. 15~ 6~ t VU27 Q. 
Q. 50 0 0. 0.200 
N P, 2 =0.85{ll , p =0.1)._-x}1 "' ::!!: ~ 

0 0.0000 

0 5 10 15 lO 25 30 0 5 10 ! S 2:0 .25 30 

lSf•I03- (~ctmol t1 ) 1sr~o,- (~uno l t-1) 

Figun~ A7.3. Test of assumption # l of the isotope pairing method d1at added 1'N0 1- does not int·erlere with denitrification of in situ N0 3- at the 
Tokomairiro Rive:r estuary. Rates o:fDw and Dn fo:r N2 and Nt O production versus 1~03- concentration in the water column_ To meet the assumption, 
Dw and Dn must be independent of [15N031- Incubations. \Ver·e in the light. The ba:rs indicate SE (n=3). Please note dif£e.cences in the y-axis scales. 



::» 
'1:1 
'1:1 

~ 
u 
~ 
-.....) 

u 
~ ........ 
;-J 

~ ........ 
n 
~ ........ 
0 z 
~ 
;-J 

140 -.... 
:::: ! 2 0 
.::~ 

E 
0 !00 
c:: -2: 

~0 il> ..... 
"' ... 
c:: 
~ 

GO 

~ 
4() .r;; 

0 ... 
Q. 
N 20 

:::: 

0 5 

Site TA2 

-....__.__ ~ y = -2 0853x + 101.1473 

~;0. 288.[ 

--0 

1 = -O.lOID. ~ 25537 
R2 =0.6174, 1> =0.0121 

10 15 20 25 

l5N~- ( ~unol l-1 ) 

...... 0.0025 

1: 
~ -= 0.0020 -
¢ 

~ 
~ 0. 0015 
~ ._ 
c 
0 

B o.oo1o 
~ 
¢ ·-~ 0.0005 

"" % 

0.0000 

30 0 5 

Site TA2 

y = -D.OOCJO:( ~ 0.0018 
R • = 0.2~8. p = 0. L373 

g 

,-~~--· 
10 15 20 25 

15r~o3- (J.lmoll-1) 

FD:l 
~ 

30 

~ Figu•·e A7_.4 . Test of assumption #l of the. isotope p.airing metbo~ that add1~ 1~_o3- does n~t ~terfere with denitrification of in situ N03_- at the 
tTJ Tauruku River estuary. Rates ofDw and 0 11 for N2 and N20 pcoducuon versus N03 concentratwn m the water column. To meet the assmnpbon, Dw 
f;; and Dill must be independent of e5NO:d - Incubations were in the light. The bars indicate SE. (n=3). Please note differences in the y-axis scales. 
c 
~ 
~ 
~ 
;-J 
r:/1 

.+;:.. 

........ 
Vl 



~ 
>-' 
0\ 

> ""d 
""d 

~ 
t;j 

~ 
-..J 

I 

t;j 

~ ......., __, 
:;o ......., 
'"rj ......., 
n 
> __, 
......., 
0 z 
~ __, 
trJ 
s;:: 
trJ 
> r:/). 

c:: 
§ 
s;:: 
~ __, 
r:/). 

12 
Site AHZ 

::;--
.:::: 10 

~ 
<;> 8 ~ ~ 

.!!:! 
"' 

6 - ~ ~~'·""'" '·'"" ... 
c: 

R-= 0.8182, p =O.OOOS 

0 

] 4 

0 ... 2 Q. 

