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Environmental assessment of biogeochemical cycling of dissolved organic carbon (DOC)

-and nitrogen (DON) in natural waters
El-Sayed A. ngi_r

Abstract-.

Increases in human population and activities have lead to significantly enhanced inputs
of carbon and nitrogen from both point and diffuse 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, community structure and water quality. Understanding the nature
and cycling of dissolved organic carbon (DOC) and nifrogen (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 high 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 related 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, wusing the coupled HTCO-chemiluminescence
technique, are described in this study. This method gave detection limits of
approximately 6.2 uM C and 0.46 uM 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 pM C and 20 £+ 1.5 pM N that were close to the
certified values of 44 — 45 uM C and 21 pM N, respectively.

Concentrations of DOC ranged from 61 pM C at the seaward end to 335 pM C at the
fresh water end for the Yealm, and 71 — 290 pM C for the Plym. DON concentrations
were mainly in the range of 1.8 — 62 UM N for the Yealm, and 4 — 94 pM N for the Plym.
The enhanced DON concentrations 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. Nitrate and
filterable reactive phosphate (FRP) behaved relatively conservatively in the Yealm, but
were more non-conservative in the Plym. The spatial distribution of DOC and DON
concentrations in the Plym Estuary appeared much more influenced by anthropogenic
inputs relative to distributions in the Yealm Estuary. The seasonal variation of DOC and
DON was characterised by lower concentrations during winter and a slight increase in
spring and summer followed by highest concentrations during late summer and autumn,
suggesting a strong link to seasonally variable phytoplankton production.

The contribution of DON to the TDN pool ranged between 4 and 79 % for the Yealm,
and 3.5 — 84 % for the Plym. Higher values (53 — 79 %) were obsérved during late
summer, emphasising the important contributions of DON to TDN: pool. Incubation
experiments using the Plym Estuary water indicated that 30 — 58 % of DON was
bioavailable for heterotrophic bacterial utilisation; at the same time nifrate 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 nitrogen
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 earbon and nitrogen cycles

Since the industrial revolution, human activities have caused significant perturbations to
the global cycles of element. Consequently, serious environmental problerns 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 (Ta_ble. 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 (Radojevie and

Bashkin 1999).
Cycle Human interference Environmental consequences
Carbon Fossil fuel combustion and deforestation | Global warming
Nitrogen Fertilizers and fossil fuel combustion Eutrophication and acid rain
Phosphorus | Detergents and fertilizers Eutrophication
Sulphur Fossil fuel combustion Acid rain

Human activities have induced increases of CO, (green house gas) in the atmosphere, that
is a major causé of global warming (Stumm ‘and Morgan 1996; de Haas éf al. 2002). CO,
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 CO; in the atmosphere and ocean (Hedges 1992; Falkowski ef al. 2000; Druffel.
2004).

Carbon is continuously cycled betweex-l reservoirs in the ocean, on land and in the
atmosphere, where it occurs primarily as CO; (Figure 1.1). The pool of carbon on land is
primarily in living biota and -decaying organic matter, and accounts for approximately
2,000 Gt C (Gt = 10* g). Quantitatively, the largest carbon reservoir is the -dissolved
inorganic carbon (DIC) pool in the ocean, which holds approximately 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) the formation of calcium
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
CO; from the atmosi:»here to land planfs or oceanic plankton, while respiration releases
CO; back into the atmosphere. The additional carbon resulting from fossil fuel burning is
the main cause of atmospheric CO, rises over the last 150 years; and since the beginning of
the industrial revolution concentrations of CO; in the atmosphere have increased by about
30 %. A recent estimate of the CO;, reservoir in the atmosphere is 750 Gt C, compared to
an estimated 600 Gt C in pre-industrial times (Chester 2003). Therefore, it is of great
importance to understand how and why the global carbon cycle has changed over fime, and’
how it may change in the future as human activities continue to add ever-greater quantities
of green house gases (CO, and CHy) into the atmosphere (Probst er al. 1999). The relative
role of the marine environments versus land vegetation and soils as a possible missing sink

is still debated (Chester 2003).
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A simi)liﬁcd schéematic diagram of the nitrogen cycle in the marine environments is
presented in Figufe 1.3. Nitrogen enters rivers, estuaries and coastal marine ecosystems
from natural and, in many cases, anthropogenic sources. As nitrogen is the primary
nutrient-limiting element for primary production in estuarine and marine water
environments, increases in nitrogen inputs can markedly alter those aquatic ecosystems
.(Seitzinger et al. 2002). Nitrogen has a complex-cycle due to the large number of potential
oxidation states (-3 to +5) in which nitrogen can exist. Nitrogen in natufal waters occurs as
nitrogen gas (N,), nifrate, nifrite, ammonium, dissolved organic nitrogen (DON) and
particulate organic nitrogen (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 nitrogen into
ammonium by the ammonification process. Nitrification has been reported in the water
column, particularly at the maximum turbidity zone (MTZ), and sediments of many
estuarine ecosystems (Abril ef al. 2000). In anoxic aguatic environments with high levels
of organic matter such as estuarine and coastal marine sediments, some heterotrophic
bacteria can use nifrate as an electron acceptor in order to utilise the organic matter
(Seitzinger 1994; Abril ef al. 2000). Consequently, nitrate is reduced to pitrite and then to
nitrogen gas througﬁ the denitrification process (Seitzinger 1988; Meybeck 1993; Stumm
and Morgan 1996). The major source of nitrate for denitrification in estuarine and coastal
marine sediments is the nitrate produced in the sediments by mineralization, and not the
diffusing nitrate from the overlying water (Seitzinger 1988). In addition to denitrification
in anoxic aquatic environments, anammox bacteria anaerobically oxidise ammonium with
nitrite to form nitrogen gas. Recently, 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 ef al. 2003). For instance, the anammox reaction accounts for 19 — 35 % of the

total N, formation in the water column of Golfo Dulce, Costa Rica (Dalsgaard et al. 2003).
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Figure 1.3 A schematic diagram of the nitrogen cycle in the marine environment (adapted

from Hanrahan ef 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 environmental 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 countries (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 enviromments, including river and marine
environments (Brookes 1999).. The WIA p_rdcess follows the sarhc steps as the ‘EIA

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

cyclical process with feedback

Description of

water uses

Stakeholder
involvement

Baseline study

|

|

T~

and assessment

impact identification

Impact
| mitigation

Significance
evaluation

I

. Preparation of the WIA
component(s) of the EIS

Only occurs if developnilent consent is granted

¥

Monitoring

e

N

Auditing

Y

Reporting

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

Developments can affect the aquatic environment directly €.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

7
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water environment, from changes in water quantity to changes in water quality including
depletion of dissolved oxygen, enhanced concentrations of dissolved organic matter
-(DOM), eutrophication, and elevated le;/els 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 industrial effluents, are easy to identify and to monitor systematically.
Non-point sources, such as agriculfural runoff, are diffuse, intermittent and more difﬁcult
to control.  Consequently, these impacts upon the aquatic environment caﬁ potentially |
affect the biota and cause a cascade of further impacts on socio-economic variables, human

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

A study by Badr et al.,(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 improving WIA process. Dissolved oxygen (DO) and biochemical
oxygen demand (BOD), and chemical oxygen demand (COD) to some extent, are used in
the water quality assessment process to assess the organic load and the extént 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 nitrogen species (nitrate, nitrite and ammonia) are used to assess the
nifrogen load in relation to eutrophication, 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 1A, 1B (good quality) to 4 (bad quality) (National River Authority 1994).
This chemical classification was based on the concentrations of DO, BOD and ammonia,
in 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 concern 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 Environment Agency (EA) has now replaced
the NWC scheme with a more appropriate one, the General Quality Assessment (GQA)
scheme. The GQA coinpriées 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
chemistry 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 moniforing of hydrology, physico-chemistry 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 (Stumun 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 amount 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 salinity increase (Radojevic and Bashkin 1999). A waste discharge that is
high in organic matter and nutrients can lead to decreases in DO concentrations as a result

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

Biggs 2001; Hart 2002; Turley et af. 2005),

Water quality Parameters monitored
assessment
Physical 1-  Precipitation including rainfall data and related
hydrology meteorological parameters such as temperature, wind speed
and direction, and humidity
2-  Water body dimensions and capacity (length, width, depth,
water volume)
3- Water body discharge/ recharge rates and flow rafe
measurements
4-  Flushing time and tidal range for estuarine environment
5-  Wave, current and tide for oceans and seas
Physiochemistry 1- Temperaﬁlre, pH, turbidity and suspended particulate matter
(SPM), salinity, conductivity and tfotal 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, calcium, magnesium, chloride,
sulphate
5- Trace metals; cadmium, lead, zinc, 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 (number, productivity, indictor
species)
}3_ benthic invertebrates diversity
1 4- the use of bioindicator species (some algae, fish and aquatic
plant species)

10
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BOD is an approximate measure of the amount of biochemically degradable organic ﬁatter
present in water samples. BOD‘is defined as the amount of o-xygen required for the aerobic
oxidation of orgaxﬁc- matter by micro-organisms over a specific period. COD is the
measure of oxXygen equivalent to the organic matter in a water sample that is susceptible to
oxidation by a strong chemi;:al oxidant. The COD is usually higher than BOD, as BOD
determines compounds that can be biologidally 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 in natural waiers,
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 compliance with US EPA regulations for

drinking water (Escobar and Randall 2001; Wallace ef al. 2002; Volk ef al 2002;
Westerhoff and Mash 2002).

When an aquatic environment is freshly polluted by anthropogenic sources, most of the
nitrogen is originally present in the form of organic nitrogen (ON) and ammonia. As the
time progresses, the organic nitrogen is gradually converted to ammonia nitrogen 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 manner shown in
Figure 1.5 , depending on pollution load and aquatic system conditions (Sawyer et al.
1994). So, the discharge of organic and ammonia nitrogen and subsequent degradation can

seriously reduce the DO levels in the receiving aquatic environment.

11
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50
Time, days :

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

environments under aerobic conditions (after Sawyer ef 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 silicon being the most important and commonly
determined macronutrients in aquatic environments (Nedwell ef al. 1999; Hanrahan et al.
2002). Nitrogen is typically the most limiting nutrient to primary production in many
estuarine and coastal waters (Seitzinger and Sanders 1997). Anthropogenic sources of
nuttients into aquatic environments include 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 turn 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
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waters is one of the best documented consequences of human alterations of the nitrogen
cycle (Christian and Thomias.2003). Eutrophicatioﬂ is usually accoﬁipanied by an increase
in the phytoplankton bic;mass and a subsequent deterio;:ation 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
" (Hanrahan et al. 2002). The algae blooms may also reduce light penetration to the extent
that benthic communities 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 significance of DOC and DON research

1.2.1 Why dissolved organic carbon?

DOC is recognised as the largest reservoir of partially reactive carbon that is important in
the global carbon biogeochemical cycle (Hoi:kinson et al. 1997b). The giobal 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 Seatile DOC/DON workshop held in
Washington in 1991, and was due to the following reasons (Cauwet 1994; Cauwet ef al.

1997; Tipping et al. 1997). (1) Studying fluxes of organic matter in the marine-
environment is necessary in order to understand the complex relations between marine
production, terrestrial inputs (particularly anthropogenic), and sedimentary accumulation
and production of DOM. (2) The enhanced level of CO; 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 atmosphere was being

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

deforestation and desertification), and to investigate if marine environments could be a
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potential sink for the excess CO,. (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 ef al, 1993; Mchale et
al. 2000; Jones et al. 2004). This focus has arisen from the perceived importance of DIN to
primary productivity and hence water quality, difficulties in measuring DON and an
underlying assumption that DON is biologically inert (Mchale er 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
nitrogen (TDN) in many lake, river, estuarine and surface ocean waters as summarised in
Figure 1.6. For instance DON at ALOHA station in the North Pacific represents 95 % of
the TDN pool (Church er al. 2002). Also, Perakis and Hedin (2002) reported that DON
forms 80 % of TDN in South America forest streams. A recent study in the Delaware and
Hudson river-estuarine systems showed that inputs of organic nitrogen accounted for 14 to
61 % of the total nitrogen loadings to the systems (Seitzinger 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, including
urea, and dissolved free and combined amino acids, are bioavailable with turnover times of
hours to weeks (Stepanauskas ef 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 Rhine systems (Meybeck 1993).
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Figure 1.6 (A) percentage of DON to total dissolved nitrogen (DON, nitrate, nitrite,
ammonium), {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 reservoir
divided by the flux. Generally the biogeochemical cycle for C and N includes the uptake

and assimilation of nutrients by plankton (primary production), the formation of
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particulate orgé:iic matter (POM), the sinking of POM out of the water column, the
decomposition and release of re-mineralised i;Jroducts from sédiment and water column,
and desorption of these back to the surface (Kahler and Koeve 2001). Primary pr;)ducﬁon
is the ultimate source and bacterial utilization is the principal sink for DOM. This section

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

focusing on the estuarine system.

