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Environmental assessment of biogeochemical cycling of dissolved organic carbon (DOC) 
and nitrogen (DON) in natural waters 

El-Sayed A. Badr 

Abstract 

Increases in human population and activities have lead to significantly enhanced inputs 
of carbon and nitrogen fiom both point and difiuse sources to rivers, estuaries, and 
coastal seas, altering the global carbon and nitrogen biogeochemical cycles. This 
increased load has had a marked ecological impact globally, with detrimental changes to 
primary production, conununity stricture and water quality. Understandmg the nature 
and cycling of dissolved organic carbon (DOC) and nitrogen (DON), significant 
components of the global carbon and nitrogen cycles, in estuaries will provide better 
estimates of C and N transport to coastal and ocean waters. This study involves: (1) 
optimisation of the h i ^ temperature catalytic oxidation (HTCO) analytical method used 
for reliable analysis of DOC and total, dissolved nitrogen (TDN), (2) investigation of 
spatial and temporal variations of DOC and DON, and other reliated determinands, in two 
contrasting estuarine environments, the Yealm and Plym, in south-west England, (3) 
investigation of DON bioavailability using a bacterial incubation experiment, and (4) 
preliminary work on the use of stable nitrogen isotope ratios to identify DON sources. 

The sampling and analytical protocols required for rapid, precise and reliable 
determinations of DOC and DON, using the coupled HTCO-chemiluminescence 
technique, are described ui this study. This metiiod gave detection limits of 
approxunately 6.2 \iM C and 0.46 | iM N , and precisions of < 2-3 % and < 3-5 % (n=3-5) 
for DOC and TDN, respectively. The mean DOC and TDN of the CRMs analysed, over 
a period of 2 years, were 48 ± 3.9 | iM C and 20 ± 1.5 nM N that were close to the 
certified values of 44 - 45 pM C and 21 | iM N , respectively. 

Concentrations of DOC ranged from 61 | iM C at the seaward end to 335 pM C at the 
fresh water end for the Yealm, and 71 - 290 |j,M C for the Plym. DON concenfrations 
were mamly m the range of 1.8 - 62 pM N for the Yeahn, and 4-94 \iM N for the Plym. 
The enhanced DON concenfrations in the Yealm might be the result of sewage 
discharges and agricultural run off, while in the Plym they may be due to sewage 
discharge, run off from the Chelson Meadow landfill and other anthropogenic activities 
within the urban Plym catchment. Except during a limited numbers of surveys, DOC and 
DON generally behaved in a non conservative manner in these estuaries. Nifrate and 
filterable reactive phosphate (FRP) behaved relatively conservatively m the Yealm, but 
were more non-conservative in the Plym. The spatial distribution of DOC and DON 
concenfrations in the Plym Estuary appeared much more mfluenced by anthropogenic 
uiputs relative to distributions in the Yealm Estuary. The seasonal variation of DOC and 
DON was characterised by lower concenfrations during winter and a slight increase in 
spring and suimner followed by highest concenfrations during late smmner and auturrm, 
suggesting a sfrong link to seasonally variable phytoplankton production. 

The confribution of DON to die TDN pool ranged between 4 and 79 % for the Yealm, 
and 3.5 - 84 % for the Plym. Higher values (53 - 79 %) were observed during late 
summer, emphasising the important contributions of DON to TDN- pool. Incubation 
experiments usmg the Plym Estuary water mdicated that 30 - 58 % of DON was 
bioavailable for heterofrophic bacterial utilisation; at the same time nitrate concentrations 
increased by 9 - 35 %, presumably through mineralization of DON. From the studies 
undertaken in the present work, it may be concluded that the omission of DON in 
estuarine and coastal water studies will result in underestimation of the total nifrogen 
load. As a significant part of the DON appeared to be bioavailable, ignoring this fraction 
will result in an underestimation of eutrophication pressures on coastal and ocean waters. 
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Background and literature review 

1.1 Introduction 

1.1.1 The global carbon and nitrogen cycles 

Suice the industrial revolution, human activities have caused significant perturbations to 

the global cycles of element. Consequently, serious enviromnental problems such as global 

warming, acid rain, depletion of the ozone layer, and bioaccumulation of toxic matter have 

been caused by disruptions of the biogeochemical cycles (Table 1.1). Over the past 200 

years, human activities have significantly altered the global carbon and nitrogen cycles. 

Understanding the consequences of these activities in the coming decades is critical for 

sustaining our life on the earth (Falkowski et al. 2000). Carbon and nitrogen reservoirs and 

their evolution are considered key parameters in the description of the aquatic environment 

(Cauwet 1999). 

Table 1.1 Examples of human impacts on elemental biogeochemical cycles (Radojevic and 

Bashkm 1999). 

Cycle Human interference Environmental consequences 

Carbon 

Nitrogen 

Phosphorus 

Sulphur 

Fossil fuel combustion and deforestation 

Fertilizers and fossil fuel combustion 

Detergents aiid fertilizers 

Fossil fiiel combustion 

Global warming 

Eutrophication and acid rain 

Eutrophication 

Acid rain 

Human activities have induced mcreases of CO2 (green house gas) in the atmosphere, that 

is a major cause of global warming (Stumm and Morgan 1996; de Haas et al. 2002). CO2 

in the atmosphere traps some of the radiation and cause the Earth s atmosphere to be 

warmer than it would otherwise be. Global warming and associated potential impacts had 

lead to focused attention of scientists on the global carbon cycle and quantification of net 
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fluxes of CO2 in the atmosphere and ocean (Hedges 1992; Falkowski et al. 2000; Druffel. 

2004). 

Carbon is contuiuously cycled between reservoirs in the ocean, on land and in the 

athiosphere, where it occurs primarily as CO2 (Figure 1.1). The pool of carbon on land is 

primarily in living biota and decaying organic matter, and accoimts for approxunately 

2,000 Gt C (Gt = 10*̂  g). Quantitatively, the largest carbon reservoir is the dissolved 

inorganic carbon (DIC) pool in the ocean, which holds ajpproximately 38,000 Gt C 

(intermediate and deep ocean reservoir in Figure 1.1) (Chester 2003). The DOC pool in the 

ocean is estimated at nearly 700 Gt C. Two main processes are known to play an 

important role in the global carbon cycle in the ocean: (1) thfe formation of calciirai 

carbonate skeletons by various types of organisms, and (2) formation of organic matter by 

phytoplankton during photosynthesis (de Haas et al. 2002). The photosynthesis transfers 

CO2 from the atmosphere to land plants or oceanic plankton, while respiration releases 

CO2 back into the atmosphere. The additional carbon resultmg from fossil fuel burnmg is 

the maui cause of atmospheric CO2 rises over the last 150 years; and since the beginning of 

the mdustrial revolution concenfrations of CO2 in the atmosphere have increased by about 

30 %. A recent estimate of the CO2 reservoir in the atmosphere is 750 Gt C, compared to 

an estimated 600 Gt C in pre-industrial tunes (Chester 2003). Therefore, it is of great 

unportance to understand how and why the global carbon cycle has changed over time, and 

how it may change in the future as human activities continue to add ever-greater quantities 

of green house gases (CO2 and CH4) mto the atmosphere (Probst et al. 1999). The relative 

role of the marine environments versus land vegetation and soils as a possible missing smk 

is still debated (Chester 2003). 

2 
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A simplified schematic diagram of the nitrogen cycle in the marine environments is 

presented in Figure 1.3. Nitrogen enters rivers, estuaries and coastal marine ecosysteins 

from natural and, in many cases, anthropogenic sources. As nifrogen is the primary 

nutrient-limiting element for primary production in estuarine and marine water 

environments, increases in nifrogen inputs can markedly alter those aquatic ecosystems 

. (Seitzinger et al 2002). Nifrogen has a complex cycle due to the large number of potential 

oxidation states (-3 to +5) in which nifrogen can exist. Nifrogen in natural waters occurs as 

nifrogen gas (N2), nitrate, nitrite, aimnonium, dissolved organic nifrogen (DON) and 

particulate organic mfrogen (PON). In oxidising aquatic environments, Nitrosomonas and 

Nitrobacter oxidise ammonium to nitrite and then to nitrate, respectively, through the 

process of nitrification. Nitrification is initiated by the degradation of organic nifrogen into 

ammonium by the ammonification process. Nifrification has been reported in the water 

column, particularly at the maximum turbidity zone (MTZ), and sediments of many 

estuarine ecosystems (Abril et al 2000). In anoxic aquatic envkonments with high levels 

of orgamc matter such as estuarine and coastal marine sediments, some heterofrophic 

bacteria can use nifrate as an elecfron acceptor in order to utilise the organic matter 

(Seitzinger 1994; Abril et al 2000). Consequently, nitrate is reduced to nitrite and then to 

nifrogen gas through the denitrification process (Seitzmger 1988; Meybeck 1993; Stumm 

and Morgan 1996). The major source of nifrate for denifrification m estuarine and coastal 

marine sediments is the nifrate produced in the sediments by mineralization, and not the 

diffusing nifrate from the overlying water (Seitzinger 1988). In addition to denifrification 

in anoxic aquatic environments, anammox bacteria anaerobically oxidise ammonium with 

nitrite to form nifrogengas. Recentiy, it has been reported that the anammox reaction could 

be a significant, but as yet neglected, sink for marine nitrogen (Dalsgaard et al. 2003; 

Kuypers et al 2003). For instance, the anammox reaction accounts for 19 - 35 % of the 

total N2 formation in the water colunrn of Golfo Dulce, Costa Rica (Dalsgaard et al 2003). 
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Sediment 

Figure 1.3 A schematic diagram of the nitrogen cycle in the marine environment (adapted 

firom Hanrahan et al 2002). 

1.1.2 Environmental impact assessment with respect to water quality 

Environmental impact assessment (EIA) is a participatory process employed to identify 

and evaluate the probable enviroimiental consequences of development proposals in order 

to facilitate informed decision-making and sustainable development (Glasson et al 1999). 

The potential benefits of this decision tool have been widely recognised, and the EIA 

" provisions have been implemented in more than 100 coimtries (Petts 1999). Water impact 

assessment (WIA) is a component of the EIA process that is concerned with the potential 
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impacts of development proposals on aquatic environments, including river and marine 

environments (Brookes 1999). The WIA process follows the same steps as the EIA 

process, but is solely related to impacts on aquatic systems (Figure 1.4). WIA should be a 

cyclical process with feedback 

Consideration of alternatives 

Description of 
water uses 

Scoping 

Baseline study 

Stakeholder 
involvement 

Impact 
mitigation 

Significance 
evaluation 

Impact Identification 
and assessment 

Preparation of the WIA 
component(s) of the EIS 

Only occurs If developr^ent consent Is granted 
I 

Monitoring 

Auditing Reporting Auditing Reporting 

Figure 1.4 Idealised conception of the WIA process (after Badr et al, 2004). 

Developments can affect the aquatic environment directly e.g. dams and water abstraction 

projects or indirectly e.g. industrial, agricultural, and residential activities (Brookes 1999). 

Both categories of developments can produce a wide range of potential impacts upon the 
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water environment, from changes in water quantity to changes in water quality including 

depletion of dissolved oxygen, enhanced concenfrations of dissolved organic matter 

•(DOM)> eutrophication, and elevated levels of toxic metals and pesticides. Sources of 

water pollution occur from point and non-point sources. Point sources of pollution, such as 

sewage outfalls and mdustrial effluents, are easy to identify and to monitor systematically. 

Non-point sources, such as agricultural runoff, are diffuse, intermittent and more difficult 

to confrol. Consequently, these impacts upon the aquatic envfronment can potentially 

affect the biota and cause a cascade of flirther impacts on socio-economic variables, human 

health, cultural heritage, landscape, ecology and clunate (Morris and Biggs 2001). 

A study by Badr et a/., (2004) concluded that in England the water quality assessment 

component is poorer in quality than the overall EIA scheme and indicates the need for 

further research in improvmg WIA process. Dissolved oxygen (DO) and biochemical 

oxygen demand (BOD), and chemical oxygen demand (COD) to some extent, are used m 

the water quality assessment process to assess the orgaiuc load and the extent to which 

aquatic environments are affected by sewage, industrial effluents and agriculture run-off 

containing organic matter. Dissolved organic carbon (DOC) is usually ignored. In the same 

manner, inorganic nifrogen species (nifrate, nitrite and ammonia) are used to assess the 

nifrogen load in relation to eufrophication, whilst the potential role of DON is not 

considered. The standard chemical classification used until 1992 was developed by the 

National Water Council (NWC) which classified waters through England and Wales into 

classes from lA , IB (good quality) to 4 (bad quality) (National River Authority 1994). 

This chemical classification was based on the concenfrations of DO, BOD and ammonia, 

m addition to other parameters according to the condition of the site under investigation. 

However, the use of additional assessments of water quality led to some concem over 

inconsistencies in the way the scheme was operated in different parts of England and 
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Wales, and from one survey to the next. The Envfromnent Agency (EA) has now replaced 

the NWC scheme with a more appropriate one, the General Quality Assessment (GQA) 

scheme. The GQA comprises general chemistry, nutrients, aesthetics and biology. The 

GQA scheme gives a grade to the water environment under investigation from A (highest 

quality- very good) through B, C, D, and E to F (lowest quality- bad). The general 

chemisfry is assessed in terms of measuring DO, BOD, and ammonia. The biological 

component of the GQA is based on the use of the Biological Monitoring Working Party 

(BMWP) index (Mason 2002). This index uses the diversity of aquatic invertebrate 

communities as an indicator of water quality. An idealised water quality assessment is 

based on appropriate monitoring of hydrology, physico-chemistty and biology (Table 1.2). 

Only organic matter load and nutrients, which are relevant to the current study, will be 

discussed in the following. 

1.1.2.1 Organic matter load 

Organic matter load in natural waters can be estimated from measurements of related 

parameters, as a useful indication of the degree of pollution. These parameters include DO, 

BOD, COD, DOC and DON (Stumm and Morgan 1996). DO represents the amount of 

oxygen gas dissolved in natural waters, that is essential for the survival of most aquatic 

organisms. Sources of the DO in aquatic ecosystems include surface diffusion from the 

atmosphere and photosynthesis in algae and submerged plants. The amoimt of oxygen 

dissolved in natural waters varies with temperature, salinity, turbulence, atmospheric 

pressure and the photosynthetic activity. The solubility of oxygen decreases as water 

temperature and saluiity uicrease (Radojevic and Bashkin 1999). A waste discharge that is 

high in organic matter and nutrients can lead to decreases in DO concenfrations as a result 

of the increased microbial activity occurred during the degradation of organic matter. 
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Table 1.2 Water quality monitoring parameters, adapted from (Chapman 1996; Morris and 

Biggs2001;Hart2002;Turley era/. 2005). • 

Water quality 

assessment 

Parameters monitored 

Physical 

hydrology 

1- Precipitation including rainfall data and related 

meteorological parameters such as temperature, wind speed 

and direction, and hvmiidity 

2- Water body dimensions and capacity (length, width, depth, 

water volume) 

3- Water body discharge/ recharge rates and flow rate 

measurements 

4- Flushing time and tidal range for estuarine environment 

5- Wave, current and tide for oceans and seas 

Physiochemistry 1- Temperature, pH, turbidity and suspended particulate matter 

(SPM), salinity, conductivity and total dissolved solids, 

alkalinity, hardness, colour, odour, chlorophyll a 

2- Nutrients; phosphate, nitrogen, carbon and silica (particulate 

and dissolved and their ratios) 

3- Organic load; DO, BOD, COD, DOC (TOC), DON 

4- Major ions; sodium, potassium, calciimi, magnesium, chloride, 

sulphate 

5- Trace metals; cadmium, lead, zmc, copper, mercury 

6- Oil and hydrocarbon 

7- Pesticides, PCBs 

8- Surfactants 

9- Sediment composition and availability 

Biology 1- Phytoplankton (chlorophyll a, productivity, nuisance blooms) 

2- bacteriological investigation (nvmiber, productivity, indictor 

species) 

3- benthic invertebrates diversity 

4- the use of bioindicator species (some algae, fish and aquatic 

plant species) 
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BOD is an approximate measure of the amount of biochemically degradable organic matter 

present in water samples. BOD is defined as the amount of oxygen required for the aerobic 

oxidation of organic matter by micro-organisms over a specific period. COD is the 

measure of oxygen equivalent to the organic matter in a water sample that is susceptible to 

oxidation by a strong chemical oxidant. The COD is usually higher than BOD, as BOD 

determines compounds that can be biologically oxidised while COD measures those 

compounds which can be chemically oxidised (Stumm and Morgan 1996). DOC and DON 

are the filterable fraction of organic carbon and nitrogen present m natural waters, 

respectively. Monitoring of DOC and DON in natural and drinking waters has been widely 

used in the USA to assess organic matter removal, bacterial re-growth / contamination and 

disinfection by-product, and as a basis for compUance with US EPA regulations for 

drinking water (Escobar and Randall 2001; Wallace et al. 2002; Volk et al. 2002; 

Westerhoff and Mash 2002). 

When an aquatic enviromnent is freshly polluted by anthropogenic sources, most of the 

nifrogen is originally present in the form of organic nitrogen (ON) and aimnonia. As the 

time progresses, the organic nifrogen is gradually converted to ammonia nifrogen which is 

oxidised later, under aerobic condition, to nitrite and nitrate through the process of 

nitrification. The progression of these processes found to occur in a maimer shown in 

Figure 1.5 , depending on pollution load and aquatic system conditions (Sawyer et al. 

1994). So, the discharge of organic and ammonia nifrogen and subsequent degradation can 

seriously reduce the DO levels in the receiving aquatic environment. 
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Time,: days 

Figure 1.5 Changes occurring ni nitrogen species present in recently polluted aquatic 

enviroiunents under aerobic conditions (after Sawyer et al. 1994). 

1.1.2.2 Nutrients and eutrophication 

Nutrients are essential for biochemical reactions and growth and maintenance of aquatic 

biota, with nitrogen, phosphorus and siUcon being the most important and commonly 

determined macronutrients in aquatic enviroimients (Nedwell et al. 1999; Hanrahan et al. 

2002). Nitrogen is typically the most luniting nutrient to primary production m many 

estuarine and coastal waters (Seitzinger and Sanders 1997). Anthropogenic sources of 

nutrients mto aquatic environments mclude stormwater and agricultural runoff and 

discharges of industrial and sewage effluents (Middelburg and Nieuwenhuize 2000b). 

Eutrophication may be defined as the enrichment of the aquatic environment with 

nutrients, which in tum leads to a marked increase in organic matter production with often 

detrimental effects. Although eutrophication is a natural process, human activity can 

greatly increase the load of nutrients, mainly nitrogen and phosphorus, and consequently 

lead to eutrophication (Johnston and et al. 1998). Eutrophication in estuaries and coastal 

12 



El-Sayed A. Badr Chapter one Background and literature review 

waters is one of the best documented consequences of human alterations of the nitrogen 

cycle (Christian and Thomas.2003). Eutrophication is usually accompanied by an increase 

in the phytoplankton biomass and a subsequent deterioration of the quality of the water 

environment. This can cause major ecological changes, including the occurrence of 

nuisance algae, reduction in species diversity and major changes in community structure 

(Hamahan et al. 2002). The algae blooms may also reduce light penetration to the extent 

that benthic comniuiuties die. Sharply reduced DO concentrations are frequently associated 

with this phenomenon, and may contribute to the demise of benthic fauna and flora. 

1.2 Environmental signiHcance of DOC and DON research 

1.2.1 Why dissolved organic carbon? 

DOC is recognised as the largest reservou: of partially reactive carbon that is important ui 

tiie global carbon biogeochemical cycle (Hopkinson et al. 1997b). The global oceanic 

DOC pool is estimated to be nearly 700 Gt C, a value similar to the inorganic carbon mass 

in the atmosphere (Carlson 2002). The increasing interest given to DOC distributions in 

marine environments occurred following the Seattie DOC/DON workshop held in 

Washington in 1991, and was due to the following reasons (Cauwet 1994; Cauwet et al. 

1997; Tippmg et al. 1997). (1) Studymg fluxes of organic matter m the marine-

environment is necessary m order to understand the complex relations between marine 

production, terrestrial mputs (particularly anthropogenic), and sedimentary accumulation 

and production of DOM. (2) The enhanced level of CO2 in the atmosphere and the 

potential for climate change led to focused attention of scientists on the global carbon 

cycle. The main question here was whether the equilibrium of the aittnosphere was bemg 

disturbed due to the increasing emission of CO2 and other damaging activities (like 

deforestation and desertification), and to investigate if marine envuronments could be a 
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potential sink for the excess CO2. (3) The debate that developed on the reliability of the 

DOC analytical methods. 

1.2.2 Why dissolved organic nitrogen? 

As noted earlier, inorganic nitrogen is often reviewed as the limiting nutrient for primary 

production in marine waters, whereas excess N inputs may lead to eutrophication. 

Historically, most studies of N concentrations and cycling in natural waters have generally 

examined dissolved inorganic nitrogen (DIN) species (nitrate, nitrite and ammonium); 

DON fraction have largely been ignored (Walsh 1989; Hopkinson et al. 1993; Mchale et 

al. 2000; Jones et al. 2004). This focus has arisen firom the perceived importance of DIN to 

primary productivity and hence water quality, difficulties in measuring DON and an 

underlyuig assumption that DON is biologically inert (Mchale et al. 2000). Recent work, 

using new and improved methodologies, has shown that DON concentrations can be as 

high as ca. 100 pM N , and that it frequently forms the largest part of total dissolved 

nifrogen (TDN) m many lake, river, estuarme and surface ocean waters as summarised hi 

Figure 1.6. For instance DON at ALOHA station in the North Pacific represents 95 % of 

the TDN pool (Church et al. 2002). Also, Perakis and Hedm (2002) reported that DON 

forms 80 % of TDN ui South America forest sfreams. A recent study in the Delaware and 

Hudson river-estuarine systems showed that inputs of orgamc nifrogen accounted for 14 to 

61 % of the total nifrogen loadings to the systems (Seitzuiger and Sanders 1997). Overall, 

DON averages 60 - 69 % of the TDN pool, excluding deep oceanic waters (Bronk 2002). 

It has been also demonstrated that large fractions (12-72 %) of the DON pool, includmg 

urea, and dissolved free and combined amino acids, are bioavailable with tumover times of 

hours to weeks (Stepanauskas et al. 1999; Bronk 2002). Anthropogenic DON sources to 

industrialised catchments have been reported to be more important than natural sources, by 

a factor of 2 - 4 for the Thames and RMne systems (Meybeck 1993). 
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Figure 1.6 (A) percentage of DON to total dissolved nitrogen (DON, nitrate, nitrite, 

anunonium), (B) mean concentrations (± 1 SD) of DON in natural waters (After Bronk 

2002). 

1.3 Biogeochemical cycles of dissolved organic carbon and nitrogen 

Biogeochemical cycles can be illustrated as a series of compartments (reservoirs) and 

pathways between them. Each compartment can be viewed in terms of a box model as 

shown in Figure 1.7 (Radojevic and Bashkin 1999). The flux is the rate of transfer through 

the reservoir (mass / time). The residence time is the amount of substance in the reservou: 

divided by the flux. Generally the biogeochemical cycle for C and N includes the uptake 

and assunilation of nutrients by plankton (primary production), the formation of 
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particulate organic matter (POM), the sinking of POM out of the water column, the 

decomposition and release of re-mineralised products from sediment and.water column, 

and desorption of these back to the surface (Kahler and Koeve 2001). Primary production 

is the ultunate source and bacterial utilization is the prmcipal sink for DOM. This section 

will infroduce the biogeochemical cycles of DOC and DON in the marine environment, 

focusing on the estuarine system. 

Input (source) Reservoir Reservoir •> Output (sink) 

Figure 1.7 The biogeochemical cycle box model. 

1.3.1 Sources of DOC and DON 

DOM sources in the marine environment are either internal (autochthonous) and mainly 

comprise primary production or external (allochthonous) comprising anthropogenic inputs. 

1.3.1.1 Autochthonous sources 

While DOM production is ultimately constramed by the magnitude of primary production, 

there are several processes responsible for DOM cycling, including exfracellular 

phytoplankton production, grazmg mduced DOM production, bacterial fransformation and 

release, viral induced cell lysis and solubilization of particles, as illustrated in Figure 1.8. 

1.3.1.1.1 Extracellular phytoplankton production 

Exfracellular phytoplankton release of dissolved organic matter form an important source 

of DOM (Collos 1992; Myklestad 2000). Extracellular release of DOC and DON has been 

assessed usmg ^''C and '^N fracer techniques, respectively (Ward and Bronk 2001; Carlson 

2002). 
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Figure 1.8 Conceptual model of dissolved organic matter sources in nattiral waters. 
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The percent extracellular release (PER) of DOM from phytoplankton is likely to be 

affected by community structure (algal species and physiology), light. intensity and 

estuarine turbidity, nutrient deficiency and temperature (Myklestad 2000). 

Smaller plankton release more DOM than larger ones because smaller cells have larger 

surface to volume ratios (Hasegawa et al. 2000). DOM extracellular release rates are low 

in actively growing cells e.g. at the begiiming of spring algal blooms and high when cells 

are sfressed by nufrient lunitation e.g. hi late summer at the end of the bbom (Bronk 

2002). The average percent extracellular release of DOC in marine environments is usually 

within the range of 10 - 20 % of primary production; for example the PER was estunated 

to be 13 - 17 % m the Randers Estuary, Denmark (Nagata 2000). 

There have been two models proposed to explain extracellular release from phytoplankton, 

including active release (the overflow model) and passive release (the passive diffusion 

model) (Lee and Henrichs 1993; Nagata 2000). Active release uicludes the release of 

excess photosynthates that accumulate when carbon fixation exceeds incorporation into 

new cell material due to nutrient deficiency (Bronk 2002). DOM exudation accordmg to 

the overflow model, should correlate to the photosynthetic rate, the DOM should be 

composed of both low and high molecular weight (LMW and HMW) DOM and should be 

absent at night and highly turbid estuaries (Carlson 2002). Examples of DOM exudates 

compounds are glycoUate and polysaccharides (Lee and Henrichs 1993). 

In contrast, the passive diffusion model is based on the permeation of LMW DOM 

compounds through the cell membrane in response to the large concenfration gradient that 

exists between the infracellular and exfracellular pools of DOM (Bjomsen 1988). DOM 

exudation according to diffusion model should reflect the composition of small molecules 

in tiie intracellular fluid (Lee and Henrichs 1993). The subsequent uptake of LMW DOM 
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compounds by aquatic organisms such as bacteria would maintain the diffiision gradient 

and thus continue leakage from the phytoplankton cell. 

1.3.1.1.2 Grazing induced DOM production 

Zooplankton grazing on phytoplankton is an established mechanism fox inducing the 

release of DOM to the surrounding water and the bacterial community (Sondergaard et al. 

2000). Zooplankton grazers (macro-zooplankton and micro-zooplankton) can potentially 

play an active role in release of DOM, fransforming particulate organic matter back into 

the dissolved phase (Nagata 2000). It has been shown that healthy, exponentially growing 

phytoplankton are characterised by DOC release rates equivalent to < 10 % of their daily 

carbon fixation QDafiier and Wangersky 2002b). There are four main processes by which 

macro-zooplankton may release DOM to the surrounding water: (1) excretory release, 

DOM compoimds are released as waste, (2) egestion, release of unassimilated material, (3) 

sloppy feeding, large cells are not ingested whole but are broken resulting in release of 

dissolved infracellular materials and (4) release from faecal pellets via diffusion or 

dissolution (Lee and Henrichs 1993; Carlson 2002). 

In a tracer experiment, it was found that when copepods were fed with diatoms labelled 

with '̂̂ C, 27 % of the radiocarbon mgested appeared as DOC in the external DOC pool 

(Copping and Lorenzen 1980). It is showed that the major biochemicals (sugars, ammo 

acids, and pigments) made up 57 % of the organic matter in the diatoms (phytoplankton) 

but only 35 % in fecal pellets produced by Calanus (zooplankton) durmg feeding 

• indicating zooplankton excretion (Lee and Henrichs 1993). 

Micro-zooplankton grazing, mcluding herbivory and bacterivory, can release varying 

percentages of carbon and nitrogen dependmg on prey type (Nagata 2000). DOM released 
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by bacterivory recycles DOM while DOM released via herbivory provides new DOM 

(Nagata and Kirchman 1992). The released DOM consists of high--and low- molecular 

weight compoimds, dissolved free amino acid (DFAA), dissolved combined ammo acid 

(DCAA), as well as dissolved organic phosphorus (Carlson 2002, and references therein). 

The extent of DOM release is positively correlated with the food concenfration and is 

highest during exponential growth of phytoplankton (Nagata and Kirchman 1992). 

1.3.1.1.3 Bacterial transformation and release 

Bacteria are generally considered as the main DOM consumers, but they can also be 

important producers. Heterofrophic bacteria are the dominant consumers of DOM, 

assimilating it as biomass or convertmg it to inorganic nufrients whereas photoautofrophic 

bacteria (cyanobacteria) are net DOM producers (Carlson 2002). Bacterioplankton may 

directly release DOM ui the form of hydrolytic enzymes, which in tum result in 

solubilization of attached particles and secondary release of DOM (Smith et al. 1992; Lee 

and Henrichs 1993). Bacterioplankton may contribute to the biologically refractory DOM 

pool by fransformation of LMW to HMW dissolved organic matter that are resistant to 

further bacterial remineralization on the time scale of months in estuaries to thousands of 

year in open ocean (Ogawa et al. 2001). 

1.3.1.1.4 Viral induced cell lysis 

Viral infection may be a significant cause in the mortality for phytoplankton and bacteria, 

and thus may be a potentially large contributor to tiie release of DOM via cell lysis and 

breakage (Nagata 2000). Viruses may also influence the nature of the released DOM by 

modifying the metabolic characteristics of tiie primary and secondary producer 

communities (Bronk 2002). The majority of the DOM released from bacterial lysis is 

bioavailable to bacterioplankton over short time scales (Fuhrman 1999). However, viral 
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lysis of some prokaryotic and eukaryotic organisms may yield DOM compounds that are 

biologically resistance to degradation (refractory DOM) (Carlson 2002). 