"' :;;;:: 

0 

0 5 10 15 l O 25 

Site AH4 
6 

1: 5 
"' :-:: 
0 4 
5 

'>' =0 .0332x i- 4. 3165 
P.,=0.1 U1, p =0.3ro7 

Qj ... 3 
-!'!:' ,__ -Q 
p 
u 2 

..$ 
e 
a l 

"' z 
0 

0 5 10 15 l O l5 

1SN 0 3- (~unol j-1) 

0 .0900 -.... 
.:::: 0 .0800 
<~ 

~ 0.0700 

~ 3. 0 .0600 

~ 0.0500 ... 
g 0.0400 

:e 
:I 0.0300 

"0 
0 a o.02oo 
0 .E 0 .0100 

0 .0000 

30 0 

0 .0120 

q--
..t:: 

'"" 0 .0!00 
'; 
0 
E a. ooso 
~ 
<V .... 
~ 0.0060 
,.. 
0 
~ 0.0040 _, 
"0 
0 ... 
Q. o Q,QQZQ 
,.., 

:z: 
0.0000 

30 I) 

Site AH2 r• D w(Tot.J) I 

y = 0.0025~ t 0.0083 
R'=0.6511, p = 0.0086 

/ 
5 

5 

1 0 15 

Site AH4i 

! 

lO 25 

~ 

~· = 0.0002~ t O.IX52 
R2 =0.12 G3,. p =0.3479 

1 0 15 l O 25 
15tw3- (' ~unol t-1 ) 

30 

30 

Figun~ A7 .5. Test of assumption #2 of the isotope pairing method that denitrification of nitrate from the water column (Dw (Tot21)) increases linearly 
·with d1e nitrate concentration at the Avon-Heathcote estuary. Rates ofDw(fotal) for N2 and N10 production versus 1'No3- concentration in the water 
column .. Incubation<> were in the light. The bars indicate SE (n=3) .. Please note differences in they-axis scales. 



2; 
'"0 

~ 
~ 
--.1 

u 
~ ........ 
>-3 

~ ........ 
n 
> 
>-3 ........ 
0 z 
~ 
>-3 
tTJ 

~ 
> 
\/). 

c g; 
s::: 
tTJ 

8 

1: 7 
.... 
'; 6 

Q 
§_5 
!! 4 
~ 

§ 3 
·.::: .., 
.g 2 
:: 
~ 1 z 

0 

0 

7 

7 --= 0 
":' 
E _ 5 
~ 

3.4 
(!) -~ 
::: 3 
..2 
v 
;:; 2 

""0 
0 ·-~1 
2 

I) 

0 

5 

Site WAl 

y = 0.008>lx + 5 .28:63 
R'=O.OOl.O, p =0.935 2 

10 15 

Site WA4 

. = 0.0698.K f 3=.5634 
R~ = O. l809, p =0.2>31 

20 25 

t 
L------

5 10 15 20 .1:5 

15J•.I ~- ( ~uno l t1} 

30 

---, 

30 

0.0800 

1 
":' 

0.0700 

: 
c- 0.0600 
;::. 
§: 0.0500 
;:: 
E o.oqoo 
g 
:,; 0.0300 u 

~ e 0.0200 
Q. 

C· £ 0.0100 

o.oooo 
0 

0.25 00 

1 
~ 0.2000 
::: 
0 
;::. 
=< = 0.1500 
Q.) .... 
~ 

§ 0.1.000 
':,:l 
u --· ¢ 
Q. 0.0500 

0 
N 

z 
0.0000 

0 

Site WAl I• Ow0"ot1!1)1 

·~ / - I 
./ 

/ y =0.0026>: ~ 000"6 
_,/ R" =0.5181, p =0.0288 

// 

~ 

5 

• 
5 

10 15 lO 

Site WA4 

y = 0.0074;{ - 0.0370 
p_>: o.~633, p =0.0\134 

/ 

A 
10 15 zo 

15f.J~- [1Jlnoll"1} 

25 30 

25 30 

~ Figun~ A7.•6. Test of assumption #2 of the 1isotope pairing method that denitrification of nitrate from the water column (D·w(I'oral)) increases hneady 
r:n \vith the nitrate concentration at the \Vaikouaiti River estuary. Rates ofD ... -(Ta.tal) for N2 and N20 pmduction versus 1~03- concentration in the water 
;:!:: column. Incubations \Vere in d1:e ]ight. TI1:e bars indicate SE (n=3). Please note diffe~ences in they-axis scales_ 
--.1 



~ 
......... 
00 

~ 
>-t:j 
>-t:j 

tTJ z 
t:1 
~ 
--.! 