Input (source) —————»| Reservoir EEE—— Oﬁtput (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 constrained by the magnifude of primary production,
there are several processes responsible for DOM cycling, including extracellular
phytoplankton production, grazing induced DOM production, bacterial transformation and

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

1.3.1.1.1 Extracellular phytoplankton production
Extracellular phytoplankton release of dissolved organic matter form an important source
of DOM (Coilos 1992; Myklestad 2000). Extracellular release of DOC and DON has been

assessed using "*C and BN tracer techniques, respectively (Ward and Bronk 2001; Carlson

2002).
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Figure 1.8 Conceptual model of dissolved organic matter sources in natural waters.
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The percent extracellulas release (PER) of DOM from phytoplankton is lil"c'el'y to be
affected by community- structure (algal species and physiology), llighil:,'.inténsity and ”
estuarine turbidity, nutrient deficiency and temperature (Myklestad 2000).

Smaller plankton release more DOM than larger ones because smaller cells have large1;
surface to volume ratios (Hasegawa et al. 2000). DOM extracellular release rates are low
in actively growing cells e.g. at the beginning of spring algal blooms and Iugh when cells
are stressed by nutrient limitation e.g. in late summer at_the end of the bloom (Bropk
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 estimated

to be 13 — 17 % in 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 includes the release of
excess photosynthates that accumulate when carbon fixation exceeds incorporation into
new cell material due to nutrient deficiency (Bronk 2002). DOM exudation according 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 glycollate 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 concentration gradient that
exists between the intracellular and extracellular pools of DOM (Bjornsen 1988), DOM
exudation according to diffusion model should reflect the composition of small molecules

in the intracellular fluid (Lee and Henrichs 1993). The subsequent uptake of LMW DOM
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compounds by aquatic organisnis such as bacteria would maintain the diffusion 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 for inducing the
release of DOM to the surrounding water and thé bacterial community (Sondergaard et al.
2000). Zooplankton érazer; (rmacro-zooplankton and mi.cro-zooplankton) can potentially
play an active role in release of DOM, transforming particulate orga:ﬁc 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 (Dafner and Wangersky 2002b). There are four main processes by which
macro-zooplankton may release DOM to the swrounding water: (1) excretory release,
DOM compounds 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 intracellular 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 ingested appeared as DOC in the extemal DOC pool
(Copping and Lorenzen 1980). It is showed that the major biochemicals (sugars, amino
acids, and pigments) made up 57 % of the organic matter in the diatoms (phytoplankton)
but only 35 % in fecal pellets produced by Calanus (zooplankton) during feeding

‘indicating zooplankton excretion (Lee and Henrichs 1993)

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

percentages of carbon and nitrogen depending on prey type (Nagata 2000). DOM released
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by bacterivory recycles DOM while DOM réleased via herbivory provides new DOM
(Nagata and Kirchman 1992). The released DOM consists of high~-énd low- rﬁolécillar.
weight compounds, dissolved free amino acid (DFAA), dissolved combined amino acid
(DCAA), as well as dissolved organic phosphorus (Carlson 2002, and references therein).
The extent of DOM release is positively correlated with the food concentration 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 pfoducers. Heterotrophic bacteria are the dominant consumers of DOM,
assimilating it as biomass or converting if to inorganic nutrients whereas photoautotrophic
bacteria (cyanobacteria) are net DOM producers (Carlson 2002). Bacterioplankton may
directly release DOM in the form of hydrolytic enzymes, which in turn result in
solubilization of attached particles and secondary release of DOM (Smith ef al. 1992; Lee
and Henrichs 1993). Bacterioplankton may contribute to the biologically refractory DOM
pool by transformation 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 the 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 the 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 eukaryoﬁc orgahisms may yield DOM compounds that are

biologically resistance to degradation (refractory DOM) (Carlsoh 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 ef 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; Seitzinger 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 environment include river inputs, sewage and
industrial 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 térrigenous DOC from rivers to the marine
environment is in the range 0.25 - 0.38 Gt C Yr' (Dafner and Wangersky 2002b). The
global discharge of riverine-estuarine DOC is sufficient to sustain turnover of the entire

pool of organic carbon dissolved in seawaters.
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Tﬁe quaﬁtities and characteristics of DON in estoarine and coastal waters largely depend
on riverine inputs, and they may bé totally different depending on the nature of the -
catchment areas being drained. In streams, riverine systems and freshwater reservoirs 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 environment (Kroeze and Seitzinger 1998; Boyer ef af. 2002;
Berman and Bronk 2003). Recently, DON inputs to estuaries via rainfall have been found
to have a biological impact (Seitzinger and Sanders 1999). Net atmospheric deposition was
the largest N source (> 50 %) to some USA estuaries such as Barnegat Bay, St. Catherines-
Sapelo, Barataria Bay and the forested basins of northern New England (Boyer et al. 2002;
Castro ef al. 2003). Rain is a significant source of DOC to surface seawaters and may be
equivalent to the magnitude of riverine DOC input to marine environment, where DOC
found to be 23 uM C for marine rain and 161 pM C for continental rain (Dafner and
Wangersky 2002, and references cited therein). Rainwater provides more bioavailable
DOC(13x 10°g C Yr") to the Long Bay than river water (7 x 10° gC ¥r' (Avery et al.
2003). Also, natural fluvial and atmospheric inputs of DON to the matine environments
are of similar magnitude (Cornell ef al. 1595). Therefore, it is important to consider DOM

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

(Cormell et al. 2003).
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1.3.1.2.3 Release from benthic sediment

DOM may be reléased to the water column from benthic sediments during res;uspension
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 sediment pore water -
DOC and DON is of relatively low molecular weight and appears to be refractory (Burdige
and Zheng 1998). In estvarine 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 rolé in the global carbon and nitrogen cycles (Burdige 2002;
Berman and Bronk 2003). For example, in Chesapeake Bay, pore water DOM
concentrations were elevated over bottom-water values, up to 160 pM N and 2000 uM C
for DON and DOC, respectively (Burdige and Zheng 1998). It has been indicated that
sediments play a more important role in the storage of dissolved organic carbon than rain
(Dafner and Wangersky 2002b). DON fluxes from the sediments in 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

Nitrogen availability in aquatic environments can limit primary production, or in excessive
amounts it can stimulate eutrophication and production of barmful algal blooms (Sigleo
and Macko 2002). Anthropogenic nitrogen inputs derived from various sources such as
fertilizer, livestock waste and sewage have caused eutrophication of many aquatic

ecosystems worldwide (Toda et al. 2002).

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

terrestrial, anthropogenic and in situ inpufs (Cifuentes et al. 1988). Stable nitrogen isotopes
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measurements have been used to indicate system level changes at aquatic sites resulting
from anﬂlropogenip _actix-rities in adjacent watershed 'tLake et al. 2001). Biogeochemical -
proce.sses such as nitrification, denitrification, remineralization and algal uptake also affect
dissolved nitrogen isotopic composition (Velinsky et al. 1990). However, the applications
of stable nitrogen isotopes have been used to differentiate sources and in situ production of
nitrate and ammonium, 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 sity phenomena, (2) provide an independent assessment of
dissolved organic nifrogen sources and make the anthropogenic sources identifiable and
traceable, (3) reflect the predominate mechanisms controlling 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 nitrogen

biogeochemical cycle (Feuerstein et al. 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 ef al. 1996; Sondergaard ef al. 2000; Middelburg and Nieuwenhuize 2000a).

1.3.2.1 Bacterial miner.alizatipn

The biogeochemical role of bacteria within the microbial web is to facilitate the
transformation 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). Heterotrophic bacteria are the predominant consumers of DOM and are
responsible for the bulk of the DOM decomposition (Sondergaard ef al. 2000; Becquevort

et al. 2002). Heterotrophic bacteria are able to directly transport LMW DOM compounds
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through their cell membrane via permeases. They can also utilise HMW DOM compoinds
after hydrolysis to LMW compounds via lextra.cellular hydrolytic enzymes (Sun et 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 lc_ical pn‘méry production .

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

fixation (Carlson 2002).

Photochemical
decomposition

Bacterial S——
mineralization e
Adsorption -
onto particles = Sediment

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 CO, production. So, bacterial mineralization of DOC takes place through the
conversion of assimilated DOC to hydrolysed components and ultimately CO,. The

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

(Hopkinson et al 1997b).

Around 70 % of nitrogen 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 bacterioplankfon 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 extracellular enzymatic break down of DON and the formation of
intermediate compounds such as urea and amino acid due fo the break down of the bulk
DON. These intermediate compounds are taken up and utilised by bacteria and
phytoplankton while further break down will generate NH,* (through the amonification
process) (Berman and Bronk 2003). The generated NH;" is then either assimilated directly
by micro-biota or oxidised under aerobic conditions to nitrite via Nifrosomonas and
subsequently to nitrate via Nitrobacter (nitrification process). Researchers have
demonstrated that heterotrophic bacterioplankton can utilise 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 using incubation experiments in the
Delaware Estuary, whereby 40 — 72 % of DON was converted to the biological available
DIN within 10 — 15 days (Seitzinger and Sanders 1997). Also, 65 — 85 % of the DON and
generated ammonium was rapidly consumed and converted to nitrate in the Elbe Estuary

through bacterial mineralization (Kerner and Spitzy 2001),

1.3.2.2 Phytoplankion uptake
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There are two possible mechanisms by which phytoplankton take upi.DOM. First, bacterial
decomposition of DOM and subsequent phytoplankton uﬁtake of the released compounds
(Bronk 2002 and feferences therein). The other possible mechanism is the direct
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 nitrogen for
phytoplankton in the marine environment. It was estimated that, within the equatorial
North Pacific, 30 ~ 50 % of the daily phytoplankton nitrogen 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 stimulate the development of
harmful algal blooms, including pelegophyte (brown tide) and dinoflagellates (red tide).
Brown tides hdave been observed along the Northeast Atlantic 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
nitrogen substrates available in estuatine systems could influence the commumity
composition of phytoplankton. Seitzinger and Sanders (1999) found that phytoplankton
communiity structure differed in growth experiments with estuarine water enriched with

NH; (small monads dominant) or with rainwater DON (dinoflagellates dominant).

1.3.2.3 Photochemical decomposition

Ultraviolet light .impacts DOM in the estﬁarine, coastal and sea wa.ters through
photochemical oxidation. This phenomenon plays a vital biogeochemical role in the
removal of DOM, as is of increasing interest as incident UV radiation has been increased

recently due to stratospheric ozone depletion (Dafner and Wangersky 2002b). Photo-
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degradation of DOM 1is often accompanied by changes in its optical propetties
(photobleaching) as photo-degradation reduces DOM ‘absorptivity in the UV ‘range
(Whitehead ef al. 20005. There are two photochemical oxidation /degradation pathways of
DOM. An abiotic pathway involves the direct photochemical mineralization of DOM into
C0,, NOy, NH;" 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 er al. 2002). These two pathways together can accelerate both the removal of
terrestrially derived DOM in estuarine and coastal waters and the geochemical turnover of
old DOM (Mopper and Kieber 2002, and references cited therein). For example, exposure
of surface continental shelf of sea water to sunlight for one summer'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 in 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 NHy, DFAA, DCAA, DPA (dissolved primary
amines) and NO, (Bronk 2002). This photochemical release could contribute to a
considerable N flux from DON. Bushaw et al. (1996) found that the additional inputs via
photochemical release from riverine DON into the SE USA coastal waters increased the
terrestrially derived available N by 20 %. In contrast, a mesocosm study in the St.
Lawrence Estuary suggested that labile DOM may be transformed into a more refractory

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

1.3.2.4 Sorption onto sinking particles
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Sorption of DOM oﬁto suspended particles has been proposed as an important abiotic
removal mechanism (Sondergaard er al. 2000; Carlson 2002). The consequence of this
process may include the following: (1) DOM becomes more refractory becauvse of the close
association of the adsorbed DOM with mineral surfaces. More than 90 % of the total
sed'imentary organic matter, from a wide variety of marine environments, cannot be
physically separated from the sediment 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 ef 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 time scale. (3) This in turn 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
sinking 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 ufilisation (refractory DOM) (Benner 2002). Understanding how refractory
DOM is formed and removed is essential in quantifying the global carbon and nitrogen
cycles. Refractory DOM may be produceﬁ‘ as a result of biotic (microbial food web) or

abiotic (photochemical reaction) transformation (Borsheim ef al. 1999; Sondergaard et af.