1.3.1.1.5 Solubilization of particles 

Bacterial ectoenzymes are responsible for the hydrolysis of polymeric DOM and POM and 

consequently the release of DOM (Carlson 2002). Bacteria attached to aggregates can 

form a hydrolytic enzymatic reactor which results in the release of DOM (Smith et al 

1992). 

1.3.1.2 Allochthonous sources 

External DOM sources (allochthonous) include terrestrial runoff, leaching from plant 

detritus and soils into rivers and estuaries, atmospheric deposition and benthic sediment 

inputs (Cornell et al 1995; Seitzinger and Sanders 1997; Seitzmger and Sanders 1999). 

Continentally derived materials are transported to the coastal and sea waters by two main 

routes; via the river-estuaries route and atmospheric deposition, and these transfer 

mechanisms are important for the fate of organic matter in the global carbon and nitrogen 

cycles. 

1.3.1.2.1 Terrestrial inputs 

Terrestrial sources for the estuarine envkonment uiclude river inputs, sewage and 

mdustrial effluents, agricultural run-off and urban run-off. These are the major external 

sources of DOM to estuarine environment and consequently to coastal waters. It has been 

estimated that the global annual discharge of terrigenous DOC fiom rivers to the marine 

envnonment is in the range 0.25 - 0.38 Gt C Yf* (Dafher and Wangersky 2002b). The 

global discharge of riverine-estuarine DOC is sufficient to sustain tumover of the entire 

pool of organic carbon dissolved in seawaters. 
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The quantities and characteristics of DON in estuarine and coastal waters largely depend 

on riverine inputs, and they may be totally different depending on tiie nature of the 

catchment areas being drained. In streams, riverine systems and freshwater reservbfrs an 

important fraction of the DON is often derived from terrestrial leaching and runoff, and 

consists of an important part of humic substances (Berman and Bronk 2003). 

Anthropogenic sources are responsible for a significant proportion of the inputs of DON to 

rivers, estuaries and coastal waters, depending on the level of industrialization and 

urbanization of the catchment (Seitzinger and Sanders 1997). 

1.3.1.2.2 Atmospheric deposition 

The importance of atmospheric inputs of DOM has now become evident for both 

freshwater and the marine envkonment (Kroeze and Seitzinger 1998; Boyer et al. 2002; 

Berman and Bronk 2003). Recently, DON inputs to estuaries via rainfall have been fr)und 

to have a biological impact (Seitzinger and Sanders 1999). Net atmospheric deposition was 

the largest N source (> 50 %) to some USA estuaries such as Bamegat Bay, St. Catherines-

Sapelo, Barataria Bay and the forested basins of northern New England (Boyer et al. 2002; 

Castro et al. 2003). Rain is a significant source of DOC to surface seawaters and may be 

equivalent to the magnitude of riverine DOC mput to marme environment, where DOC 

found to be 23 pM C for marine rain and 161 [aM C for contkiental rain (Dafiier and 

Wangersky 2002, and references cited thereni). Rainwater provides more bioavailable 

DOC (13 X 10̂  g C Yr"*) to the Long Bay than river water (7 x 10̂  g C Yf*) (Avery et al. 

2003). Also, natural fluvial and atmospheric inputs of DON to the marine environments 

are of similar magnitude (Cornell et al. 1995). Therefore, it is important to consider DOM 

atmospheric deposition when assessing die C and N budgets of aquatic ecosystems 

(Cornell etal 2003); 
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1.3.1.2.3 Release from benthic sediment 

DOM may be released to the water column from benthic sediments during resuspension 

and diffusion of pore water DOM (Burdige and Zheng 1998). DOM in sediment pore 

waters is characterised by heterogeneous compounds ranging in size from relatively large 

macromolecules such as humic substances and dissolved proteins to smaller molecules 

such as individual amino acids (Burdige 2002). Much of the total sedunent pore water 

DOC and DON is of relatively low molecular weight and appears to be refractory (Burdige 

and Zheng 1998). In estuarine and coastal waters sediments can form important sources of 

DOC and DON to the overlying water column due to the elevated concentration in the pore 

waters and hence play a vital role in the global carbon and nifrogen cycles (Burdige 2002; 

Berman and Bronk 2003). For example, m Chesapeake Bay, pore water DOM 

concenfrations were elevated over bottom-water values, up to 160 ^iM N and 2000 pM C 

for DON and DOC, respectively (Burdige and Zheng 1998). It has been uidicated that 

sediments play a more important role in the storage of dissolved organic carbon than rain 

(Dafrier and Wangersky 2002b). DON fluxes from the sedunents m Chesapeake Bay were 

reported to be equivalent to river inputs (Burdige and Zheng 1998). 

1.3.1.3 Stable nitrogen isotopes as indicator of DON sources 

Nifrogen availability in aquatic environments can limit primary production, or in excessive 

amounts it can stimulate eufrophication and production of harmful algal blooms (Sigleo 

and Macko 2002). Anthropogenic nitrogen mputs derived from various sources such as 

fertilizer, livestock waste and sewage have caused eutrophication of many aquatic 

ecosystems worldwide (Toda et al. 2002). 

Stable nifrogen isotopes 5*̂ N have been used to differentiate various sources, namely 

terrestrial, anthropogenic and in situ inputs (Ciftientes et al. 1988). Stable nitrogen isotopes 
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measurements have been used to indicate system level changes at aquatic sites resultmg 

jfrom anthropogenic activities in adjacent watershed (Lake et al. 2001). Biogeochemical 

processes such as nitrification, denitrification, remineralization and algal uptake also affect 

dissolved nitrogen isotopic composition (Velinsky et al. 1990). However, the appHcations 

of stable nitrogen isotopes have been used to differentiate sources and in situ production of 

nitrate and ammomum, and the DON fraction ignored due to the analytical difficulty 

(Feuerstein et al. 1997; Bronk 2002). The use of stable DON isotope ratio measurements 

can (1) reflect long term in situ phenomena, (2) provide an independent assessment of 

dissolved organic nifrogen sources and make the anthropogenic sources identifiable and 

traceable, (3) reflect the predominate mechanisms confrolluig DON budget (Feuerstein et 

al. 1997; Kendall 1998). So, the application of stable DON isotope measurements in 

natural waters provides a new perspective for better understanding of nifrogen 

biogeochemical cycle (Feuerstein etal. 1997). 

1.3.2 Sinks for DOC and DON 

The four main sinks for DOM are bacterial uptake and mineralization, phytoplankton 

uptake, photochemical decomposition and adsorption onto suspended particles (Figure 1.9) 

(Bushaw et al. 1996; Sondergaard et al. 2000; Middelburg and Nieuwenhuize 2000a). 

1.3.2.1 Bacterial mineralization 

The biogeochemical role of bacteria within the microbial web is to facilitate the 

fransformation of DOM to POM biomass and/or remineralize DOM back to its inorganic 

constituents, and hence play an important role in the biogeochemical cycles (Goldman and 

Dennett 2000). Heterofrophic bacteria are the predominant consumers of DOM and are 

responsible for the bulk of the DOM decomposition (Sondergaard et al. 2000; Becquevort 

et al. 2002). Heterofrophic bacteria are able to directly transport LMW DOM compounds 
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through theu cell membrane via permeases. They can also utilise HMW DOM compoimds 

after hydrolysis to LMW compounds via extracellular hydrolytic enzymes (Sun e/̂  al. 1997; 

Carlson 2002). The intermediate compounds that are formed, include amino acids from the 

hydrolysis of proteins and peptides, and urea from the breakdown of purine. Bacterial 

production (BP) is a measure represents the net flux of DOM to bacterioplankton that 

becomes biomass. It has been shown that BP averaged 31 % of local primary production 

(PP) through a raage of geographical locations of marine environment in term of carbon 

fixation (Carlson 2002). 

Photochemical 
decomposition 

Adsorption 
onto particles Sediment 
Adsorption 
onto particles Sediment 
Adsorption 
onto particles 

Figure 1.9 Conceptual model of dissolved organic matter sinks in natural waters. 

DOC taken up by bacteria is converted to bacteria biomass, and used as an energy source 

with CO2 production. So, bacterial mineralization of DOC takes place through the 

conversion of assimilated DOC to hydrolysed components and ultimately CO2. The 

decomposition rate of DOC decreases with time, where die most labile compounds initially 
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are metabolized first at higher rates, followed by less labile compounds at lower rates 

(Hopkinson a/. 1997b). 

Around 70 % of lutrogen transported worldwide by rivers consists of DON but its 

bioavailability and liability has been poorly investigated (Stepanauskas et al. 1999). These 

authors showed that marine bacterioplankton assimilated larger fraction of DON than did 

fresh water bacterioplankton, by a factor of 2.4. This indicates that the susceptibility of 

DON to bacterial mineralization increases as it is transported from fresh waters into 

estuarine and coastal waters (Stepanauskas et al. 1999). Bacterial mineralization of DON 

takes place through the exfracellular enzymatic break down of DON and the frjrmation of 

intermediate compounds such as iirea and amino acid due to the break down of the bulk 

DON. These intermediate compormds are taken up and utilised by bacteria and 

phytoplankton while further break down will generate Wit (through the amonification 

process) (Berman and Bronk 2003), The generated NHt"*" is then either assimilated directly 

by micro-biota or oxidised under aerobic conditions to nitrite via Nitrosomonas and 

subsequently to nifrate via Nitrobacter (nifrification process). Researchers have 

demonstrated that heterofrophic bacterioplankton can utiHse humic-bound DON and make 

it available for the growth of phytoplankton (Stepanauskas et al. 1999, and references there 

in). Bacterial mineralization of DON was observed usuig iucubation experiments in the 

Delaware Estuary, whereby 40 - 72 % of DON was converted to the biological available 

DIN within 10-15 days (Seitzmger and Sanders 1997). Also, 65 - 85 % of the DON and 

generated anunonium was rapidly consumed and converted to nitrate in the Elbe Estuary 

through bacterial mineralization (Kemer and Spitzy 2001). 

1.3.2.2 Phytoplankton uptake 
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There are two possible mechanisms by which phytoplankton take up DOM. First, bacterial 

decomposition of DOM and subsequent phytoplanktoh uptake of the released compounds 

(Bronk 2002 and references therein). The other possible mechanism is the durect 

incorporation via cell surface enzymes, without bacterial mediation. A number of 

phytoplankton species have cell surface amine oxidases and amino acid oxidases, which 

can absorb amino groups from primary amines and amino acids (Palenik and Morel 1990). 

Recently, it has been recognised that DON can be a significant source of nifrogen for 

phytoplankton in the marine envkonment. It was estimated that, within the equatorial 

North Pacific, 30 - 50 % of the daily phytoplankton nifrogen demand could be supplied by 

bacterial remineralization of the DON pool (Benner et. al. 1997). Some researchers 

observed that inputs of DON to estuarine and coastal waters stknulate die development of 

harmful algal blooms, includkig pelegophyte (brown tide) and dkioflagellates (red tide). 

Brown tides have been observed along the Northeast Atiantic coast for over 15 years 

(Bricelj and Lonsdale 1997) and the Long Island's coastal waters (Berman and Bronk 

2003), while red tide have been observed along the Egyptian Mediterranean coastal water 

at Alexandria during the summer of 1998 - 2000 (Mikhail 2001). The nature of organic 

nifrogen substrates available in estuarine systems could influence tiie commimity 

composition of phytoplankton. Seitzinger and Sanders (1999) found that phytoplankton 

community structure differed ui growtii experiments with estuarme water enriched with 

NH4 (small monads dominant) or with rainwater DON (dinoflagellates dominant). 

1.3.2.3 Photochemical decomposition 

Ultraviolet light impacts DOM m the estuarine, coastal and sea waters through 

photochemical oxidation. This phenomenon plays a vkal biogeochemical role in the 

removal of DOM, as is of increasing interest as incident UV radiation has been increased 

recentiy due to stratospheric ozone depletion (Dafiier and Wangersky 2002b). Photo-
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degradation of DOM is often accompanied by changes in its optical properties 

(photobleachihg) as photo-degradation reduces D P M absorptivity in the UV range 

(Whitehead et al. 2000). There are two photochemical oxidation /degradation pathways of 

DOM. An abiotic pathway involves the direct photochemical mineralization of DOM into 

CO2, NO2', NH4' and to lesser extent CO (Wiegner and Seitzinger 2001). A sequential 

photochemical / biotic pathway involves the photo-degradation of HMW DOM to LMW 

DOM compounds, which subsequently utilised by bacteria (Wiegner and Seitzinger 2001; 

Clark et al. 2002). These two pathways together can accelerate both the removal of 

terrestrially derived DOM in estuarine and coastal waters and the geochemical tumover of 

old DOM (Mopper and Kieber 2002, and references cited therein). For example, exposure 

of surface continental shelf of sea water to simlight for one sunamer s day can produce 

DOM photo-degradation products equivalent to > 20 % and 30 % of the bacterial carbon 

and nitrogen demand, respectively (Moran and Zepp 1997). It is also indicated that 20 - 30 

% of terrestrially derived DOC m coastal waters can be rapidly photo-degraded and 

utilised by heterotrophs (Mopper and Kieber 2002). Photochemical decomposition of 

dissolved organic nitrogen, in particular humic substances, result in photo production of 

biologically available nitrogen such as N H 4 , DFAA, DCAA, DPA (dissolved primary 

amines) and NO2 (Bronk 2002). This photochemical release could contribute to a 

considerable N flux firom DON. Bushaw et al. (1996) found that the additional inputs via 

photochemical release firom riverme DON into the SB USA coastal waters increased the 

terrestrially derived available N by 20 %. In contrast, a mesocosm study in the St. 

Lawrence Estuary suggested tiiat labile DOM may be transformed uito a more refractory 

DOM by photochemical alterations (Whitehead et al. 2000). 

1.3.2.4 Sorption onto sinking particles 
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Sorption of DOM onto suspended particles has been proposed as an important abiotic 

removal mechanism (Sondergaard et al. 2000; Carlson 2002). The consequence of this 

process may include the following: (1) DOM becomes more refractory because of the close 

association of the adsorbed DOM with mineral surfaces. More than 90 % of the total 

sedimentary organic matter, froni a wide variety of marine environments, caimot be 

physically separated from the sedunent mineral matrix (Hedges and Keil 1995). Hence, 

most organic matter preserved in marine sediments is adsorbed to mineral surfaces in 

protected coatings that are susceptible to degradation only under oxic conditions (Hedges 

and Keil 1995). However, the close association between DOM and mineral surface may 

also enhance the degradation of the adsorbed DOM (Keil et al. 1994). (2) The DOM may 

be stored in a slowly degrading sedimentary pool and be available for further modification 

by geochemical processes on relatively longer tune scale. (3) This in tum may de-couple 

DOM production from bacterial mineralization over the same time scale (Nagata and 

Kirchman 1996). For example, a significant quantities of organic nitrogen compounds 

including proteins and amino acids may be removed from solution via sorption onto 

sinkmg particles, although they remain susceptible to exploitation by particle-associated 

bacteria (Berman and Bronk 2003). In summary, it could appear that abiotic complexation 

of DOM to POM in marine environments is generally reversible as the organic matter is 

continuously subject to dissolution and bacterial degradation. 

1.3.2.5 Accumulation of DOC and DON 

DOM is either rapidly consumed through growth and respiration or become resistance to 

biological utilisation (refractory DOM) (Benner 2002). Understanding how refractory 

DOM is formed and removed is essential in quantifying the global carbon and nifrogen 

cycles. Refractory DOM may be produced as a result of biotic (microbial food web) or 

abiotic (photochemical reaction) fransformation (Borsheim et al. 1999; Sondergaard et al. 
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2000). Heterotrophic bacteria contribute to the production of refractory DOM (Ogawa et 

al. 2001). HMW DOM compounds are generally more bioreactive than LMW DOM 

compounds, as em^matic and photochemical decomposition processes generally decrease 

the size and molecular weight of DOM (Amon and Benner 1996). Photochemical 

transformations of DOM occur through free radical reactions which are capable to modify 

the chemical structure to form photoproducts resistance to biological consumption (Bermer 

2002). The assunilation of carbon-rich DOM is controlled by the availability of nifrogen; 

as the consequences of nutrient limitation would be the accimiulation of biodegradable 

DOC (Cauwet 2002). Accumulation has most often been related to algal blooms and thefr 

subsequent decay (Sondergaard et al. 2000). Physiochemical reactions were proposed as 

the dominant mechanism for formation of refractory DOM. However Ogawa et al. (2001) 

reported diat marine bacteria also rapidly, in < 48 hrs, consume labile DOM (free amino 

acid and mono-saccharides) and produce DOM that is relatively resistant to decomposition 

and persist for more than one year. 

1.4 Characteristics and composition of DOC and DON 

1.4.1 Chemical composition 

Data on die concenfrations and disfributions of individual organic compoimds are 

fundamental for understanding the biogeochemical cycling of C and N . Characterising 

DOC and DON is complicated because they are composed of numerous compounds that 

vary widely in space and time within marine environments. The most microbially labile 

DOC and DON compounds in natural waters are ammo acids, sunple sugars and urea, 

followed by polysaccharides, proteins and finally humic substances and fiilvic acids 

(Frankovich and Jones 1998; Murrell and Hollibaugh 2000). Although many DOC and 

DON compounds have been identified and measured within marine environments, most of 

the DOC and DON bulk (> 50 %) remains uncharacterised at the molecular level 
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(Hopkinson et al. 1993; Seitzinger and Sanders 1997; Frankovich and Jones 1998; Beimer 

2002). For example, Hopkmson et al. (1993) stated that die DON- comprised 25. % ammo 

acids, urea up to 10 % and few percent amino sugars, chlorophyll, amines and vitamins, 

the reminder was uncharacterized. In estuaries, urea and amino acids comprise 20 % of the 

DON, with the bulk of DON consisting of uncharacterised complex compounds (Seitzinger 

and Sanders 1997). Widely identified compounds of the DOC and DON mclude neutral 

sugars, amino sugars, amino acids (DFAA and DCAA), urea and humic substances (Bronk 

2002; Benner 2002; Berman and Bronk 2003). As listed ui Table 1.3, seven neutral sugars 

and fifteen common amino acids have been measured in marine water. Among those, the 

most abundant neutral sugars are glucose, galactose, fiicose, mannose and xylose (Borch 

and Kirchmann 1997), while the most abundant ammo acids are glycme, alanme, aspartic 

acid, serine, and glutamic acid (Hubberten et al. 1995; Westerhoff and Mash 2002). 

Table 1.3 Neutral sugars and airuno acids identified m marme waters (Benner 2002). 

Neutral sugars Amino acids 

Fucose Glycine Tyrosine 

Rhamnose Arginine Histidme 

Arabinose Alanine Isoleucine 

Galactose Phenylalanine Glutamic acid 

.Glucose Serine Lysme 

Mannose Threonme Methionine 

Xylose Aspartic acid 

Valine 

Leucine 

1.4.2 Size classification 

Distinctions between major size classes of organic matter in aquatic envuronments are 

primarily based on physical separation by passage through fdters with varying pore sizes, 

typically ranged from 0.2 to 0.7 pm. Dissolved organic matter is defined as the fraction of 
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the organic matter in natural waters which is neither excluded, nor adsorbed by the filter 

used to remove the particulate organic matter (Wangersky 1993). An 0.7 pM, filter does not 

separate all of the bacteria, vkuses and small colloids from the filfrate (Cauwet 1999). 

Thus, colloids (0.001-lpm size range) fall predominantly in the operationally defined 

DOM size class using the fraditional filtration procedures (Eyrolle et al. 1996; Buesseler et 

al. 1996). It has been reported that colloids measurement is important for the 

characterisation of truly dissolved organic matter (Wells and Goldberg 1991; Bermer et al. 

1997). For example, in the Pacific Ocean, colloidal organic carbon accounts for 

approximately 25 % of the DOC in surface water (Kepkay 2000). Proteins adsorbed to 

colloids in natural waters are more slowly degraded than free dissolved protein (Nagata 

and Kirchman 1996). 

Ultrafilfration (UF), also known as tangential- flow filfration (TFF) or cross- flow filtration 

(CFF), is a valuable tool for investigatmg the size distribution of DOM, and for separating 

truly dissolved and colloidal organic matter (Benner 2002). The high flow rates and large 

membrane surface areas in UF greatiy decreases processing times, so sufficient material 

can be rapidly concentrated and isolated for detailed characterization. DOM can be 

operationally classified into two classes based on passage through an ulfrafiltration 

membrane with a ~l-nm pore size (ca. 1000 Dalton cut off or 1000 nominal molecular 

weight) (McCartiiy et al. 1996). HMW DOM is the fraction retained usmg a 1000-Dalton 

cut off membrane, while LMW DOM is the fraction that passes this membrane. This size 

based distinction between LMW and HMW DOM is quite important for understanding the 

sources and" transformations of DOM. In estuaries, bacteria and some phytoplankton 

rapidly assunilate very LMW DON compoimds such as urea and amino acids (Seitzinger 

and Sanders 1997). However, recent studies of bacteria in freshwater and marine 

environments demonstrated that bacteria prefer HMW DOM over those of LMW DOM as 
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substrates for their heterotrophic processes (Amoii and Benner 1996;. Sun et al. 1997; 

Seitzinger and Sanders 1997; Kemer and Spit^ 2001). HMW DOM has long term 

bioavailability and can nearly completely be used as altemative N pool; whilst the LMW 

DOM includes substances of short term availability, that are preferred over HMW DOM, 

but at the same tune contains significant proportions of refractory DOM (Kemer and 

Spitzy 2001). 

I 

/ 

1.4.3 Optical characteristics 

Over the past decade, there has been a renewed interest in the optical properties of DOM 

pool in natural waters (Clark et al. 2002; Blough and Del Vecchio 2002). The fraction, of 

the DOM that absorbs light in both the ulfra violet and visible ranges is termed 

chromophoric dissolved organic matter (CDOM) (Rochelle-Newall and Fisher 2002; 

Stedmon et al. 2003) and the fraction of CDOM that re-emits absorbed light at longer 

wavelengths (fluoresces blue) is termed fluorescent dissolved organic matter (FDOM) 

(Chen et at 2002a). CDOM has been referred to in the past as yellow substance, gelbstoff, 

gilvui and humic substances (Nelson and Siegel 2002). CDOM lies at the centre of the 

photochemical cycles that critically impact the aquatic environment (Clark et al. 2002). 

The recent interest in studying CDOM has a niraiber of reasons. 

1- CDOM is of particular interest to remote sensing because it absorbs blue light in 

the same region of the spectrum as chlorophyll a in coastal and estuarine waters, 

which can result in overestunation of chlorophyll a concenfration by satellite 

sensors (Rochelle-Newall and Fisher 2002). 

2- CDOM in estuarine ecosystems is usually present at much higher concentrations 

than m otiier marine systems, origmatmg primarily from terrestrial sources via 

rivers (Bowers et al. 2004). 
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3- Absorption of sunlight by CDOM also initiates the formation of a variety of 

photochemical products, which are a sink for DOM; this phenomeiion may 

significantly influence the biogeochemical carbon and nitrogen cycles (section 

1.3.2.3). 

4- The increased levels of UV radiation due to ozone depletion in polar regions have 

raised concerns over the possible impacts of XJV radiation on both freshwater and 

marine ecosystems. So the amount of CDOM in surface waters that absorbs light 

strongly in the UV range controls the penetration depth of radiation that is 

potentially harmflil to aquatic organisms (Blough and Del Vecchio 2002). 

5- The remote determination of DOC concentrations in estuaries and coastal waters 

may be feasible where there are observed correlations between CDOM absorption 

(or fluorescence) and DOC concentration (Rochelle-Newall and Fisher 2002). 

1.5 The estuarine environment 

Rivers transport materials J&om terrestrial sources across the estuarine envuromnent, 

through the coastal receiving zones and into the open ocean (Mortazavi et al. 2001). The 

sources of the dissolved and particulate materials found in river water, mclude wet and dry 

atmospheric deposition, rock weathering, decomposition of organic matter, and 

anthropogenic inputs (Chester 2003). Water reaches the river environment firom rainfall, 

surface runoff, discharge from aquifers and wastewater. 

An estuary is defined as an mlet of the sea reaching into a river valley as far as the upper 

limit of die tidal rise and within which seawater is measurably diluted with freshwater 

associated widi land drainage (Fairbridge 1980; Elliott and McLusky 2002). Estuaries 

mediate the fransfer of organic matter from drainage basins to coastal and ocean waters 

(Prahl and Coble 1994; Goni et al. 2003). Understanding the nature and cycling of organic 
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matter in estuarine systems allows better estimates of carbon and nitrogen transport to the 

coastal waters (Bouloubassi et ah 1997; Murrell and Hollibaugh 2000). Estuaries can act as 

retention pools, where the mixing of riverine and seawater end-members delays the export 

of non-reactive dissolved continental loads for a period equivalent to the flushing time for 

freshwaters. In addition, estuaries can fimction as efficient reactors where physical 

(adsorption/desorption, floccidation, deflocculation), chemical (oxidation/reduction, 

complexatibn) and biological (production/respiration) processes occur. The extent of these 

processes affects the distribution profile and behaviour of the reactive dissolved organic 

matter, and consequently their export fiom the riverine-estuarine system to the coastal 

waters (Miller 1999). The reactivity of dissolved compounds and flushing rates are 

dependent on their chemical natture, biogeochemical processes in the riverine estuarine 

system and its geomorphology (i.e. river flow, tidal range, turbidity, etc.) (Goni et al. 

2003). Within the estuarine environment, there are usually large spatial and temporal 

changes m variables such as salmity, pH, DO and SPM, these m tum may affect the 

chemical reactivity and distribution of other chemical components such as DOM. 

The dilution of seawater with river water m the estuarine environment leads to a 

longituduial salmity gradient and hence the estuary can be distinguished into three distinct 

sections; a lower (marine) estuary, a middle estuary and an upper (fluvial) estuary (Elliott 

and McLusky 2002). The lower estuary is m free connection with the sea. The middle 

estuary is subject to strong sea water and fresh water mixing. The fluvial estuary is 

characterised by fresh water mputs but is subject to daily tidal action. Estuaries can be 

classified, depending on tidal action, into micro-, meso-, macro-, and hyper-tidal with tidal 

range of < 2 m, 2 - 4 m, 4 - 6 m, and > 6 m, respectively (Uncles et al. 2002). 
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Estuaries can be classified, according to water circulation and salinity into the following 

(Bowden 1980; Chester 2003): 

1- Highly stratified estuary or salt wedge estuary; the Mississippi Estuary is an example. 

The river flow dominates the circulation almost completely. The salt water extends into 

the river as a wedge imder the fiesh water flow, the out flowing water remains fiesh up 

to the mouth of the river. In some estuaries the saHne layer is not confined to a wedge 

shape, and in this case the salinity of the upper water layer increase as it moves 

seaward. 

2- Partially mixed estuary such as the Winyah Bay (Goni et al. 2003), in which there are 

still two layer structures, with fiesh water at the smface overlying saline water. 

However, there is a vertical mixing, due to tidal currents, between the mainly inflowing 

bottom water and the outflowing surface water. This mixing take place via eddy 

diffusion, with freshwater mixed downward and saltwater mixed upward; and salinity 

gradually increases from surface to bottom. 

3- Vertically well mixed estuary, e.g. the Delaware Estuary. Well mixed system occur 

when the influence of tidal mixmg relative to that of the river flow is very strong; tiiere 

is little variation in salinity with depth. 

Depending on the physical mixing, a dissolved constituent may behave in a conservative 

and / or non conservative manner (Chester 2003). Physical mixing of fresh and saline 

waters, of markedly different compositions, is one of the main processes, which modifies 

riverine fransported materials. The physical mixing process results in a linear relationship 

between the concentration of a component and salmity. If the distribution of dissolved 

component in an estuary is confrolled only by the physical mixing pattern, its concentration 

along the salinity gradient will yield a sfraight line (theoretical dilution line, TDL) and the 

dissolved component behaviour is described as being non-reactive or conservative in 
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behaviour. In contrast, when the component is reactive and there is addition to or removal 

from the dissolved state, its concenfration will deviate from the TDL and is described as 

non-conservative behaviour (Figure 1.10). 

Salinity Salmity 

Figurel.lO Estuarme mixing graphs fov (A) a component with a higher concenfration ui the 

sea water than in river water, (B) a component with a higher concenfration m the river 

water than in sea water. 

Processes that are involved in the removal of dissolved components in estuaries include 

flocculation, adsorption, precipitation and biological uptake; 'fransferring them into 

particulate phase. The breakdown of organic matter and desorption from particulate 

surfaces result in the addition of components into the dissolved phase. Anthropogenic 

inputs through out the estuarine environment also contribute to the addition processes. The 

flushing or residence time is a measure of the tune required to fransport a conservative 

component from a specific location witiiin the estuary to the moutii (Bowden 1980). The 

flushing time is represented as follows: 

V (volume of fresh water in the estuary, m )̂ 
T (day) = — 

R (river flow rate in to the estuary, m d ) 
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1.6 Aims and objectives 

The overall aim of this study was to undertake an enviromnental assessment involving the 

investigation of the inputs, biogeochemical cycling and export of dissolved organic carbon 

(DOC) and nitrogen (DON) m contrasting riverine-estuarine systems. To achieve this aun 

the following objectives were set out:-

1- The optimization of a high temperature catalytic oxidation (HTCO) analytical method 

for reliable analysis of DOC and TDN ui natural waters. 

2- The uivestigation of temporal (seasonal) and spatial changes m DOC and DON 

concentrations in contrasting riverine-estuarine systems that are influenced to different 

degrees by anthropogenic carbon and mtrogen mputs, tiie Yealm and Plym estuaries. 

3- Examine the bioavailability of DON within a riverine-estuarme system via laboratory 

mcubations using natural bacteria from the Plym Estuary. 