I 

t:1 

~ -;-J 

~ 
"'r:: -n 
~ 
;-J -0 z 
~ 
;-J 
tTJ 

~ 
tTJ 
~ 
(/). 

c 
~ 
~ 
tTJ z 
;-J 
(/). 

0. 1401) 
Site TOl 

1 0. 1200 

~· 'r-

..: 0. 1000 
Q 

E: 
2: 0.08 00 

2 '( = -O.OO! IJ.X ~ 0.0688 

"' 1\ ~ = ().0622, p =0.5176 
~ 0.0600 
Q 

::::1 
~ 0. 0400 

'5 
'-
Q. 0. 0.200 
"' ~ 

0. 0000 

0 5 1 0 15 2:0 .25 30 

Site T04 
13 

::;- 16 

-= 

~~ 
N i= 1-1 -

¢ 12 
E 
.2: 10 r 1\,=0.6493. p =0.0037 

"' -;:: g 

; -u 6 
:::> 

-;:; 
4 -0 ...... 

0. .z 2 

0 

0 s 10 15 20 25 30 

15r•103· ( ~uno l 1"1) 

0.0007 
::;< 
~ 

N 0.0006 
:-e ! 0.0005 

~ 0.0004 
ce .... 
§ 0.0003 -· 

t 
= ~ 0.0002 
'-
Q, 

9. 0.0001 
::!: 

0.0000 

0 

0. 4000 

.... 
-= 0.3500 
N 

~ 
'¢ 

0.3000 -

;:. 
3. D.2SOO 

~ .... 
0. 2000 "' ,__ 

g 
0.1500 :p 

u 
~ 
-; 

0.1000 2 
Q, 

9. 0. 0500 
::;:: 

0.0000 

0 

Site TOl I• Dw(Totel)l 

I ""'" """" ~ ' "" - """ ~ '= 0. 69::0, p - O. 

s 

5 

~f 
10 15 .zo .25 

Site T04 

~- = 0.0107x - 0.019S 
R,= 0.5993, p = 0.0143 

10 15 20 

15roJO;' ( ~tmol 1"1 ) 

25 

30 

30 

Figun~ A 7.7. Test of assumption #2 of the isotope pairing method that deni:tcifieation of ni.trate from the \Vater column (Dw (I'otal)) increases linearly 
with the nitrate concentration at the Tokomai.rico Rivec -estuary. Rates ofDw{fotaH) for N2 and N20 production versus 1~03- concentration in the water 
column_ Incubations were in the light. The bars indicate SE (n=3). Please note -differ·ences in they-axis scales. 



> 
'i:l 
'i:l 

~ 
t:1 
~ 
-..) 

t:1 

~ 
~ 

~ -(J 

> 
~ -~ 
~ 
~ 

7 

-;t 
~ 6 ,.., 
'E 
0 5 
>= 
~ 
ill 4 ...., 
"" .. 
c: 3 
0 

:;::; 

"' -5 2. 
e 
Q. 

"' 1 z 

0 

0 5 

Site TAl 

·,· = -0.12Je>x + ot .mo 
R"~O.H62,p ~O .C52.S 

-~ 
....... 

1 0 L5 lO 25 

15 ~103- bm1oll'1) 

0.0035 
]: 
":' 0.0030 = 
] 

0.0025 ,... 
3. 