29




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

2000). Heterotrophic bz;cteria contribute to thé production of refractory DOM (Ogawa et
al. 2001). HMW DOM compounds are generally more bioreactive than LMW DOM
compounds, as enzymatic 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 biolc;gical consumption (Benner
2002). The assimilati.on of carbon-rich DOM is controlled by the availability of nitrogen;
as the consequences of nutrient limitation would be the accumulation of bif;degradable
DOC (Cauwet 2002). Accumulation has most often been related to algal blooms and their
subsequent decay (Sondergaard ef al. 2000). Physiochemical reactions were proposed as
the dominant mechanism for formation of refractory DOM. However Ogawa et al. (2001)
reported that 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 the concentrations and distributions of individual organic compounds 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 amino acids, simple sugars and urea,
followed by polysaccharides, proteins and finally humic substances and fulvic 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 ef al. 1993; Seitzinger and Sanders 1997; Frankovich and Jones 1998; Benner
2002). For example, Hopkinson et al. (1993) stated tﬁat the: DON. comprised 25. % amino
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 include neutral
sugars, amino sugars, amino acids (DFAA and DCAA), urea and humic substances (Bronk
2002; Benner 2002; Berman and Bronk 2003). As listed in 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, fucose, mannose and xylose (Borch
and Kirchmann 1997), while the most abundant amino acids are glycine, alanine, aspartic

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

Table 1.3 Neutral sugars and amino acids identified in marine waters (Benner 2002).

Neutral sugars Amino acids
Fucose Glycine Tyrosine
Rhamnose Arginine Histidine
Arabinose Alanine Isoleucine
Galactose Phenylalanine Glutamic acid
Glucose Serine Lysine
Mannose Threonine Methionine
Xylose Aspartic acid Leucine

Valine

1.4.2 Size classification
Distinctions between major size classes of organic matter in aquatic environments are
primarily based on physical separation by passage through filters 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 (Warigersky 1993). An 0.7 pM filter does not
separate all of the bacteria, viruses and small colloids fr01.n the filtrate (Cauwet 1999).
Thus, colloids (0.001-1um size range) fall predominantly in the operationally defined
DOM size class using the traditional filtration procedures (Eyrolle et al. 1996; Buesseler ef
al. 1996). Tt has been reported that colloids measurement is important for the
characterisation of truly dissolved organic matter (Wells and Goldberg 1991; Benner ef 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).

Ultrafiltration (UF), also known as tangential- flow filtration (TFF) or cross- flow filtration
(CFF), is a valuable tool for investigating 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 greatly 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 ultrafiltration
membrane with a ~1-nm pore size (ca. 1000 Dalton cut off or 1000 nominal molecular
weight) McCarthy ef al. 1996). HMW DOM is the fraction retained using 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 assimilate very LMW DON compounds such as urea al?d 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 (Amon and Benner 1996; Sun et clzl. 1997;
Seitzinger and Sandérs 1997; Kerner and Spitzy 2001). HMW DOM has long. term
bioavailability and can nearly completely be used as alternative N pool; whilst the LMW
DOM includes substances of short term availability, that are preferred over HMW DOM,
but at the same time contains significant proportions of refractory DOM (Kerner and

Spitzy 2001).

r

1.4.3 Optical characteristics

Over the past decade, there has been a renewed int.erest in the optical properties of DOM
pool in natural waters (Clark ef al. 2002; Biough and Del Vecchio 2002). The fraction.of
the DOM that absorbs light in both the ultra 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 ef al. éOOZa). CDOM has been referred to in the past as yellow substance, gelbstoff,
gilvin 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 number 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 overestimation of chlorophyll a concentration by satellite
sensors (Rochelle-Newall and Fisher 2002).

2- CDOM in estuarine ecosystems‘ is usually present at much higher concentrations
than in other marine systems, originating primarily from terrestrial sources via

rivers (Bowers ef al. 2004),
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3< Absorption of sunlight by CDOM alse initiates the formation of a variety of
photochemical products, which are a éink for DOM; ﬂns phenomenocn --may
significantly influence the biogeochemical carbon and nitrogen cycles (section
1.3.2.3).

4- The increased lejrels of UV radiation due to ozone depletion in polar regions have
raised concerns over the possible impacts of UV 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 harmful 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 from terrestrial sources across the estuarine environment,
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, include wet and dry
atmospheric deposition, rock weathering, decomposition of organic matter, and
anthropogenic inputs (Chester 2003). Water reaches the river environment from rainfall,

surface runoff, discharge from aquifers and wastewater.

An estuary is defined as an inlet of the sea reaching into a river valley as far as the upper
limit of the tidal rise and within which seawater is measurably diluted with freshwater
associated with land drainage (Fairbridge 1980; Elliott and McLusky 2002). Estuaries
mediate the transfer of organic matter from drainage basins to coastal and ocean waters

(Prah! 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 ;ﬁtrogén transport to the
coastal watets (Bouloubassi ef al: 1997; Murrell and Hollibaugh 2000). Estuaries can act as -
retention pools, where the mixing of riverine apd seawater enc.i-members delays the export
of non-reactive dissolved continental loads for a period equivalent to the flushing time for
ﬁeshwatex;s. In addition, estuaries cém function as efficient rez;ctofs where physical
(adsorption/desorption, flocculation, deflocculation), chemical (oxidation/reduction,
complexatif)n) and biological (production/respiration) processes occur. The exfent of these
processes !affects the distribution profile and behaviour of the reactive dissolved organic
matter, and consequently their export.from the riverine-estuarine system to the coastal -
waters (Miller 1999). The reactivity of dissolved compounds and flushing rates are
dependent on their chemical nature, biogeochemical processes in the riverine estuarine
system and its geomorphology (i.e. river flow, tidal range, turbidity, etc.) (Goni ef al.
2003). Within the estuarine environment, there are usually large spatial and temporal
changes in variables such as salinity, pH, DO and SPM, these in turn may affect the

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

The dilution of seawater with river. water in the estuarine environment leads to a
longitudinal salinity 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 in 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 inputs but is subject to daily tidal action. Estuaries can be
classified, depending on tidal action, into micro-, meso-, macro-, and hyper-tidal with tidal

L

range of <2m, 2 — 4 m, 4—6 m, and > 6 m, respectively (Uncles et al. 2002).
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Estuaries can be classified, according fo water circulation and salirﬁty in_to the following

(Bowden 1980; Chester 2003):

1- Highly stratified estuary or salt wedge eshJ.arj; the Mississippi Estuary is an example.
The river flow dominates the circulation almost completely. The salt water extends info
the river as a wedge under the fresh water flow, the out flowing water remains fresh up
to the mouth of the river. In some estuaries the saline 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 estnary such as the Winyah Bay (Goni ef al. 2003), in which there are
still two layer structures, with fresh water at the surface 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 mixing relative to that of the river flow is very strong; there

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 transported materials. The physical mixing process results in a linear relationship
between the concentration of a component and salinity. If the distribution of dissolved
component in an estuary is controlled only by the physical mixing pattern, its concentration
along the salinity gradient will yield a straight 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 coritrast, when the component is reactive and there is addition to or removal

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

non-conservative behaviour (Figure 1.10).

Theoratical (A) .. Addition (B)
eoretic . l .
< dilution line .-~ o) T.het:).renc.al
k) ’ % *._ dilution line
M f':q B § A S
b= oy
£ g
5 =
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© O
Removal
Salinity Salinity

Figurel.10 Estuarine mixing graphs for (A) a component with a higher concentration in the

sea water than in river water, (B) a component with a higher concentration in 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; ‘transferring 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 time required to transport a conservative

component from a specific location within the estuary to the mouth (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™h
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1.6 Aims and objectives

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

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

(DOC) and nitrogen {DON) in contrasting riverine-estuarine systems. To achieve this aim

the following objectives were set out:-

1- The optimization of a high temperature catalytic oxidation (HT(_)O) analytical method
for reliable analysis of DOC and TDN in natural waters.

2- The investigation of temporal (seasonal) and spatial changes in DOC and DON
concentrations in contrasting riverine-estuarine systems that are influenced to different
degrees by anthropogenic carbon and nitrogen inputs, the Yealm and Plym estuaries.

3- Examine the bioavailability of DON within a riverine-estuarine system via laboratory
incubations using natural bacteria from the Plym Estuary. 7

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

situ N transformations.
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Analytical and sampling methods and materialsr

2.1 Introduc’ti(lm.

Understanding of the global carbon and nitrogen cycles depends initially 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
organic carbon (POC) and nitrogen (PON), and dissolved inorganic carbon (DIC) and
_ nitrogen (DIN). DIN comprises ammonium (NH,"), nitcate (NOs) and nitrite (NO).
Methods 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, including 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 colorimetric 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, including sample collection, handling
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, an.alytical challenges and quality assurance. Pr.ocedures for
. the measurement of supporting de;cenninarids, i'nc.luding master variables (salinity, pH,
conductivity, temperatﬁre and dissolved oxygen), ammonium, nitrate and nitrite, reactive
phosphate and chlorophyll a, are alsé described. The analytical aspects of bacterial
bioassay incﬁbation experiments and st-able nitrogen isotope analsfsis, which were
undertaken to improve our understanding of estuarine DOC and DON biogeochemistry

will also bé discussed.

2.2 Optimisation of HTCO for DOC and DON determination

2.2.1 Samplmg protocol

Sample collection protocols for DOC and DON in natural waters should be designed to
minimise changes in sample composition resulting from contamination, sorption ontd-
container walls, biological activi'ty and physicochemical flocculation processes (Sharp ef
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 samplé collection and
measurement procedures. In this study all glassware and plasticware used for sample
collection and filtration for DOC, DON and other determinands were cleaned using the
following protocol. A soak in 2% Decon for 24 h, a rinse with ultrapure water (deionised
and UV irradiated) (Blga Maxima®, 18.2 MQ em™), a soak in 10 % HCI for 24 h, and
finally a rinse with ultrapure 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 filtration unit, glass fibre filters, Pyrex glass bottles, HTCO vials, glass ampoules

and any other small glass components used for sample collection and manipulation were
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-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 the water column (Sharp ef al. 1993a; Spﬁes et al. 2000). Go-Flo bottlé produced
| by Gen,erai 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
common use {Wangersky 1993). Both Niskin ;dlld Go-Flo bottles are designed to minimise
contamination and can pass the air-sea interface closed (Spyres et al. 2000). It is important
that the sampler passes through the air-sea interface closed, to prevent sampling 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 bottles. Plastic containers that
have been thoroughly cleaned and aged can be used for temporary storage of the sample

(Wangersky 1993; Sharp ef al. 1993a).