4- 15N / 14N isotope analyses of DIN and DON to identify sources of dissolved N , and in 

situ N fransformations. 
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Analytical and sampling methods and materials 

2.1 Introduction 

Understandmg of the global carbon and nitrogen cycles depends iiutially on accurate 

measurements of the concentrations of C and N species in natural waters. Total carbon and 

nitrogen species include dissolved organic carbon (DOC) and nitrogen (DON), particulate 

orgamc carbon (POC) and nitrogen (PON), and dissolved inorganic carbon (DIC) and 

nitrogen (DIN). DIN comprises ammonium (NH4^, nitrate (NOs") and nitrite (NOa")-

Metiiods for the measurement of DIC and DIN are well developed (Hansell 1993; Cauwet 

1994). DOC and DON analyses are a challenge because the samples are composed of 

complex mixtures of materials with a range of molecular sizes, weights and reactivities. In 

addition there are challenges related to the methods of analysis, includuig the possibility of 

sample contamination, difficulties in estimating blank values, and problems quantifying the 

efficiency of the oxidation process (Aiken et al. 2002). Moreover, there is no feasible 

method for the direct determination of DON; thus the DON concentration is calculated as 

the difference between independent measurements of TDN and DIN.- The latter is 

measured using established colorimetiic procedures. The high temperature catalytic 

oxidation (HTCO) method is recognised as the most precise and accurate technique for the 

determination of DOC and TDN in natural waters (Alvarez-Salgado and Miller 1998b; 

Spyres et al. 2000). However, the difference method (TDN-DIN) requires a good 

analytical precision and accuracy of both TDN and DIN analyses. 

This chapter will outline an approach for the automated, precise and reliable combined 

determination of DOC and DON in aquatic samples, mcludmg sample collection, handlmg 

and preservation, decarbonation, analysis and data quality control. The HTCO instrument 

coupled to a chemiluminescence detector for the simultaneous measurement of DOC and 

TDN will be discussed, including a historical perspective, the principle of operation. 
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analytical system description, analytical challenges and quality assurance. Procedures for 

the measurement of supporting determinaiids, including master variables (salinity, pH, 

conductivity, temperature and dissolved oxygen), ammoruum, nitrate and nitrite, reactive 

phosphate and chlorophyll a, are also described. The analytical aspects of bacterial 

bioassay incubation experiments and stable nitrogen isotope analysis, which were 

undertaken to unprove our understanding of estuarine DOC and DON biogeochemistry 

will also b6 discussed. 

2.2 Optunisation of HTCO for DOC and DON determination 

2.2.1 Sampling protocol 

Sample collection protocols for DOC and DON in natural waters should be designed to 

minimise changes in sample composition resultmg from contamination, sorption onto \ 

container walls, biological activity and physicochemical flocculation processes (Sharp et 

al. 1993a; Spyres et al. 2000). The following sections describe how these issues have been 

addressed during the course of this work. 

2.2.1.1 Pre-sampling preparation 

Clean techniques were used throughout all stages of the sample collection and 

measurement procedures. In this study all glassware and plasticware used for sample 

collection and filfration for DOC, DON and other determinands were cleaned using the 

following protocol. A soak in 2% Decon for 24 h, a rinse witii ulfrapure water (deionised 

and UV irradiated) (Elga Maxuna®, 18.2 MQ. cm"*), a soak m 10 % HCl for 24 h, and 

finally a rinse with ulfrapure water 3-5 times. Glassware and plastic ware were dried in a 

closed drying oven at 40 °C and subsequently stored in clean sealed plastic bags until use. 

The glass filfration imit, glass fibre filters, Pyrex glass bottles, HTCO vials, glass ampoules 

and any other small glass components used for sample collection and manipulation were 

40 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

wrapped with clean aluminium foil and combusted in a furnace at 450 - 500°C for 4-6 h to 

remove any remaining organic residues. 

2.2.1.2 Sample collection 

Niskin, Go-Flo and stainless steel samplers are commonly used for sampling DOC and 

DON in die water column (Sharp et al. 1993a; Spyres et al. 2000). Go-Flo bottle produced 

by General Oceanic (Miami, FL) with an extra-thick Teflon interior coating and with a 

replacement of rubber and polyvinyl chloride fittings with silicone and Teflon is in 

conunon use (Wangersky 1993). Both Niskin and Go-Flo bottles are designed to minimise 

contamination and can pass the air-sea interface closed (Spyres et al. 2000). It is unportant 

that die sampler passes through the aur-sea interface closed, to prevent samplmg of the 

DOM-rich surface water microlayer. For shallow rivers and estuaries, DOC and DON 

samples can be collected by hand directly into Pyrex glass botties. Plastic containers that 

have been thoroughly cleaned and aged can be used for temporary storage of the sample 

(Wangersky 1993; Sharp etal. 1993a). 

Sample collection was undertaken as follows. Polyethylene plastic gloves were worn 

throughout the sample collection and the following handling procediures. The saniple 

collection bottles for DOC, TDN and DIN were 250 mL Pyrex glass fitted witii Teflon 

lined cap. The samples were collected from the surface water (0.2 m depth) after rinsing 

tiie bottles 2-3 times with the sample to reduce sorption to tiie glass wall, as shown in 

Figure 2.1 (Sharp et al. 1993a). Filfration and the foUowmg procedures were imdertaken 

within 2-3 hours of sampling. Regular sample collection was undertaken m the Yeahn and 

Plym estuaries at high tide and the same geographical locations; m order to understand 

temporal, spatial and seasonal variations (Sharp et al. 1993a). However, during an early 

stage of the study (Winter 2002), samples were collected from tiie Yealm estiiary-side by 
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walking ( due to difficulty in arranging a boat ) which caused inconsistency in sampling 

time, where some samples were collected-at high tide and others at relatively low tide from 

shallow water. Hence DOC concenfrations for those samples collected from shallow water 

where the highest among all samples. Thereft)re, data from the early months (February and 

March 2003) will not be included in the results and discussion chapter. 

The sorption of DOM onto clean and combusted glass surfaces due to surface activation 

from combustion was investigated. Four 250 mL pre-cleaned Pyrex glass bottles that were 

used for sampling were filled with Yealm estuarine waters from two locations during the 

May 2003 sampling campaign. Two of them were rinsed three times with the sample 

before sampling and the others were filled directly with the sample. Then all bottles were 

subject to the sanie sample manipulation including filfration and preservation. Results 

showed identical DOC and TDN values (witiiin the analytical error of measurement) for 

each station (Y l and Y2) (Figure 2.2). These observations indicate that there was no 

significant sorption of DOM onto the glass surfaces, in agreement witii the results from 

otiier studies (Tupas et al. 1994; Sharp et al. 2002a). 

2.2.2 Sample filtration and preservation 

2.2.2.1 Filtration 

Filfration should be undertaken immediately, or as soon as practicable, after collection to 

minimise changes to DOC and DON from biological activity e.g. microbial consumption, 

cell exudation/lysis (Spyres et al. 2000). Filfration is used to remove livmg and detrital 

particulate organic carbon and nifrogen from the sample. DOM is defined as the organic 

fraction which passes the filter chosen for the separation and is not lost in the removal of 

die DIC (Dafiier and Wangersky 2002a). 
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A clean, glass filtration unit should be used, with filtration typically undertaken through 

combusted (450°C, 4 - 6 h) glass fibre filters of nommal pore diameter 0.7 pm (i.e. GF/F), 

which have been widely used (Walsh 1989; Wangersky 1993; Koike and Tupas 1993; 

Sharp et al. 1993a; Gauwet 1994; Cauwet et al. 1997; Ogawa et al. 1999; Spyres et al 

2000; Murrell and Hollibaugh 2000; Aiken et al. 2002). Filiation should be achieved 

under low pressure to avoid cell lysis (0.1 kg cm'*) (Miller et al 1993a; Dafiier and 

Wangersky 2002a). 

The advantages of these filters (GF/F) include low contamination and relatively high flow 

rates (Sharp et al 2002b). However, the retention characteristics of the filter can be 

changed at combustion temperatures > 450°C, and significant lyses of the micro-organism 

cells by the glass fibre can occur, thereby increasuig DOC and TDN concentrations m tiie 

filtrate. Furthermore, they do not separate all of the bacteria, viruses and small colloids 

from tiie filtoate (Wangersky 1993; Norrman 1993; Sharp et al 1993a; Cauwet 1999). Witii 

respect to the last pouit, it has been argued that the fraction of particulate organic matter ui 

the filfrate is negligible compared to the dissolved organic material, and that this is lost in 

the precision error of the analysis (Wangersky 1993; Cauwet 1999; Spyres et al 2000). 

Anopore aluminium oxide filter membranes witii pore sizes in the range 0.02 - 0.2 pm can 

also be used to remove small organic colloids and bacteria. They have a low 

contamination potential and allow a satisfactory filtration flow rate. The disadvantages in 

tiieu: use include adsorption of humic material, particularly when filtering highly 

productive or turbid waters, when rapid clogging can occur. Increased back-pressure can 

also occur with clogguig, leadmg to cell lysis and leaching of additional DOC and DON 

into tiie filfrate (Williams et al 1993b). Otiier filters with small (0.2 pm) pore diameters 

include polycarbonate and polysulphone filters; however, these are not recommended for 
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use because the carbon ui the membrane matrbc is readily leached into solution .(Spyres et 

al. 2000). " • 

In the current study, all samples were filtered in the laboratory within 2 - 3 h of collection 

through precombusted 47 imn diameter GF/F filters (Whatman) of nominal pore diameter 

0.7 pm in an all glass fdtration unit, (Figure 2.3). Filtration was achieved under low 

vacuum, (< 5 psi) to prevent cell lysis. Filtration unit was flushed 3-5 times with ultrapure 

water and twice with the sample between each sample in order to avoid cross 

contamination (Cauwet 1999). 

An investigation to compare the use of GF/F (0.7 pm pore size, 47 mm 0) and Anopore 

alummium oxide (0.2 pm pore size, 47 mm 0) filter membranes was carried out on 

samples collected firom the Plym Estuary during the M y 2002 sampling campaign. 

Samples were collected from four stations. One aliquot was filtered through a GF/F filter, 

and a replicate filtered through a GF/F and an Anopore membrane in series. The results 

showed that m three out of four samples, the DOC concenfrations were sunilar (within the 

analytical error of measurements) in both the GF/F and GF/F - Anopore filtered samples, 

(Figure 2.4). The results indicate there were no significance differences in DOC 

concenfrations between GF/F and Anopore filters for our samples from the Plym Estuary. 

This indicates that the DOC in the Plym was mainly in the size fraction < 0.2 \im. The 

resvdts also indicate that the two filter membranes, of significantly different nominal pore 

sizes (0.7 and 0.2 pm), showed sunilar filfration efficiencies xmder the conditions 

examined here. 
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2.2.2.2 Acidification and storage 

There is no widely accepted opinion on which, technique is best fax DOC-TDN sample . 

storage. Sharp et al. (1993a) and Sharp et al. (1995) evaluated and viewed quick freezing 

as one of the best method for preservation of sample. Tupas et al. (1994) found there were 

insignificant differences between freezing and cold storage when the samples are acidified. 

Wiebuiga and de Baar (1998) observed that acidification and subsequent cold storage up to 

15 months did not have any significant effect on the DOC values. Another storage method 

is the addition of mercuric chloride. However, mercuric chloride is toxic and interferes 

with the HTCO analysis through the deactivation of the catalyst (Wangersky 1993; Dafiier 

and Wangersky 2002a). 

After filfration, of a sample, aliquots were fransferred to pre-cleaned High Density Poly 

Ethylene (HDPE) botties; one for nifrate plus nitrite and reactive phosphate measurements, 

and another for ammonium (Figure 2.5). These botties were preserved via freezing (-20°C) 

in the dark until analysis. A thfrd aliquot was fransferred to a 20 mL clean glass ampoule 

for DOC-TDN analysis and stabilized by acidification to pH 2-3 usmg 20 pi of 50 % v/v 

HCl per 20 mL sample. The acidification process drives off the dissolved inorganic carbon 

as carbon dioxide, and at the same time arrests biological processes (Cauwet et al 1997; 

Hopkmson et al 1997; Spyres et al 2000; Murrell and Hollibaugh 2000). Some 

researchers prefer to use orthophosphoric acid (H3PO4) in the same proportion instead of 

HCl as the chlorine ion, resulted from chloride combustion, may corrode the non 

dispersive infrared (NDIR) gas detector cell of the TOC analyser. The chlorine should be 

removed from the carrier gas steam using a halogen scrubber (Lee and Henrichs 1993; 

Chen and Wangersky 1993; Spyres et al 2000). Our HTCO system mcludes a halogen 

scrubber to remove the chlorine ions. The acidification process may cause both the 

adsorption of atmospheric ammonia and organic amines onto the walls of the ampoules. 
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and die loss of volatile organic compounds (VOC) by hydrolysis of organic matter. 

However, the latter phenomenon is expected to be insignificant when ampoules are sealed' 

quickly, as VOC values are usually less tiian 1 % of the DOC values (Wangersky 1993; 

Sharp et al. 1993a; Spyres et al 2000). 

GF/F for chlorophyll a 

Figure 2.5 Schematic representation of DOC - DON sample preservation. 

Following acidification, the glass ampoule is flame-sealed using a butane or propane 

burner (Miller et al 1993a; Spyres et al 2000). Sealing the ampoules requires care and 

experience, and contamination of the sample by volatile organics fiom the flame gas must 

be avoided. The ampoules are then stored in the fiidge (at 4°C) rmtil analysis. Using this 

protocol it has been shown tiiat there is neither consistent decrease nor increase in the 

DOC concentration of the samples due to bacterial break down or sorption onto the wall of 

the glass ampoule over a four year period (Sharp et al 2002a). The maxmnmi storage time 
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in the current study was fourmonths for the first sampling exercise ui February 2001, until 

.getting rehable and precise data from- the coupled HTCO-NCD system in May 2001. 

Recently, borosilicate glass TOC vials with a Teflon lined cap have become available (I-

Chem, Nalgenunc, USA), with a certified TOC blank < 4 pM. These vials also show a 

negligible TDN blank (1 -2 pM). These vials were used in some of our experiments. 

The potential contamination from the filfration and subsequent steps was assessed by 

substituting fresh, ulfrapure water (i.e. negUgible C and N) for the sample. The sample 

method treatment blank was foimd to be within the analytical precision and very close to 

the ultrapure water blank (Figures 2.6 and 2.7). The majority of DOC and TDN values are 

below 4 pM C and 1 pM N respectively for both sample filfration and ulfrapure water 

blanks. This suggests that there was no significant systematic contamination and supports 

the measured DOC and DON data quality. Usually, the filfration blanks were subteacted 

from the measured concenfrations. However, high DOC and TDN values (9 -14 pM DOC 

and 1.8 - 2.2 \iM TDN) were observed for a nmnber of sampling campaigns (27-06-02, 

04-07-02,29-07-02 and 30-07-02) that were possibly due to contamination from the rubber 

connections of the glass filfration urut used only at that time. As indicated in the Figures 

2.6 and 2.7, the higher standard deviations of the measurements were most likely related to 

the operation of the analytical system near the limit of detection (LOD). 
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2 4 6 8 10 12 14 16 18 20 22 . 24 26 28 • 30 • 

Nifliiber of sanplmg campaigns m the Yealm and Ptym estuari 

Figure 2.6 DOC sample filtration and treatment blank (pM C) compared with ultrapure water blank for the 28 samplmg campaigns undertaken-in 

the Yealm and Plym estuaries (from March 2002 imtil September 2003). 
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Figure 2.7 TDN sample filtration and treatment blank (pM N) compared with ultrapure water blank for the 28 sampling campaigns imdertaken in 
the Yealm and Plym estuaries (from March 2002 until September 2003). 
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2.2.3 Analytical method for DOC and TDN determination using HTCO 

2.2.3.1 DOC and TDN 

For the determination of DOC and DON, one of the following two approaches is 

conmionly used, as illustrated in Figure 2.8. The first relies on wet chemical oxidation 

(WCO) methods using chemical oxidants (such as persulfate digestion, K peroxide or 

dichromate in sulfuric acid) and UV photo-oxidation to quantitatively oxidise the DOC 

and TDN to CO2 and NO3' (Williams et al 1993a; Sharp 1997; Dafiier and Wangersky 

2002a). The second approach is based on a direct aqueous injection of the sample onto an 

oxidation column and is in many cases used for simultaneous determination of DOC and 

TDN. The mediod relies on die breakdown of all DOC and TDN to CO2 and NO, which is 

subsequently measured by infiared and chemiluminescence techniques, respectively 

(Walsh 1989; Hopkuison et al 1993; Sharp et al 2002b; Peterson et al 2003). The durect 

aqueous injection approach depends on high temperature oxidation of carbon and nitrogen 

compounds witii (HTCO) or witiiout (HTO) a catalyst (combustion at 680-800°C and 

1100°C, respectively). HTO (high temperature oxidation) operates at 1100 °C which 

causes sublimation of NaCl^ resulting in damage to the instrument and reduced analytical 

precision. HTCO, which uses a catalyst (such as Pt on alumina) to oxidise DOC and 

breakdown TDN, is a key improvement over HTO by obtaining quantitative and 

reproducible oxidation at lower temperature (680-700 C). 

Through tiie 1950s and 1960s, WCO methods (mainly persulfate oxidation, PO) and the 

UV photo-oxidation methods were introduced and became standard approaches for the 

determmation of DOC and TDN in natural waters (see review by Sharp 2002). Each 

method has advantages and disadvantages as discussed below. Disadvantages of WCO 

mclude the following: (i) as a result of tiie batch nature of the process the oxidant becomes 

progressively weaker during the procedure. Also the reaction between the oxidant and the 
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chloride ion in seawater can diminish the oxidismg ability of the reagent chosen, (ii) The 

use of a stronger oxidant can - give rise to a' higher DOC value (the question of the 

completeness of chemical oxidation- oxidation efficiency), (iii) The blank determination is 

considered as the most serious challenge with the PO method, (iv) The methods are time 

consuming and have sample handling and storage problems (Wangersky 1993; Sharp 

1997; Wangersky 2000). • 

Sample collection and filtration 

Sample acidification and sparging 
to remove DIC (in case of DOC 
only or combined DOC-TDN 
measurements) -

Oxidation of all DOC and TDN to 
CO2 and nitiate (NOa"-̂  respectively 
via 
• PO metiiod or 
• UV oxidation method 

Oxidation of all DOC to CO2 and 
thermo-decomposition of all TDN 
to nitric oxide (NO) by 
• HTO metiiod or 
• HTCO metiiod 

C o r > \ m 2 

Colorimetric measurement of CO2 
and NO3'plus N02' 

Measure CO2 with NDIR detector 
and NO with chemiluminescence 
detector 

DON is calculated as the 
difference between TDN and the 
sum of initially measured DIN 

Figure 2.8 Schematic diagram of procedural steps in commonly used DOC and DON 
analytical methods. 
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The XJV methods have some advantages over WCO. The oxidant is generated 

continuously, and therefore is.not subject to exhaustion; "A chemical oxidant can be added 

to the system to oxidise compounds not readily attacked by oxidants generated 

photochemically. However, adding chemical oxidant can introduce contamination. Also, 

the performance of the UV source can degrade with age. The UV oxidation method suffers 

fiom the same storage and sample handlmg problems as WCO (Wangersky 1993) 

2.2.3.2 HTCO method 

A HTCO method for determination of TDN and DOC in seawater was first reported by 

Suzuki, et al. (1985) and Sugimura and Suzuki (1988), respectively. A number of early 

studies found that the HTCO method gave higher DOC concentrations than previously 

observed by PO or UV methods; a controversial finding at that time (Sugimura and Suzuki 

1988; Suzuki et al. 1992; Peltzer and Brewer 1993; Miller et al. 1993a; WiUiams et al. 

1993b). These studies indicated that the higher HTCO residts were due to a more complete 

oxidation of all organic matter which meant that HTCO measured additional DOC 

fractions which are potentially biologically labile but chemically resistant to WCO and UV 

metiiods (Miller et al. 1993a; WiUiams al. 1993a; Sharp et al. 1993b; Sharp 1997). The 

confroversy over the accuracy of DOM measurements amongst marine scientists lead to 

the Seattle DOC/DON workshop held m Washington 1991. During tiiis meeting, tiie 

HTCO method was recognised as the most precise and accurate technique for die oxidation 

of DOM in seawater (Hedges et al. 1993a; Alvarez-Salgado and Miller 1998b). The 

workshop brought forward recommendations on the HTCO techniques, mcluding the 

proper estimation of system blanks, sample collection and storage, and requirements for 

accurate and precise determinations for both DOC and DON analysis (Wangersky 2000). 
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Direct comparison between PO and UV metiiods and HTGO methods showed little or no 

significant difference between the three methods when fteshwater sairiples were analysed 

(Benner and Hedges 1993; Sharp et al. 1993b; McKenna and Doermg 1995). In contrast, 

in an inter comparison made with seawater samples, higher concentration were measured 

m samples analysed by the HTCO method (Chen and Wangersky 1993; Tugrul 1993; 

Miller et al. 1993b; Sharp et al. 1993b). Later, it was reported that most WCO metiiods 

resulted in only few percent lower DOC values compared to HTCO, when the blanks are. 

correctly estimated (Cauwet et al. 1997). As analysts, using similar HTCO 

instrumentation, were unable to reproduce Sugimura and Suzuki's results (Sharp 1997) it 

was agreed later that the high HTCO values might have been due to poor blank estimation 

during the first few years of its use (Peltzer et al. 1996; Cauwet et al. 1997; Cauwet 1999). 

Eventually, Suzuki requested that the data from his papers be withdrawn and should not 

used for comparison purposes (Suzuki 1993; Hedges et al. 1993b). Sharp et al. (2002b) 

recently reported the first community-wide intercomparison of the three methods for TDN, 

based on 29 sets of analyses of five water samples. The results suggested that no one 

approach was grossly inaccurate, although a surprising weakness in the WCO methods was 

in the relatively poor precision arising fiom the multiple determinations of nitrate. A 

couple of broad community inter-calibration exercises were conducted recently for precise 

and accurate measurement of DOC (Sharp et al. 2002a) and TDN (Sharp et al. 2004) m 

marine waters.-The DOC inter-calibration showed a composite analytical capability of ± 10 

% for a suite of 10 samples distributed to a group of 53 analysts, and using HTCO 

methods. The use of DOC certified reference materials (CRMs) by 14 participants showed 

reproducibilities for their laboratories in the 2 - 6 % range. The HTCO instruments also 

showed the potential to give reliable and accurate TDN values. However the accuracy and 

precision of the determination of DON is also dependent on the measurement of the DIN 

fractions of TDN (NO3", NO2' andlSfflU"*). 
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Although the HTCO mstrumentation needs careful maintenance and a quaUfied analyst,- it 

potentially provides • simidtaneous measurements of both DOC and TDN in die same 

sample. The methods are applicable to all natural waters regardless of salinity, completely 

oxidises all covalently bonded dissolved organic carbon and dissolved nitrogen, provide 

high precision and exhibit excellent linearity (Chen and Wangersky 1993; Sharp et al. 

2002b). The approach is amenable to automated analysis and makes data rapidly available 

after the. completion of the field sampling and analysis, is reliable and relatively easy to 

operate (Hedges et al. 1993a; Alvarez-Salgado and Miller 1998b; Kahler and Koeve 2001; 

Dafner and Wangersky 2002a; Sharp et al. 2002b). Moreover, the availability of reference 

materials and participation in inter-calibration exercises has resxdted in increased accmacy 

and higher precision (Dafiier and Wangersky 2002a). The HTCO methods are currently the 

preferred analytical technique for the determination of dissolved organic carbon and 

nitiogen in natural waters and have been well documented and critically assessed by a 

number of researchers (Cauwet 1999; Spyres et al. 2000; Dafiier and Wangersky 2002a; 

Peterson et al. 2003; Badr et al. 2003). 

2.2.3.3 HTCO principle 

After removal of DIC by acidification and sparging, as explained in section 2.2.3.4 below, 

the sample is injected onto the combustion column to oxidise all DOC to CO2 and thermo-

decompose all TDN to nitric oxide NO (probably a combmation of NO and NO2 (Sharp et 

al. 2004)) at 680-800°C in the presence of a catalyst (e.g. platinum on aluminium oxide). 

H20(g) derived fiom the sample itself is a major source of reactive oxidizing species in 

HTCO mstrument (Chen et al. 2002b) 

680-800°C 
DOC / T D N • CO2 + NO + H2O 

Catalyst 
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Then, the combusted gases are purified and the CO2 concentrations are determined using a 

non-dispersive infrared (NDIR) detector. The signal from the NDlR is recorded (voltage) 

using a data acquisition/integration system and peak area measurement is used fox 

quantification of DOC concenfrations. NO, as the NO2* excited state formed foUowmg 

oxidation with O3, is measured using a chemiluminescence detector (NCD). 

2 NO+2 O 3 - > 2 N O 2 * + 2 O2 

N 0 2 * ^ N 0 2 + liD 

The emitted light (hu) is collected by a photomultiplier tube and the resulting signal 

(voltage) recorded using a data acquisition/integration system. The peak area is used for 

quantification of the TDN concenfration in the injected sample. Figure 2.9 outlines the 

basic HTCO principle of the DOC-TDN measurements; a more detailed description of the 

analytical system is presented in section 2.2.4 below. 

2.2.3.4 Removal of DIC prior to analysis 

Dissolved inorganic carbon removal prior to DOC analysis is critical, as almost all waters 

with pH > 4 have inorganic carbon from atmospheric and geological sources (Aiken et al. 

2002). Inorgaiuc carbon (CO2, COi^, and HCO3") should be completely removed from the 

sample, by acidification and purging with pure oxygen, before DOC measurement 

(Wangersky 1993; Peltzer and Brewer 1993; Cauwet 1999). The purging tune varies 

between 3-10 mm, depending on the gas flow rate and the amount of morganic carbon m 

the sample (Dafiier and Wangersky 2002a). Spargmg conditions should be constant for 

duplicate or triplicate samples to ensure reproducibility; also the gas flow rate should not 

be too high in order to avoid sample overflow especially when using vials of small volume. 

The complete removal of DIC depends on gas flow rate, sparging time, pH of the sample, 

and sample volume (Spyres et al 2000) and every analyst should estabUsh the optunal 
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conditions for their system for the complete removal of DIC (Peltzer and Brewer 1993). 

. Purging could remove VOC from the samjple, but the VOC fraction lost is usually minor, 

<1% of total organic carbon (TOC) (Wangersky 1993; Spyres et al 2000). 

Acidification & automated purgmg of filtered 
sample for DIC removal 

r 
Sample injection (100 pL) using autosampler 

r 

Oxidation of DOC and break down of TDN to 
CO2 and NO, respectively via HTCO 

r 
CO2 detection using NDIR detector 

r 
NO carrier gas passes through Nation membrane 
drier and then routed to NCD reaction cell 

r 
NO detection by chemiluminescence 

Figure 2.9 Principles of the high temperature catalytic oxidation method for sunultaneous 

determinations of DOC and TDN. 

A purging test was performed in the present study using a natural water sample ftom the 

Yeahn Estuary (21-03-02). The sample was acidified to pH 2-3 usmg HCl (10 pL of 50 % 

v/v HCl per 10 mL sample). A constant purging gas flow rate was chosen that is 75 mL 

min'̂  ultia high purity oxygen (99.999 %) which is appropriate to the small DOC vials (6 

mL) to avoid sample overflow. Then the sample was pmged for a series of time intervals 

(0, 1, 3, 5, 8, 10, 15 and 20 min) and the peak areas for DOC and DIC were recorded. 

Results for both DOC and DIC showed tiiat under these conditions, at least 8 min of 
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sparging was necessary for the complete removal of DIC, as illustrated in Figure 2.10. 

Using this specification, purging for the first minute cotdd remove up to 85% of the DIC in 

the sample. A constant purging time (8 min), flow rate (75 mL min"̂ ) and volume of acid 

added for all estuarine samples were followed through the whole time to ensure 

reproducibility. 
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Figure 2.10 Results fiom sparging trial, representing relationship between spargmg tune 

and peak area for DOC (A) and DIC (B). 
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Table 2.1 Analytical conditions for coupled HTCO TOC-NCD system consisting of TOC-

5000A Shimadzu and a NCD-255 (Sievers Instruments). 

Instrument conditions 

Carrier gas Oxygen (ultra pure, 99.999 %) 
Carrier gas flow rate through the 150 ml min"' 
TOC 5000A 

Flow rate to die NCD-255 . 100mlmin"' " . 

Purging gas flow rate 75 ml min"' 

Purging time 8min 

Injection volume 100 pL 

Niunber of inj ections 3 -5 

Catalyst 0.5 % Pt coated aluiiiiiriimi oxide 

Furnace temperature 680 °C 

Oxidation products COiandNO 

Detection NDIR (CO2) and chemiluminescence (NO) 

Recording Peak area 

Standards Mix. of Potasshim hydrogen phthalate (KHP) 

and Glycme (C:N 6:1) 

2.2.4.1 Introduction of the sample into the instrument 

The sample, after acidification'and sparging for DIC removal (section 2.2.3.4), is hijected 

by the motorised syringe of the TOC 5000A into the combustion tube (moimted in a 

vertical furnace). Three to five replicates of 100 pL sample are withdrawn fiom the 

sample vial by an acid-resistant staiidess steel needle coimected with Teflon tubing to the 

sample injection valve port. The front of the needle is characterised by ten small pores 

acting as a filter to prevent needle clogging. Through the use of a double needle 

arrangement, the next sample to be analyzed is automatically sparged witii ulfra pure 

oxygen. The needles are automatically washed with an ulfrapure water rmse between 

sample injections. There is a 4̂  port valve connected to the motorised syringe. One port 

is for the sample witiidrawal and the second port is for tiie sample injection onto the 

61 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

furnace through total carbon (TC) channel in case of DOC analysis. The third port is for 

the sample injection through iiiorganic carbon (IC) channel in case of DIC analysis, and 

the fourth port is for withdrawal of the tdtrapure water during the mstrument blank check 

producer (AUX channel). These four channels and other tubes within the instrument are 

made of Teflon tubing. The syringe and TC injection line are washed four times with 

ultrapure between samples, and also washed three times with the sample itself before the 

sample is injected onto the column. Needle blockage due to salt deposit J&om saline 

samples was removed by sonication in a low-j&equency sonicator, filled with idtrapure 

water, for 3 - 5 min (Dafher and Wangersky 2002a). Also, the ampoules were shaking 

well before analysis to make it homogenous. 