~ 0.0020 
~ 
~ 
0 0.0015 ; 
~ 
~ 

0.0010 0 

~ 
0 
-£ 0.0005 

O.ODOO 1 
30 0 5 

Site TA2 

~- ~ -{).00}1)( t 0.0025 
R, =0.2154, p = 0.2082 

1 0 15 

ts pw 3- h•moll-1) 

I• o.,/'Totol) I 

1 

lO 25 30 

~ F~gun• A 7_.8. Test of as~ption #2 of the iso~ope pairing method that de:fJ"ification of nitrate from ~1e water c~i_turul_ (Dw (I'otal)) u~cr~ses linearly 
tn ·w1th the mtrate concentlranon at the Tautulm River e.sttlal)'- Rates of Dw(T ) for N2 and N20 production versus ~03 concentrabon m the \Vater 
~ column. Incubations \Vere in the ]i.ght_ TI1e bars indiicate SE. (n=3)_ Please note d:i:fferences in they-axis scales. 
e 
§ 
s;: 
~ 
~ 
'C/J 

,!::. ,_. 
\0 



~ 
N 
0 

> >-c 
>-c 

~ 
tJ 
~ 
-J 

I 

tJ 
tn z ....... 
>-l 

~ ....... 
<1 
> 
>-l ....... 
0 z 
~ 
>-l 
tn 

~ 
tn 
> 
CZl 
c 
§ 
~ 
tn z 
>-l 
CZl 

SiteAH2 
1a J r---.;'"'u ~- =-O.H5&. +- 12. 9M2 - . 

R-'=0.32.26, p =0.1107 ":' 

= 10 
0 

i B 
;:; .., .. G c: }'" = 0.2139~ t 2. 7514 
£ 

~ 1\'=0.8751, p =0.C002 
~ !I 
.0 
0 
~ 

Q. 2 r• :z:: 
0 

0 5 10 15 20 25 

Site AH4 
30 l 

~ ,.., 
.::: 25 -
~ ... 
~ '( = -0.>10l6x ~ 24.3'901 

0 20 fiZ :Q.4 93Q, p :Q_I):ti{) ;: 
~~ 

~ "l 
·@ 10 
:I 

' 1 

'( =0.0922x +- 1..8426 "'C 
Q R'=0.6964, p =O.orel :.. 
0.. • N 
~ • • 

0 

0 5 10 15 20 25 

15 1't~· [J.Imol t 1 ) 

0.0800 --';' 
..:::: 0 .0700 
<";1:: 

~ 0.0600 
;: 
.2: 0.0500 

<1.1 ,.., 
:::: 0.01100 
~ 

0 
'ti 0.0300 
::1 

2 o.mo 
Q. 

£ 0.0100 

o.aooo 
30 0 s 

0.01l0 
~ 
M .... 
; 0.0100 

E 
0 
;: 0.0080 -
.3 
>V 

~ 0.0060 
,.. 
0 

:.e 0.0040 
;:l 

""=' 
~ 

~ o.ao.w 
N 

~ 

0.0000 

30 0 s 

Site AH2 

" = 0.0023< ~ 0.0051) l 
R0 =0.ii610, p=0.0077 ~ 

/ 
...... ---

1 
)' = O.OCJ03x +- 0.0148 

R' = 0.0998, p = 0.4077 

10 15 20 25 

Site AH4 

t 

-~- f 

10 15 20 l5 

15r,,~- bm~ol t 1) 

~ 
~ 

30 

30 

Figun• A7.9. Test ofassumption #3 ofthe isotope pairing method at the Avon-Heathcote estuary. Rates ofD15 and D]4 focN2 and N20 production 
versus !~03· concentration in the water column. To m~et the assumptions, D ]4 must be independent of 15N03- concentration and D1s must increase 
linearly with increasing 15N03. concenttations. Incubation<.> \Vere in the light. The bar.s indicate SE (n=3) . Please note differ-ences in they-axis scales. 



> >-o 
>-o 

~ 
~ 
--l 

u 
~ 
)--< 

>-3 

~ 
)--< 

n 
> 
>-3 
)--< 

~ 
~ 
>-3 
tTJ 

s=: 
tTJ 
> 
(/) 

c 
G; 
~ 
~ 
>-3 
(/) 

.j::.. 
N ,_.. 