Sample collection was undertaken as follows. Polyethylene plastic gloves were womn
throughout the sample collection and the following handling procedures. The sample
collection bottles for DOC, TDN and DIN were 250 mL Pyrex glass fitted with Teflon
lined cap. The samples were collected from the surface water (0.2 m depth) after rinsing
the bottles 2-3 times with the sample to reduce sorption to the glass wall, as shown m
Figure 2.1 (Sharp et al. 1993a). Filtration and the following procedures were undertaken
within 2-3 hours of sampling. Regular sample collection was undertaken in the Yealm 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 the Yealm estuary-side by
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walking ( due to difficulty in arranging a boat ) w};ich caused inconsistency in sampling
time, where some samples were collected at high .tide and others at relatively low tide from
shallow water. Hence DOC cdncentations for those samples collected ﬁ't-)m shallow water
where the highest among all samples. Therefore, data from the early months (February and

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

The sorptién of DOM onto clean and combusted glass surfaces due to surface activation
from con;bustion 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 thret? times with the sample
before sampling and the others were filled directly with the sample. Then all bottles were
subject to the same sample manipulation including filtration and preservation. Results
showed identical DOC and TDN values (wiﬁ}in the analytical error of measurément) for
each station (Y1 and Y2) (Figure 2.2). These observations indicate that there was no

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

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

2.2.2 Sample filtration and preservation

2.2.2.1 Filtration

Filiration 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/lIysis (Spyres ef al. 2000). Filtration is used to remove living and detrital
particulate organic carbon and nitrogen 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

the DIC (Dafner and Wangersky 2002a).
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A clean, glass filtration unit should be used, with filtration typically ﬁndertaken through
‘combusted (450°C, 4 — 6 h) glass fibre fﬂters of néminal pore diameter 0.7 pm (i.e. GF/F),
which have been widely used (Walsh 1989; Wangersky 1993; Koike and Tupas 1993;
Sharp ef al. 1993a; Cauwet 1994; Cauwet ef al. 1997; Ogawa ef al. 1999; Spyres et al.
2000; Murrell and Hollibaugh 2000; Aiken et al. 2002). Filtration should be échieved

under low pressure to avoid cell lfsié (0.1 kg cm™) (Miller et al. 1993a; Dafer and
Wangersky 2002a).

The advantages 6f these filters (GF/F) include low contamination and relatively high flow
rates (Sharp ef 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 increasing DOC and TDN concentrations in the
filtrate. Furthermore, they do not separate all of the bacteria, viruses and small colloids
from the filtrate (Wangersky 1993; Norrman 1993; Sharp ef al. 1993a; Cauwet 1999). With
respect to the last point, it has been argued that the fraction of particulate organic matter in
the filtrate 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 ef al. 2000).

Anopore aluminium oxide filter membranes with 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
their 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 clogging, leading to cell lysis and leaching of additional DOC and DON
into the filtrate (Williams et al. 1993b). Other 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 in the membrane matrix is readily leached into solution (Spyres ef

al. 2000).

In the current study, all samples were filtered in the laboratory within 2 — 3 h of collection
through precombusted 47 mm diameter GF/F filters (Whatman) of nominal pore diameter
0.7 ym in an all glass filtration unit, (Figure 2.3). Filtration was achieved uﬁder low
vaéuum, (< 5 psi) to prevent cell lysis. Filtration unit was flushed: 3-5 tiﬁles with ultrapure
water and twice ﬁm the sample between each sample in order to avoid cross

contamination (Cauwet 1999).

An investigation to compare the use of GF/F (0.7 um pore size, 47 mm @) and Anopore
aluminium oxide (0.2 pm pore size, 47 mm @) filter membranes was carried out on
samples collected from the Plym Estuary during the July 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 in three out of four samples, the DOC concentrations were similar (Withili'l 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
concenirations between GE/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 pm. The
results also indicate that the two filter membranes, of significantly different nominal pore

sizes (0.7 and 0.2 pm), showed similar filtration efficiencies under the conditions

examined here.
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2.2.2.2 Acidiﬁcation and storage.
There is no widely accepted Opinioh' on which. technique is best ‘fo'i' DOC-TDN sample -
storage. Sharp et al. (1993&) and Sharp et al. (1995) evalﬁated and viewed quick-freezing
as one of the best method for preservation of sample. Tupas ef al. (1994) found there were
insignificant differences between freezing and cold storage when the samples are acidified.
Wiebinga and de Baar (1998) observed that-acidification and subsequent cold storage uia 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; Dafner
and Wangersky 2002a).

After filtration, of a sample, aliquots were transferred to pre-cleaned High Density Poly
Ethylene (HDPE) bottles; one for nitrate plus nifrite and reactive phosphate measurements,
and another for ammonium (Figure 2.5). These bottles were preserved via freezing (-20°C)
in the dark until analysis, A third aliquot was transferred to a 20 mL clean glass ampoule
for DOC-TDN analysis and stabilized by acidification to pH 2-3 using 20 pl of 50 % v/v
HCI 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 ef al. 1997;
Hopkinson ef al. 1997; Spyres et @l 2000; Murrell and Hollibaugh 2000). Some
researchers prefer to use orthophosphoric acid (H3POy) 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 ef al. 2000). Our HTCO system includes a halogen
serubber 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 the loss of volatile organic compounds (VOC) by hydrolysis of _organic mater.
However, the latter phenomenon is expected to be insignificant when ampouiles are sealed '
quickly, as VOC values are usually less than 1 % of the DOC values (Wangersky 1993;

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

GF/F for chlorophyll a

F Y

Y
Y A4

NO;” +NO5”
DOC/TDN Reactive PO4'3 NH"

Acidification

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 ef al. 1993a; Spyres et al. 2000). Sealing the ampoules requires care and
experience, and contamination of the sample by volatile organics from the flame gas must
be-avoided. The ampoules are then stored in the fridge (at 4'°C) until analysis. Using this
protocol it has been shown that there is neither congistent 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 maximum storage time
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- in the current study waé four'months. for'the first sampling exercise in -Febfuary' 2001, until
‘getting reliable 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 contam.inatiQn, from the filtration and subsequent steps was assessed by
substituting fresh, ultrapure water (i.e. negligible C and N) for the sample. The sample
method treatment blank was found 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 filtration and ultrapure water
blanks. This suggests that there was no significant systematic contamination and supports
the measured DOC and DON data quality. Usually, the filtration blanks were subtracted
from the measured concentrations. However, high DOC and TDN values (9 — 14 uM DOC
and 1.8 — 2.2 uM TDN) were observed for a number 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 filtration unit 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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Figure 2.6 DOC sample filtration and treatment blank (uM C) compared with ultrapure water blank for the 28 samp]mg campaigns undertaken n
the Yealm and Plym estuaries {from March 2002 until September 2003). |
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Figure 2.7 TDN sample filtration and treatment blank (UM N) compared with ultrapure water blank for the 28 sampling campaigns undertaken in
the Yealm and Plym estuaries (from March 2002 until September 2003).

51







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

2.2.3 Analytical method for DOC and TDN determination u‘sing,HTCO- '
2231 DOC and TDN o -
For tﬁe determinaﬁ-or'l of DOC and DON, one of the following two approaches is
commonly 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 CO; and NOj (Williams ef al. 1993a; Sharp 1997; Dafner 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 method relies on the breakdown of all DOC and TDN to CO; and NO, which is
subsequently measured by infrared and chemiluminescence techniques, respectively
(Walsh 1989; Hopkinson et al. 1993; Sharp et al. 2002b; Peterson et al. 2003). The direct
aqueous injection approach depends on high temperature oxidation of carbon and nitrogen
compounds with (HTCO) or without (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 the 19505 and 1960s, WCO methods (mainly persulfate oxidation, PO) and the
UV photo-oxidation methods were introduced and became standard approaches for the
determination of DOC and TDN in natural waters (see review by Sharp 2002). Each
method has advantages and disadvantages as discussed below. Disadvantages of WCO
include the following: (1) as a result of the batch nature of thé 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 oxidising ability of tHe reaéent'chc?)sen. (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
) 4
Sample acidification and sparging
to remove DIC (in case of DOC
only or combined DOC-TDN
measurements) - - —
Oxidation of all DOC and TDN to- Oxidation of all DOC to CO, and
CO, and nitrate (NO3” respectively thermo-decomposition of all TDN
via to nitric oxide (NO) by
" PO method or ® HTO method or
® UV oxidation method B HTCO method
or C02
A 4 ! Y
Colorimetric measurement of CO, Measure CO; with NDIR detector
and NO;3 plus NOy” and NO with chemiluminescence
detector

\/

DON is céllculated 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 UV methods ha;fe somé advantages over WCO. The O}c-'idant" is genera{ed
; (':On_tinuously,_ and therefore i_s.ndflsubject to éxﬁailétild}ll .‘A' Cl-leI]'f-liCEli‘l'-O)?'(i.(ji;l.-Il-t' ¢an be hadcie'd
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

from the same storage and sample handling 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 er al. 1992; Peltzer and Brewer 1993; Miller et al. 1993a; Williams et al.
1993b). These studies indicated that the higher HTCO results 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
methods (Miller ef al. 1993a; Williams et al. 1993a; Sharp ef al. 1993b; Sharp 1997). The
confroversy over the accuracy of DOM measurements amongst marine scientists lead to
the Seattle DOC/DON workshop héld in Washington 1991. During this meeting, the
HTCO method was recognised as the most precise and accurate technique for the oxidation
of DOM in seawater (Hedges ef al. 1993a; Alvarez-Salgado and Miller 1998b). The
workshop brought forward recommendations on the HTCO techniques, including 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 methods and HTCO mefhods shéwedllittle of no
- .signiﬁcai_lt difference between. the three methods when freshwater sarﬁples we;'e analysed’
(Benner and Hedges 1993; Sharp ef al. 1993b; McKenna and Doering 1995). In contrast,
in an inter comparison made with seawater samples, higher concentration were measured
in samples analysed by the HTCO method (Chen and Wangersky 1993; Tugrul 1993;
Miller ef al. 1993b; Sharp et al. 1993b). Later, it was reported that most WCO methods
resulted in only few pércent lower DOC values compared to HTCO, when the blanks are,
correctly estimated (Cauwet er 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 ef al. 1996; Cauwet ef 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 from 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) in
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 participant_s 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 (NO5", NO,” and NH,").
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‘Although the HTCO instrumeéntation needs cgreﬁ.xl maintenance and a;qualiﬁed analyst, it
potentially provides: simultaneous 'measurémcnté of bofﬁ DOC and TDN in:-tllle é‘arﬁ-e |
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 ef .
2002b). The approach is amenable to automated ;maly.sis and mékes data r‘apidly avajla;ble
after the. completion of the field sampling and analysis, is reliable and relativeiy easy to
operate (Hedges ef al. 1993a; Alvarez-Salgado and Miller 1998b; Kahler and Koeve 2001;
Datner and Wangersky 2002a; Sharp ef al. 2002b). Moreover, the availability of reference
materials and participation in inter-calibration exercises has resulted in increased accuracy
and higher precision (Dafher and Wangersky 2002a). The HTCO methods are currently the
preferred analytical technique for the determination of dissolved organic carbon and
nitrogen in natural waters and have been well documented and critically assessed by a
number of researcherrs {(Cauwet 1999; Spyres et al. 2000; Dafner and Wangersky 2002a;

Peterson ef al. 2003; Badr ef 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 CO5 and thermo-
decompose all TDN to nitric oxide NO (probably a combination of NO and NO, (Sharp et
al. 2004)) at 680-800°C in the presence of a catalyst (e.g. platinum on aluminium oxide).

HxO(g) derived from the sample itself is a major source of reactive oxidizing species in
HTCO instrument (Chen ef al. 2002b)

680-800°C
DOC/TDN » CO;+NO+H,0

Catalyst
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. Then, the combusted gases are purified and the CO, concentrations are determined using a |
non-dispersive infrared (NDIR) detector. The éignal from the NDIR is recorded (voltage)
using & data acquisition/integration system and peak area measurement is used for
quantification of DOC concentrations. NO, as the NO," excited state formed following
oxidation with Qs, is measured using a chemiluminescence detector (NCD).

2NO +2 O3 — 2NO* +2 0,
NO,* — NO, + ho '

The emitted light (hv) 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 concentration 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). Inorganic carbon (CO-, C052, and HCOz3") 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 time varies
between 3 — 10 min, depending on the gas flow rate and the amount of inorganic carbon in
the sample (Dafner and Wangersky 2002a). Sparging 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 ef al. 2000) and every analyst should establish the optimal
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conditions for their system for the complete removal of DIC (Peltzer and Brewer 1993).
. Purging could remove VOC from the Salniale, but the VOC fraction lost is usually minor',l

<1% of total organic carbon (TOC) (Wangersky 1993; Spyres et al. 2000).

Acidification & automated purging of filtered
sample for DIC removal

) Sample inj ection (100 pL) using autosampler’

l

Oxidation of DOC and break down of TDN to
CO; and NO, respectively via HTCO

-

CO; detection using NDIR detector

¥

NO carrier gas passes through Nafion membrane
drier and then routed to NCD reaction cell

h 4 ’
NO detection by chemiluminescence

Figure 2.9 Principles of the high temperature catalytic oxidation method for simultaneous
determinations of DOC and TDN.