2.2.4.2 Oxidation 

A100 pL sample is injected into the vertical combustion tube where, by catalytic oxidation 

at 680 °C, dissolved orgaiuc carbon and total dissolved nitrogen compounds are converted 

into CO2 and NO respectively. The oxidation products (CO2, NO, H2O) are carried by an 

ultrapure (99.999 %) oxygen gas (BOC Ltd, UK) at a flow rate of 150 mL min'. Higher 

gas flow rates decrease the sensitivity, because of the shorter residence time m the 

combustion tube, and lead to incomplete combustion (Qian and Mopper 1996). Bottled 

ultrapure oxygen is the preferred sparging and carrier gas because of the guaranteed low 

contamination (Suzuki et al 1992; Hansell 1993; Alvarez-Salgado and Miller 1998b; 

Spyres et al 2000). The use of C02-fi*ee air and low purity bottled oxygen for the TOC 

analyser, during an initial period of 4 months (September 2000 - December 2000) of this 

study, resulted m unstable baselmes, kregulars peak shapes and low precision and 

accuracy, as indicated in Figure 2.12. 
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Figure 2.12 DOC peaks shape resulted from the use of CO2 -free air or low purity oxygen 

(A) and tdfrapure oxygen (99.999 %) (B) as a carrier gas. 

The quartz combustion tube is filled with 0.5 % a platinum coated alumina catalyst. The 

tube is 20 nun in diameter and 230 mm in height, and it is mounted vertically in the 

fiimace. The catalyst particles sit on a platinum net supported by quartz wool (5 mm deep) 

and the height of the catalyst bed is 130 mm (Figure 2.13). Above the catalyst is a fiirtiier 

layer of quartz wool (5 mm deep) which prevents physical disturbance of the catalyst 
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particles and acts as a bamer to the deposition of salt on the catalyst (Suzuki et al. 1992). 

Injections of ultrapure water between samples was undertaken to eliiriinate carry over 

problems due to accumulation of sea salt on the catalyst (Dafaer and Wangersky 2002a). 

0.5 cm:: 

13 cm 

0.5 cm 

-Quartz wool • 

0.5 % Pt coated 
alumina catalyst 

-Quartz wool 

latinum net 

Figure 2.13 The HTCO combustion tube. 

Catalyst characteristics 

Different types of catalyst, such as Pt on alumina, Pt on quartz, Pt on silica and a mixture 

of Pt on alumina witii CuO and Sulfix, have been used to facilitate DOC and TDN tiiermo-

decomposition. Benner and Strom (1993) found that the alumina support is the primary 

source of carbon contamination in the platinized-alumina catalyst. The instrument bleink 

associated with the platinized-quartz catalyst is relatively low and would be a better choice 

for seawater analysis. However, the Pt-quartz catalyst clogs v^th salt quickly and it caimot 

be removed from the combustion tube and washed as is the case for Pt-alumina catalyst 

(Dafiier and Wangersky 2002a). Studies indicated tiiat the Pt on silica catalyst has the same 
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oxidation efficiency as the Pt on alumina, but is usually less contaminated with carbon and 

gives a lower total blank (Cauwet 1994; Dafiier arid Wangersky 2002a). A highei: blank- of 

the Pt on alumina catalyst is due to the affinity of AI2O3, as an amphoteric species, for 

CO2, while silica (Si02) is an acidic oxide with only a small adsorption capacity for CO2 

(Cauwet 1994; Skoog et al. 1997). Also, the Pt on alumina catalyst particles contain 

carbonaceous impurities that diffiise to the catalyst, surface and are oxidized (Skoog et al. 

1997). However, regardless of the blank.signal, all types of catalyst currently in use appear 

to be equally effective m the oxidation of organic carbon (Dafiier and Wangersky 2002a). 

In the current study, the Shimadzu 0.5 % platinum coated alumina catalyst was used after 

conditioning to minimise the blank; see section 2.2.6.1 for details about the system blank. 

The Pt-alumina catalyst was conditioned as follows: (i) the combustion tube was filled 

with the new catalyst, (ii) the TOC analyser fiunace temperature was heated to 680 °C for 

24 h, (iii) ultrapure water was repeatedly injected xmtil the total blank was reduced to an 

acceptable low value, which was generally a DOC peak area of less than 3000 (Dafiier and 

Wangersky 2002a). The catalyst was changed after the injection of 500 mL of samples plus 

ultrapure water wash (Qian and Mopper 1996). 

2.2.4.3 Purification and DOC detection 

The combustion gases are swept by the carrier gas into a cooling coil and high purity water 

trap for cooling and H2O vapour condensation. Then, they are passed through an inorganic 

carbon (IC) reaction vessel, contaming, 25% H3PO4 (with added AgNOs), which prevents 

dissolution of CO2 in water vapour m the stream (Hansell 1993; Alvarez-Salgado and 

Miller 1998b). The combustion gases are then completely dried in an electronic 

dehumidifier. Finally, they are further purified by passmg them through a halogen scrubber 

to remove halogens, and a membrane filters to remove particles. 
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The pmfied gases are then transferred to the mfrared cell for CO2 detection by a non-

dispersive inJ&ared (NDIR) detector. The optical NDIR system consists of a light source, 

measuring cell, detector and preamplifier. The measuring cell consists of a sample cell and 

a reference cell. Both have gold plated inner walls. The carrier gas with CO2 passes 

through the sample cell while the COa-free carrier gas passes through the reference cell. 

The NDIR principle relies on the fact that CO2 absorbs infiared radiiation in the IR 

wavelengths, while the monatomic carrier gases (such as O2 and N2) do not absorb this 

radiation. The amount of the infiared radiation absorbed is proportional to the amount of 

the CO2 gas, in accordance to the Beer-Lambert Law. The signal (voltage) from NDIR is 

recorded using a data collection / integration system (TOC 5000A software) and converted 

to peak area measurements. The peak areas are converted to DOC concenfrations using a 

calibration curve. 

2.2.4.4 TDN measurement 

TDN was determined by a nifrogen-specific chemiluminescence reaction. Following CO2 

measurements, the combustion gases, including nitric oxide (NO), are pulled into the 

NCD-255 using a vacuum pmnp. A gas dehumidifier (Nafion membrane drier) was 

installed at this stage to remove any remaining water vapour not removed by TOC 

instrument dehiunidifier, because moisture quenches the chemiluminescence reaction and 

leads to peak tailing (Walsh 1989; Alvarez-Salgado and Miller 1998b). A T-piece has been 

installed after the Shimadzu NDIR to route ca. 66.6 % of the total carrier gas flow (100 mL 

min"') to the NCD, confrolled by means of an exfra-fine metering valve. The remaining 50 

mL min"', after passing through CO2 scrubber for removal of CO2, is passed to the 

Shimadzu NDIR reference cell and then out to the atmosphere. The gas flow rate to the 

NCD was optunised at 100 mL min"' m order to maxumse the sensitivity of the TDN 
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measurements whilst not significantly affecting the sensitivity of the DOC measurements, 

as illustrated in Figure 2.14. This flow rate increased'TDN sensitivity by 22' % and 

decreased DOC sensitivity by only 3 %, compared with the use of only 50 mL min' for 

TDN analysis 
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Figure 2.14 Optimum carrier gas flow rate (mL min' of the 150 mL min') to the NCD 

detector (tested on 19 and 20"" February 2002). 

The NO in the combustion gas is reacted with O3 produced in the NCD reaction cell to 

give the radical NO2* species that chemiluminescence upon decay to its ground state. This 

reaction take place at low pressure in order to minimise background luminescence and 

increase sensitivity (Walsh 1989; Alvarez-Salgado and Miller 1998b; Ogawa et al. 1999). 

The emitted light energy is collected by a photo-multiplier tube (PMT) and the resulting 

signal (voltage) is recorded using data acquisition and integration system (A/D card. 

Talisman Electronics; slotted into a Pentium PC and controlled using Labview software, 

67 





El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

version 6.0). The recorded signal is stoichiometrically proportioiial to the aniount of total 

dissolved combined-N. The TDN peak area is quantified using Labview software. DON 

concentration is calculated as the difference between independent measurements of TDN 

and DIN. 

2.2.5 Analytical challenge^ associated with the coupled HTCO TOC-NCD technique 

Although HTCO techniques can provide highly precise data, some analytical challenges 

are encotmtered. 

2.2.5.1 TDN analytical challenges 

Potential challenges m tiie analysis of TDN, usmg tiie coupled HTCO TOC-NCD 

technique, which may lead to poor accuracy and precision, mclude the followmg: 

1. Residual water vapour; all water vapour must be removed from the combustion gases 

before entering the NCD because moisture quenches the chemiluminescence reaction, 

causing peak tailing. The use of chemical driers has been reported, including Drierite 

(97% CaS04, 3% C0CI3) (Alvarez-Salgado and Miller 1998b). The use of a Nafion 

membrane drier (Perma Pure Inc.) m this study resulted m an excellent maintenance-

free drying procedure. 

2. The peak shape depends on the nature of die nifrogen compoimd (Alvarez-Salgado and 

Miller 1998b). The higher oxidation states (e.g. +5 for nitrate) and more refractive 

compounds show wider peaks, indicating that decomposition to NO may occur through 

different reaction mechanisms. However, peak area, rather than peak height, was used 

for quantification purposes as it is relatively unaffected by the nature of the N 

compounds, 

3. In water samples with enhanced TDN concenfrations (> 80 pM, e.g. many estuarme 

and river water samples) a longer peak uitegration time for the TDN relative to the 

DOC is requfred for the coupled TOC-NCD instrument used in this study. The high 
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TDN concentrations result in increased tailing of the TDN peaks possibly due to slow 

oxidation of a fraction of the N compounds. Consequeridy, longer DOC peak : 

integration times and an appropriate dilution with ulfrapure water were used for 

samples with expected enhanced TDN concentrations to allow complete conversion of 

all N compounds. Recent study indicated that the Shimadzu instruments coupled with 

the chemiluminescence detectors provide more accurate TDN measurements than the 

TDN stand alone instruments (Sharp et al. 2004). 

4. At a generic level applicable to bodi the HTO/HTCO and WCO mediods, a small 

relative error ui the TDN or DIN measurements can lead to a large error in the estimate 

of DON particiUarly when the DON is a small fraction of the TDN (Hopkinson et al. 

1993; Sharp et al. 2002b). Moreover, there is an assumption that the dissolved organic 

nifrogen is umeactive to standard DIN procedures (Walsh 1989). Therefore quality 

assurance protocols and an excellent analytical precision are required for the TDN and 

DIN measmements. 

2.2.5.2 DOC analytical challenges 

Regarding DOC measiurements by the HTCO method, the most significant sources of error 

are mechanical effects, the estunation of system blank, and the oxidation efficiency 

(Spyres et al. 2000). Mechanical effects include sample injection, salt deposition and 

memory effects (Qian and Mopper 1996; Alvarez-Salgado and Miller 1998b). Manual 

injections of samples are uitensive labour, time consuming, susceptible to contamination 

and difficult to reproduce. These challenges are less likely to occur with the use of 

automated injections (Qian and Mopper 1996). However, the automated injection system 

may cause problems during analysis of saline samples due to their susceptibility to salt 

abrasion with time (Spyres et al. 2000). The salt abrasion problems were eliminated with 

regular and careful cleaning and mamtenance of the needle, syringe, and injection sUde. 
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Injection of the sample at high temperature results in an expansion introducing volume 

higher than the void space of the combustion tube. Subsequently a cold'zone at the column • 

head may result firom higher pressure, causing the deposition of salts (Skoog et al. 1997). 

Salt deposition on the top of the catalyst causes clogging of the column head and then 

incomplete combustion and memory effects (carry over between samples). Memory effects 

were evident particularly when injection of sample dr standard with a high DOC 

concentration was followed by a sample or ultiapure water with low concentiations of 

DOC (Qian and Mopper 1996). The salt residue at the colunm head can randomly flush 

through during sample injection, resulting in reduced accuracy and precision. Also, 

deposition and flaking off of organic carbon in the cold zone results in the appearance of 

abnormally large peaks at random. A systematic injection of ultrapure water between 

saline samples was followed in order to prevent salt deposition and eliminate the carry over 

problem (Dafiier and Wangersky 2002a). The top of the catalyst was covered with a layer 

of quartz wool (5 imn) to support salt deposition instead of catalyst particles (Suzuki et al. 

1992); as explained in section 2.2.4.2. Also, the following maintenance was frequently 

undertaken: (i) flushmg the system with ulfrapure water (up to 50 mjections) every day 

before starting analysis and at the end of the run, (ii) regeneration of the catalyst with 2 M 

HCl, (iii) removal of the salt deposition on the top of the catalyst, (iv) replacuig tiie catalyst 

after tbe injection of 500 mL sample solution. The other two challenges (the instrument 

blank and oxidation efficiency) are discussed in section 2.2.6 below. 

2.2.6 Quality assurance 

The reliability of the data from the HTCO method analyses relies upon (i) careful blank 

determmation, (ii) a systematic evaluation of the oxidation efficiency of a variety of 

organic compounds (including less easily oxidised compounds), (iii) accurate and precise 

mstrumental calibration usmg easily oxidised standard compounds, and (iv) testing 
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analytical veracity with, certified reference materials (CRMs), iri this case deep ocean water 

witii low concentrations of DOC and TDN '(Wangersky 1993; Hopkinson .e? al 1993; 

.Peltzer et al 1996; Sharp 1997; Bouloubassi et al 1997). 

2.2.6.1 HTCO method total blank determination 

The-correct procedure for determmation and subtraction of total blank is of key unportance 

for high quality DOC and TDN data. Usmg.the HTCO method, the total blank is derived 

firom (i) the use of ultrapure water, (ii) a reagent blank fiom the acid added for acidification 

(iii) the instrument (or system) blank generated from sample line contamination and the 

catalyst used (Benner and Sfrom 1993; Williams et al 1993a; Cauwet 1999). The peak 

area of the injected acidified and purged ulfrapure water, obtained during the external 

calibration, gives the total blank. The acid reagent blank and system blank is common to 

both standard and samples, while the water blank for standard only (Benner and Strom 

1993; WilUams et al 1993a). 

DOC total blank 

The water and reagent blanks are minor components of the total blank compared to 

mstrument blank (Benner and Sfrom 1993; Dafrier and Wangersky 2002a). The Pt on 

alumina catalyst is the major source of carbon from the instrument (Sharp et al. 1993a; 

Sharp et al 1995; Cauwet 1999). Inaccurate estimation of the instrument blank was the 

probable cause of most of the reported high DOC values in 1980s and early 1990s (Hedges 

et al 1993a; Sharp 1997). High instrument blank may result from (i) the accumulation of 

carbonaceous residues such as SiCa (s) and CaC2(s) on the surface of the combustion tube 

between sample injections, (ii) slow diffusive flux of carbonaceous impurities in the 

catalyst to tiie surface in the combustion tube during the tune interval between sample 

injections (iii) sorption and desorption of CO2 by the alumina as it is amphoteric oxide 
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(Perdue a/. 1993; Skoog et gl. 1997; Alvarez-Salgado and Miller 1998b). However, the 

instrument blank can be reduced to < 10 pM C after rigorous cleaning" and conditioning of' 

the catalyst and systematic injections of ultrapure water during analysis (Wiebinga and de 

Baar 1998; Alvarez-Salgado and Miller 1998b; Dafiier and W^gersky 2002a). The major 

difficidty with total blank estimation is the lack of a completely carbon-fiee water to 

calculate the carbon contamination fiom the instrument alone (Dafiier and Wangersky 

2002a). 

Although no common protocols for DOC blank have been described, recent literature 

provides clear guidelines for blank correction (Alvarez-Salgado and Miller 1998b; Cauwet 

1999; Spyres et al. 2000; Sharp et al 2002a). The first option is to shift the calibration 

curve to the origin and make a correction to the sample by subtracting the instrument blank 

(Cauwet 1994) as iUustiated in Figure 2.15. Not accountuig for the water blank in the 

calibration curve (using peak area minus total blank then divided by slope without shifting) 

will result in underestimation of the DOC concentration in the samples by the ultrapure 

water blank value (Benner and Strom 1993). In contrast not accounting for the mstrument 

blank (using peak area of shifted calibration divided by slope ) will result in overestimation 

of the DOC m tiie sample (Benner and Strom 1993; Miller et al 1993b). Thus the accurate 

determination of the mstrument blank, particularly for samples of low DOC 

concentrations, is essential for good blank correction. Some HTCO instruments, including 

the Shimadzu TOC 5000 A, are provided with a blank checking program. This program 

involves the injection of ultrapure water onto the catalyst where it is combusted and the 

collected downstream in a high purity water tiap comprising theoretically carbon-fiee 

water. Subsequently, this solution is re-injected (five replicates of 100 pL each) and the 

whole process is repeated 10 tunes to give 50 mjections of theoretically carbon-free water 

(Alvarez-Salgado and Miller 1998b). The instalment blank is then calculated as the 
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average peak area of the tenth series of injections, (the last five injections in the whole 50 

injections); this is converted to a concentration value using a daily calibration curve' 

(Benner and Strom 1993). 

D O C m M 

Figure 2.15 DOC calibration curves to illustrate the HTCO method total blank and how to 

correct for the DOC concentration in the natural water samples. 

The automated blank checking (BC) program of the Shimadzu TOC-5000A was employed 

three times in the first year of this study to determine the instrument blank. Figure 2.16 

shows the peak area against the number of injections using the blank check program on 30-

01-02 (1'̂  BC), 13-05-02 (2'̂ '' BC) and 11-06-02 (3"̂  BC). The average concentrations of 

the last four injections, excluding the first, fiom the tenth series of injections were 3.5,24.9 

and 23.6 pM C for the 1'* BC, 2°^ BC and 3"* BC, respectively. The first injection of each 

series of five injections gave abnormal peak areas, very high for the 1̂ ' and 2"'' BC, and 
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very low for 3̂*̂  BC, and tiius diey were excluded from the calculation of the instrument 

blank (Figure 2.17): The 2"'' BC value was the highest as a newly conditioned catalyst was 

used, whereas the catalysts used with the 3'̂ *' BC and 1̂ ' BC were one mondi and four 

months old, respectively. Thus, the instrument blank is relatively high with a new catalyst, 

and decreases to stable value after washing with aliquots of ultrapure water (Cauwet 1999). 

However, the above approach was not appropriate for the correction of DOC data ui this 

work because the calculated instalment blank area was higher than the daily total blank 

ushig injections of ultra pure water, excluding the 1̂* BC done before conducting the field 

study. 

The other, common altemative method for blank correction, which was adopted for this 

study, is the subtiaction of a daily average ultrapure water peak area (total blank) from the 

sample peak area; the resulting peak area is divided by the calibration curve slope (Qian 

and Mopper 1996; Wiebmga and de Baar 1998; Spyres et al. 2000; Sharp et al 2002a; 

Dafher and Wangersky 2002a). 

Peak area of the sample - Peak area of the blank 
DOC Concentration (pM) = 

Slope of the calibration curve 

This correction is appropriate when the blank check program is not available or when the 

average peak area of the instrument blank using BC program is higher than the daily total 

blank usmg an injection of ultrapure water (Spyres et al 2000). However as discussed 

above, this blank correction results in an underestimation of the DOC concentrations (by 

the value of the ultrapure water ) in samples with low level of DOC, includmg deep ocean 

waters. Frequent injections of ultrapure water and certified low carbon water (LCW, 2 pM 

C) during this study gave approximately identical peak area. This means that the blank of 
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the ultrapure water used during this study is approximately 2 pM C, and this concentration 

was added to all measurements of the natural water samples." 
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Figure 2.16 TOC 5000A instrument blanks using Shunadzu platinized-alumma catalyst. 

75 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

Sample: Blank Check ID:Run 1 , 
15 

s 
10 

•55 
5 

0 
-3 
0 

• 

1̂ ' B C "30-01-2002" 

/ 1 ' 
/ \ ' 

10 
Time [min] 

15 

30 
San̂ te:-Blahk Check l!>.Run-10 • 

20 

: : : : ; 3'*'BC"11-06-2002" : : : : : : : 
• • • * I 
• • • • I 1 1 
—. —, —. —. —. - . —. - . - . - . - . - . J-. —. —. -. - . - . —. -. - . —. —, -.J —. —. —. —. -

Figure 2.17 TOC 5000A instrument blank peak profiles using Shimadzu platmized-

alumina catalyst. 

2.2.6.1.2 TDN total blank 

In the case of TDN, the combined instrument and ultrapure water blank was typically very 

low compared with the DOC total blank, at ca. 1 ± 0.1 pM N , and was near or even below 

the detection lunit. This agrees with findmgs by Hopkmson et al. (1993), who estimated 

that their combined HTCO and HTO total blanks ranged between 1 and 3 pM N, whilst 

Koike and Tupas (1993) estimated theur HTCO combined blank as 2.37 pM N usmg 

double distilled water. Walsh (1989) reported that his instrument blank was always below 

the detection limit, using an HTO method at 1100°C (detection limit not reported). 

Alvarez-Salgado and Miller (1998) reported a TDN system blank for then coupled HTCO 
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TOC-NCD system to be in the range < 0.3 -0.6 \xM N . These observations indicate that 

the combined system and ultrapure water blank should be less troublesome for H T C O 

TDN analysis compared with DOC, and that special attention should be paid to the quality 

of the ultrapure water used for TDN standards and blank investigations. 

2.2.6.2 Oxidation efficiency 

Natural DOM comprises a spectrum of compounds of varying resistance to Oxidation. 

Since the chemical character of DOM remains poorly described, it shoidd not be assumed 

that any one standard compound is representative of natural DOM. A range of organic 

carbon and nitrogen compounds of differing refractivities should be investigated to test the 

ability of the analytical system to oxidise naturally occurring organic matter quantitatively. 

The degree of oxidation of a range of compounds should uiitially be determined daily and 

recoveries established for each method and/or instnraient, after which periodic assessment 

is sufficient (Hopkmson et al. 1993; Spyres et al. 2000). The H T C O metiiod has been 

shown to be able to quantitatively recover the carbon and nitrogen fiom a range of 

compounds with different degrees of refiactivity, including hxmiic materials (Hopkinson et 

al. 1993; Alvarez-Salgado and Miller 1998b; Bronk et al. 2000). Some examples are given 

m Table 2.2. 
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Table 2.2 Percent recdveries of carbon and mtrogen from standard compounds by HTCO 

technique. 

Analyser / Catalyst type Compovmd % Reference 
Detector Recovery 

(1) Dissolved organic carbon 
Sumigraph Pt on alumina Thiourea 99 (Sugimura 
N-200 Antipyrine 98 and Suzuki 

Caffeine 100 1988) 
NDIR Albumin 98 

Xylose 99 
Gliicosamme 99 
Cu- chlorophyllin 101 
Sulfathiazole 63 

Home made 5%Pton Glucose 98 (Chen and 
Trion Kawool Urea 102 Wangersky 

NDIR and C02O3 on Thiourea 107 1993) 
alimiina beads Glycine 106 

Caffeine 107 
Methyl orange 91 
Antipyrine 111 
Sulfafiiiazole 97 

Sumigraph 3 % Pt on Glucose 95 (Tanoue 
TOC-90 alumina. Potassuim biphathalate 93 1993) 
NDIR CuO/ Sulfix 
Home made Quartz Antipyrine 99.9 (Qian and 

beads/CuO/ Caffeine 102.8 Mopper 1996) 
NDIR Sulfix EDTA 99.7 

Glyoxal termeric dihydrate 103.4 
Phthalate 99.8 
Sulfathiazole 100.7 
Thiourea 103 
(2) Total dissolved nifrogen . 

Antek703C Quartz wool Ammonium chloride 100.2 (Walsh 1989) 
Potassium nifrate 100.1 

Chemilumin Sodium nitrite 100.7 
escence Glycine 99.6 

2,2 Bipyridine 100.7 
Nicotinic acid 100.3 
N-1 -Naphthy lethylene- 96 
diamine 
EDTA 101.1 
Urea 101.2 
Sulfathiazole 101.6 
Antipyrine 97.7 
Methyl orange 95.5 
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Not cited Not cited Ammonium 100 " . (Hopkinson et 
(workshop Nitrate • • ; >90 al. 1993.) • 
repprt) Nitrite >'98 . 

al. 1993.) • 

EDTA >100 
Urea >90 
Glycine >90 
Caffeine >90 
Thiourea >90 
Albumin >90 
Nicotinic acid >98 
Antipyrine >90 

Yanaco TN- Manganese Urea " 100 (Koike and 
7 dioxide Thiourea 94 Tupas 1993) 
Chemiluhain Adenine 101 
escence Caffeine 102 

Valme 100 
Tryptophan 113 
Nicotinic acid 98 
Thiamine 102 

Shimadzu 0.5%Pton Ammonium chloride 97 (Alvarez-
TOC-5000 alumina Antipyrine 85 Salgado and 
Antek 705D Arginine 102 Miller 1998b) 

Caffeine 97 
Chemilumin EDTA 102 
escence Histidine 102 

Nicotinic acid 101 
Sodimn nitrite 101 
Potassium nitrate 102 
Sulfathiazole 99 
Thiourea 96 
Thymidine 103 
Urea 101 

Antek 1000 °C Glycine 99.5 (Frankovich 
7000N Urea 94.3 and Jones 
Chemilumin 1998) 
escence 
Antek 1000 °C Urea 96.8 (Bronk et al 
7000B-N Ammoiutmi chloride 95.5 2000) 
Chemilumin Glycine 86.2 
escence EDTA 75.5 
TDN Antipyrine 79.1 

Humic acid 61.0 
Potassiimi nitiate 100.4 

79 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

Recovery experiments with carbon and mtrogen compounds were performed three times 

(05-02-02, 28-05-02 and 19-06-02), covering a variety of chemical structures and 

concentrations. The tested compoimds are ammonium chloride, sodium nitrate, glycine, 

urea, thiourea, EDTA, caffeine, N-l-naphthylethylene-diamine and glucose. Nitrogen and 

carbon recoveries were in die range 90.5 - 103.6 % (Table 2.3) and 90.3 - 104 % (Table 

2.4), respectively, witii a low value of 79.5 %(N) for tiie more recalcitiant compound 

caffeine. The percent recoveries were calculated relative to a mixture of potassium-

hydrogen phthalate (KHP) and glycine standard (C: N 6:1 see below). The results are in 

reasonable agreement with observations reported by other researchers (Table 2.2), 

Table 2.3 Percent recoveries of nitrogen from commonly cited nifrogen compounds 

dissolved in ulfrapure water using the coupled HTCO TOC-NCD method (recovery in 

relation to KHP/glycine standard). 

Compound Concenfration 
(.m 

% Recovery Compound Concenfration 
(.m 28-05-2002 19-06-02 Average 

Ammonium chloride 20 93.4 93.0 94.9 Ammonium chloride 
40 96.9 96.3 

94.9 

Sodium nifra:te 20 99.1 103.6 100.8 Sodium nifra:te 
40 99.8 100.7 

100.8 

Glycine 20 99.6 99.1 99.0 Glycine 
40 98.1 99.3 

99.0 

Urea 20 95.2 85.8 92.1 Urea 
40 96.2 91.2 

92.1 

Thiourea 20 97.2 101.8 98.6 Thiourea 
40 96.4 99.1 

98.6 

EDTA 20 92.2 93.9 92.2 EDTA 
40 90.5 92.2 

92.2 

N-1 -Naphthylethylene-
diamine 

20 93.5 95.9 94.3 N-1 -Naphthylethylene-
diamine 40 95.4 92.5 

94.3 

Caffeine 20 - 81.0 80.3 Caffeine 
40 - 79.5 

80.3 
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Table 2.4 Percent recoveries of carboii firom commonly cited carbon compounds dissolved 

in ultrapure water using the coupled HTCO TOC-NCD method (recovery in relation to ' 

KHP standard). 

Compound % Recovery (05-02-2002) 
50pM 100 pM 200 nM 300 ^iM 400 pM 500 nM Average 

Glucose 92.7 93.4 93.9 93.3 93.4 93.6 93.4 
Glycine 101.4 99.3 104.0 101.9 100.0 97.0 100.6 
Urea 91.9 . 93.4 98.3 91.7 90.7 9 i ; i ,92.9 
Thiourea 104.0 92.1 92.6 90.3 92.3 91.9 93.9 
EDTA 101:4 100.7 98.2 95.1 94.7 93.2 97.2 
N-1-Nkphtiiy] etiiylene-diairiine 96.9 (120 pM), 97.5 (240 pM) 97.2 
Caffeine 102.4 (40 pM), 98.9 (80 pM) 100.7 

2.2.6.3 HTCO method calibration and analytical figures of merit 

There are many reference materials that may beused to prepare standards, but the selected 

material should be widely distributed with high purity, soluble in water, stable to 

temperature and light, resist microbial degradation and not hygroscopic (Cauwet 1999). A 

potassium hydrogen phtiialate (KHP; [C6H4C02(C02H)]" K"^ and glycine 

(NH2CH2COOH) mixture is probably the most conunonly used standard for combuied 

DOC-TDN calibration (Alvarez-Salgado and Miller 1998b; Cauwet 1999; Spyres et al. 

2000). Also, a mixed nitrate and KHP standard has been used for calibration by some 

workers, where DIN is expected to dominate the TDN, as in deep oceanic water (Walsh 

1989; Hopkinson et al. 1993). 