80 , 
SiteWAl 

Site WAl i• (},; I 0. 0800 

-;t 0 D1o~ .,.., 70 -;:; 0. 0700 .:: .... E 

'"'"'"'"'.!,' 1 'E 60 ] 0. 0600 

0 5. ~· = 0.5240. p = 0.0275 / E so = 0. 0500 
E: <ll // ... 
E ao :: 0 . 0~00 
"' ~ ... ,.. 0 

/// i5 30 '5 0. 0300 
!j:J .a u 

~ 20 

~ 
[ 0-0200 /./ •r = 0.0003x + O.OO:L5 

0 -' R'=0.403&, p =0.0659 ... ·r =O.o2~ + 4. nz-t ::t. 0. 0100 ~ 10 r.· = 0-0088, p =0. 9102 0 ;;:: ... 
-

0 0. 0000 

0 5 10 15 l .O .25 30 0 5 10 15 20 .25 30 

SiteWA4 Site WA4 
300 0. 2500 

-:::< .... 
~ 

.::: .250 

~ 
,. 

N E o.2ooo 
E 

Q 
] 200 

""- E ,.. -< 
3. "-, = O. L500 
Q) 2; 
... 150 "" y = -10 . 272(}~ t 251.4175 ~ ~ .. 

'....._~, 68U, p = 0.0059 -~ .g 0.1000 
0 
:;; 100 ~ '-' 
~ '-....._ "i5 e 0 

50 .,. = 0.0077x + 2.71l&O '""-......_ 
Q. 0. 0500 

Q. 
0 

"' R' =03278, p=0.1071 ~ ''-..,.'....._;, Q z: "' ~ 
0 I $,.___, 0. 0000 

0 5 1 0 15 20 l:5 30 0 5 10 15 2 0 25 30 

15r·w l - (~tmol 1 " 1 ) 15tw3- {l..unoll-1) 

Figu•·e A 7.10. Test of assumption #3 of the isotope pairing method at the \Vaikouaiti River estuary. Rates ofD15 and D14 for N2 and N20 production 
versus [

5N03.- concentration in the water column. To meet the assumptions, D ]4 must be independent of 15N03- concentration and D1s must increase 
linearly \Vith increasing 15N03- concentrations. Incubations were in the light. TI~:e bars indicate SE (n=3) . Please note differences in the y-axis scales . 



.j::. 
tv 
tv 

> 
'"0 
'"0 
trl z 
tj 

~ 
-..) 

tj 

~ ........ 
1--J 
~ 
'TJ ........ 
n 
> 
1--J ........ 
0 z 
~ 
1--J 
trl 

s:: 
trl 
> 
(/) 

e 
§ 
s:: 
~ 
1--J 
(/) 

~ 
Site TOl Site TOl 

0.2:000 o.oo 12. l 
- D. l SOO 

T ,.., ~ o.ou o 
~ 

~ 

;::; 0.1600 
~ 

0 ~ 

0 0.1400 i_ O. ODDB 

§. 0.1200 
~ 

~ 0.1000 ~ 0.0006 
"' ~ ·- y : -0.0027~ + 0.0855 0 ;:: 0.0800 

R"=0.0 74 9. p =0.4761 t 0 

~ 0.0600 
:: 0.000<1 

~=~~ 
-::; 

~ -::; 
[ 0 . 0~00 

9. 0.0002 l y : .().00):>~ ~ 0 .00(5 
:f' O.OlOO ~ R, = 0 . 5735, p : 0 .1J0{)7 

D.DD OO 

0.0:153,. p = 0 . 5285 

__._, O.OODD 

0 5 J.a 15 20 25 30 0 5 10 15 20 25 30 

Site T0 4 Site T04 
300 l 0.35 00 

~ 
-;< 

) •00112' '"" " ~ 
~ 0. 3000 

2.50 "' <;< 

"' j 
.-

I; !:; 