A purging test was performed in the present study using a natural water sample from the
Yealm Estuary (21-03-02). The sample was acidified to pH 2-3 using HCI (10 pL of 50 %
v/v HCI per 10 mL sample). A constant purging gas flow rate was chosen that is 75 mL
min™! ultra high purity oxygen (99.999 %) which i$ appropriate to the small DOC vials (6
mL) to avoid sample overflow. Then the sample was purged for a series of time intervals
©, 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 that under these conditions, at least 8 min of
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Sparging was necessafy for the complete removal of DIC, as illustrated in Figure 2.10.

Using this specification, purging for the first minute could remove Up to 85% of the DIC in R

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 from sparging trial, representing relationship between sparging time
and peak area for DOC (4) 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 the NCD-255 - | 100.ml min®
Purging gas flow tate 75 ml min™
Purging time _ 8 min
Injection volume 100 pL
Number of injections - 3-5
Catalyst 0.5 % Pt coated aluminium oxide
Furnace temperature 680 C
Oxidation products COand NO
Detection NDIR (CO,) and chemiluminescence (NO)
Recording Peak area
Standards Mix. of Potassium hydrogen phthalate (KHP)
and Glycine (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 injected
by the motorised syringe of the TOC 5000A into the combustion tube (mounted in a
vertical furnace). Three to five replicates of 100 pL sample are withdrawn from the
sample vial by an acid-resistant stainless steel needle connected 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 sainple to be analyzed is autoﬁiatically sparged with ultra .pure
oxygen. The needles are automatically washed with an ultrapure water rinse between
sample injections. There is a 4- port valve connected to the motorised syringe. One port

is for the sample withdrawal and the second port is for the sample injection onto the
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furnace through total carbon (TC) channel in éase of DOC analysis. The third port is for
the sample injection through ihorga;ﬁc carbon.(I;C) channel in case of I-DI.C anaiysis, and
the fourth port ils for withdrawal of the ultrapure water during the instrument 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 bctﬁeen samples, and also-washed three fimes with the sample itself be.fore the
sample ‘is injeqted’ onto the column. Needle blockage due to salt deposit from saline
samples was removed by sonication in a low-frequency sonicator, filled with ultrapure

water, for 3 — 5 min (Dafner and Wangersky 2002a). Also, the ampoules were shaking

well before analysis to make it homogenous.

2.2.4.2 Oxidation

A. 100 pL sample is injected into the vertical combustion tube where, by catalytic oxidation
at 680 °C, dissolved organic carbon and total dissolved nitrogen compounds are converted
into CO» and NO respectively. The oxidation products (CO,, NO, H,0) are carried by an
ultrapure (99.999 %) OJL;ygen 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 in the
combustion tube, and lead t6 incomplete combustion (Qian and Mopper 1996). Bottled
ultrapure oxygen is the preferred sparging and carrier gas because of the guaranteed low
contamination (Suzuki ef al. 1992; Hansell 1993; Alvarez-Salgado and Miller 1998b;
Spyres et al. 2000). The use of COg-f;ee air and low purity bottled oxygen for the TOC
analyser, during an initial peried of 4 months (September 2000 — December 2000) of this

study, resulted in unstable baselines, irregulars 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 CO, —free air or low purity.oxygen
(A) and uitrapure 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 mm in diameter and 230 mm in height, and it is mounted vertically in the
furnace. 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 further

layer of quartz wool (5 mm deep) which prevents physical disturbance of the catalyst
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particles and acts as a barrier to-the deposition of salt on the catalyst (Suzuki et al. 1992).
Injections of ultrapure water between samples was ‘undertaken to eliminate- carry over

problems due to accumulation of sea salt on the catalyst (Dafner and Wangersky 2002a).

0.5cmf f———Quartz wool
B wll s ee o
(AL
1 v.04 0.5 % Pt coated
3 em 500 alumina catalyst
A 4
0.5emf | ___ uartz wool
Platinum 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 with CuO and St}lﬁx, have been used to facilitate DOC and TDN thermo-
decomposition. Benner and Strom (1993) found that the alumina support is the primary
source of carbon contamination in the platinized-alumina catalyst. The instrument blank
associated with the platinized-quartz catalyst is relatively low and would be a better choice
for seawater analysis. However, the Pt-quartz catalyst clogs with salt quickly and it cannot
be removed from the combustion tube and washed as is the case for Pt—alﬁmina catalyst
(Dafner anid Wangersky 2002a). Studies indicated that the Pt on Silica catalyst has the same
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g oxidation efﬁciency as the Pt on alumina, but'is usually less- contaminated with carbon and -r
glves a lower total blank (Cauwet 1994 Dafner and Wangersky 2002a). A higher blank of |
the Pt on alumma catalyst is due to the afﬁmty of Al,O3, as an amphoteric species, for
COy, while silica (SiO») is an acidic oxide with only a small adsorption capacity for CO,
(Cauwet 1994; Skoog et al. 1997). Also, the Pt on z.llumina catalyst particles contain
carbonaceous impurities that diffuse to the catalyst. surface and are oxidized (Skoog ef al
1997). However, regardless of the blank signal, all types of catalyst currently in use appear

to be equally effective in the oxidation of organic carbon (Dafner 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 furnace temperature was heated to 680 °C for
24 h, (iii) ultrapure water was repeatedly injected until the total blank was reduced to an
acceptable low value, which was generally a DOC peak area of less than 3000 (Dafner 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 DQC detection

The combustion gases are swept by the carrier gas into a ¢ooling coil and high purity water
trap for cooling and H,O vapour condensation. Then, they are passed through an inorganic
carbon (IC) reaction vessel, containing. 25% H3PO4 (with added AgNO;), which prevents
dissolution of CO, in water vapour in 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 passing them through a halogen scrubber

to remove halogens, and a membrane filters to remove particles.
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The puriﬁgd gases are then transferred to ‘the infrared cell for Cbz detection by a non-
dispersive infrared (NDIR) detector. The optical NDIR system consists of a light source, .
measuring cell, detector and preamplifier. The measuring cell consists of a samplel cell and
a reference cell. Both have gold plated inner walls. The carrier gas with CO, passes
through the sample cell while the CO,-free carrier gas passes through ‘the refereqce cell. |
The NDIR principle relies on the fact that CO, absorbs infrared radiation 1n the IR -
wavelengﬁls, while the monatomic carrier g‘ases (such as O, and N3) do not absorb this
radiation. The amount of the infrared radiation absorbed is proportional to the amount of
the CO, gas, in accordance to the Beer—Lambert Law. The signal (voltagej 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 concentrations using a

calibration curve.

2.2.4.4 TDN measurement

TDN was determined by a nitrogen—specific chemiluminescence reaction. Following CO;
measurements, the combustion gases, including nitric oxide (NO), are pulled into the
NCD-255 using a vacuum pump. A gas dehumidifier (Nafion membrane drier) was
installed at this stage to remove any remaining water vapour not removed by TOC
instrument dehumidifier, 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, controlled by means of an extra-fine metering valve. The remaining 50
mL min’l, after passing through CO; scrubber for removal of CO,, is passed to the
Shimadzu NDIR reference cell and then out to the atmosphere. The gas flow rate to the

NCD was optimised at 100 mL min™” in order to maximise the sensitivity of the TDN
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measurements whilst not significantly affecting the sensitivity of the DOC meé.surements,
as illustrated in Eigtire 2.14. This flow rate. increaséd’ TDN sensitivity by 22’ % and

decreased DOC sensitivity by only 3 %, compared with the use of only 50 mL min™ for

TDN analysis
100 4
90 -
T 80
2
=
g 707
& ]
L
2
60 -
75
DOC slope 99.15 96.26 96.15
TDN slope *(100) 74.11 85.85 95.07
Carrier gas flow rate to the NCD (L min” )

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 NO," 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 ef 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,
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version 6.0). The recorded signal is stoichiometrically proportionial to the amount 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 qhallenges;. associated with the coupled HTCO TOC-NCD technique
AIﬂlOl}gh HICO techniques can provide highly precise data, some analytical challenges
are encountered.

2.2.5.1 TDN analytical challenges

Potential challenges in the analysis of TDN, using the coupled HTCO TOC-NCD

technique, which may lead to poor accuracy and precision, include the following:

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% CaSO4, 3% CoCls) (Alvarez-Salgado and Miller 1998b). The use of a Nafion

membrane drier (Perma Pure Inc.) in this study resulted in an excellent maintenance-

free drying procedure.

2. The peak shape depends on the nature of the nitrogen compound (Alvarez-Salgado and
Miller 1998b). The higher oxidation states (e.g. +5 for nifrate) 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 concentrations (> 80 pM, e.g. many estuarine

and river water samples) a longer peak integration time for the TDN relative to the

DOC is required for the coupled TOC-NCD instrument used in this study. The high
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“TDN concenfrations result in increased tailing of the TDN peaks possibly due to slow |

oxidation of a fraction of the N _com_pounds.' ‘Consequeﬁﬂy, -Iohger DOC 'peak-t

-

integration times and an appropriate dilution with ultrapure 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 ef al. 2004) .

4. Ata éeneric level appiicable to both the HTO/HTCO and WCO methods, a small
relative error in the TDN or DIN measurements can lead to a large error in the estimate
of DON particularly 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
nitrogen is unreactive to standard DIN procedures (Walsh 1989). Therefore quality

assurance protocols and an excellent analytical precision are required for the TDN and

DIN measurements.

2.2.5.2 DOC analytical challenges

Regarding DOC measurements by the HTCO method, the most significant sources of error
are. mechanical effects, the estimation of system blank, and the oxidation efficiency
(Spyres et al. 2000). Mechanical effects include sample injection, salt deposition and
memory effects (Qia and Mopper 1996; Alvarez-Salgado and Miller 1998b). Manual
injections of samples are intensive labour, time consuming, susceptible to contaminationr
and difficult to reproduce. These challenges are less likely to occur with the use of
automated injeéctions (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 ef al. 2000). The salt abrasion problems were eliminated with

regular and careful cleaning and maintenance of the needle, syringe, and injection slide.
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Injection of the sample at high tefnperature results in an expansion introducing volume
higher than the void space Qf the combustioﬁ tui)e. Subéeqlientljr a c'c')ld'zorie-atltlhe cé-lumn '
head may result from higher pressure, causing the d;epo_sition of salts (Skoog ef 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 sampleé). Memory effects
were evident particularly when injection of sample or standard with a high DOC
concéntration was followed by a sample or ultrapure water with low concentrations of
DOC (Qian and Mopper 1996). The salt residue at the column 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 (Dafner and Wangersky 2002a). The top of the catalyst was covered with a layer
of quartz wool (5 mm) 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) flushing the system with ultrapure water (up to 50 injections) every day
before starting analysis and at the end of the run, (ii) regeneration of the catalyst with 2 M
HC], (iii) removal of the salt deposition on the top of the catalyst, (iv) replacing the catalyst
after the 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
determination, (ii) a systematic evaluation of the oxidation efficiency of a variety of
organic compounds {including less easily (;xidised compounds), (iii) accurate and precise

instrumental calibration using easily oxidised standard compounds, and (iv) testing
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analytical veracity with certified reference materials V(CRMS), i this case deep ocean water
with low conc.entrations-of DOC and TDN “(Wangersky 1993; Hopkinson .ef 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 determination and subtraction of total blank is of key importance
. for high quality DOC and TDN data. Using the HTCO method, the ’lcotal blank is derived
from (i) the use of ultrapure water, (ii) a reagent blank from the acid added for acidification
(iii) the instrument (or sy.stem) blank generated from sample line contamination and the
catalyst used (Benner and Strom 1993; Williams ef al. 1993a; Cauwet 1999). The peak
area of the injected acidified and purged ultrapure 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; Williams ef al. 1993a).