The coupled TOC-NCD system was calibrated daily using a KHP and glycine mixture (C: 

N atomic ratio 6:1) in ultrapure water. Workuig standard solutions (30 - 600 pM C and 5 -

100 pM N) were prepared fiom stock solution (600 mM C and 100 mM N) by the use of a 

sub-stock solution (60 mM C and 10 mM N) and an appropriate dilution with ulhrapure 

water. The working standard solutions were prepared prior to analysis while the sub-stock 

solution and the main stock were prepared weekly and monthly, respectively. Linear 
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regression/was used, peak areaagainst concentration, for each daily calibration of DOC 

and TDN (Figure 2.18). The DOC and-TDN concentiations of each sample were defined 

by the mean peak area of repHcate sample injections (n = 3 - 5), subtracted by the average 

peak area of the total blank (as discussed m section 2.2.6.1) and divided by the slope of the 

DOC and TDN calibration curves respectively. 
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Figure 2.18 DOC and TDN linear regression plot of calibration standards (n = 6, date of 

analysis 25-10-2002) usmg HTCO metiiod. 
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Analytical figures of merit 

The linear regression coefficient of the DOC and TDN calibration curves was > 0.999 (n = 

6), indicating good linearity between concentration and peak area. Using range 1 of the 

TOC analyser software, calibration range was linear up to 600 pM and 100 pM of DOC 

and TDN, respectively. The calibration slopes were used to indicate the stability of the 

mstrument sensitivity. The average slopes of the DOC and TDN calibration curves were 

100.3 ± 5.9 and-30:7 ± 3.5 respectively over tiie period May 2002 until September 2003, 

indicating good stability for the measurement of DOC and TDN throughout this period. 

The limit of detection (LOD) was calculated based on average peak area of blank plus 3 

standard deviation. The TOC-NCD system used here had a limit of detection of 6.2 pM C 

and 0.46 pM N , calculated fiom an analysis done for the North Atiantic samples on 23-03-

2003. A standard solution of known concentration (240 pM C and 40 pM N) was 

systematically re-analysed between each batch of 5 - 10 samples to determine whether on 

a daily analytical run there was drift of the TOC-NCD system response. 

The coefficient of variation (CV) or precision for tiie combmed DOC/TDN analysis was 

typically < 2 - 3 % and < 3 - 5 % (n = 3 - 5) for DOC and TDN measurements, 

respectively. The standard deviation (a) of the DON measurement is estimated fiom the 

following equations: 

Where O D I N = ((C^^N03 + ^\o2 )+ f'^' 

The DON concentiations therefore incorporate the combmed error of three analyses that 

are TDN, NH4'̂  and NO3" + NO2". Witii a typical CV for DIN of 3 %, it can be seen tiiat the 
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Standard deviation of the DON signal is relatively small when TDN is mainly DON, and 

larger when DEN[ dominates the TDN pool.. 

Thus the analytical figures of merit uidicated that the coupled tOC-NCD system used in 

this study exhibited an excellent linearity for analysis of standard solutions and good 

precision for standard solutions and natural water samples, allowing the generation of high 

quality data for natural waters. The accuracy of the TOC-NCD system was regularly tested 

by the use certified reference materials (section 2.2.6.4). 

2.2.6.4 Certified reference materials (CRMs) 

CRMs are essential for checking die performance of HTCO techniques, for quantitative 

validation and accreditation of the measurement, and for comparing the performance of 

different laboratories (Williams et al 1993a; Sharp 1997; Spyres et al 2000). The CRMs 

that have been implemented include both low carbon water and deep ocean water (Dafiier 

and Wangersky 2002a). The advantage of using deep ocean water is that it is imlikely to 

change in DOC, DON, or TDN concentrations on time-scales of decades and can re-

sampled as needed. However, a disadvantage is that the concentration of DIN is high and 

so dominates the TDN measurement; furthermore, it is not expected to contaui much labile 

DOC or DON (Hopkinson et al 1993). The development of a range of CRMs which are 

more suitable for TDN and DON concentrations encountered over a range of natural 

waters wotdd be advantageous. 

The biogeochemical group at the Division of Marine and Atmospheric Chemistry, 

Rosenstiel School of Marine and Atmospheric Science, University of Miami, USA, 

distributes DOC Certified Reference Materials (CRMs); shipping is the only cost to the 

participating laboratories (www.rsmas.miami.edu/groups/organic-biogeochem/). Both low 
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carbon water (2 fiM C) and deep Sargasso Seawater (44 - 45 pM C and 21 pM N) are 

avadable in 10 mL. ampoules. They are already acidified and stable for at least one year 

when stored in the dark at room temperature. 

These CRMs were used with every analysis to monitor for bias in the accuracy of the DOC 

and TDN measurements. The DOC and TDN concentrations of the CRMs analysed 

between May 2002 and April 2004 (Figure 2.19) showed that the measurements were 

reliable and accurate. The mean DOC and TDN concentrations of the CRMs analysed 

(48.1 ± 3.9 pM C and 20.2 ± 1.5 pM N) were not significantly different to the certified 

values, over a period of two years. Sharp (2002) has demonstrated mean DOC 

concentrations of 46.1 ± 2.3 pM C for deep Sargasso Seawater over a period of 6 months 

(Sharp 2002). Preliminary use of DOC reference materials by 14 participants in a broad 

community intercalibration exercise indicated that most analysts show a mean value that is 

not significantly different from the expected value (Table 2.5) (Sharp et al. 2002a). 
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Figure 2.19 Tune series plot (n = 44) of the CRMs (deep Sargasso Seawater) measured on 

daily analytical runs during the period from 28-05-02 until 16-04-04. 

85 





El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

Table 2.5 Performance with deep ocean DOC reference materials firom 14 analysts plus the 

current study (data fiom Sharp et al., 2002a).. 

Analysts ? 

n 
Range Mean SD C V % 

1 31 40.8 to 52.6 46.9 2.8 5.9 
2 31 44 to 57 . 49.1 3.7 • 7.5 
3 11 42 to 53 46.9 3.9 8.3 
4 31 40 to 69 45.8 5.9 12.8 
5 16 39.7 to 47.1 42.8 2.3 5.3 
6 . 6 46.2 to 48.3 47.2 0.7 - 1.4 
7 27 40 to 60 50.4 4.6 9.1 
8 10 34.8 to 50.8 44.0 4.3 9.7 
9 • 55 39.1 to 61.3 49.2 5.2 10.5 
10 55 42.9 to 48.2 45.6 0.8 1.7 
11 15 38.3 to 75 55.5 11.6 20.9 
12 25 39.7 to 53.4 45.6 2.9 6.3 
13 9 43.1 to 48.2 45.8 1.5 3.2 
14 4 47.4 to 49.1 48.4 0.9 1.8 

Current study 44 42.1 to 58.6 48.1 3.9 8.2 
Note, Ranges, means, and standard deviations are given as |aM C. 
*n is the number of tunes the references were run ui the reporting period. 

2.3 Measurement of other determinands 

2.3.1 Master variables 

Master variables measured in this study mclude pH, temperature, conductivity, total 

dissolved solids (TDS) and salmity. These variables provide vital information on tiie state 

and behaviour of the water environment under .investigation. Marked changes in master 

variables can lead to significant changes in the reactivities, speciation and pathways of 

other chemical constituents (Howland et al. 2000). Measurements of pH and temperature 

were performed in situ using a pH meter (model HI 9025, Hanna Instruments Ltd) that was 

calibrated for pH before each field campaign using fiesh buffer solutions of pH 7.0 and 

4.0. Conductivity and TDS were measured in situ using a conductivity meter (model HI 

9635, Hanna Instruments Ltd). Samples for salmity were collected ui clean HDPE plastic 

bottles and analysed using a salinometer (model 8410, Guildline Portasal) at tiie Institute of 

Marine Sciences, University of Plymouth. 
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The measurement of pH is important in water quality studies as it mfluences, and can" 

reflect, many chemical and biological processes. pH typically'ranges between 6.5 and 7.5" 

in most natural waters, and extends to 8.3 in marine waters due to the carbonate system 

(Mckelvie 2002). The pH of freshwater source could affect die pH distribution within tiie 

estuarme system (Howland et al. 2000). Possible causes of a increase ui the pH include 

algal photosynthesis (autofrophic processes) and bacterial denitrification, whereas possible 

causes of a decrease include release of sfrongly acidic waste, influence of acid raui, the 

release of acid mine dramage water, heterofrophic processes in bacterial nitrification, 

sulphate reduction and sulphide oxidation (Mckelvie 2002). Low pH can adversely affect 

aquatic biota dfrectly and can result in the release of heavy metals from the sediments. 

Conductivity, expressed in micro Siemens per cm (pS cm'', S = H''), is a measure of the 

ability of the water sample to conduct an electric current. Conductivity can be used as an 

approximate measure of the total concenfration of the inorganic solutes (Radojevic and 

Bashkin 1999). Ions that have a major mfluence on the water conductivity include CI", 

S04^ COa^ HCO3", H^, Na"*", K"̂ , Mg "̂̂ , and Câ "*". The term solids refer to tiie majority of 

compounds which are present in natural waters and remaui in solid form after evaporation. 

Total dissolved solids (TDS) (mg/1) correspond to the filterable residue of solids while 

total suspended solid (TSS) to the non-filterable fraction. TDS may be obtained by 

multiplying the conductivity by a factor, commonly between 0.55 and 0.75, that is specific 

for each water body (Chapman 1996). 

Salinity is unportant variable in the estuarme environment m order to study the 

biogeo chemisfry of various dissolved components. In the past salinity was measured as a 

function of the total dissolved solids concenfration, and so was calculated from chloride 

concenfration, measured by titration, using the following equation; S (%o) = 1.805 Cr'(%o) 

87 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

+ 0.030 (Chester 2003). Salinity is now measured as function of sample conductivity 

against standard RCl solution of known-concentration, where Saluiometers and CTD have 

replaced tiie chlorinity titration metiiod for determmation of salmity m marine waters 

(MuUer 1999). 

2.3.2 Dissolved oxygen and biochemical oxygen demand 

Dissolved oxygen (DO- mg L ' \ or % of saturation) represents the amount of oxygen 

dissolved in natural waters and is essential for the survival of most aquatic organisms. DO 

concentrations vary with temperature, salinity, turbulence and autotrophic / heterotiophic 

balance activity. DO levels are adversely affected by anthropogenic sources of organic 

matter pollution and euttophication. The difference between the theoretical 100 % 

saturation value and the amount of oxygen actually found is called the apparent oxygen 

utilization (AOU) (Hansen 1999). DO concentrations and percentage saturations were 

determined in situ using a DO meter (model 55, Yellow Springs Industries). 

The biochemical oxygen demand (BOD; mg L"') is an empirical determination of the 

amount of oxygen required to oxidise the organic matter in a water sample by micro

organisms. BOD can serve as indicator of the organic pollution load, by measuring die 

oxygen required for biochemical degradation of organic matter (termed carbonaceous 

biochemical oxygen demand CBOD). In addition the BOD also measure also tiie amoxmt 

of oxygen used to oxidise ammonium (termed the nitrogenous biochemical oxygen 

demand NBOD) (Radojevic and Bashkm 1999). The NBOD is due to two groups of 

nitrifying bacteria; one converts ammonium to nitrite, and the second converts nitrite to 

nitiate (nitrification process). The oxygen uptake is due to nitrification can be eliminated 

by adding a nitrifying inhibitor prior to the incubation. The BOD is determined by 

uicubatmg a water sample with naturally present aerobic micro-organisms at 20 °C for 5 
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days. The dissolved oxygen is measured at the beginning and at the end of the incubation 

period, and the BOD represents the difference between the mitial- and final DO 

concentration. 

DO measurements were performed using the Winkler Azide Modification method (Sawyer 

et al. 1994; Rump 1999). The oxygen dissplveid m tiie water sample oxidizes Mn (H) to Mn 

(IV) which precipitates as a brown hydrated oxide, fixation of oxygen. Then, Mn (IV) 

oxidizes iodide (I"') to iodine (I2). The amount of liberated iodine is theoretically 

equivalent to the amount of oxygen dissolved in the sample. The ioduie is measured by 

titration with a thiosulphate solution of known concentration. 

Mn^"" + 2 OET + Vi O2 • Mn03|+ H 2 O 

Mn02 + 2r + 4Er • Mn̂ "*" +12 + 2H2O 

2.3.3 Dissolved inorganic nutrients analysis 

Nutrients were measured in GF/F filtered samples using a nutrient auto analyzer (the 

SKALAR-SANP'"' Segmented Flow Analyzer (SFA), Figure 2.20). SFA measurement 

incorporate widely used colorimetric techniques and measures the resultant coloured 

solutions spectrophotometrically, (Hansell 1993; Hansen and Koroleff 1999; Gardolinski et 

al. 2001; Hamahan et al. 2002). A l l chemicals used were Aristar grade and standards were 

freshly prepared daily. The SKALAR insfrument channels were cleaned daily before 

analysis with ulfrapure water, 10 % HCl and then ulfrapure water (0.5 h each). A l l 

reagents, standards, and samples bottles were cleaned using die cleaning protocol 

described in section 2.2.1.1. Low nutrient sea water (LNSW, Ocean Scientific International 

Limited UK) was used for nutrient analysis in estuarme and marine waters m order to 

minimise errors from the use of artificial seawater (Aminot et al. 1997). 
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waters. Ammonium is generated first firorii organic matter and is utilized in autotrophic 

processes in preference to nitrate and nitrite (Ivancic and Degobbis 1984). 

The Berthelot's reaction (formation of indophenol blue-IPB, fkst reported by Berthelot 

1859) and its modifications are commonly used for the spectrophotometric determination 

of ammonium in natural waters (Krom 1980; Searle 1984; Ivancic and Degobbis 1984; 

Aminot et al. 1997; Hansen and Koroleff 1999). The IPB method is appropriate for direct 

rbutme analysis of ammonium in both fresh and sea water. Under alkaline conditions (pH 

10.5 - 11.5), anmaonia and hypochlorite form a monochloramine, which then reacts with 

phenol in the presence of a sodium nitroprusside catalyst to form an mdophenol complex 

figure 2.22). The intensity of the resulting blue indophenol colour is proportional to the 

ammonium concentration in the sample. The absorption of the complex is measured at 635 

nm using a spectrophotometer. Both automated and manual IPB methods were used for the 

measurement of aimnonimn during this study. 

1) NH3+OCI -

2) 

.NH2CI 
O 

Catalyst 
+ NH2CI ^^->' N 

OH 
Yellow 

Off Y 
^ • N 
H" 

0 
Blue 

Figure 2.22 The reaction of ammonia with hypochlorite and phenol (IPB method for the 

measurement of ammonium in natural waters). 
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Automated determination of ammonium 

Automated measurements of ammonium were performed' using the SKALAR SFA • 

manifold (Figure 2.23). The Imear range was up to 8.57 pM N (120 ppb N). 

Reagents 

1- Buffer solution: 33 g of potassium sodiuin tartrate was dissolved in 800 mL ultrapure 

water, 24 g sodium citrate was added'and dissolved. Then, the pH was adjusted to 5.0 

using H2SO4. The solution vpltune was made up to 1 L with ultrapure water. 0.5 mL 

Brij-surfactant solution (30 %) was added and mixed. 

2- Phenol solution: 83 g of phenol was dissolved in 50 mL xdtrapiure water. 40 g sodium 

hydroxide was added and dissolved. The solution volume was made up to 1 L with 

ultrapure water. This solution was prepared fresh each time as it stable for one week 

only at 4 °C. 

3- Sodium hypochlorite solution: 200 mL sodium hypochlorite (13 %) was diluted in 700 

mL iiltrapure water. The solution volume wa.s made up to 1 L with ultrapure water. 

4- Sodium nitroprusside solution: 0.5 g of sodium nitroprusside was dissolved in 800 mL 

ultrapmre water. The final volxmie of the solution was made up to 1 L with ultrapure 

water and stored in a dark coloured bottie. This solution was prepared fiesh each time 

as it stable for one week only at 4 °C. 

5- Standard solution: 0.1909 g ammonium chloride was dissolved m 500 mL of ultrapure 

water to give 7.139 mM N (100 ppm N). A sub stock solution of 0.7139 mM N (10 

ppm N) was prepared from tiiis. Daily working standards of 1.43, 2.86, 4.28, 5.71, 

• 7.14, 8.57 pM N (20,40, 60, 80,100, 120 ppb N), were freshly prepared by dilutionof 

the substock solution with a mix of ulfrapure water and low nutrient seawater (LNSW) 

depeindmg on the salinity range of the samples. Main stock and sub stock solutions 

were prepared weekly and twice-daily, respectively, and kept at 4 °C. 

92 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

mLmin' -1 

Sodium nitroprasside 0.42 
solution 

Sodium hypochlorite 0.32 
solution 

Phenol solution 

Air 
Sample 

Buffer solution 

0.42 

0.80 

0.42 

0.80 
Sampler 

Waste 

7 
C O 

-•Waste 

Flow cell 50 mm 
Filter 630 nm 
Cor. Filter 1010 nm 

Figure 2.23 CFA mamfold for die determination of ammonium in natural water. 

Manual determination of ammonium 

The manual method was used during the thud year of this study, because of instrumental 

problems witii tiie SKALAR. ammonium channel tiiat need to be carefiiUy mamtamed. The 

used manual method based on the IPB metiiod published by Ivancic and Degobbis (1984) 

and recommended in a review by Aminot et al. (1997). The concentration range used was 

1 - 8 |xM N usuig a 4 cm cell (Figure 2.24). The precision of the manual procedure was 

quantified by analysis of a 4 pM N standard solution eight times (22/01/2004), and was 3.8 

±0.069 ^ iMN. 

Reagents and procedures 

1- Phenol solution: 25 g phenol was dissolved ui 250 mL of etiianol (95 % v/v) 

2- Catalyst solution: 1.25 g sodium nitioprusside was dissolved m 250 mL ultiapure 

water. 

93 



El-Sayed A. Badr Chapter two Analytical and sampling methods and materials 

3- Gomplexing solution: 100 g trisodi'um citrate and 8 g sodium hydroxide were 

dissolved in 250 mL ultrapure water. The citrate solution is to eliminate 

interferences produced by precipitation of magnesium and calcium ions at high pH 

(American Public Health Association 1995; Ammot et al. 1997). 

4- Chlorine source solution: 1 g sodimn dichloro-iso-cyanurate was dissolved hi 250 

mL ultrapure water. Sodiimi dichloro-iso-cyanurate isa much more stable chlorine 

donor than hypochlorite solution which is were widely used (Aminot et dl. 1997). 

5- Oxidizing reagent: both complexing solution and chlorine source solution were 

mixed in equal portions (1:1) immediately before use. 

6- Standard solution: 0.1872 g ammonium chloride was dissolved in 500 mL of 

ultrapiure water to give a concentiation of 7 mM N . Then a substock solution of 0.8 

mM N was prepared by an appropriate dilution factor with rdtra pure water. Daily 

working standards were 1, 2, 4, 6, 8 pM N , prepared by dilution of substock 

solution witii ultrapure water and LNSW dependuig on the salmity range of the 

samples. The main stock and sub stock standard solutions were prepared weekly 

and twice-daily, respectively and kept at 4 °G in the dark. 

7- Procedure: 0.6 mL of phenol solution, 1.5 mL oxidizing solution and 0.6 mL of 

catalyst were added (and mixed) in this order to 15 mL of the sample. The samples 

were then stored in the dark at 30 °C (usmg a water bath). Temperatures higher 

than 40 °C could lead to tiie decomposition of labile organic nitrogen compounds 

(Aminot et al. 1997). The absorbance was measured witiiin 3 - 5 h at 635 nm using 

a spectrophotometer (CEGIL-1000 Series, School of Biological Sciences-

• University of Plymoutii) with a 4 cm cell. 
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Figure 2.24 Anunonium linear regression plot of calibration standards (n = 6, date of 

analysis 27-01-2004) using IPB method manual procedure. 

2.3.3.2 Nitrate plus nitrite 

Nitrate is the final oxidation product and the most thermodynamically stable species of 

nitrogen compounds in natural waters. Nitrate is derived from rock weathering and 

anthropogenic sources such as the application of nifrogenous fertilizer (Chester 2003). 

Nitrification contributes to the natural presence of nifrate, where Nitrosomonas bacteria 

oxidise NHU"*" to nitrite and Nitrobacter bacteria oxidise nitrite to nifrate under aerobic 

conditions. Nitrite also occurs in natural waters as an intermediate product in die microbial 

denitrification nifrate which occurs at low oxygen levels. In the current study the term 

nifrate will be used to refer to both nifrate plus nitrite , where nifrate is the dpmmant 

fraction. 

The automated nitrate plus nitrite determination is based on the widely used cadmium 

reduction method (Hanrahan et al 2002). The sample is passed through a granulated 

copper-cadmium column to reduce nifrate to nitrite. The nitrite originally presents plus 

reduced nifrate is determined by reaction witii sulphanilamide and naphthylethylene 

diamine to form a highly pink-coloured azo dye which is measured at 540 mn (Figure 
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2.25). There were two concentration ranges used in this study, on'e.for low concentrations 

0.14 - 8.57 pM N (2 - 120 ppbN) and the other for high concentrations 7.14 - 142.79 nM 

N (0.1 - 2 ppm N)- The automated analysis of nitrate plus nitrite was performed usmg the 

SKALAR SFA manifold (Figure 2.26). 

Reagents 

1- Buffer solution: 50 g.of aimnonium chloride was dissolved in 800 mL ultrapure water. 

The pH was adjusted to 8.2 with 1 mL of ammonia solution (25 %). 5 g sodium 

hydroxide was then added. The final volume of the solution was made up to 1 L with 

ultrapure water, then 3 mL Brij-surfactant solution 35 (30 %) was added and mixed. In 

the case of the higher concentration range (appropriate for river and up estuary 

samples) sodium hydroxide was not added and only 25 g of ammonium chloride was 

used. 

2- Colour reagent: 150 mL of o-phosphoric acid was diluted in 700 mL ultrapure water. 

10 g sulphanilamide and 0.5 g naphthylethylene diamine dihydrochloride were added 

and dissolved. The fmal volume of the solution was made up to 1 L with ultrapure 

water and stored in a dark bottle at 4 °C. 

3- Standard solution: 3.0340 g dried sodium nitrate (NaNOa) was dissolved in 500 mL of 

ultrapure water to give a concentration of 71.39 mM N (1000 ppm N). Then two 

substock solutions of 7.139 and 3.57 mM N (100 and 50 ppm N) were prepared by 

appropriate dilution of die standard solution with ultra pure water, according to the 

expected nitiate and lutrite concentrations in the sample. Daily workmg standards were 

1.43; 2.86, 4.28, 5.71, 7.14, 8.57 pM N (20, 40, 60, 80, 100, 120 ppb N) for samples 

with relatively low nitrate plus nitrite concentrations, and 7.14, 21.42, 35.70, 71.39, 

142.79 \xM N (0.1, 0.3, 0.5, 1, 2 ppm N) for samples witii relatively high nitrate plus 

nitrite concentration. 
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4- The daily working standards were prepared by dilution of substock solution with a rhix 

of ultrapure water and LNSW depending on the salmity range of the samples. Main 

stock and substock solutions were prepared monthly and weekly, respectively,.and kept 

at 4 °C in tiie dark. 

Naphthylethylene diamine 

Figure 2.25 The reaction of nitrite with sulphanilamide and naphthylethylene diamine for 

the determmation of nitrate plus nitrite m natural waters. 

mLmin"' AWaste 

Colour reagent 0.42 

Ah: 

0.42 

Aur 
Sample 1.40"̂  

Buffer solution 0.80' 

0.80 
Sampler 

-•Waste 

7=1 

((«(((((• Z 
Flow cell 50 mm 
Filter 540 nm 
Cor. Filter 620 nm 

Cadmium colunm 

Waste 
— • 

+ 0.16 for high concentration range 
* 1.60 for high concentration range 

Figure 2.26 CFA manifold for the determmation of nitrate plus nitrite in natural water. 
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2.3.3.3 Filterable reactive phosphate 

Natural sources of phosphate are mauily weathering" of phosphorus-bearing rocks and . 

decomposition of organic matter. Anthropogenic sources such as domestic wastewater, 

industrial effluents and fertiliser nmoff contribute to the elevated levels of phosphate in the 

aquatic envhomnent. 

The determination filterable reactive phosphate (FRP) is based on the reaction of 

phosphate with an acidified molybdate reagent to form a phosphomolybdate complex 

(Figure 2.27) (Hansen and Koroleff 1999; Hanrahan et al. 2002). This complex is then 

reduced by ascorbic acid to form an intensely blue coloured compound which is measured 

at 880 nm usmg a spectrophotometer. The Imear range is up to 3.87 [AM P (120 ppb P). 

Automated measurements of phosphate were performed using the SKALAR SFA manifold 

(Figure 2.28). 

P04"^ + 12 Mo04"^ + 27 I f — — • H3PO4 (Mo03)i2 + I2H2O 

H3PO4 (Mo03)i2 Reduction by ^ phosphomolybdenum blue Mo(V) 
ascorbic acid 

Figure 2.27 The reaction of phosphate with molybdate and ascorbic acid for the 

determination of reactive soluble phosphate m natural waters. 

Reagents 

1- Ammonium molybdate solution: 230 mg of potassium antimony tartrate was dissolved 

m 800 mL ultrapure water. Then 69.4 mL of H2SO4 was added carefiiUy witii constant 

SAvirling" and cooling, 6 g ammonium molybdate was added and dissolved and the 

solution volume made up to 1 L with ultrapure water. 2 mL FFD6 (wettmg reagent) 

was added and mixed. 
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2- Ascorbic acid solution: i 1 g of tiie ascorlDic acid was dissolved in 800 mL ultrapure 

water. Then, 60 mL acetone was added and the solution volume made .up to IL with 

ultrapure water. 2 mL FFD6 was added and mixed. This solution was prepared fresh 

each time as it was stable for one week only at 4 °C. 

3- Standard solution: 0.2197 g potassium dihydrogen orthophosphate was dissolved in 

500 mL of ultrapure water to give a concentration of 3.23 mM P (100 ppm P). A 

substock solution of 0.323 mM P (10 ppm P) was prepared. Daily working standards of 

0.65, 1.29, 1.94, 2.58, 3.23, 3.87 pM P (20, 40, 60, 80, 100, 120 ppb P), were freshly 

prepared by dilution of substock solution with a mix of ulfrapure water and LNSW 

depending on the salinity range of the samples. Main stock and substock solution were 

prepared monthly and weekly, respectively, and kept at 4 °C in the dark. 

mL min"' AWaste 

Ascorbic acid 0.42 
Ammonium 
molybdate 

Figure 2.28 CFA manifold for the determmation of reactive soluble phosphate in natural 

water. 
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2.3.4 Suspended chlorophyll a 

Chlorophyll a (CHL a) is present in most photosynthetic organism's and provides an 

indirect measmement of algal biomass and an indication of the trophic status of the aquatic 

environment. In Europe the trophic. status of waters is classified into oligotrophic, 

mesotrophic, eutrophic and hyper-eutrophic based on chlorophyll a concentrations of < 2.5, 

2.0 - 8.0, 8 - 25 and > 25 pg L"', respectively'(Radojevie and Bashkin 1999). 

Chlorophyll a concentiatiohs were measured by fluorescence method parsons et al. 1984; 

USEPA 1997). A l l laboratory-ware used for chlorophyll a measurement was cleaned using 

the protocol described in section 2.2.1.1, with an additional final rinse with 90 % acetone 

before use. Reagents used were HPLC grade acetone (diluted to 90 %), HCl (0.1 M) and 

pure chlorophyll a (Sigma Chemical Ltd). 

After the water sample was filtered (section 2.2.2), the OFF filter paper was folded once, 

wrapped m A l foil, and stored m the dark at - 20 °C until analysis. For the analysis, the 

OFF filter paper was placed m the bottom of a 15 naL centrifiige tube and 10 mL 90 % 

acetone were added to extract the chlorophyll a pigment. The centrifiige tube was then 

placed m an xdtiasonic bath for 15 - 20 min. The filter paper was allowed to steep m the 90 

% acetone for at least 2 h and not to exceed 24 h hi the dark at 4 °C to ensure the complete 

extiaction of the chlorophyll a. The tube was shaken at least once during this period. The 

filter slurry was then centrifiiged for 15 min at 675 g (or 5 min at 1000 g). An aliquot of 

supernatant was transferred to the sample cuvette of the Hitachi F-4500 Fluorescence 

Spectrometer and the fluorescence was measured before and after acidification with 0.1 N 

HCl (0.15 mL of 0.1 N HCl was added to die 5 mL sample cuvette and mixed). The 

acidification step is required ui order to account for the combination of phaeophytin 

(chlorophyll degradation product) to the fluorescence signal. The Hitachi F-4500 
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Fluorescence Spectrometer was calibrated using chlorophyll a standard solutions (2-160 

pg L" \ Figure 2.29) that were prepared from stock solution (20 mg L' ') . The calibration 

range was linear up to 250 pg L"'. The chlorophyll a concenfration was calculated from the 

following equation. 

(r/r-l)x(Rk-RJx(V,) 
Chlorophyll a (̂ g L'') = (s)x(V.) • ' 

Where, 

r: the before / after acidification ratio of a pure chlorophyll a standard solution. 

Rb: fluorescence response of the sample exfract before acidification. 

Ra: fluorescence response of the sample exfract after acidification. 

Ve: volume of exfraction (L). 

Vs: volume of whole water sample (L). 

S: calibration curve slope. 

Figure 2.29 Suspended chlorophyll a Imear regression plot of calibration standards (n = 6, 

date of analysis 03-04-2003) using Fluorescence Specfrometer Technique. 
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2.4 Bioavailability of DON using bacterial bioassay 

Identifying the biodegradable fraction of DON and DOC and quantifying their contribution 

to the heterotrophic bacterial metabolism can improve our xmderstandmg of DOM 

biogeochemistry (Volk et al. 1997). Most of the work done on bulk DON and DOC 

bioavailability (or uptake rate) has been in fresh water ecosystems using a bacterial 

bioassay approach (Kaplan and Newbold 1995; Stepanauiskas et al. 1999; Sondergaard and 

Worm 2001; Bronk 2002). Concentrations of biodegradable dissolved organic nitrogen 

(BDON) and carbon (BDOC) over a short timescales can be estunated directly from 

changes in DON and DOC concentrations following the exposure of natural water samples 

to micro-organisms, namely heterotrophic bacteria (Stepanauskas et al. 1999; Sondergaard 

and Worm 2001; Seit2dnger et al 2002). Also, apparent oxygen utilization, bacterial 

biomass, CO2 and NOa' production measurements can be used to investigate biodegradable 

DON and DOC (Hansell et al 1995). 