0 
y = 1.0195 ~ + 148.4029 0 0.25 00 

- P! = 0 .0104, p = 0 . 7940 §. 
.! -; 0.2000 

,.,,_7 
t; 150 

.. 
~ ~ - := 0.15 00 

·~ 
0 
'; 

100 <..J 
'-' .@ 0.1 000 ..2 
;; 0 

\' = O.U 77Xf 3.5958 ·-;_ 50 ~ 0.05 00 1 ~ I " = 0.0027~ ~ 0.0::!91 
..... R' =0.8337. 1> =0.0005 ~ l =0.4:3.35, p = 0.0539 :z: :z: 

0 0.0000 

0 5 1(1 15 20 25 30 0 5 10 15 20 25 30 
15t40~ · (lAino 11·1 ) 15rw~- ~ ~11nol t1 1 

Fi.gu1·e A7.ll. Test of assumption #3 of the isotope pairing method at the Tokomairiro River estuary. Rates ofD1:s and D 14 foe N2 and N20 production 
versus n N03.- concentration m the \Vater colutnn. To meet the assumptions, D ]4 must be independent of [~03- concentration and D15 must increase 
linearly with increasing 15NOs- concentratiom>. Incubations \Vere in the light. 1l1e bars indicate SE (n=3). Please note differ.ences in they-axis scales. 



?; 
"'0 

~ 
~ 
-..) 

\j 

~ ........ ..., 
~ ........ 
n 
> ..., 
........ 

~ 
~ ..., 

160 

1: 140 

"' ., 
c: 120 

0 
~ 
3. !OD 

Ill .... 
~ 80 -... 
;:::: 
0 60 :.;:; 
u 
;::; 

-g 40 -
;_ 
~· :0:: 20 -

0 

0 

Site TAZ 

g y ~ -21775x + 103.4 !:58 

~. 2771 

0 

'{ = -0.(1246:< t 2.44-03 
R' = 0.0932. p = 0.4 243 

5 10 15 20 15 

15N0 3· [~unol P ) 

:;::;- 0.0045 l 
.::: 

0.0040 
~; 

0 0.0035 
E 
.: 0.0030 

B 
E 0.0025 
... 
0 
:.c 0.0010 

:::! 
-€i 0.0015 
0 ... 
~ 0 0010 0 ' .,... 

;.:: 0.0005 

0.0000 

30 0 

Site TAZ 

y = -O.O!XIlX + 0.0032 

~OOM6 

~ ¢~, • 

5 

'>' = o.cooox t- 0 .0011 
R-" ~ 0.0022, p = 0. 9C56 

10 15 

15J·J~ · ( ~unoll-1 ) 

20 25 

~ 
~ 

30 

~ Figon~ A7 .. l2. Test of ass1.unption #3 of the isotope pairing method at the Tautukn River estuary. Rates of Dis and D]4 for N2 and N20 production 
tTJ \•ersus [

5N03: concentration m the water colutnn.. To meet the assumptions, D]4 must be independent of 15N03- concentration and Dis must increase 
~ linearly \Vith increasing I5NOs- concentration•.;._ Incubations were in the light. The bars indicate SE (n=3) . Please note differences in they-axis scales. 

~ 
s;:: 
~ ..., 
r./1 

+::. 
N 
(.;..) 