2.2.6.1.1 DOC total blank

The water and reagent blanks are minor components of the total blank compared to
instrument blank (Benner and Strom 1993; Dafher 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 SiC; (s) and CaCy(s) on the surface of the combustion tube
between sample injections, (i) slow diffusive flux of carbonaceous impurities in the
catalyst to the surface in the combustion tube during the time interval between sample

injections (iii} sorption and desorption of CO, by the alumina as it is amphoteric oxide
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(Peijdue et Val. -1993; Skoog et al. 1997; Alvmez—Sﬁgado and Milley 1998b). -HOWever, ﬁhe ‘
instrument blank can be reduced to < 10 iM C after rigotous cleaning and c(-)n'ditioning of "
the catalyst and systematic injections of uItraﬁure water during analysis (Wiebinga and de
Baar 1998; Alvarez-Salgado and Miller 1998b; Dafner and Wangersky 2002a). The major
difficulty w1th total blank estimation is the lack of a completely carbon-free water to

calculate the carbon contamination from the instrument alone (Dafner and Wangeisky

20023).

Although no common profocols for DOC blank have been described, recent literature
provides clear guidelines for blank correction (Alvarez-Salgado and Miller 1998b; Cauwet
1999; Spyres et gl. 2000; Sharp ef 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 illustrated in Figure 2.15. Not accounting 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 1-993). In contrast not accounting for the instrument
blank (using peak area of shifted calibration divided by slope ) will result in overestimation
of the DOC in the sample (Benner and Strom 1993; Miller ef al. 1993b). Thus the accurate
determination of the instrument 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 frap comprising thcorctica.lly' carbon-free
water. Subsequently, this solution is re-injected (five replicates of 100 pL each) and the
whole process is repeated 10 times to give 50 injections of theoretically carbon-free water

(Alvarez-Salgado and Miller 1998b). The instrument blank is then calculated as the
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average peak area of the tenth series of mjecuons (the Iast five mJectmns in the whole 50
injections); t}us is converted to a concentratlon vaIue usmg a daﬂy cahbratmn curve’

(Benner and Strom 1993).

— The correct line to be used '
—= Not accounting _the instrument ‘blank (overestimation) |
—— Not accounting the water blank (underestimation)

(A typical HTCO calibration curve)

Peak area

-

d

Total blank

DOC pM

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 nu:mber 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, from 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 1% and 2 BC, and
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very low for 3™ BC, and thus they were excluded from the cz}lculat'i;on of the instnimént :
~ blank (Figure 2___..1.7').2 ‘Thel-zn.d EC value was the 'iiighest as a newly (l,_onditioned éafalyst'was |
used, whereas the catalysts used with the 3" BC and 1% BC were one month and four
month; 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 in this
work becausc_ the calculated instrumer;t blank area was higher than the daily total blank

using injections of ultra pure water, excluding the 1% BC done before conducting the field

study.

The other, common alternative method for blank correction, which was adopted for this
study, is the subtraction 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; Wiebinga and de Baar 1998; Spyres et al. 2000; Sharp et al. 2002a;

Dafner 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 using 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, including 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 ulirapure water used during this sm'dy is approximately 2 pM C, and this concentration

' was added to all me—asuremehtsrof the natural water samples. -

30000 e
1 1st BC "30-01-2002"
25000 - o
i . . .
20000 : o« o Y . .
15000 '
10000' “
5000 ~ )
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Figure 2.16 TOC 5000A instrument blanks using Shimadzu platinized-alumina catalyst.
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Sample:BlanE Check ID:_Run1

+ 1% BC "30-01-2002"

Signal [%]

Figure 2.17 TOC 5000A instrument blank peak profiles using Shimadzu platinized-
alumina catalyst.

2.2.6.1.2 TDN total blank '

In the c:;a.se 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 limit. This agrees with findings by Hopkinson 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 their HTCO combined blank as 2.37 uM N using
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 their coupled HTCO

76




El-Sayed A. Badr

Chapter two Analytical and sampling methods and materials

"TOC-NCD system to be in the range < 0.3 — 0:6 uM N. These observations in&icate j:hat |
-the combined system and ﬁltré.pure water blank should be less tfoubles_ome for "I-I"-I"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 -
_Naturall DOM comprises 2 spectrum of compounds of varying resistance to oxidation. -
Since the chemical character of DOM remains poorly described, it should 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 initially be determined daily and
recoveries established for each method and/or instrument, after which periodic assessment
is sufficient (Hopkinson et al. 1993; Spyres et al. 2000). The HTCO method has been
shown to be able to quantitatively recover the carbon and nifrogen from a range of
compounds with different degrees of refractivity, including humic materials (Hopkinson et

al. 1993; Alvarez-Salgado and Miller 1998b; Bronk ef al. 2000). Some examples are given

in Table 2.2,
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Table 2.2 Percent recoveries of carbon and nitrogch from standard c'clmlpounds by HTCO

technique.
Analyser/ | Catalysttype | Compound % 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
‘Glucosamine 1 99
Cu- chlorophyllin 101
Sulfathiazole 63
Home made | 5 % Pton Glucose 98 {Chen and
Trion Kawool | Urea 102 ‘Wangersky
NDIR and Co,03; on | Thiourea 107 1993)
alumina beads | Glycine 106
Caffeine 107
Methyl orange 91
Antipyrine 111
Sulfathiazole 97
Sumigraph |3 % Pton Glucose 95 {Tanoue
TOC-90 alumina, Potassium biphathalate 93 1993)
NDIR CuO/ Sulfix
Home made | Quartz Antipyrine 99.9 (Q1an 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 nitrogen .
Antek 703C | Quartz wool | Ammonium chloride 100.2 | (Walsh 1989)
i Potassium nitrate 100.1
Chemilumin Sodium nitrite 100.7
escence Glycine 99.6
2,2 Bipyridine 100.7
Nicotinic acid 100.3
N-1-Naphthylethylene- 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

Tioo -

(Hopkinson et

Ammeonium
(workshop Nitrate =90 al 1993) -
report) Nitrite >98
"EDTA >100
Urea =90
Glycine > 90
Caffeine =90
Thiourea =90
Albumin >90
Nicotinic acid 1>98
T ) | Antipyrine =90 4
Yanaco TN- | Manganese Urea - 1100 (Koike and
17 ' dioxide Thiourea 94 Tupas 1993)
| Chemilumin Adenine 101 '
gscence Caffeine 102
Valine 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
Sodium nifrite 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)
gscence
Antek 1000 °C Urea 96.8 (Bronk ef al.
7000B-N Ammonium chloride 95.5 2000)
Chemilumin Glycine 86.2
gscence EDTA 75.5
TDN Antipyrine 79.1
Humic acid 61.0
Potassium nitrate 100.4
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Recovery experiments with carbon and ‘nitrogen compounds were perfonﬁed three times

(05-02-02, 28-05-02 and 19-06-02), covering a variety of chemical striictures and

concentrations. The tested compounds are ammonium chloride, sodium nitrate, glycine,

urea, thiourea, EDTA, caffeine, N-1-naphthylethyléne-diamine and glucose. Nitrogen and

carbon recoveries were in the range 90.5 — 103.6 % (Table 2.3) and 90.3 — 104 % (Table

2:4), respectively, with a low value of 79.5 %" (N) for the more recalciirant 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 nifrogen from commonly cited nitrogen compounds

dissolved in ultrapure water using the coupled HTCO TOC-NCD method (recovery in

relation to KHP/glycine standard).

Compound Concentration % Recovery
(M) 28-05-2002 19-06-02 | Average
Ammonium chloride 20 03.4 93.0 94.9
40 96.9 96.3
Sodium nitrate 20 99.1 103.6 100.8
40 99.8 100.7
Glycine 20 99.6 59.1 99.0
40 98.1 99.3
Urea 20 95.2 85.8 92.1
40 96.2 91.2 _
Thiourea 20 97.2 101.8 98.6
40 96.4 99.1
EDTA 20 02.2 93.9 622
40 90.5 92.2
N-1-Naphthylethylene- 20 93.5 95.9 94.3
diamine 40 95.4 92.5
Caffeine 20 - 81.0 80.3
40 - 79.5
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Table 2.4 Percent recoveries of carbon from comimonly citea carbon compquﬁds dissolved
in ultrapure water using the coupled HTCO '_I'QC-_NC]j méthod (recovery in relation to
KHP standardj. - k

Compound % Recovery (05-02-2002)
50-pM | 100 pM | 200 uM | 300 uM | 400 uM | 500 pM | Average

Glucose 92.7 93.4 03.9 93.3 93.4 03.6 93.4
Glycine 101.4 99.3 104.0 101.9 100.0 97.0 100.6
Urea 019 |. 934 98.3 91.7 - 90.7 91.1 929
‘Thiourea | 104.0 | 92.1 926 | 903 92.3 91.9 93.9
EDTA - | 1014 100.7 | 98.2 95.1 94.7 93.2 97.2
N-1-Naphthylethylene-diamine | ° 96.9 (120 uM), 97.5 (240 uM) 97.2
Caffeine 102.4 (40 uM), 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 be-used 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
potassiumn  hydrogen phthalate KHP; [CsH4COx(COH)] K and glycine
(NH,CH,;COOH) mixture is probably the most-commonly used standard for combined
DOC-TDN calibration (Alvarez-Salgado and Miller 1998b; Cauwet 1999; Spyres ef 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. Working standard solutions (30 — 600 uM C and 5 -
100 pM N) were prepared from 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 ultrapure
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

81




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

7 regression was used, peak area against cbncenixation,_-f‘or' -each daiiy calibfaﬁc;ﬁ of DOC
and TDN (Figure 2.18). The DOC and-;I“DN concenfcratidris of each sample-were defined
by the mean peak area of replicate sample injections (n = 3 — 5), subtracted by the average
peak area of the total blank (as discussed in section 2.2.6.1) and divided by the slope of the

DOC and TDN calibration curves respectively.

DOC
60000 4 Y= 107.52x+1631.6
2_
50000 4 R"=0.9999
[
E 40000 -
" 30000 -
a 20000 -
10000 -
0 . T - T T T T
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300 Y =34.09X 57;])N
= . -+ \
30007 R2=0.9999
o 2500 -
L)
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0
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- Concentration pM N

Figure 2.18 DOC and TDN linear regression plot of calibration standards (n = 6, date of
analysis 25-10-2002) using HTCO method.
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Analytical figures of merit

The linear regression coefﬁcient of the DOC and TDN éalibratior-l.cuf\;r.e;s wasZ 6.999 (n=
6), indicating good linéarity 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 indicgte the stability of the
instrument sénsitivity. The average slopes of the DOC ana TDN-cali-*lbration curves were
100.3 £.5.9 and.30.7 + 3.5 respecti-ve-ly‘ over the period May 2002 until September 2003,
indicating good stability for the measurement of DOC and TDN throughout this period.
The limit of detection (LLOD) 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 from an analysis done for the North Atlantic 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 the combined DOC/TDN analysis was
typically < 2 —3 % and <3 — 5 % (n = 3 — 5) for DOC and TDN measurements,
respectively. The standard deviation (6) of the DON measurement is estimated from the

following equations:

L2 N2
opon= (" 1oN + D)

2 12
Where opi = ((6%x03 + 670z )+ o7 nme )

The DON concentrations therefore incorporate the combined error of thfee analyses that

are TDN, NH;" and NOs™ + NO;". With a typical CV for DIN of 3 %, it can be seen that the
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standard de‘}iation of the DON signal is rélatively small when TDN is maiﬁly DON, aﬁd

larger when DIN dorninates the TDN'pool..