Most BDON and BDOC measurements using bioassay techniques have been carried out in 

batch cultures of filtered water supplied with indigenous bacteria (Seitzinger and Sanders 

1997; Sondergaard and Worm 2001). Some disadvantages of batch cultures include the 

rather long incubation tunes and the potential bias from the use of pure sfrains of bacteria 

(Sondergaard and Worm 2001). On the other hand, a plug flow biofihn reactor, that is 

robust and reliable for BDOC measurements (Sondergaard and Worm 2001 and references 

therein), has been used by a number of workers for studymg BDOC ui stream water 

(Kaplan and Newbold 1995; Volk et al 1997), lake (Sondergaard and Worm 2001) and 

drmking water (Lucena et al 1991; Ribas et al 1991; Frias et al 1992). However, die use 

of plug flow bioreactors has not been reported in die literature either for estuarine and 

marine envfronment or for studying biodegradable DON. So, one objective of this study 
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was to apply a plug flow .bioreactor for bioavailability experiment of DON in an estuarine 

ecosystem, the Plym estuary. 

A plug flow biofilm reactor. Figure 2.30, was colonized by naturally present bacteria to 

investigate the bioavailability of DON to aquatic biota in the Plym estuarine enviromnent. 

The bioreactor set-up consisted of three 125 mL glass colmnns with quartz wool bed 

supports and filled completely with borosilicate glass beads (Sirah, Schott-Germany), 

Figure 2.31. Siran is an open-pored sintered glass with sphere of 1 - 2 mm diameter and 60 

- 300 pm pore diameters that provide a large surface to volume ratio (90,000:1). The three 

colunms were kept mside a wooden box in die dark and supplied continuously with natural 

water at a flow rate of 1 mL min"' using a peristaltic pump. A l l tubing was Teflon. The 

Plym estuarine water was the source of feed water and bacteria for the biofihn reactor. The 

water was filtered in-line through a glass fibre filter units (GF2, Fisher Scientific UK Ltd) 

of 0.65 nm pore size, using a peristaltic pump. The filtered water was stored m two glass 

reservoirs (up to 200 L capacity), and kept in the dark by wrapping the reservoirs in black 

plastic film. The water was fed continuously into the three bioreactor colunms. Al l glass 

reservoirs and bioreactor colimms were kept in the dark, to inhibit photosynthetic activity, 

in a constant temperature room (15 °C) at the School of Biological Science, University of 

Plymouth. 

The three bioreactor columns were colonized with naturally present bacteria begmning hi 

January 2003 until March 2004. Approxunately 150 L of natural water was collected on a 

regitiar basis (every two months) fiom the Plym estuary (Plymstock, 5km down estuary of 

the weir) to feed the bioreactor columns. Water samples from the bioreactor columns 

inflow and outflow were collected regularly in clean glass ampoules for DOC and TDN 

analysis and HPDE plastic bottles for DIN and reactive phosphate and were not filtered 

prior to analysis. The DOC, TDN and DIN were analysed as described previously. 
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Figure 2.32 Hydraulic residence time for the three bioreactor columns using a pidse of 1 M 

KCl . 

2.5 Stable nitrogen isotope analysis 

The use of stable isotopes, such as nitrogen, in marine research is becoming increasingly 

common to improve ova understanding of nitrogen biogeochemical cycling (Holmes et al 

1998). The stable isotopic composition of particulate organic nitiogen and aquatic plants is 

relatively sunple and easy to measure (Kendall 1998). However, isotope ratio 

measurements ui dissolved nitrogen pools (NHt^ NOs' and DON) are more difficult as 

these dissolved species furst must be removed firom tiie solution and concentrated in a form 

that can be introduced to a mass spectrometer. Methods and procedures for the recovery 

and isotopes analysis of ammoniiun nitrate (plus nitrite) and DON are discussed below. 

2.5.1 8'̂  NRt"̂  analysis 

In the current study, '̂ N-NHU"*" was measured usmg the ammonia difftision method 

described by Hohnes et al (1998) and Heaton (2001). The method is applicable to all types 

of natural waters (marine, estuarine and firesh waters) and allows measurements in samples 

with low ammonium concentrations. The ammonia diffusion process is based on the 
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collection of ammonium dissolved in natural water by converting it to ammonia under 

alkaline conditions and trapping the ammonia gas on an acidified glass fiber filter for '^N 

isotope analysis. Other methods that have been applied for '^N-NHLj^ analysis include 

distillation, mercmy precipitation, indophenol, ion exchange and microdiffiision / bromite 

oxidation OHolmes et al. 1998). However, most of these methods requke relatively high 

ammonium concentrations and some are specific to fiesh water systems only (Holmes et 

al. 1998). 

2,5.2 5*̂  NO3" analysis 

'^-NOs" was measured using the Devardas alloy / aimnonia diffiision method adapted 

from Sigman et al. (1997) and Heaton (2001). The method mvolves, after removal of 

ammonium for '^-NH4'^ analysis, reduction of nifrate to ammonia using Devardas alloy 

under alkaline conditions, and followed by the gaseous diffusion of ammonia into an 

acidified glass fibre disk. This procedure was developed by Sigman et al. (1997) for low 

concenfrations (<5 pM N) of oceanic nifrate. The method has also been widely applied to 

soil exfracts (Kelley et al. 1991; Sorensen and Jensen 1991; Lory and Russelle 1994), fresh 

waters (Downs et al. 1999) and estuarine and marine waters (Slawyk and Raunbault 1995; 

Sigman et al. 1997; Holmes et al 1998; Sigman et al 1999; Sigman et al 2000; 

Middelburg and Nieuwenhuize 2001; Pantoja et al 2002). 

2.5.3 6̂ ^ DON analysis 

For DON isotope measurements, all of the DIN forms first must be removed and the DON 

• pool be isolated with a high efficiency. Currently, there are three basic approaches to 

isolate tiie DON, namely dialysis, ion retardation and wet chemical isolation (Bronk 2002). 
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A technique based on dialysis was developed for isolating DON m freshwater samples for 

subsequent isotope analysis (Feuerstein et al. 1997). The method involved the .use of rotary 

evaporation to preconcentrate the DON which was then fr)llowed by dialysis with 100-

Dalton cut oj0f to remove the DIN. The sample was then dried on a glass high-vacuum line, 

and the 5'̂  of the DON measured using a mass specfrometer. Disadvantages of this 

approach include the excessive amount of time it takes to remove tiie DIN (calculated 100 

h and 216 h for freshwater and marine samples, respectively). Moreover the removal of 

DIN is never quantitative and the sample is susceptible to bacterial or nifrogen' 

contammation. Dialysis may result m tiie loss of urea. The most significant problem with 

dialysis is the adsorption of DOM to the membrane and reduced filfration rates. In that 

study no data was presented for marine samples. Recentiy the suitability of this method for 

marine waters has been questioned (Prof G. Wolff, University of Liverpool, personnel 

communication). 

The ion retardation metiiod depends on the use of an ion exchange that retards the flow of 

charged particles. A resin (AGl 1A8) can quantitatively remove NHU" ,̂ NO3' and NO2", 

leavuig DON to be isolated in the eluant (Bronk 2002). However, the resm may retam 

variable amoimts of DON due to the accumulation of an organic fihn on the resm beads 

during manufacturing (Bronk 2002). Even though, this method is not appropriate for nitrate 

and ammonium isotope analysis in estuarine and marine waters due to the matrix effect of 

other ions that could be exchanged on the resin (Dr. T. Heaton, NERC Isotope Geosciences 

Laboratory BGS-Keyworth, personnel communication). 

The wet chemical isolation of DON was uifroduced by Axler and Renter (1987) to separate 

DON in oUgofrophic lake water for the subsequent isotopic analysis of die '^N/ ' ' 'N ratio. 

With die wet chemical approach, NH4'*' is changed to the more volatile NH3 by raising the 
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pH and die N H 3 is removed by diffiision in a heated oven (Slawyk and Rainibault 1995) or 

by a vacuum distillation (Bronk and Ward 1999). Nitrate and nitrite are reduced to 

ammonium by Devardas alloy (DA), and ammonium is subsequently removed in the same 

way. The DON is then converted to ammonium by wet oxidation using potassium 

persulphate and subsequent reduction of the resultant nitrate by Devardas alloy (Slawyk 

and Raunbault 1995). However the removal of NHt"̂  and N O 3 ' could potentially lead to a 

lose of labile DON as a result of base hydrolysis; although this is generally not important 

(Bronk 2002). Thus, the wet chemical isolation approach was chosen for the current study, 

as it is appropriate for estuarine and marine waters. 

2.5.4 Procedures for nitrogen isotope analysis 

The procedures used in the current study for the measurement of nitrogen isotopes in 

ammomum, niteate and DON are outlmed in Figure 2.33 and explamed below. A l l 

chemicals used were of reagent grade quality and aqueous solutions were prepared using 

ultrapure water. Ammonium sulphate ( 5 ' ^ +2.6 %o) and potassium nitrate ( 5 ' ^ +5.6 %o) 

standards were used and tieated ui the same manner as samples, except sample 

preconcentration, to correct for nitrogen fractionation during the DA / ammonia diffusion 

procedures. The potential contamination was assessed by substituting fresh, ultrapure water 

for the sample. 
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Estuarine water sample 

In line filtration GF2 
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Figure 2.33 Flow diagram of the experimental procedures protocol used to recover 

ammonium, nitrate and DON fiom estuarme water for nitrogen isotope ratio analysis. MS-

A: mass spectrometer analysis; DA: Devardas alloy. 

Sample collection andpreconc'entration 

Water samples were collected fiom the Plym estuary on 23-03-2004. The samples were 

collected ui 6 L, clean, plastic contamers fiom six stations along a longitudmal transect of 
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DON isolation take place through (1) removal and isotopic analysis of aimnonium and 

nitrate (plus nitrite) by the above procedure, (2) a wet oxidation digestion of the remaining 

DON to nitrate using potassiiun persulphate (K2S2O8) and (3) recovery of the resultant 

nitrate as (NH4)2S04 by addmg Devardas alloy and sodium hydroxide. A digestion niixture 

of 15 g K2S2O8 dissolved m 250 mL of 1.5 M NaOH was prepared. SufiScient sample 

volume to contaui 0.2 mg-N fiom the second diffusion flask was transferred to a third 

diffusion, flask and a stirrer bar was placed in the flask. The diffiision packet was then 

suspended mside the difftision flask. 30 mL of the digestion mixture was added and the 

diffiision flask was autoclaved at 120 °C (at 1 bar) for 2 h. After digestion, 300 mg 

Devardas alloy and 5 mL of 12.5 M NaOH were added to the sample and unmediately die 

difftision flask was capped and stkred for 1 h. Then, the procedures described above for 

ammonium diffiision were repeated. 
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Results aiad discussion 

S.llntroduction 

This chapter will present and discuss the results of an investigation of the seasonal 

variations in the estuarine distribution of DOC and DON in relation to changes in their 

sources, sinks and in situ transformations. The studies were undertaken in two contrasting 

estuarine systems, the Yealm and the Plym, in south-west England. The Yealm catchment 

is mainly agricultural, while the Plym has a more industrial nature. These estuaries were 

chosen as they are relatively small-scale and hence relatively easy to survey in a 

systemically maimer using small boats, and are subject to anthropogenic inputs of C and N . 

Furthermore, there are no published data on the biogeochemical cycling of DOC and DON 

in these estuaries. The large sediment area to water volume ratio suggests that 

transformations of nitrogen compounds should be observed, even though the fresh water 

residence times of these estuaries are relatively short (a few days) (Uncles et al. 2002). 

Results from experiments examining the potential bacterial mineralization of DON will be 

described iri this chapter, as will initial work on the use of stable nifrogen isotopes to 

identify DON sources. The outcomes of the later studies will be assessed in relation to the 

observed estuarine distributions of DOC and DON. 

3.2 The Yealm Estuary 

3.2.1 The study area 

3.2.1.1 Site description 

The Yealm Estuary is situated on the south-west coast of England (Figure 3.1). Water 

• samples were collected regularly (every six weeks) along an axial fransect, as indicated in 

Figure 3.2, during tiie period February 2002 - September 2003. 
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3.2.1.2 Hydrography 

The Yealm Estuary is a macrotidal system, with a tidal range of 4.7 m and tidal length of 

6.2 km (Uncles et al. 2002). The water column is uniformly well mixed with respect to 

salinity. The estuary has a relatively small input of freshwater, and this allows marine 

conditions to dominate (English Nature 1996; Hiscock 1998). River flow ranges from a 

minimum of < 1 m^s"' to a maximum of 17.1 m^s"', with an average daily flow of 1.6 m^s''. 

The lowest flow rates usually occur during June, July and August when there is reduced 

rainfall. The estimated mean residence (flushing) time for fresh water in the estuary is 

calculated to be 1.5 days (Uncles et al 2002). 

3.2.1.3 Ecology 

Plymouth Soimd, the Tamar and the Yealm estuaries are designated "Sensitive Marine 

Areas" (Buck 1997). Hiscock and Moore (1986) stated that the Yeahn was a very "natural 

environment with "current levels of recreation not appearing to damage its naturalness". 

The estuary contains areas of sediment (sand with shale gravel and pebbles) which support 

well estabUshed, diverse, rich faunal communities and marine ecosystems of national 

importance (Hiscock and Moore 1986; Hiscock 1998; Tumer and Kendall 1999). Hiscock 

and Moore (1986) described seven littoral and six sublittoral habitats and communities 

within the Yealm Estuary illusfrating its extensive biodiversity. 

3.2.2 Master variables 

A complete master variables and chenucal measurement data set is given in Appendix 3.1. 

Correlations (Pearson's product moment) between pahs "of chemical^ determmands were 

calculated m order to identify any statistically significant correlations (at die 99% 

confidence level), and tiius aid interpretation of the data. The correlations were calculated 

fox the whole data set (Table 3.1) and for different seasons (Appendix 3.2). Because of the 
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large nmnber of data, only correlation coefficients > 0.7 were considered significant for 

inclusion in the discussion (Chatfield and Collins 1980). There were no significant 

differences in the correlation residts between the whole data set and different seasons, 

hence seasonal correlation results are given in Appendix 3.2. 

Water temperature exhibited a stiong seasonal pattern in the Yealm Estuary. Highest 

temperatures were recorded in summer 2002/2003, the lowest hi winter 2003, with 

mtermediate values during sprmg 2002/2003 and autunm 2002. During summer 2002/2003 

the water temperature was in the range 14.5 - 20.6 °C, while timing winter 2003 the range 

was 5.9 - 8.7 °C. Within the Yealm Estuary, pH ranged from a minimum of 6,1 at the 

freshwater end to a maximum of 8.5 at the sea water end. Exceptionally high values of 8.5 

- 8.7 were observed in fresh water samples collected in April 2004 due to photosynthesic 

activity of algal blooms (Howland et al. 2000; Mckelvie 2002). Salinity ranged between 

0.03 for river water and 35.2 for samples taken at the seaward end of the estuary. A sfrong 

positive correlation (r̂  = 0.96, n = 130, 99% confidence) was observed between salinity 

and conductivity; the latter was measured in the field to indicate the approximate salinity 

of the collected samples. On return to the laboratory, more accurate determinations were 

made using a Guildline Salmometer. Dissolved oxygen averaged 8.8 ± 1.1 mg L"', a range 

expected in this sort of aquatic environment. A sfrong negative correlation between 

dissolved oxygen (DO) and salinity was observed for winter 2002 samples (Appendix 3.2), 

indicating conservative behaviour of DO when phytoplankton and microbial activity was at 

a minimum. 
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Table 3.1 Pearson's product moment correlation matrix for the Yeahn Estuary samples. In the table, DONTDN and DOCDON refers to the 

contribution of DON to the TDN pool and the C:N ratio of DOM, respectively. 

SAUNI 
TY PH BOD DO P04 NH4 N03 TDN DON 

DON 
TDN DOC CHLA 

DOC 
DON 

SALI Pearson Correlation 
NITY sig. (2-tailed) 

N 

1 

130 

.540** 

.000 

130 

.048 

.723 

57 

-.402** 

.000 

99 

-.715** 

.000 

130 

-.127 

.150 

130 

-.895** 

.000 

130 

-.901** 

.000 

130 

-.492** 

.000 

130 

.546** 

.000 

130 

-.621** 

.000 

130 

.276* 

.015 

78 

. .176* 

.045 

130 

PH Pearson Correlation 
Sig. (2-tailed) 
N 

.540** 

.000 

130 

1 

130 

.270* 

.043 

57 

-.086 

.395 

99 

-.435** 

.000 

130 

-.409** 

.000 

130 

-.305** 

.000 

130 

-.438** 

.000 

130 

-.487** 

.000 

130 

.068 

• .443 

130 

-.473** 

.000 

130 

.129 

.259 

78 

.040 

.652 

130 

BOD Pearson Correlation 
Sig. (2-taile'd) 
N 

.048 

.723 

57 

.270* 

.043 

57 

1 

57 

.312* 

,018 

57 

.086 

.525 

57 

.116 

.391 

57 

-.026 

.847 

57 

.012 

.926 

57 

.071 ' 

.601 

57 

.149 

.270 

57 

.016 

.908 

57 

.423* 

.010 

36 

-.199 

.139 

57 

DO Pearson Correlation 
Sig. (2-tailed) 
N 

-.402** 

.000 

99 

-.086 

.395 

99 

.312* 

.018 

57 

1 

99 

.153 

.131 

99 

-.267** 

.007 

99 

.459** 

.000 

99 

.381** 

.000 

99 

.039 

.704 

99 

-.417** 

.000 

99 

.163 

.108 

99 

-.117 

.308 

78 

-.034 

.736 

99. 

P04 Pearson Con-elation 
Sig. (2-taiIed) 
N 

-.715** 

,000 

130 

-.435** 

.000 

130 

.086 

.525 

57 

.153 

.131 

99 

1 

130 

:287** 

.001 

130 

.714** 

.000 

130 

.764** 

.000 

130 

.495** 

.000 

130 

-.394** 

.000 

130 

.547** 

.000 

130 

-.274* 

.015 

78 

-.178* 

.043 

130 

NH4 Pearson Correlation 
Sig. (2-tailed) 
H 

-.127 

.150 

130 

-.409** 

.000 

130 

.116 

.391 

57 

-.267** 

.007 

99 

.287** 

.001 

130 

1 

130 

.046 

.607 

130 

.162 

.066 

130 

.255** 

.003 

130 

-.041 

.646 

130 

.232** 

.008 

130 

.214 

.060 

78 

-.173* 

• .048 

130 

N03 Pearson Correlation 
Sig. (2-tailed) 
N 

-.895** 

.000 

. 130 

-.305** 

.000 

130 

-.026 

.847 

57 

.459** 

.000 

99 

.714** 

.000 

130 

.046 

.607 

130 

1 

130 

.933** 

.000 

130 

.357** 

.000 

130 

-.670** 

.000 . 

130 

.521** 

.000 

130 

-.360** . 

.001 

78 

-.166 

.059 

. 130 

TDN Pearson Con-elation 
Sig. (2-tailed) 
N 

-.901** 

.000 

130 

-.438** 

.000 

130 

.012 

.926 

. 57 

.381** 

.000 

99 

.764** 

.000 

130 

.162 

.066 

130 

.933** 

.000 

130 

1 

130 

.668** 

.000 

130 

-.485** 

.000 

130 

.577** 

.000 

130 

-.353** 

.002 

78 

. -.302** 

.000 • 

130 

DON Pearson Correlation 
Sig. (2-tailed) 
N 

-.492** 

.000 

130 

-.487** 

.000 

130 

.071 

.601 

57 

.039 

.704 

99 

.495** 

.000 

130 

.255** 

.003 

130 

.357** 

.000 

130 . 

.668** 

.000 

130 

1 

130 

.134 . 

.128 

130 • 

.411** 

.000 

130 

-.183 

.109 

78 

.-.438** 

.000 

130 
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SALINI 
TY PH BOD DO P04 NH4 N03 TDN DON 

DON 
TDN DOC CHLA 

DOC 
DON 

DON Pearson Correlation 
TDN Sig. (2-tailed) 

N 

.546** 

.000 

130 

.068 

.443 

130 

.149 

.270 

57 

-.417** 

.000 

99 

-.394** 

.000 

130 

-.041 

.646 

130 

-.670** 

.000 

130 

-.485** 

.000 

130 

.134 

,128 

130 

1 

130 

-.327** 

.000 

130 

.346** 

.002 

78 

-.274** 

.002 

130 

DOC Pearson Correlation 
Sig. (2-tailed) 
N 

-.621** 

.000 

130 

-.473** 

.000 

130 

.016 

.908 

57 

.163 

.108 

99 

.547** 

.000 

130 

.232** 

.008 

130 

.521** 

.000 

130 

.577** 

.000 

130 

.411** 

.000 

130 

-.327** 

.000 

130 

1 

130 

.020 

.860 

78 

• .087 

.327 

• 130 

CHL Pearson Correlation 
A Sig. (2-tailed) 

N 

.276* 

.015 

78 

.129 

.259 

78 

.423* 

.010 

36 

-.117 

.308 

78 

-.274* 

.015 

78 

.214 

.060 

78 

-.360** 

.001 

78 

-.353** 

.002 

78 

-.183 

.109 

78 

.346** 

.002 

78 

.020 

.860 

78 

1 

78 

• .167 

.143 

78 

DOC Pearson Correlation 
DON Sig. (2-tailed) 

N 

.176* 

.045 

130 

.040 

.652 

130 

-.199 

.139 

57 

-.034 

.736 

99 

-.178* 

.043 

130 

-.173* 

.048 

130 

-.166 

.059 

130 

-.302** 

.000 

130 

-.438** 

.000 

130 

-.274** 

.002 

130 

.087 

.327 

130 

.167 

.143 

78 

1 

. 130 , 

'. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
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3.2.3 Dissolved inorganic nitrogen, filteable reactive phosphate and suspended 

chlorophyll a 

Concentrations of nitrate ranged fiom ~ 1 to 203 pM N , with lower concentrations 

observed at the seaward end and highest concentrations hi the fresh water samples (Figure 

3.3). Ammonium concenfrations ranged from 0.20 to 10.3 pM N . Filterable reactive 

phosphate (FRP) concenfrations were mainly in the range 0.06 - 2.9 pM P. An 

exceptionally high value of 5 pM P was me^ured in a fresh water .sample collected in 

October 2002 (Figure 3.4). Chlorophyll a ranged from 0.06 to 5.5 pg L"^ (Figure 3.5). 

As presented in Figure 3.3, fi)r many field campaigns, nifrate behaved relatively 

conservatively with high concenfrations at the fresh water end being diluted by imxmg 

with sea waters of low nifrate concenfration. The decrease in nifrate concenfration as 

salmity uicreases is a general pattem observed in many fropical and temperate estuaries 

(Treguer and Queguiner 1989; Sanders et al 1997b; Mortazavi et al 2001). These results 

suggest that fresh water inputs and mixing with sea water were the dommant factors 

confroUing nifrate cycling within this estuarine system. FRP distributions showed both 

conservative and non conservative behaviour. The highest FRP concenfrations were 

observed at the freshwater end diiring the spring and summer period. The conservative 

mixing behaviour of both nifrate and FRP was supported by the observed sfrong 

correlations between salinity, nifrate and FRP (Figure 3.6). These sfrong correlations 

indicate, to an extent, the lack of chemical reactivity, with net conservative mixing 

processes between fresh water and sea water end member concentrations. In contrast, there 

was no linear inverse relationship between salinity and ammonium concenfrations, 

indicating that ammonium distribution withm the estuary was not dominated by physical 

dilution with sea water and mstead mdicated extensive in situ reactivity and multiple 

sources within the estuary. 
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An examination of seasonal patterns in concentrations revealed that the lowest nitrate 

concentrations were observed in summer 2002/2003 and early autumn 2002 (mid estuarine 

concentrations were below 2 pM N), presumably as a result of biological uptake, while the 

highest concentrations occurred during winter. A similar trend was reported for the Aulne 

Estuary hi France (Treguer and Quegumer 1989). During summer 2002, nitrate 

concentrations remained low until October 2002 after which primary productivity 

decreased, as indicated by reduced chlorophyll a concentrations, and nitrate regeneration 

began to dominate throughout whiter 2003. High concentrations of FRP were observed at 

low salinity in the spring and summer samples, which were probably due to inputs firom 

sewage treatment outfalls in the river and upper estuary. A strong seasonal pattem was 

observed for chlorophyll a concentrations (Figure 3.5), with highest concentrations during 

sprmg 2002/2003 and summer 2002 periods, and lowest concentrations during late autunm 

2002 and wmter 2003 (< 0.5 pg L" )̂ periods; In temperate estuaries concentiations of 

chlorophyll a are high in spring and summer due to enhanced phytoplankton growth (Jarvie 

et al. 2000). High chlorophyll a concentrations during spring and summer were the result 

of increased summer solar radiation and a consequence increased photosynthesis (Uncles 

et al 1998a). Lower chlorophyll a concentrations m autumn and wmter were attibuted to 

low phytoplankton abundance due to a combination of grazing by zooplankton (Balbi 

2000), lower light levels due to lower solar radiation and enhanced run off with consequent 

flushing of the estuary. Highest chlorophyll a concentrations were observed at station 5 

(Steer Point, 2.9 km down estuary of tiie Wek) during the June - September 2002 sampling 

campaigns, possibly due to the accumulation of phytoplankton cells within the high 

turbidity zone by processes similar to those that result in accumulation of particles or due 

to the rapid increase in salinity which eventually kill most freshwater phytoplankton 

(Uncles et al 1998a). Ammonium concenfrations fluctuated and seasonal pattems were not 
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clear, indicating its reactivity. Aimnonium is subject to generations and rapid microbial 

uptake processes. Ammonium distributions .exhibited spatial pattem, characterised by 

relatively low concentrations at both ftesh and sea water end members and higher 

concentrations within the estuary (Appendix 3.1-, Figure not shown). This spatial pattem of 

ammomum concentrations most likely resulted from the biological processes occurring at 

the sediment-water interface and benthic release from sedunent (Treguer and Queguiner 

1989; Rocha 1998). In the intertidal sedhnent of the Sado Estuary, ~ 7-5 % of the dissolved 

and sorbed ammonium pool was flushed into the above water column by buoyancy-driven 

pore water exchange after water flooded the sediment (Rocha 1998), 
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Figure 3.3 Nitrate plus nitrite concentration (pM N) versus salinity in the Yealm 
Estuary. 
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Figure 3.4 Filterable reactive phosphate concentration (pM P) versus salinity in the 
Yealm Estuary. 
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Figure 3.5 Chlorophyll a concentration (pg L"̂ ) versus salinity in the 
Yealm Estuary. 
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Figure 3.6 Scatter plots showing the correlations between nitrate versus salinity, FRP versus 
salinity" and nitrate versus FRP in the Yeahn Estuary for all data, n = 130 (significant 
correlation at 99 % confidence). 
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3.2.4 Dissolved organic carbon 

Concentrations of DOC ranged from 61 [M Cat the seaward end to 335 | iM C at the fresh 

water end (Figure 3.7). This range was relatively lower than observed for other estuarine 

systems (Table 3.2), and may be due to the relatively small input of fresh water from the 

River Yealm, the relatively low concentrations of DOC in the river waters and the nature 

of the catchment area. 

Table 3.2 Reported DOC values in estuarine systems 

Estuary DOC range (pM C) Reference 

Amazon River 400 (Benner and Hedges 1993) 

Beaulieu Estuary 133 -1474 (Tumer a/. 2004) 

Chesapeake Bay 153-251 (Fisher a/. 1998) 

Columbia River Estuary 62-191 (Prahl and Coble 1994) 

Delaware Estiiary 90-450 (Sharped/. 1993) 

Douro Estuary 158-208 (Abrilera/. 2002) 

Elbe Estuary 258-366 

Ems Estuary 424-591 

Gfronde Estuary 91-208 

Lone Estuary 199-291 

Mersey Estuary 149-808 (Tumer a/. 2004) 

Rhine Estuary 141-^258 (Abrilera/. 2002) 

Sado Estuary 300-525 

Scheldt Estuary 183-516 

Tamar Estuary 130-210 (Miller era/. 1993) 

110-478 (Miller 1999) 

York River Estuary 240-534 (Raymond and Bauer 2001) 

A scatter plot of DOC concenfration against salinity, for all data, shows a high degree of 

scatter (r̂  = 0.39, n = 130), suggesting non-conservative behaviour in general (Figure 3.8 

A). Durmg April 2003 and to some extent April 2002 and May 2002, DOC concenfrations 

for MTZ (maximmn turbidity zone) samples were higher than those for fresh water 
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samples, implying internal DOC input due to desorption processes (Miller 1999; Abril et 

al. 2002). However, the DOC appeared to be conservative in May 2002, and May and 

August 2003, period during which biological activity was high. This conservative 

behaviour implied that the rate of physical flushing of water dominates over biological or 

physical removal processes of riverine-derived DOC within the estuary (Prahl and Coble 

1994). The apparent conservative behaviour of DOC during these months might be also 

due to the high DOC levels at the fiesh water end, implying that die River Yealm was the 

major source of organic carbon (Abril et al. 2002) and / or that DOC become less labile 

after consumption of the riverine bioavailable fiaction. Wiegner and Seitzinger (2001) 

emphasised the importance of microbial processes in degrading DOC in the riverine 

environment, affecting the quantity and bioavailability of the DOC exported fiom rivers to 

estuaries. They found that riverine microbial degradation removed 6 - 14 % of the DOC 

fiom agricultural and forest runoff. A seasonal variation in the apparent reactivity of DOC 

has been observed in the Humber Estuary (Alvarez-Salgado and Miller 1998). When 

comparing the DOC distributions in different estuaries, different behaviours can be 

observed from conservative to an excess or deficit in DOC (Cauwet 2002). Conservative 

behaviour of DOC has been reported for the Sevem Estuary (Mantoura and Woodward 

1983), die Humber Estuary (Alvarez-Salgado and Miller 1998), die Columbia River 

Estuary (Prahl and Coble 1994), the Thames, Elbe, Rhine, Douro and Loire estuaries 

(Abril et al. 2002), die Winyah Bay (Goni et al. 2003) and die Long Bay (Avery et al. 