Figure A 7.13. Linear regression of q(N2) versus q(N20) at the 7 study sites and the 
calculated potential contributions of anammox to N2 production (ra) from the slopes of the 
regression lines. Each data point represents 1 replicate measurement of the proportion of 15N 
in the total pool ofN2 and N20. NR, not resolved. 
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core incubations and (B) microelectrodes (see Chapter 2). Negative values represent 
consumption and positive values represent production. Data represent means± SE (n=3). 
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Appendix 8 - Ladderane lipid analysis 

AS.l. Introduction 

The anammox process (combination of 1 mol of NH/ with 1.32 mol N02- to form N2 gas 

(van de Graaf et al. 1997)) occurs inside a special compartment called an anammoxosome 

within the cells of a distinct phylogenetic group of bacteria belonging to the order 

Planctomycetales (DeLong 2002; Sinninghe Damste et al. 2005; Strous et al. 1999). The 

group of bacteria capable of anammox is currently made up of four genera, however only 

close relatives of Candidatus Scalindua have been found to inhabit natural environments (e.g. 

continental shelves, estuaries, lakes) (Schmid et al. 2007). The anammoxosome is surrounded 

by an exceptionally dense membrane that consists of ladderane lipids which are unique to 

anammox bacteria (Sinninghe Damste et al. 2002). The ladderane lipid membrane functions 

as a tight barrier against passive diffusion, which is required to protect the cell from highly 

toxic intermediates (e.g. hydrazine, N2H4), and to maintain stable concentration gradients 

during the slow metabolism that is inherent of the anammox process (Sinninghe Damste et al. 

2002). The ladderane core lipid consists of 3 or 5 linearly concatenated cyclobutane rings that 

are either esterified or etherified to a glycerol backbone via an alkyl chain (Nouri and Tantillo 

2006; Sinninghe Damste et al. 2002). Intact ladderane phospholipids are comprised of either 

a phosphocholine (PC), phosphoethanolamine (PE), or phosphoglycerol (PG) polar headgroup 

connected to the glycerol backbone (Boumann et al. 2006; Rattray et al. 2008). 

Ladderane core lipids can be used as a biomarker for anammox bacteria in manne 

ecosystems, but no distinction can be made between bacteria that were alive or dead at the 

time of collection (Jaeschke et al. 2009). On the other hand, intact ladderane phospholipids 

rapidly decompose after cell death, losing their polar headgroups (White et al. 1979), and can 

therefore be used as a direct indicator of living anammox bacteria at the time of sample 

collection (Jaeschke et al. 2009). 

Ladderane lipids are thermally very labile due to the highly strained conformation of the 

cyclobutane moieties (Jaeschke et al. 2008) and consequently difficult to analyse by simple 

gas chromatography/mass spectrometry (GC/MS). Therefore, measurement of core ladderane 

lipids and intact ladderane phospholipids usually requires special analytical methods 

involving high-performance liquid chromatography (HPLC) coupled to positive IOn 
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atmospheric pressure chemical ionization-tandem mass spectrometry (HPLC/APCI-MS/MS) 

(Hoprnans et al. 2006) and HPLC electrospray ionization-tandem mass spectrometry (HPLC

ESI-MS/MS) (Bournann et al. 2006), respectively. 

The present study was undertaken to determine whether core ladderane lipids or intact 

ladderane phospholipids could be detected in sediments collected at sites within the four study 

estuaries. 

A8.2. Materials and methods 

My first attempt to measure ladderanes focused on measunng only intact ladderane 

phospholipids. Three replicate samples of the top 0-2 ern of sediments were collected from 

each site within the four study estuaries during the spatial denitrification survey (refer to 

Chapter 4). I personally analysed the samples between January and March, 2009 at Prof. 

Thomas Bianchi's laboratory in the Oceanography Department at Texas A&M University, 

USA using a Shimadzu LCMS-2010 equipped with a Shimadzu SIL-10A auto injector, a 

Shimadzu SPD-MIOA VP diode assay detector, and an ESI probe. Since the analysis of 

ladderanes is a new method and there were some inaccuracies in the original published 

protocol (Boumann et al. 2006), a number of mistakes were made during the initial analysis. 