Thus the analytical figures of merit indicated that the coupled TOC—'NC]j 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 nafural waters. The ;dccuracy of the TOC-NCD system was régularly 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 the performance of HTCO techniques, for guantitaﬁve
validation and accreditation of the measurement, and for comparing the performance of
different laboratories (Williams ef al. 1993a; Sharp 1997; Spyres et al. 2000). The CRMs
that have been implemented include both low carbon water and deep ocean water (Dafner
and Wangersky 2002a). The advantage of using deep ocean water is that it is unlikely 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 contain much labile
DOC or DON (Hopkinson et a/. 1993). The development of a range of CRMs which are
more suitable for TDN and DON concentrations encountered over a range of natural

waters would 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.edw/groups/organic-biogeocheny/). Both low
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carbon water 2 M Q) and deep Sargasse Seawater (44 — 45 pM C and 21 pM N) are
available in 10 mL. ampoules They are already ac1d1ﬁed and stable for af least one year

when stored in the dark at room tempcrature

These CRMs were used with every analysm to momtor 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 (Flgure 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 uM 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 Time 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.
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- Table 2.5 Performance with deep-ocean DOC reference materials from 14 analysts plus the 7

current study (data from Sharp et al., 2002a). .
Amnalysts n Range "Mean | SD CV% -
1 31 40.8t0 52.6 46.9 2.8 5.9
2 31 44 1o 57 - 49.1 3.7 "~ 7.5
3 11 42 10 53 46.9 3.9 8.3
4 31 40 to 69 45.8 59 12.8
5 16 39.7t047.1 42.8 2.3 53
6 .6 46.2 t0 48.3 472 | 07 1.4
7 27 40 to 60 504 46 | 9.1-
8 10 | 34.8t050.8 44.0. 43 | 97
9 - 55 39.1t061.3 49.2 52 10.5
10 55 42.91t048.2 45.6 0.8 1.7
11 15 3831075 55.5 11.6 20.9
12 25 39.7t0 53.4 45.6 2.9 6.3
13 9 43.11048.2 458 1.5 32
14 4 47.4 t0 49.1 48.4 0.9 1.8
Current study 44 42.11058.6 48.1 3.9 3.2
Note, Ranges, means, and standard deviations are given as uM C.
*n is the number of times the references were run in the reporting period.

2.3 Measurement of other determinands

2.3.1 Master variables

Master variables measured in this study include pH, temperature, conductivity, total
dissolved solids (TDS) and salinity. These variables provide vital information on the 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 ef al. 2000). Measurements of pH and temperature
were performed in situ using a pH meter (model HI 9025, Hanna Instruments 1.td) that was
calibrated for pH before each field campaign using fresh buffer solutions of pH 7.0 and
4.0. Conductivity and TDS were measured in sifu using a conductivity meter (model HI
9635, Hanna Insu:uments Ltd). Samples for saiinity were collected in clean- HDPE plastic

bottles and analysed using a salinometer (model 8410, Guildline Portasal) at the Institute of

Marine Sciences, University of Plymouth.




_El-Saycd A. Badr Chapter two Analytical and sampling methods and materials

The measurement of pH is 1mportant 1n water quallty studles as it influences, and .can '.
reflect, many chemical and biological processes:. pH typlcally 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 the pH distribﬁtion within the
estuarine system (Howland ef al. 2000). Possible causes of a increase in the pH include
algal photosynthesis (autotrophic processes) aﬁd bacterial dénitriﬁcation, whereas possible -
~causes of a dec;ease include release of strongly acidic waste, influence of acid rain, the-
releasrt‘a, of acid mine drainage water, heterotrophic processes in bacterial nitrification,
sulphate reduction and sulphide oxidation (Mckelvie 2002). Low pH can adversely affect

aquatic biota directly and can result in the release of heavy metals from the sediments.

Conductivity, expressed in micro Siemens per cm (uS cm™, § = Q’l), 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 concentration of the inorganic solutes (Radojevic and
Bashkin 1999). Ions that have a major influence on the water conductivity include CI,
SO.F, COs™, HCOs, HY, Na*, K* Mg and Ca®". The term solids refer to the majority of
compounds which are present in natural waters and remain 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 important variable in the estwarine environment in order to study the
biogeochemistry of various dissolved components. In the past salinity was measured as a
function of the total dissolved solids concentration, and so was calculated from chloride

concentration, measured by titration, using the following equation; S (%6g) = 1.805 CI(%o)
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+ 0.030 (Chester 2003). Salinity is now measured as function of sampie, cohdu,ctiﬁty B
against standard KCI solution of known: concéntra_tioh, where Salinometers and CTD have
replaced the chlorinity titration method for determination of salinity in marine waters

(Muller 1999).

2.3.2 Dissolved oxygen and biochemical oxygen demand -
Dissolved oxygen (DO; mg L7, or % of saturation) represents the amount of ox'ygg,n '
dissolved in natural waters and is essential for the survival of most aquatic organisms. DO
concentrations vary with temperature, salinity, turbulence and autotrophic / heterotrophic
balance activity. DO levels are adversely affected by anthropogenic sources of organic
matter pollution and eutrophication. 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 ir 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 the
oxygen required for biochemical degradation of organic matter (termed carbonaceous
biochemical oxygen demand CBOD). In addition the BOD also measure also the amount
of oxygen used to oxidise ammonium (termed the nitrogenous biochemical oxygen
demand NBOD) (Radojevic and Bashkin 1999). The NBOD is due to two groups of
nitrifying bacteria; one converts ammonium to nitrite, and the second converts nitrite to
nitrate (nitrification pfocess). The oxygen uptake is due to nitrification can be eliminated
by adding a nitrifying inhibitor prior to the incubation. The BOD is determined by

incubating a water sample with naturally present aerobic micro-organisms at 20 °C for 5

38




El-Sayed A. Badr Chapter twé Analytical and sampling metheds and materials

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 initial and“final DO

concentration.

DO measurements were performed using the Winkler Azide Modification method (Sawyer
et al. 1994; Rump 1999). The oxygen 'diss;;ilved'in the Wwater sample oxidizes Mn (II) to Mn
(IV) which pre;:,ipitates as a brown h}}drated oxide, fixation of oxygen. Then, Mn (IV)
oxidizes iodide (I'') to iodine (I). The amount of liberated iodine is theoretically
equivalent to the amount of oxygen dissolved in the sample. The iodine is measured by

titration with a thiosulphate solution of known concentration.

Mn* +2 OH + % O ——» MnO,}+ H,0
MnO, +2I' +4H"  ———— Mn™ +L+2H,0

2.3.3 Dissolved inorganic nutrients analysis

Nutrients were measured in GF/F filtered samples using a nufrient 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 ef
al. 2001; Hanrahan et al. 2002). All chemicals used were Aristar grade and standards were
freshly prepared daily. The SKALAR instrument channels were cleaned daily before
analysis With-ultrapure water, 10 % HCl and then ulirapure water (0.5 h each). All
reagents, standards, and samples bottles were cleaned using the 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 estuarine and marine waters in order to

minimise errors from the use of artificial seawater (Aminot et al. 1997).
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waters. Ammonium is genérated first from organic matter and is utilized in autotrophic

. processes in preference to nitrate and nitrite (fvancic and Degobbis 1984).

The Berthelot's reaction (formation of indophenol blue-IPB, first reported by Berthelot
1859) and its modifications are commonly used for the spectrophotometric détermination
of ammonium in natural waters (Krom 1980; Searle 1984: Tvancic and Degobbis 1984;
Aminot ef al. 1997; Hansen and Koroleff 1999).- The IPB method is appropriate for direct
routine analysis of ammonium in both fresh and sea water. Under alkaline conditions (pH
10.5 — 11.5), ammonia and hypochlorite form a monochloramine, which then reacts with
phenol in the presence of a sodium nitroprusside catalyst to form an indophenol 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 ammonium during this study.

1) NH;+OCI' — 3 NH,Cl

5 + NHCl —» :

Yellow Blue

H
2) ' Catalyst :|

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 ammoniim

Automated measurements of ammonium. were perf()fmedf ilsing the SKALAR SFA -

manifold (Figure 2.23). The linear range was up to 8.57 uM N (120 ppb N).

Reagents

1-

Buffer solution: 33 g of potaésium-'sodiuﬁx tartrate was dissolved in 800 mL vitrapure |
water, 24 g sodium citrate was added and dissolved_. ‘Then, the pH was adjusted to 5.0
ﬁsing H>804. The solution volume was made up to 1 L with ultrapure water. 0.5 mL
Brij-surfactant solution (30 %) was added and mixed.

Phenol solution: 83 g of phenol was dissolved in 50 mL ultrapure 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.

Sodium hypochlorite solution: 200 mL sodium hypochlorite (13 %) was diluted in 700
mL ultrapure water. The solution volume was made up to 1 L with ultrapuré water.
Sodium nitroprusside solution: 0.5 g of sodium nitroprusside was dissolved in 800 mL
ultrapure water. The final volume of the solution was made up to 1 L with ultrapure
water and sfored in a dark coloured bottle. This solution was prepared fresh each time
as it stable for one week only at 4 °C.

Standard solution: 0.1909 g ammonium chloride was dissolved in 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 this. Daily working standards of 1.43, 2.86, 4.28, 5.71,
7.14, 8.57 uM N (20, 40, 60, 80, 100, 120 ppb N), were freshly prepared by dilution of
the substock solution with a mix of ultrapure water and low nutrient seawater (LNSW)
depending on the salinity range of the samples. Main stock and gub 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

mL min™ o A Waste s
60°C | - f -
Sodium nitroprusside 49 Flow cell 50 mm
solution > Filter 630 nm
Sodium hypochlorite_0:32] Cor. Filter 1010 nm
solution : A
Phenol solution  __ 042 >

Air SN | N
Sample 0.80f| [ |
Buffer solution 0423} /

0.8011 .

Sampler > Waste

Figure 2.23 CFA manifold for the determination of ammonium in natural water.

Manual determination of ammonium

The manual method was used during the third yea£ of this study, because of instrumental
problems with the SKALAR ammonium channel that need to be carefully maintained. The
used mannal method based on the IPB method published by Ivancic and Degobbis (1984)
and recommended in a review by Aminot et al. (1997). The concentration range used was
1 — 8 UM N using 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 pM N.

Reagents and procedures

1- Phenol solution: 25 g phenol was dissolved in 250 mL of ethanol (95 % v/v)

2- Catalyst solution: 1.25 g sodium nitroprusside was dissolved in 250 mL ultrapure

water.
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Complexing solution: 100 g trisodium citrate and 8 g sbdiurﬁ Hydikjoxide were -
dissolved in 250 mL ultrépurc:; watér. The citrate s'_é)l;.ltio'n 1s to eliminatél
interferences produced by precipitation of magnesinm and calcium ions at high pH
(American Public Health Association 1995; Aminot ef al. 1997).

Chlorine source solhution: 1 g sodium dichloro-iso-cyanurate was dissolved in 250
mlL ulirapure water. Sodium dichlor_o-iso-cyanuféte is:a much more stable chlotine
donor than hypochlorite solution which is were widely used (Aminot et al. 1997).
Oxidizing reagent: both complexing solution and chlorine source solution were
mixed in equal portions (1:1) immediately before use.

Standard solution: 0.1872 g ammonium chloride was dissolved in 500 mL. of
ultrapure water to give a concentration of 7 mM N. Then a substock solution of 0.8
mM N was prepared by an appropriate dilution factor with ultra pure water. Daily
working standards were 1, 2, 4, 6, § pM N, prepared by dilution of substock
solution with ultrapure water and LNSW depending on the salinity range of the
samples. The main stock and sub stock standard solutions were prepared weekly
and twice-daily, respectively and kept at 4 °C in the dark.

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 (using a water bath). Temperatures higher
than 40 °C could lead to the decomposition of labile organic nitrogen compounds
(Aminot ef al. 1997). The absorbance was measured within 3 — 5 h at 635 nm using

a spectrophotometer (CECIL-1000 Series, School of Biological Sciences-

" University of Plymouth) with a 4 cm cell.
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Figure 2.24 Ammonium 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 nitrogenous fertilizer (Chester 2003).
Nitrification contributes to the natural presence of nitrate, where Nifrosomonas bacteria
oxidise NH," to nitrite and Nitrobacter bacteria oxidise nitrite to nitrate under aerobic
conditions. Nitrite also occurs in natural waters as an intermediate product in the microbial
denitrification nitrate which occurs at low oxygen lévels. In the current study the term

nitrate will be used to refer to both nitrate plus nitrite , where nitrate is the dominant

fraction.

The agtomated nitrate plus nitrite .determination is based on tl}&: widely used cadmium
reduction method (Hanrahan et al. 2002). The sample is passed through a granulated
copper-cadmium column to reduce nitrate to nitrite. The nitrite originally presents plus
reduced nitrate is determined by reaction with sulphanilamide and naphthylethylene

diamine to form a highly pink-coloured azo dye which is measured at 540 nm (Figure
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. 2.25). There were two concentration ranges used in this study, one.for low concentrations

0.14 - 8.57 uM N (2 — 120 ppb.N) and the other for high concentrafions 7.14 — 142.79 M

N (0.1 — 2 ppm N). The alitomated analysis of nitrate plus nitrite was performed using the

SKALAR SFA manifold (Figure 2.26).