2003). Non conservative mixiug occurs when there are (1) anthropogenic mputs of DOC 

such as the Scheldt Estuary-polluted by sewage, (2) a large flux of labile DOC due to 

enhanced aquatic production such as the Gfronde and York River estuaries,-(3) a supply of 

DOC from large mtertidal areas such as the Sado and Ems estuaries, (4) and/or high rates 

of DOC mhieralization and photochemical break down (Raymond and Bauer 2001; 

Cauwet 2002; Abril et al. 2002). Furthermore, the non-conservative behaviour of DOC is 
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generally enhanced in stratified estuaries with longer mixing time, vertical gradierit in 

DOC concentrations, and the possibility of photochemical break down of surface DOC 

(Cauwet 2002). 

An examination of the seasonal variations in DOC concentrations in the Yealm Estuary 

revealed that DOC concentrations were elevated during the summer and'autumn relative to 

winter, as shown in Figure 3.7. Seasonal variations of DOC depend on abiotic and biotic 

mechanisms such as biological production, inputs of organic matter from anthropogenic 

sources and also the biodegradability of the newly produced DOC (Sondergaard et al. 

2000). During spring and early smrnner the elevated DOC concenfrations were partially 

driven by high river concenfrations, presumably due to increased primary production in the 

catchment area and subsequent biological processing of the fixed carbon, perhaps, coupled 

to the relatively longer residence time. Also, during the dry seasons, river flow rates 

decreased and consequently the residence time of fresh water in the estuary increased, 

delaying the physical dilution of DOC with sea water. In addition, DOC produced during 

the spring and early summer by phytoplankton blooms and autofrophic bacteria may 

accimiulate in the estuary, to give higher DOC concenfrations during the siumner and early 

autumn (Volk era/. 1997). 

In the Yealm high concenfrations of chlorophyll a were observed in both spring 2002/2003 

and sununer 2003, indicating the presence of phytoplankton blooms (Figure 3.5). Mantoura 

and Woodward (1983) reported tiiat estuaruie accumulation of DOC was apparently related 

to phytoplankton production in the Sevem Estuary. Low concentrations of inorganic 

nufrients m late spring and summer at high salmity (Figure 3.3) may result m accumulation 

of organic carbon as nifrogen availability is low (Kahler and Koeve 2001; Al-Azri 2003). 

Some photoautofrophic organisms can store organic carbon as lipid or carbohydrate 
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resulting in POC accumulation and higher C:N ratios hi the cell, and a subsequent high 

C:N ratio ofDOM in the surrounding water environment (Karl and Bjorkman 2002). • 

Stiong positive correlations were observed between DOC, BOD and chlorophyll a for 

spring 2002 and 2003 samples, respectively, indicating the relationship between 

phytoplankton (primary producers) and organic matter (Figure 3.8 B and Appendix 3.1). 

During productive seasons witii high concentration of organic matter, the amount of 

dissolved oxygen needed for biological oxidation of organic matter by heterotrophic 

bacteria increased. 

At the river mouth, concentrations of DOC m the November 2002 samples were higher 

tiian for those in the October 2002 samples. This may have been due to the extensive 

ramfall that occurred in the week prior to the samplhig campaign ia November, with 

consequent enhanced DOC in the run off following a dry period from mid July - October. 

Concentrations of DOC m early Jidy 2002 samples were higher than those hi late Jidy 

2002 samples, which may be due to the extensive raui fall first week of July 2002, before 

sampling. Marked increases in DOC concentrations were frequently observed (April 2002 

and April and May 2003) at the mouth of the estuary. These samples were of relatively low 

salmity, and presumably reflected firesh water inflows from Newton Creek. High levels of 

DOC, DON and nutrients were observed in the samples collected from the moutii of the 

estuary in February 2003. These enhanced levels were probably due to surface run off froiri 

Noss Mayo (as was observed during sampling campaign). Inflows of fresh water from run 

off were consistent with fluctuations in salinity along the axial fransect at this time (Figure 

3.9). 
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Figure 3.7 Dissolved organic carbon concentration (pM C) versus salinity in the Yealm 
Estuary. 
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Figure 3.9 Salmity, DOC and DON (pM) in die Yealm Estiiary during February 2003. 
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3.2.5 Dissolved organic nitrogen 

DOiSf concentrations were mainly in the r^ge 1.8 - 62 pM N , with highest values in the„ 

firesh waters; exceptionally high concentrations of 109 and 185 pM N were measured in 

non-saline waters in August 2003 and September 2002, respectively. The maximum values 

for DON reside at the upper end of the range reported globally for estuaries (22.5 ± 17.3 

pM N) and rivers (34.7 ± 20.7 pM N) (Bronk 2002). The enhanced DON values might be 

the result of sewage discharges and run-off of organic agricultural manure into this 

estuarine system. A plot of DON against salinity for all data revealed a high degree of 

scatter aroimd the theoretical dilution line (Correlation coefficient = 0.49, n = 130; Table 

3.1 and Figure 3.10), indicating that DON behaviour was usually non-conservative in this 

estuary, and that extemal sources and / or in situ biological uptake/transformation and 

benthic inputs have been influential. 
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Figure 3.10 Scatter plot of dissolved organic nitiogen concenteation (pM N) versus salinity 

in the Yealm Estuary for all data. 

An exammation of the seasonal variations in DON concentrations revealed that DON 

concentrations were lowest during spring and early summer (April and July 2002, April 

and May 2003) and highest during the late summer (September 2002 and August 2003) 
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(Figure 3.11). The enhanced DON levels in late summer may have been due to active 

release of DON from phytoplankton; as nifrate was utilised by phytoplankton growth there 

was an increase m the concenfration of DON (Butier et al. 1979; Bronk 2002). So, on 

seasonal tune scale, DON can serve as intermediate mfrogen pool durhig the fransition 

from autofrophy to heterofrophy m estuarme environments (Mortazavi et al 2001). The 

high DON values observed in the Yealm Estuary during September 2002 and August 2003 

were consistent with the frends observed in the EngUsh Channel, i.e. maximum DON in 

September and minimmn nifrate in June (Butler et al. 1979). Similar frends, with high 

DON values in late spring and sununer, have been reported in die Gulf of Mexico and 

Chesapeake Bay (Bronk et al 1998; Bronk 2002). In confrast, no seasonal pattems were 

indicated in the Santa Monica Basin and the Bermuda Atlantic Time Series site in the; 

Sargasso Sea (Bronk 2002). 

During the surveys of April, May and November 2002, and May 2003, there appeared to 

be removal of DON in the low salinity region of the Yealm, which was sometimes 

accompanied by increased concenfrations of ammonium and/or nifrate (Figure 3.3, 3.5 and 

3.11). This behaviour is consistent with bacterial ammonification of DON and nitrification 

of the released ammonium. Heterofrophic bacteria are responsible for the transformation of 

organic matter into inorganic nufrients to be used by primary producers. Kemer and Spitzy 

(2001) observed that between 75 and 100 % of die low molecular weight DON and 

ammoniirai (generated from DON) was taken up and converted to nifrate in the Elbe 

Estuary through nitrification. A detailed discussion about DON bacterial mineralization is 

presented in section 3.4. • 

ON (organic nifrogen) 
Ammonification 

>NH4 
+ Nitrosomonas 

>N02 
. Nitrobacter 
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Figure 3.11 Dissolved organic nitrogen concentration (pM N) in the Yealm Estuary 
(southwest England) versus salinity (different scale used for Summer). 
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3.2.6 Contribution of dissolved organic nitrogen to total dissolved nitrogen pool 

The amount of DON as a percentage of TDN in the Yealm Estuary was between 4 and 79 

%, with higher values in the mid-estuarine samples. Generally, high values were observed 

during the summer and autumn seasons (from ~ 20 % to 79 %), with low values observed 

m winter and spring seasons (from 10 % to 45 %). As an example. Figure 3.12 shows the 

important contribution of DON to the TDN pool as the percentage values ranged from 61 

% to 74 % and 53 % to 79 % for tiie September 2002 and August 2003 samples, 

respectively. The contribution of DON to TDN pool was often lower hi fresh water 

samples than estuarine water samples, indicating that nifrate was the dominant N species in 

the River Yealm (Treguer and Queguiner 1989). 

Phytoplankton uptake of nifrate (to fuel new production, in absence of significant nifrogen 

fixation) and ammonium (to fuel regenerated production) gives rise to the generation of 

DON within the bibmass. DON may be released fiom cells either by passive exudation or 

cell breakage during grazmg and may contribute to a higher DON/TDN percentage. Bronk 

et al. (1994) foimd that 32 ± 17 % of inorganic nifrogen that was biologically removed was 

subsequently released as DON in envfronments ranging from relatively eufrophic estuaries 

to the oUgofrophic ocean. Bronk and Ward (1999) found that the primary fate of nifrogen 

uptake in Monterey Bay, California was particulate nifrogen (PN) in March and DON in 

September. The significant confribution of DON to the TDN pool suggests tiiat the 

omission of DON measurements m water quality studies may resuh m both an 

underestimation of the inputs of total nifrogen to natural waters and the extent of 

eufrophication. 
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Figure 3.12 The percentage of dissolved organic nitrogen to total dissolved nitrogen 

versus salinity in the Yealm Estuaiy. 
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3.2.7 The C:N ratio of the D O M pool (DOC:DON) 

The DOCrDON ratios ranged between 0.75 and 42, with a mean of 9.5 ± 8.3 (± ISD).. 

This mean is lower than values reported for other aquatic environments. A ratio of ~ 14 in 

the surface ocean water and a mean ratio of 26 in riverine systems have been reported by 

Bronk (2002). The low DOC:DON ratio m the Yeahn Estuary may be due to the observed 

high DON values as a consequence of enhanced nitrogen inputs into the system. As shown 

hi Figure 3.13, the DOC:DON ratios were generally higher for spring samples and reside.at 

the lower range (2-10) for autumn and winter. 

The high DOC:DON ratios observed for spring 2002 / 2003 and early summer 2003 

samples, particularly those with high salinity, were due to an enhanced phytoplankton 

growth as indicated by high chlorophyll a concentration (Figure 3.5 and 3.13). 

Phytoplankton were the primary source of these C-enriched DOM as observed also m the 

West Neck Bay, Shelter Island (Gobler and Sanudo-Wilhehny 2003). They also mdicated 

that, high molecular weight (HMW) organic matter was enriched in phytoplankton-derived 

carbohydrates and that such fresh DOM frequently has a higher C:N ratios. Phytoplankton 

growth and the lack of available inorganic nitrogen are the only suggested reasons for 

accumulation of C-rich DOM (WiUiams 1995). Therefore, the high ratios of tiie DOC: 

,DON could be interpreted as the result of the non-proportional increase in DOC relative to 

DON (Al-A2xi 2003). Low DOC: DON ratios during late summer, perhaps, due to the low 

concenfration of inorganic nifrogen and hence the active release of DON from 

phytoplankton, as discussed earlier. 
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Figure 3.13 Dissolved organic carbon to dissolved organic nitrogen ratio versus salinity 

in the Yealm Estuaiy (different scale used for spring). 
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. 3.2.8 Relationships between chemical determinands and flow 

An examination of the relationships between concentrations of chemical determinands and 

river flow can provide valuable information on the origin and nature of these determinands. 

. Flow data for the River Yealm, close to the tidal limit, during the study period are provided 

hi Appendix 3.3. Flow data for tiie period 22-08-2001 to 30-10-2002 (misshig jfrom tiie 

EA) were calculated from the Plym Estuary flow data using linear regression equation. 

Fresh water inflow firom the River Yeahn exhibited a marked seasonal signal, with flows < 

0.5 m^ s'̂  during July -September 2003 (excluding August 1-7) and > 5 m'' s'̂  during the 

wmter. Annual flux of DOC was estimated to be 56 x 10̂  g C Yr '^ compared to an average 

of 5.6 X 10̂  g C Yr'^ reported for 11 rivers in the Humber catchment (Tipping et al. 1997), 

and 1.7 - 2.7 x 10^° g C Yr'^ for tiie River Sevem (Mantoura and Woodward 1983). Also, 

tiie annual flux of DON was 19.4 x 10̂  g N Yr"̂  compared to 55.4 x 10̂  g C Yr"^ of nitrate. 

World rivers export approxunately 0.2 x 10̂ ^ g C Yf^ of DOC to the Ocean each year 

(Avery et al 2003) 

For DOC and DON concentrations, there were no clear relationships with flow (Figure 

3.14), possibly indicating a complex suite of inputs of DOC and DON derived fiom 

anthropogenic as well as natural sources. So, a mixture of point and diffuse sources of 

DOC and DON resulted in the highly scattered relationship with flow. For the River 

Swales, DOC concentiations were dommated by sewage point sources during base flow 

and diffuse sources of soil organic carbon during high flow (Eatherall et al 2000). In 

comparison with the literature, DOC concentrations were diluted under storm flow 

conditions in the Trent and Aire Rivers, indicating point sources of DOC fiom sewage 

effluents (Tippmg et al 1997; Jarvie et al 2000). In contrast, the highest concentrations of 

DOC in the Ouse, Tweed and Derwent occurred under storm flow conditions, indicatmg 

diffuse sources of DOC fiom the catchment surface were dommant (Jarvie et al 2000), 
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The highest DOC concentration in the Yealm River was observed during the August 2003 

samplmg campaign when flow rates were high, as shown in Figure 3.15. This might have 

been due to the flushing of DOC from diffuse sources of organic matter in the agricultural 

catchment following two months of limited ramfall (river flow < 0.5 m^ s''). The highest 

DON concenfrations, coupled with the lowest nifrate concenfrations, were observed during 

the September 2002 and August 2003 samplmg campaigns (Figure 3.15). Highest DON 

concenfrations are possibly due to active release of DON by phytoplankton as discussed 

earUer, and/or due to high river flow rates after a dry period of two months (August 2003 

sampling campaign), where DON generated m the catchment was flushed. 

FRP and ammonium concenfrations decreased with uicreasing flow in response to dilution 

of pouit sources by ram fall (Figure 3.16). As FRP is derived predominantly from sewage 

effluent mputs, the highest concenfrations occurred at base flow and undergo dilution 

under high flow conditions; this is m consistent agreement with the relationship between 

FRP concenfrations and flow reported for the Mersey and Trent rivers (Head 1985; Jarvie 

et al. 2000). Highest FRP concenfrations, coincident with high ammonium concenfrations, 

were observed for the October 2002 sampling campaign reflecting sewage input during 

base flow (Figure 3.15). 

In confrast, nifrate concenfrations exhibited positive relationships with flow (Figure 3.17). 

Increases in nifrate concenfrations with flow were possibly related to the diffiise sources of 

nifrate from the agricultural run off due to fertiUser apphcations within the Yealm 

catchment. The frend of increasing nitrate concenfrations Avith flow were in close 

agreement with the relationship between nitrate and flow reported for the Great Ouse, 

Mersey and Wear rivers (Head 1985; Neal et al 2000a; Neal et al 2000b). In contrast, for 

the River Trent, the base flow concenfration of nitrate is higher than for storm flow 
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conditions, indicating that point sources dominate nitrate concentrations in the River Trent 

(Jarvie et al. 2000). As in Figure 3.15 the highest concentraitions of nitrate in the River. 

Yealm occurred during the winter period and then decreased during the following spring 

and summer period; a pattem similar to nitrate behaviour in the Great Ouse (Neal et al. 

2000b). Minimum nitrate concentration occurred during late sunmier which also were the 

result from phytoplankton uptake or biologically mediated denitrification. 

143 



El-Sayed A. Badr Chapter three Results and discussion 

350 

^300 

^250 -I 

§ 2 0 0 -I 

g l 50 -

100 -

50 

Instantaneous flow 

0 
—r-

2 

—1— 

4 

350 

300 H 

J250 H 

§ 2 0 0 -I 

g l50-

100 -

50 

7 day mean 

—I— 

2 
—I 1— 

4 6 

350 

300 -

^250 -

§ 2 0 0 -

g l 50 -

100 -

50 • 

14 day mean 

—I— 

2 

2 4 6 

Flow (nP/s) 

90 

^75 -I 

|45H 
8 30 1 

15 H 
0 

Instantaneous flow 

0 
—1— 

4 

90 

75 -I 

1̂ 60-1 

§ 3 0 - 1 

15 -I 

0 

7 day mean 

0 
—1— 

2 

—I :—:—7-

4 6 

90 

75 -

feo-, 

§ 3 0 -

15 -

0 -

14 day mean 

0 

—r— 

2 

—T— 

4 

90 

^75 -

| 6 0 -

O30-I 
15 -I 

0 

21 day mean 

2 4 

Flow (n?/s) 

Figure 3.14 DOC and D O N concentrations (|iM) at the head of the Yealm Estuary 
(0 km) versus flow (instantaneous and 7,14 and 21 day mean flow values before 
the sampling day). 
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Figure 3.15 Seasonal variations of measured parameters at the head of the Yealm 
Estuary (0 km) to study the effect of river-flow rate. 
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Figure 3,16 FRP and ammonium concentrations (pM) at the head of the Yealm 
Estuary (0 km) versus flow (instantaneous and 7,14 and 21 day mean flow values 
before the sampling day). 
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3.3 The Plym Estuary 

3.3.1 The study area 

3.3.1.1 Site description 

The Plym Estuary is located on the eastem side of Plymouth Sound, on the south-west 

coast of England (Figure 3.1). Water samples were collected regularly (ca. every six 

weeks) at high tide along an axial transect, as iiidicated in Figure 3.18, during the period 

June 2002 - September 2003. The catchment area of the Plym is 79.2 km^. The catchment 

is urbanised and industrialised by the city of Plymouth, and other land uses include 

livestock grazing, forestry (Howell 2003). The top of the catchment is characterised by 

moorland. The River Plym rises on west Dartmoor and flows southward for approximately 

21.3 km before draining into Plymouth Sound. Here it joins the Tamar Estuary as it 

discharges into the English Chaimel (Enviromnent Agency 1998). As the Plym runs 

southward firom Dartmoor, the river progressively cuts into a landscape of peat and 

weathered granite. At Plympton Bridge (Marsh Mills), the Plym River is joined by the 

Tory Brook which carries sediments emiched with china clay waste fiom Lee Moor 

(Langstonera/. 2003), 

The Plym Estuary is subject to a nimiber of anthropogenic mfluences, includmg (Langston 

et at. 2003): (1) abandoned metalliferous (tm) mining, (2) china clay abstraction, (3) 

conunercial shipping, (4) effluent discharges from the Plympton and Plymstock sewage 

freatment works, (5) runoff from frafiBc routes and agricultural activities and (6) leachate 

discharges from the Chelson Meadow landfill site via two sfreams known as the North and 

South Leats, "Chelson Meadow is the main landfill site for the city of Plymouth and 

approximately 765 toimes of solid waste and 60 m^ of liquid wastes are deposited daily at 

the site (Trier 2004). The lower part of the estuary, below the Laira Bridge, is of 

importance to corrunercial shipphig recreation and fishing indusfries. Hence the channel is 
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surveyed and dredged every year if necessary, and rich mudflats are located above Laira 

Bridge (Hiscock and Moore 1986). The large input of china clay wastes has had a major 

silting inapact in the upper Plym Estuary, where the extensive mudflats have high china 

clay content and the tidal zone is heavily banked witii white clay (Langston et al. 2003). 

Thus the Plym Estuary is very much influenced by urban and industrial developments 

(Langston et al. 2003). 

3.3.1.2 Hydrography 

The Plym Estuary is a macrotidal system, with a tidal range of 4.6 m and tidal length of 6.9 

km (Uncles et al. 2002). The water column is uniformly well mixed with respect to 

salmity. River flow ranges firom a minimum of < 1 m ŝ'̂  to a maxunum of 27 m-'s"̂  with 

annual mean flow of 2.25 m^s"̂  The lowest flow rates usually occur during Jime, July and 

August when there is a reduced ramfall. The estimated mean residence time for fresh water 

m the estuary is calculated to be 4 days (Uncles et al 2002). The Plym Estuary width 

above Laira Bridge is 500 m for most of its length (Environment Agency 1998). 

3.3.1.3 Ecology 

At the head of the estuary, there are dense populations of crustaceans and gastropod 

molluscs. Further seaward, there is a wide and shallow section, up estuary of the Laira 

Bridge, which is a haven for wading buds. The Chelson Meadow, the reclauned land on 

die eastem side of the Plym Estuary, is drained by a series of ditches which harbour a 

characteristic brackish water fauna, gradmg inland into that of fresh water (Langston et al. 

2003). Fish species found in die Plym include Atiantic sahnon, brown trout, bullhead, eel, 

brook lamprey and three spined sticklebacks (Brooks 2003). 
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3.3.2 Master Variables 

A complete master variable and.chemical data set is given iri Appendix 3.4; Correlations-

(Pearson's product moment) between pairs of determinands were calculated in order to 

identify any statistically significant correlations (at the 99% confidence level), and thus aid 

interpretation of the data. The correlations were calculated for the whole data set (Table 

3.3) and for mdividual seasons (Appendix 3.5). Because of the large number of data, only 

correlation coefficients (r̂ ) > 0.7 were considered significant for inclusion in the 

discussion (Chatfield and Collins 1980). There were no significance differences in the 

overall correlation matrix between the whole data set and the individual seasons, hence the 

latter are given in Appendix 3.5. 

Scatter plots of chemical concentrations versus salinity have been reported in order to be 

consistent with the tieatment of the Yealm Estuary data. However, as the Plym Estuary is 

heavily subject to additional anthropogenic influences, concentiation data have also been 

plotted against distance along the estuary, in order to aid the interpretation of observed 

constituent distributions. 

Salinity, ranged between 0.01 for river water and 34.8 for seaward end water samples. A 

strong positive correlation (r̂  = 0.93, n = 110, 99 % confidence) was observed between 

salinity and conductivity; the latter was measured in the field to indicate the approximate 

saluiity of the collected samples. Water temperatures exhibited a stiong seasonal pattem in 

the Plym Estuary, with highest temperatures recorded in the summers of 2002/2003, lowest 

hi the winter 2003 and intermediate values during sprmg 2003 and autumn 2002 seasons. 

During the summers of 2002/2003 the water temperature was in the range 13.6 - 21.9 °C, 

while during winter 2003 the range was 4.8 - 9.8 °C. Within the Plym Estuary, pH ranged 

fiom a minimum of 6.7 at the freshwater end to a maximirai of 8.4 at the sea water end. 
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Table 3.3 Pearson's product moment correlation matrix for the Plym Estuary samples. In die table, DON/TDN refers to die contribution of DON to 
tiie TDN pool. 

SALIN 
ITY PH P04 NH4 N03 TDN DON 

DON/ 
TDN DOC CHLA 

DOC: 
DON 

SALINITY Pearson Correlation 
Sig. (2-tailed) 
N 

1 

110 

.492*' 

.000 
110 

-.141 
.142 
110 

.320*' 

.001 
110 

-.699** 
.000 
110 

-.674*' 
.000 
110 

-.354*' 
.000 
110 

.291*' 

.002 
110 

-.347*' 
.000 
flO 

.078 

.503 
76 

.181 

.058 
110 

PH Pearson Correlation 
Sig. (2-tailed) 
N 

.492** 

.000 
110 

r 

110 

-.119 
.217 
110 

.072 

.455 
110 

-.375** 
.000 
110 

-.353** 
.000 
110 

-.165 
.086 
110 

.115 

.233 
110 

.069 

.474 
110 

-.121 
.297 
76 

.148 

.123 
110 

P04 Pearson Correlation 
Sig. (2-tailed) 
N 

-.141 
.142 
110 

-.119 
.217 
110 

1 

110 

.296** 

.002 
110 

.592** 

.000 
110 

.589** 

.000 
110 

.284** 

.003 
110 

-.212 
.026 
110 

.183 

.056 
110 

-.184 
.112 
76 

-.039 
.685 
110 

NH4 Pearson Correlation 
Sig. (2-tailed) 
N 

.320*' 

.001 
110 

.072 

.455 
110 

.296*' 

.002 
110 

1 

110 

-.058 
.550 
110 

.132 

.168 
110 

.271** 

.004 
110 

.276** 

.004 
110 

-.180 
.060 
110 

-.106 
.361 
76 

-.318** 
.001 
110 

N03 Pearson Correlation 
Sig. (2-tailed) 
N 

-.699** 
.000 
110 

-.375** 
.000 
110 

.592** 

.000 
110 

-.058 
.550 
110 

1 

110 

.880** 

.000 
110 

.295** 

.002 
110 

-.498** 
.000 
110 

.310** 

.001. 
110 

-.142 
. .222 

76 

-.164 
.086 
110 

TDN Pearson Correlation 
Sig. (2-tailed) 
N 

-.674** 
.000 
110 

-.353** 
.000 

. 110 

.589** 

.000 
110 

.132 

.168 
110 

.880** 

.000 
110 

1 

110 

.711** 

.000 
110 

-.090 
.348 
110 

.405** 

.000 
110 

-.256 
.026 
76 

-.414** 
.000 
110 

DON Pearson Correlation 
Sig. (2-tailed) 
N 

-.354** 
.000 
110 

-.165 
.086 
110 

.284** 

.003 
110 

.271** 

.004 
110 

.295** 

.002 
110 

.711** 
,000 
110 

1 

110 

.555** 

.000 
110 

.381** 

.000 
110 

-.272 
.017 
76 

-.580** 
.000 
110 

DONATDN Pearson Con-elation 
Sig. (2-tailed) 
N 

.291** 

.002 
110 

.115 

.233 
110 

-.212 
.026 
110 

.276** 

.004 
110 

-.498** 
.000 
110 

-.090 
.348 
110 

.555** 

.000 
110 

1 

110 

.01.1 

.908 
110 

-.197 
.088 
.76 

-.483** 
.000 
110 

DOC Pearson Correlation 
Sig. (2-tailed) 
N 

-.347** 
.000 
110 

.069 

.474 
110 

.183 

.056 
110 

-.180 
.060 
110 

.310** 

.001 
110 

.405** 

.000 
110 

.381** 

.000 
110 

.011 

.908 
110 

1 

110 

.314** 

.006 
76 

.170 

.076 
110 

CHLA Pearson Correlation 
Sig. (2-tailed) 
N 

.078 

.503 
76 

-.121 
.297 
76 

-.184 
.112 
76 

-.106 
.361 
76 

-.142 
.222 
76 

-.256 
.026 
76 

-.272 
.017 
76 

-.197 
.088 
76 

.314** 

.006 
76 

• 1 

76. 

.655** 

.000 
76 

DOC: DON Pearson Correlation 
Sig. (2-tailed) 
N 

.181 

.058 
110 

.148 

.123 . 
110 

-.039 
.685 
110 

-.318** 
.001 
110 

-.164 
.086 
110 

-.414** 
.000 
110 

-.580** 
.000 
110 

-.483** 
.000 
110 

.170 

.076 
110 

.655** 
-.000 

76 

1 

110 

*. Correlation is significant at the 0.01 level (2-tailed) 
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There was a significant positive weak correlation (correlation coefficient = 0.49, n = 110) 

between salinity and pH for die whole data set as pH of the saline samples, is usually higher , . . 

than of die freshwater samples (Table 3.3). Dissolved oxygen averaged 8.9 ± 1.4 mg L ' ^ a 

range expected in this sort of temperate aquatic environment. 

3.3.3 Dissolved inorganic nitrogen, filterable reactive phosphate and suspended 

chlorophyll a 

Nitiate concentrations ranged fiom 4.4 to 171 pM N , with lower concentrations observed 

at the seaward end and highest concentrations observed in the upper estuary water samples 

(Figure 3.19 A). An exceptionally high value of 227 pM N was measured in a water 

sample collected fiom station 7 (Saltiam House, 1.9 km down estuary of the weir) in 

September 2003 (Figure 3.19 B). The concentiation of ammonium ranged from 0.20 to 9.7 

| iM N . Filterable reactive phosphate (FRP) concenfrations were mainly in the range 0.11 -

8.1 pM P. Exceptionally high values of 10.8, 11.3, 17.7 and 20.2 pM P were measured in 

water samples collected near sewage freatment outfalls (Figure 3.20 A). Chlorophyll a 

concenfrations ranged from 0.03 to 5.1 pg L'^ (Figure 3.21). 

In the Plym Estuary, plots of nifrate and FRP concenfrations agauist salinity showed a high 

degree of scatter, suggesting thefr behaviour was non-conservative (Figure 3.19 A and 3.20 

A). These results suggested that extemal inputs and in situ biochemical activity were the 

dominant factors confroUing nifrate and FRP distribution within this estuarine system. 

Nevertheless, a weak but significant negative correlation (correlation coefficient = 0.69, n 

= 110) was observed between nifrate and salinity for the whole data set, indicating that 

simple physical mixing accounted for 47.6 % of the nifrate distribution within the Plym 

Estuary. In June 2002 and August 2003 nifrate was markedly more conservative, although 

an input of nifrate from sewage effluent was evident at salinities of ca. 6 and 9 in June and 
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August, respectively (Figure 3.19 A).-In contrast, no correlation was observed between 

salinity and FRP either for the whole data set or the individual seasons (Table 3.3 and 

Appendix 3.5). Enhanced levels of FRP were measured in water samples collected from 

stations near sewage treatment outfalls at Plymptori and Plymstock, located at the upper 

and lower ends of the estuary, respectively (Figure 3.20 B). Overall there was a weak 

correlation between nitrate and FRP (correlation coefficient = 0,58, n = 110), except for 

summer 2002 and 2003 where the correlation coefficient Was 0-73 and 0.90 (n = 22), 

respectively (Table 3.3 and Appendix 3.5). In sunmier 2002/2003, the distribution of 

nitrate and FRP appeared to be dominated by the STW inputs mentioned above. During 

other seasons, in contrast to FRP, the distribution of nitrate was not significantly 

influenced by sewage effluent and consequently their distributions were dissimUar. In situ 

chemical reactivity of FRJP niay have also contributed to this dissimilarity. Ammonium 

distributions showed non conservative behaviour. However, ammonium concentiations 

relatively increased with increasing salinity in autunin 2002 and whiter 2003 with higher 

concentiations for lower estuarme samples, implymg a major m situ and/or extemal 

sources as EngHsh Channel seawater is unlikely source for high ammonium concentrations 

(Figure 3.22) (Prahl and Coble 1994). 