The problems encountered were as follows: (1) improper storage of the samples (the samples 

should have been stored in glass containers rather than plastic containers and should have 

been stored on solid carbon dioxide during transport to maintain the temperature at :S-20 °C), 

(2) improper methodology for the phospholipid extraction (rather than using a modified 

extraction method of Bligh and Dyer (1959) similar to Jaeschke et al. (2009) I used a Dionex 

ASE® 200 accelerated solvent extractor and although the temperature was set to only 50 °C, 

this may still have been too high for the thermally labile ladderane lipids), (3) improper 

equipment (an LC-MS rather than an LC-MS/MS was used which did not allow a mass 

spectra of the fragment ions to be generated and therefore the ladderane lipids could not be 

identified). Accordingly, the data from the first attempt are not discussed further. The 

information that follows is from the second attempt to measure ladderane lipids. 

A8.2.1. Sample collection 

A small glass coring device (4.0 em external diameter, 3.8 ern internal diameter) was used to 

collect intact sediment cores (top 0-2 em of sediment) from two sampling sites within each of 
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the four study estuaries (Table A8.1.) during low tide (± 2 h). Each collected sediment core 

was homogenized by mixing with a glass stirring rod then placed inside an acid-washed and 

pre-combusted 50 ml glass vial with an aluminium lid. The sediment samples were 

immediately frozen using solid carbon dioxide and stored inside an insulated container during 

transport to the laboratory. The sediment samples were kept at -20 °C until they were sent via 

special express service to Darci Rush at the NIOZ Royal Netherlands Institute for Sea 

Research to be analysed. During transport, the samples were packaged with solid carbon 

dioxide and a temperature sensor ensured that the temperature did not rise above -20 °C. 

Table AS.l. The sampling date and number of replicate samples of sediment collected from 
selected sampling sites within the four study estuaries. 

Sampling date 

24-Apr-09 
24-Apr-09 
26-Mar-09 
26-Mar-09 
27-Mar-09 
27-Mar-09 
27-Mar-09 
27-Mar-09 

A8.2.2. Sample analysis 

Site 

AH2 
AH4 
WA2 
WA3 
T02 
T04 
TA2 
TA3 

Number of replicate samples collected 

1 
3 
1 
1 
1 
1 
1 
3 

Core ladderane lipids and intact ladderane phospholipids were analysed according to Jaeschke 

et al. (2009). The only modification was to the core lipid analysis; after removing the 

polyunsaturated fatty acids with ethyl acetate over a small AgN03 (5 %) impregnated silica 

column, the samples were run over another AgN03 (5 %) impregnated silica column with 

dichloromethane (DCM) then refiltered in order to further clean the sample fraction. The 

samples were analysed using an Agilent 1100 series LC (Palo Alto, CA, USA) equipped with 

a thermostatted auto-injector. It was coupled to a Thermo TSQ Quantum EM triple 

quadrupole mass spectrometer equipped with an Ion Max source with an ESI probe (for the 

intact ladderane phospholipid analysis) or with an APCI probe in the selective reaction 

monitoring (SRM) mode (for the core ladderane lipid analysis). Quantification of the 

ladderane lipids was achieved using an external calibration curve with 2 standards of isolated 

ladderane fatty acid methyl esters (FAMEs) that contained either the [3]- or [5]- ladderane 

moieties and 1 standard of an isolated ladderane monoether that contained the [3]- ladderane 
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moiety (Jaeschke et al. 2009). All samples were calibrated to these standard curves. The 

detection limit was 30-100 pg. 

A8.3. Results 

Analysis of the core ladderane lipids and intact ladderane phospholipids did not show any 

detectable ladderane lipid peaks. 

A8.4. Discussion 

Although ladderane lipids could not be detected this does not mean that anammox bacteria 

were not present in the sediment samples. Anammox bacteria may still have been present, but 

were synthesizing ladderanes in too low of concentrations to be detected. 

Because the sediment samples used for the ladderane lipid analysis were collected during a 

different year and from some different sites than were used to calculate the potential 

contributions of anammox to N2 production (see Chapter 3), the influence of anammox on the 

denitrification concentration series measurements remains inconclusive. 
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