An examination of seasonal pattems in concentiation revealed that lower nitrate 

concentrations were observed in spring 2003 and early autunm 2002, presumably as a 

result of biological uptake, while higher concentrations were observed during winter 2003. 

Higher nitrate concentrations were often observed witiiin the mid-estuarme water samples 

(e.g. June 2002, July 2003, Febraary 2003 and September 2003), presumably as a result of 

runoff from die Chelson Meadow landfill site and the surrounding agricultural land (Figure 

3.19 B). An examination of seasonal pattems hi FRP concenfrations revealed that relatively 

high cdncenfrations were observed witiim the mid-estuarine water samples collected during 
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June 2002, July 2002, February 2003, June 2003 and September 2003 ;(Figure 320 B). 

This mid-estuarine FRP peak appears to be a universalfeature of estuarine systeriis (Eyre 

and Balls 1999) and may have been due to extemal anthropogenic sewage inputs (Eyre 

and Balls 1999), regeneration and/or to some extent phosphate release firom suspended 

particles (Uncles et al. 1998b). The removal of this FRP peak in the high salinity region 

may have been due to biological removal of inorganic phosphate (Sanders et al. 1997a; 

Eyre and Balls 1999): A seasonal pattern was observed fijr chlorophyll a concentrations 

(Figure 3.21), with higher concentrations during summer 2002, and lower concentrations 

durhig the late autumn 2002 and winter 2003 periods. High chlorophyll a concentrations 

during summer were the result of increased summer solar radiation and increased 

photosynthesis (Uncles et al. 1998a). In temperate estuaries with sufficient hght 

penetration, concentrations of suspended chlorophyll a are high in spring and summer due 

to high phytoplankton blooms (Jarvie et al 2000). The lower chlorophyll a concentrations 

in autumn and winter may be attributed to low phytoplankton abundance due to a 

combination of grazmg by zooplankton (Balbi 2000), lower Ught levels due to lower solar 

radiation and enhanced run off. Airunonium concentrations fluctuated and the seasonal 

pattem was not clear, indicating its reactivity as it is subject to generations and rapid 

uptake processes. During autumn 2002, winter 2003 and summer 2003, the ammonium 

distributions exhibited a spatial pattem characterised by high concentration within die mid-

estuarine samples presmnably due to benthic fluxes, biological ammonification and sewage 

mputs (Rocha 1998; Eyre and Balls 1999). 
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Figure 3.19 (A) Nitrate plus nitrite concentration (pM N) versus salinity in the Plym 
Estuary. 
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Figure 3.19 (B) Nitrate plus nitrite concentration (pMN) versus distance (km) from the 

weir in the Plym Estuary. 
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Figure 3.20 (A) Filterable reactive phosphate concentration (pM P) versus salinity in the 

Plym Estuary. 
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Figure 3.20 (B) Filterable reactive phosphate concentration (pM P) versus distance (km) 

from the weir in the Plym Estuary. 
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Figure 3.21 Chlorophyll a concentration (|jg L ) versus salinity in the Plym Estuary. 
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Figure 3.22 Ammonium concentration (pM N) versus salinity in the Plym Estuary for 
Autumn 2002 and Winter 2003. 
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3.3.4 Dissolved organic carbon 

DOC concentrations in the Plym Estuary were mainly-m the range 71 - 290 nM C, with -

lower concentrations observed at the seawater end and higher concentrations in the upper 

estuarine water samples (Figure 3.23 A). This range was similar to the range observed for 

the Yealm Estuary, and relatively lowers than ranges observed for other estuarine systems, 

as discussed in section 3.2.4. 

In the Plym Estuary, DOC behaved relatively in a non conservative manner, as shown m 

Figure 3.23 A. No correlations were observed between DOC and salinity either for the 

whole data set or for the individual seasons (Table 3.3 and Appendix 3.5). These results 

suggest that the distribution of DOC within the Plym Estuary was not dominated by 

physical dilution with seawater, but instead indicated in situ reactivity and extemal 

sources. In contrast, the DOC appeared to be conservative only for the individual months 

of January 2003 and August 2003. At these, surveys, DOC concentrations remained 

relatively uniform throughout the estuary. However, a linear distribution of DOC versus 

salinity does not necessarily imply conservative behaviour, since sources and sinks may 

balance each other simultaneously (Raymond and Bauer 2001; Abril et al. 2002). Even, 

when DOC appears to be conservative, studies on the isotopic composition of the DOC 

uidicated the existence of a dynamic cycle of DOC input and removal (Peterson et al 

1994). Apparent non-conservative behaviour of DOC has been observed in other estuaries 

such as the Scheldt, Gironde, Sado and Ems estuaries, whilst conservative behaviour has 

been reported for the Sevem, Humber, Thames, Elbe, Rhine, Dour and Loire estuaries as 

discussed in section 3.2.4. Non conservative distributions of DOC have been attributed to: 

(1) biological processing such as enhanced aquatic primary production e.g. York River 

Estuary and Chesapeake Bay, and high rates of DOC mineraUzation, (2) photochemical 

break down of DOC and (3) anthropogenic inputs of DOC e.g. the Scheldt Estuary (Prahl 

161 



El-Sayed A. Badr Chapter three Results and discussion 

and Coble 1994; Fisher et al. 1998; Raymond and Bauer 2001; Cauwet 2002; Abril et al. 

2002). Furthermore, non-conservative behaviour of DOC is. generally enhanced hi 

stratified estuaries with long mixing times, vertical gradients of DOC concentrations, and 

the possibility of photochemical break down of surface DOC (Cauwet 2002). 

There was a sharp removal of DOC in the low salinity region during tiie November 2002 

survey campaign which inay be related to a high microbial degradability of the catchment-

derived orgaiiic matter after extensive rainfall (Wiegner and Seitzinger 2001; Abril et al. 

2002). Elevated DOC concentrations were observed for samples collected near STW 

effluents outflows, indicating anthropogenic inputs of DOC. For example, relatively high 

DOC concentrations were observed at station 9 located close to the Plympton STW (0.85 

km down-estuary of the wek) during September 2002 and February 2003 (Figure 3.23 B). 

In addition, high DOC concentiations were observed at station 3 located close to 

Plymstock STW (4.5 km down-estuary of the weir) during November 2002, February 

2003, August 2003 and September 2003 (Figure 3.23 B). At otiier times (June 2002, July 

2003 and September 2003) higher DOC concentiations were observed in mid-estuarine 

water samples, perhaps reflectmg extemal inputs fiom the Chelson Meadow landfill site 

and agricultural runoff These observations strongly suggested that DOC distributions in 

the Plym Estuary were markedly influenced by extemal anthropogenic inputs. 

An examination of the seasonal variations in DOC concentrations in the Plym Estuary 

showed that DOC concentiations were generally higher during summer 2002 and autumn 

" 2002, and lower during whiter 2003 and spring 2003 (Figure 3.23 A). During November 

2002, concentrations of DOC were higher than those during September 2002, which were 

probably due to the extensive rainfall that occurred in the week prior to sampling in 

November 2002, with consequent enhanced DOC in the surface run off, as discussed in 
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section 3.3.8. DOC produced during the spring arid early summer by phytoplanktori 

blooms may accumulate hi the estuary, to give higher DOC concentrations during the 

summer and early autumn (Volk et al. 1997; Myklestad 2000). Seasonal accumulation of 

phytoplankton, that result in DOC accumulation, have been reported in other estuaries 

(Mantoura and Woodward 1983; Fisher et al. 1998). The occurrences of phytoplankton 

blooms within the Plym Estuary was uidicated by the high concentrations of chlorophyll a 

observed in summer 2002 (Figure 3.21); indeed, the Plym water was observed to be clearly 

green during this time. A weak but significant positive correlation (correlation coefficient 

= 0.314, n = 76) was observed between DOC and chlorophyll a for the whole data set, 

mdicatmg that phytoplankton exudates contribute to the DOC pool as discussed in section 

1.3.1.1.1 (Table 3.3). 
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Figure 3.23 (A) Dissolved organic carbon concentration ((iM C) versus salinity in the 

Plym Estuary. 
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Figure 3.23 (B) Dissolved organic carbon concentration (\iM C) versus distance (km) 

from the weir in the Plym Estuary. 
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3.3.5 Dissolved organic nitrogen 

Concentrations of DON in the Plym Estuaiy ranged from 4.| iM N at the seawater end to 94 

|a,M N at the j&eshwater end. Exceptionally high concentrations of 110 and 177 \iM N were 

measured in water samples collected at stations close to STW, m September 2003 and 

November 2002, respectively. The maximimi values for DON reside at the upper end of 

the range reported globally for estuaries (22.5 ± 17.3 pM N) and rivers (34.7 ± 20,7 | iM 

N) (Bronk 2002). Within the Plym Estuary, the enhanced DON values may be tihie result of 

sewage discharges, run off fiom the Chelson Meadow landfill site and other anthropogenic 

activities within the Plym catchment. A scatter plot of DON concentrations agamst salmity 

revealed a high degree of scatter arotmd the theoretical dilution line (correlation coefficient 

= 0.35, n = 110; Table 3.3 and Figure 3.24 A), mdicating tiiat DON was generally non-

conservative in this estuary, and that extemal anthropogenic somrces, in situ biological 

activity and benthic inputs markedly influenced the distributions of DON. 

Related high concentiations of DON and ammonium coincident with low chlorophyll a 

concentrations were observed at station 10 (0.55 km down-estuary of the weir) during July 

2002 (Figure 3.24 B). This station was close to tiie discharge of the Plympton STW, which 

may be the source of the DON and ammonium. This may also have been due to the release 

of DON and ammonium fiom re-suspended sedunents, the water column was exceptionally 

turbid at this time, as observed visually. Where DON and ammonium may be 

diagenetically released to the water from benthic sedunents timing re-suspension (Rocha 

1998; Burdige 2002; Berman and Bronk 2003). High DON was also observed at station 3 

(4.5 km down estuary of the wefr) during Febraary 2003, perhaps due to mputs from 

sewage effluent or from resuspension of bed sedhnents, as the sample was also high in 

ammonium. Elevated DON concenfrations were observed during November 2002 in the 

upper and mid-estuarine water samples, perhaps implying anthropogenic inputs of DON 
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from either the Chelson Meadow landfill leachate, sewage discharges or both (Figure 3.24 

B). Anthropogenic nitrogen sources to industrialised catchments have been reported to be 

more important than natural sources by a factor of 2 - 4 for the Thames and Rhine 

estuaries (Meybeck 1993). A high DON concentration that was coupled with a low nitrate 

concentration was observed at station 10 (0.55 km down estuary of the weir) during M y 

2002 and January 2003 sampluig, campaigns (Figure 3.24 B). 

In the high salinity region of the Plym Estuary during the surveys of June 2002 and 

September 2002, there appeared to be removal of DON, which was sometimes coupled 

with uicreased concentrations of nitrate (Figure 3.19 A and 3.24 A). This pattem is 

consistent with bacterial mineralization of DON to ammoniirai and then nitrate. 

Heterotrophic bacteria are responsible for the transformation of organic matter into 

inorganic nutrients (Stepanauskas et al. 1999). A more detailed discussion of the bacterial 

mineralization of DON in the Plym Estuary is provided in section 3.4. 

An examination of the seasonal variations in DON concentrations revealed that lower 

DON concentrations were observed in spring 2003 and higher DON concentrations were 

observed in summer 2003 and autumn 2002, presumably due to ii i situ recycling of DOM 

(Treguer and Quegumer 1989) (Figure 3.24 A). Lower DON concentrations observed m 

spruig 2003 may have been due to phytoplankton uptake durmg early spring bloom as 

discussed in section 1.3.2.2 (Bronk 2002). Chlorophyll a showed a weak significant 

negative correlation with DON, but not with nitrate or ammonium, implying, to some 

extent that DON was relatively the major source of nitiogen" for phytoplankton growth 

(Table 3.3). On the other hand, the high DON concentrations observed in summer 2003 

may have been due to release of DON from phytoplankton (Butler et al. 1979; Chapman et 

al. 2001; Bronk 2002). Sunilar trends have been reported in the English Channel, the 
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Chesapeake Bay and the Yeahn Estuary, as discussed in section 3.2.5. A significant 

fraction (up to 75 %) of DIN consumed by phytoplankton is released as DON into the 

surrounding water and then recycled by the heterofrophic and autofrophic microbial 

cormnunities (Collos 1992; Mortazavi et al 2001). Thus, food-web processes, particularly 

related to phytoplankton growth were important factors contributing to the increased DON 

concenfrations (Mortazavi et al 2001). The inverse relation between DON and nifrate 

concentrations reported for the English Channel (Butier et al 1979) and Chesapeake Bay 

(Bronk 2002) implied tiiat phytoplankton DIN uptake was followed by DON release. DON 

originated from phytoplankton can be released to the surrounding water by excretion, cell 

deatii and virus-induced lysis, or sloppy feedmg, as discussed i i i section 1.3.1.1. 
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Figure 3.24 (A) Dissolved organic nitrogen concentration (pM N) versus salinity in the 

Plym Estuary. 
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Figure 3.24 (B) Dissolved organic nitrogen concentration (pM N) versus distance (km) 

from the weir in tiie Plym Estuary. 
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3.3.6 Contribution of dissolved organic nitrogen to total dissolved nitrogen pool 

The amount of DON as a percentage of TDN in the Plym Estuary varied between 3.5 and 

84 %. Generally, higher values were observed during summer 2002/2003 and autumn 

2002, and low values m wmter 2003 and spring 2003 seasons (Figure 3.25). During the 

high flow period of November 2002, the contribution of DON to the TDN pool was < 20% 

in the river water dominated samples, whereas it was m die range of 45 - 74 % m the 

estuarine water sainples. Hence, nitrate was the dominant species of TDN in the river 

whereas DON was the dominant species in the estuarine samples. Fiuther discussion of the 

influences of river flows on DON and DIN concentrations is to be found in section 3.3.8. 

Dming summer, the high contribution of DON to the TDN pool was probably due to in situ 

biological regeneration, as noted earlier (Treguer and Queguiner 1989). Phytoplankton 

uptake of DIN gives rise to the generation of DON which may be released from cells either 

by passive exudation or cell breakage during grazmg and hence contribute to the higher 

DON/TDN percentage. It has been reported that, in envhromnents rangmg firom relatively 

eutiophic estuaries to the open ocean, 32 ± 17 % of biologically utilised DIN was 

subsequently released as DON OBronk 2002). Also, die primary fate of nitrogen uptake hi 

Monterey Bay, California was DON in September (Bronk and Ward 1999). The significant 

contribution of DON to the TDN pool indicates the hnportance of mcluduig the monitoring 

of DON concentrations in water quality and eutrophication studies (Chapman et al. 2001). 
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Figure 3.25 The percentage of dissolved organic nitrogen to total dissolved nitrogen 

versus salinity in the Plym Estuary. 
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3.3.7 The C:N ratio of the D O M pool (DOC:DON) 

The DOC:DON molar ratios ranged between 1 and 33.6, with a mean of 7;2 ± 6.5 (± ISD). 

This mean is lower than values reported for other aquatic enviromnents. A ratio of ~ 14 in 

the surface ocean water to a mean ratio of 26 in riverine systems has been reported by 

Bronk (2002). The low DOC:DON ratio m the Plym Estuary is most likely the result of the 

high anthropogenic nitrogen mputs mto this system. The generally lower C:N ratios of 

DOM in the Plym relative to the Yealm reflect the numerous point sources of organic 

nitrogen. A similar pattem has been reported in the Delaware Estuary relative to the 

Hudson Estuary (Seitzmger and Sanders 1997). 

As shown in Figure 3.26, the DOC:DON ratios were generally higher during July 2002 and 

spring 2003 and lower during autumn 2002, winter 2003 and September 2003. The low 

DOC: DON ratios observed during the late smnmer were, jperhaps, due to active release of 

DON from phytoplankton, as discussed earlier. High ratios of the DOC: DON during July 

2002 and spring 2003 may have been due to an enhanced phytoplankton growth as 

uidicated by high chlorophyll a concentrations (Figure 3.21 and 3.26). Phytoplankton 

growth was, presumably, the maui source of C-eiuiched DOM (carbohydrate), and hence 

contributing to the accumulation of DOC (Borsheun et al. 1999; Myklestad 2000; Cauwet 

et al. 2002; Gobler and Sanudo-Wilhehny 2003). As shown in Appendix 3.5, a strong 

negative correlation was observed between DON and DOC: DON for smnmer 2002/2003 

and spring 2003 and strong positive correlation was observed between DOC and DOC: 

DON only for winter 2003. This indicated that in winter 2003 dissolved organic matter was 

relatively rich in carbon, while in spring" and smnmer it was relatively rich m nitrogen. 
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Figure 3.26 Dissolved organic carbon to dissolved organic nitrogen ratio versus salinity 

in the Plym Estuary. 
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3.3.8 Relationships between chemical determinands and flow 

An examination of the relationships between concentriations of chenaical determinands and 

river flow can provide valuable information on the origin and nature of these determinands. 

Many dissolved chemical constituents such as DOC, DON, nitrate and FRP vary over time 

hi response to changing flow conditions. Flow data for the River Plym during the study 

period, close to the tidal limit, are provided in Appendix 3.6. Fresh water inflow from the 

River Plym exhibited a marked seasonal signal, with flows < 1 m^ s'̂  during mid July 2002 

- October 2002 and higher flows during winter 2003. Annual flux of DOC was 111 x 10̂  g 

C Yr"^ compared to an average of 56 x 10̂  g C Yf^ in the River Yeahn. Also, the annual 

flux of DON was 29.8 x 10̂  g N Yr"^ compared to 76.6 x 10̂  g C Yr"^ of nifrate. 

Concenfrations of DOC at the head of the Plym Estuary generally mcreased with 

uicreasing flow, mdicating diffuse sources of DOC from the catchment surfaces (Figure 

3.27). DOC concenfrations increased imder high flows probably as result of drainage from 

organic rich soil. Similarly, tiie highest concentiations of DOC in the rivers Ouse, Tweed, 

Derwent and Wear occurred under storm flow conditions as discussed in section 3.2.8 

(Jarvie et al. 2000; Neal et al. 2000a). Also, DOC concenfrations in the Pauie Run Sfream, 

Virginia and the White River inn Muncie, Indian were consistentiy low during base flow, 

but during storms mean concenfrations were approxunately 2 and 3.5 fold over base flow 

DOC concenfrations, respectively (Buffam et al. 2001; Volk et al 2002). The highest DOC 

concenfration hi the Plym River was observed during the November 2002 samplmg 

campaign when flow rate was highest, as shown in Figure 3.28. This might have been due 

to the flushing of DOC from diffuse sources of organic matter m the agricultural 

catchment, supporting the above finding. 
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In contrast, concentrations of DON and FRP in the River Plyna decreased with increasmg 

flows presumably in response to dilution of point sources by rainfall (Figure 3.27 and 

3.29). This suggested that in the River Plym, DON and FRP were derived predominantly 

from anthropogenic point sources including sewage effluents. The frend of diluting FRP 

concenfrations with flow was consistent with the relationship between FRP concenfrations 

and flow reported for the Mersey and Trent rivers (Head 1985; Jarvie et al. 2000). 

For nifrate, concenfrations increased with flow, indicating diffuse sources (run off) from 

the agriculturally impacted soils of Dartmoor and the lower catchment (Figure 3.29). This 

behaviour was expected for nifrate due to fertiliser application. As in Figure 3.28, higher 

concenfrations of nifrate in the River Plym occurred during winter 2003 and lower 

concenfrations occurred durmg spring 2003 and smnmer 2002/2003. The frend of 

mcreasmg nifrate concenfrations with flow was in close agreement with the relationship 

between nifrate and flow reported for the Great Ouse, Mersey and Wear rivers and Paui 

Run Sfream (Head 1985; Neal et al. 2000a; Neal et al. 2000b; Buffam et al. 2001). hi 

confrast, for the River Trent, the base flow concentration of nifrate was higher than for 

storm flow conditions, indicating that point sources dominated nifrate concenfrations in 

this system (Jarvie et al. 2000). However, there was no clear relationship between 

ammonium concenfrations and flow for the Plym (Figure 3.30). This mixed response 

reflects inputs derived both from anthropogenic and natural somces, a niixture of point and 

diffuse somrces. 
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Figure 3.27 DOC and DON concentrations (|iM) at the head of the Plym Estuary 
(0 km) versus flow (instantaneous and 7,14 and 21 day mean flow values before 
the sampling day). 
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Figure 3.28 Seasonal variations of measured constituents at the head of the Plym 
Estuary (0 km). 
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3.4 Bioavailability of dissolved organic nitrogen in the Plym Estuary 

The results from the bacterial incubation experiments are given in Table 3.4. The mean 

uptake of DON by bacteria was 3.3 ± 2.3 pM N (± ISD), while the average nitrate 

regeneration was 4.5 ± 2.3 | i M N over the time course of the experiment. A significant 

fraction of the DON (30 and 58 % average ± ISD) appeared to be utilised by heterotrophic 

bacteria that coupled with regeneration of 9 - 35 % of nifrate within an hoiu-, presumably 

through the processes of ammonification and nitrification of the bioavailable DON (Figure 

3.31). Since the hydraulic residence time of the estuarine water in the bioreactors was 

estimated to be 1 hour (section 2.5), the average bacterial uptake rate in the incubation 

experiments was 3.3 ± 2.3 |.imol N L'^ hr"̂  (Table 3.4). Given that, during the experimental 

period, the mean River Plym flow and DON concenfration were 4.75 x 10̂  m^ hr"̂  and 27 

mmol N m'̂  at the head of the estuary, respectively. Then 12.2 % of the river DON flux 

may be available for bacterial utilisation and ultimate conversion to nifrate within an hour 

in the Plym Estuary. 

During similar incubation experiments in the Elbe Estuary, bacterial consumption of DON 

was reported to be in the range of 3 - 5.6 |imol N L'^ hr'̂  (Kerner and Spitzy 2001). In 

addition, these authors showed that between 27 and 64 % of the LMW-DON, which 

formed 64 - 79 % of the total DON, was consumed by bacterial mineralization. In the 

Delaware Estuary, an average of 40 - 72 % of DON was available for bacterial utilisation 

within the 10 - 15 d tune course of the batch incubation experiment, with the utilisation 

range of 11 - 42 % d"̂  during die first 4 days (Seitzmger and Sanders 1997). Thek resuhs 

suggested that in estuaries with freshwater residence times of weeks to months, such as the 

Delaware Estuary (80 d), the riverine bioavailable portion of DON would be utilised within 

the estuary. In confrast, in estuaries with residence times of less than week, such as the 
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Yealm Estuary (1.5 d), a portion of the bipavailable DON may be consumed with the-

estuary and a larger fraction exported and presumably utilised m adjacent coastal waters. 

The observed variation in the DON uptake rate can be related to the concentiations of 

DON in the inflowing waters as demonstiated by Kaplan and Newbold (1995) andKemer 

and Spitzy (2001). In the present work, a significant positive correlation (correlation 

coefficient = 0.90, n = 14) was observed between the inflowing DON concentration and 

the bacterial utilisation rate, showing that bacterial degradation capacity increased with 

mcreasing DON concenteations hi the substrate (Figure 3.32). 

Regarding DOC bioavailability, there was no significant consumption (average 1.8 %) 

during die incubation experhnent, and its concentration varied kregularly, unplying that 

both production and consumption processes were taking place. A sunilar observation has 

been reported for the Elbe Estuary incubation experiment, noted earlier. The observed 

discrepancy between the relatively high DON bacterial uptake and the insignificant DOC 

consumption indicated that rutrogen rich compounds had been removed fiom the DOM and 

utilised by bacteria, whilst the carbon skeleton remamed mostiy unaffected by the bacterial 

degradation, or DOC production and consumption were balanced (Sondergaard and Worm 

2001; Kemer and Spitzy 2001). 

Since phototrophic processes were inhibited in the dark, DON consumed by bacteria was 

either assimilated into bacterial biomass and/or rapidly mineralised to nitrate through 

ammonification and nitrification (Seitzinger and Sanders 1997). The rate of nitrification 

was calculated to be 1.6 - 7.4 pmol N L"̂  hr'^ the average being similar to that reported for 

the Elbe Estuary (0.7 - 5.1 pmol N L"^ hr"̂ ). The number of bacterial colonies, only in 

suspension, was 1-2x10^ bacterial colonies mL'^ 
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Table 3.4 Results of the bacterial availability of the DON incubation experhnent, m and out refer to the inflow and outflow 
concentration (ytM), respectively. 

Estuarine Sampling FRP FRP NH4 NH4 NO3 NO3 NO3 %N03 DON DON DON % DOC DOC 
water date in out in out UI out regene regener in out Utilise DON in out 

collection rated ated d Utilise 
30/01/03 27/03/03 1.83 2.06 7.77 3.15 49.4 61.9 12.42 25% 13.67 5.92 7.75 57% 93.9 83.8 30/01/03 

09/05/03 1.41 1.90 0.56 0.46 52.6 60.3 7.67 15% 16.84 8.60 8.24 49% 91.9 95.9 
19/05/03 21 mm 1.26 1.01 2.39 0.49 21.3 25.5 4.21 20% 3.91 1.37 2.54 65% 105.0 112.9 19/05/03 

17/06/03 0.75 0.77 0.53 1.10 21.4 22.9 1.41 6.6% 2.47 1.42 1.05 43% 129.8 120.9 
19/05/03 

09/07/03 0.28 0.35 0.47 1.69 18.2 25.7 7.50 41% 7.75 2.73 5.02 65% 121.2 122.4 
10/07/03 15/07/03 0.71 0.77 1.64 0.40 6.1 8.7 2.60 43% 6.83 • 3.74 3.09 45% 94.3 103.4 10/07/03 

28/07/03 0.83 1.34 1.05 0.48 12.2 17.7 5.50 45% 4.07 2.60 1.47 36% 87.1 90.2 
10/07/03 

22/08/03 0.96 1.30 0.39 0.47 13.2 15.9 2.70 20% 3.85 2.61 1.24 32% 95.5 91.2 

10/07/03 

08/09/03 0.86 1.07 0.37 1.05 15.7 19.0 3.30 21% 4.18 2.26 1.92 46% 93.6 91.8 
31/10/03 02/11/03 0.97 1.57 1.81 0.44 16.5 21.1 4.60 28% 10.55 7.55 3.00 28% 102.8 94.0 31/10/03 

• 07/11/03 1.32 1.63 0.42 0.33 21.4 24.8 3.40 16% 10.73 6.48 4.25 40% 98.6 88.3 
31/10/03 

14/11/03 1.67 1.75 0.36 0.29 27.2 29.9 2.70 10% 7.39 5.64 1.75 24% 100.6 109.1 

31/10/03 

26/11/03 1.60 1.76 0.31 0.37 33.8 36.3 2.50 7.4% 5.69 4.02 1.67 29% 89.7 93.8 

31/10/03 

23/12/03 1.78 1.78 0.36 0.29 39.8 42.3 2.50 6.3% 5.34 2.02 3.32 62% 114.2 95.1 
Average 1.16 1.36 1.32 0.79 24.9 29.4 4.50 22% 7.38 4.07 3.31 44% 101.3 99.5 
SD 0.46 0.51 1.97 0.79 14.1 15.8 2.95 13% 4.18 2.36 2.29 14% 12.5 12.2 
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The conservative mixing behaviom: of DOC observed in some estuaries has been used to 

suggest that riverine inputs of DOC and by implication DON are refractory (Mantoura and 

Woodward 1983). However, interpretation of the mixing curves should consider all DOM 

soiurces and sinks. In addition to the extemal inputs tiom rivers and the atmosphere, DON 

may be produced within estuaries by planktonic organisms and benthic release from 

sediment (Burdige and Zheng 1998; Bronk 2002; Berman and Bronk 2003) or infroduced 

from extemal anthropogenic inputs (Seitzinger and Sanders 1997), such as the .Plym 

Estuary. The residts from this experiment showed the potential extent of the bioavailability 

of DON, and is consistent with the distributions of DON observed within the local 

estuaries of the Yealm and Plym (sections 3.2.5 and 3.3.5). 

In summary, the results from the current incubation experiment and other recent studies 

(Seitzinger and Sanders 1997; Stepanauskas et al 1999; Kemer and Spitzy 2001; 

Seitzuiger et al 2002; Wiegner and Seitzmger 2004) sfrongly suggest that both internal 

and extemal sources of DON are biologically available in estuarine envfronments. The 

bioavailability of wetland -derived DON in South Sweden, to marine bacterioplankton 

varied from 2 % to 16 %, suggesting that DON is an important nifrogen source, mainly in 

the summer, for the biota of estuarine and coastal waters (Stepanauskas et al 1999). Rapid 

utilisation of DON released by phytoplankton in estuaries has been demonsfrated, where 

bacteria and some phytoplankton can use LMW DON such as urea and. ammo acids 

(Kemer and Spitzy 2001; Bronk 2002; Berman and Bronk 2003). Heterofrophic 

bacterioplankton may use 30 - 60 % of humic-bound DON and make it available for the 

• growtii of phytoplankton (Stepanauskas et al 1999). In addition to bacterial degradation, a 

portion of DON in estuaries and coastal waters may be photochemically degraded to 

ammonia, which would then be available for bacteria or phytoplankton utilisation 

(Wiegner and Seitzmger 2001; Bronk 2002). 
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