Reagents

1-

Buffer solution: 50 g of ammonium 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 estvary
samples) sodium hydroxide was not added and only 25 g of anmonium chloride was
used.

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 final volume of the solution was made up to 1 L with ultrapure
water and stored in a dark bottle at 4 °C.

Standard solution: 3.0340 g dried sodium nitrate (NaNO;) 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 the standard solution with ultra pure water, according to the
expected nitrate and nitrite concentrations in the sample, Daily working standards were
1.43, 2.86, 4.28, 5.71, 7.14, 8.57 uM 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 yM N (0.1, 0.3, 0.5, 1, 2 ppm N) for samplés with relatively high nitrate plus

nittite concentration.
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4- The dally worklng standards were prepared by dilution of substock solutlon Wlth a mix
of ultrapure water and LNSW dependmg on the sahmty range of the samples Main

stock and substock solutions were prepared monthly and weekly, respectively,.and kept

at 4 °C in the dark,
NHzOzS.NHz +NO; + 2H —» [NH,0,S - N=N]+ + 250

Sulphamlam1de ‘ Diazonipm ion

+

NHzOzS ©N= O NH (CHZ )2 NHZ O NH (CHz)z NHz
Azo dye compound O O

Naphthylethylene diamine

Figure 2.25 The reaction of nitrite with sulphanilamide and naphthylethylene diamine for

the determination of nitrate plus nitrite in natural waters.

mL min TWaste

_ =

Flow cell 50 mm

Colour reagent 0.42

> Filter 540 nm
Alir > _ Cor. Filter 620 nm
A
_|0'42 » Waste
< Cadmium column
Air > >
Sample __1.40%|| @ 1

Buffer solution| 0.80

A 4
~

0.80 W;aste +0.16 for high concentration range
Sampler = * 1.60 for high concentration range

Figure 2.26 CFA manifold for the determination of nitrate plus nitrite in natural water.
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2.3.3.3 Filterable reactive phosphate
Natural sources -of phosphate are mainly weathering’ of phoSphc;rus-bea:ring tocks and |
decomposition of organic matter. Anthropogenic sources such as domestic wastewater,

industrial effluents and fertiliser runoff coniribute to the elevated levels of phosphate in the

aquatic environment.

The determination filterable reactive phosphate (FRP) 'is based on the reacﬁqn of
;phosphate with an acidified molybdate reagent to form a phosphomolybdate complex
(Figure 2.27) (Hansen and Koroleff 1999; Hanrahan ef af. 2002). This complex is then
reduced by ascorbic acid to form an intensely blue coloured compound which is measured
at 880 nm using a spectrophotometer. The linear range is up to 3.87 uM P (120 ppb P).

Automated measurements of phosphate were performed using the SKALAR SFA manifold

(Figure 2.28).

PO, + 12 MoQ, 2 + 27 H" —» H;P04 (Mo0O;3);; + 12H,0

H;PO, MoOs);, iii:g?:gcl:g » Phosphomolybdenum blue Mo(V)

Figure 2.27 The reaction of phosphate with molybdate and ascorbic acid for the

determination of reactive soluble phosphate in natural waters.

Reagents

1- Ammonium molybdate solution: 230 mg of potassium antimony tarirate was dissolved
in 800 mL ultrapure water. Then §9.4 mL of H,SO4 was added carefully with constant
swirling’ and cooling. 6 g ammonium molybdate was added and dissolved and the

solution volume made up to 1 L with ultrapure water. 2 mI. FFD6 (wetting reagent)

was added and mixed.
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2- Ascorbic acid solution: 11 g of the ascorbic acid was dissolved in 800 mL ultral;ure
water. Then, 60 mL acetoné was .add_ed and .t-I:_-le solution f‘}olljme: made _uIIJVto 1L 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. |

Standard solution: 0.2197 g potassium' dihydrogen orthophosphate was dissolved in
500 mL of ultrapure water to give a coﬁcentration'of 3.23 mM P (100 ppm P). A -
substock solution 0f 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 uM P (20, 40, 60, 80, 100, 120 ppb P), were freshly
prepared by dilution of substock solution with a mix of ultrapure 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.

L rgin'l TWaste
40°C
_ [@] |
L Flow cell 50 mm
Ascorbl? acid 0.424) Filter 880 nm
Ammonium (.42 > @D Cor. Filter 1010 nm|
molybdate
YA
Wastea
‘ Ail' A 4 )
Sample | 1.40f|
osoll , /
0.804] .
Sampler > Waste

Figure 2.28 CFA manifold for the determination of reactive soluble phosphate in natural

water.
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2.3.4 Suspended chlorophyll a

Chlorophyll a (CHI;; a) is present in r_ll;é_s;t_photosy-r‘ﬁthetic " orga-nis._m‘.s‘ and pro;{ides an |
indirect measurement of algal biomass anli 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,

20-80,8-25and>25 pug LY, respecﬁvely'(Ré.d_ojeVic and Bashkin 1999).

Chlorophyll a co;lcentrations were measured by fluorescence method (Parsons et al. 1984;
USEPA 1997). All 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 %), HCI (0.1 M) and

pure chlorophyll a (Sigma Chemical Lid).

After the water sample was filtered (section 2.2.2), the GFF filter paper was folded once,
wrapped in Al foil, and stored in the dark at — 20 °C until analysis. For the analysis, the
GFF filter paper was placed in the bottom of a 15 mL centrifuge tube and 10 mL 90 %
acetone were added to extract the chlorophyll a pigment. The centrifuge tube was then
placed in an ultrasonic bath for 15 — 20 min. The filter paper was allowed to steep in the 90
% acetone for at least 2 h and not to exceed 24 h in the dark at 4 °C to ensure the complete
extraction of the chlorophyll a. The tube was shaken at least once during this period. The
filter slurry was then centrifuged for 15 min at 675 g (or 5 min at 1000 g). An aliquot of
supernatant waé 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 HCI was added to the 5 mL. sample cuvette and: mixed). The
acidification step is required in 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 '
ug L7, 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 concentration was calculated from the

following equation.

(1'/1‘— )x Re~Ra) x (Ve)

Chlorophyll a (ug L) = (S)x (Vy)
. S

Where,

r; the before / after acidification ratio of a pure chlorophyll a standard solution,
Rb: fluorescence response of the sample extract before acidification.

Ra: fluorescence response of the sample extract after acidification.

Ve: volume of extraction (L).

Vs: volume of whole water sample (L).

S: calibration curve slope.

40 -
y=0.2566x
2._...

Q
&
3
S 20 -
o
=
=

10 A

0 T T T

0 40 80 120 160

Concentration pg /L

Figure 2.29 Suspended chlorophyl! a linear regression plot of calibration standards (n = 6,
date of analysis 03-04-2003) using Fluorescence Spectrometer Technique.
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2.4 Bioayailability of DON using l?acterial bioassay

Identifying the biodegradable fraction of DON and DOC and quantifying their cont?ibution
to the heterotrophic bacterial metabolism can improve our understanding of DOM
biogeochemistry (Volk et al. 1997). Most of the work done on bulk DON and DOC
bicavailability (or uptake rate) has been in fresh water ecosystems using a bactérial
 bioassay approach (Kaplan and Newbold 1995; Stepanauskas et ql. 1999; Sondergaard and
_. Worm 2001; Bronk .2002)' Concentrations of biodegradable dissolved -organic nitrogen
'(BDON) and carbon (BDOC) over a short timescales can be estimated directly from
changes in DON and DOC concentrations following the exposure of natural water samples
to micro-organisms, namely heterotrophic bacteria (Stepanauskas ef al. 1999; Sondergaard
and Worm 2001; Seitzinger et al. 2002). Also, apparent oxygen utilization, bacterial

biomass, CO, and NO3 production measurements can be used to investigate biodegradable

DON and DOC (Hansell ef al. 1995).

Most BDON and BDOC measurements using bioassay techniques have been carried out in
baich 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 times and the potential bias from the use of pure strains of bacteria
(Sondergaard and Worm 2001). On the other hand, a plug flow biofilm 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 studying BDOC in stream water
(Kaplan and Newbold 1995; Volk et al. 1997), lake (Sondergaard and Worm 2001) and
drinking water (Lucéna et al. 1991; Ribas ef al. 1991; Frias ef al. 1992). Howéver, the use
of plug flow bioreactors has not been reported in the literature either for estuarine and

marine environment or for studying biodegradable DON. So, one objective of this study
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was to apply a plug flow bjoreactor for bidavailability expe'riment.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 bicavailability of DON to aquatic biota in the Plym estuarine environment. |
The bioreactor set-lllp"consisted of three 125 mL glass columns with quartz wool bed
-.‘supﬁorts and filled completely with borosilicate glass beads (Siran, 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
columns were kept inside a wooden box in the dark and supplied continuously with natural
water at a flow rate of 1 mL min™ using a peristaltic pump. All tubing was Teflon. The
Plym estuarine water was the source of feed water and bacteria for the biofilm reactor. The
water was filtered in-line through a gla-ss fibre filter units (GF2, Fisher Scientific UK Ltd)
of 0.65 um pore size, using a peristaltic pump. The filtered water was stored in 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 columns. All glass
reservoirs and bioreactor columns 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 beginning in
January 2003 until March 2004. Approximately 150 L of natural water was collected on a
regular basis (every two months) from the Plym estuary (Plymstock, Skm 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 pulse of 1 M
KCl.

2.3 Stable nitrogen isotope analysis

The use of stable isotopes, such as nitrogen, in marine research is becoming increasingly
common to improve our understanding of nitrogen biogeochemical cycling (Holmes ef al.
1998). The stable isotopic composition of particulate organic nitrogen and aquatic plants is
relatively simple and easy to measure (Kendall 1998). However, isotope ratio
measurements in dissolved nitrogen pools (NH;', NO; and DON) are more difficult as
these dissolved species first must be removed from the solution and concentrated in a form
that can be introduced to a mass spectrometer. Methods and procedures for the recovery

and isotopes analysis of ammoninm nitrate (plus nitrite) and DON are discussed below.

2.5.1 6'° NH," analysis

In the current study, 1“’N—NHA;*' was measured usiﬁg the ammonia diffusion Iﬁethod
described by Holmes ef al: (1998) and Heaton (2001). The method is applicable to all types
of natural waters (marine, estuarine and fresh 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 am;nonia- under
alkaline conditions and trapping _1'.he ammonia gas on an acidified glass fiber ﬁlfer_ for N -
isotope analysis. Other methods that have been applied for "N-NH4" analysis include .
distillation, mercury precipitation, indopheno}, ion exchange and microdiffusion / bromite
oxidation (Holmes ef al. 1998). However, most of these methods require relatively high

ammonium concentrations and some are specific to fresh water systems only (Holmes et

al. 1998).

2.5.2 ! NO;™ analysis

’N-NO;" was measured using the Devardas alloy / ammonia diffasion method adapted
from Sigman et al. (1997) and Heaton (2001). The method involves, after removal of
ammonium for PN-NH," analysis, reduction of nitrate 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 ef al, (1997) for low
concentrations (<5 pM N) of oceanic nitrate. The method has also been widely applied to
soil extracts (Kelley ef al. 1991; Sorensen and Jensen 1991; Lory and Russelle 1994), fresh
waters (Downs et al. 1999) and estnarine and marine waters (Slawyk and Raimbault 1995;

Sigman et al. 1997; Holmes et al. 1998; Sigman ef al. 1999; Sigman ef al. 2000;

Middelburg and Nieuwenhuize 2001; Pantoja ef a. 2002).

2.5.3 5'° 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 the DON, namely dialysis, ion retardation and wet chemical isolation (Bronk 2002).
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A technique based on dialysis-was develéped fdr isolating bON' in freshwater samples fér
subsequent isotope analysis (Feuerstein ef al. 1997). 'I;l_-l_e'IIieﬂlod invc.)'lved the use of rotary _' -
eva.poration to preconcentréte -the DdN which was then followed by dialysis with 100-
Dalton cut off to remove the DIN. The sample was then dried on a glass high-vacuum line,
and the 8! of the DON measured using a mass spectrometer. Disadvantages of this
approach include the excessive amount of time it takes fo remove the DfN, (calcuiated 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 nitrogen’
contamination. Dialysis may result in the loss of urea. The most significant problem with
dialysis is the adsorption of DOM to the membrane and reduced ﬁltrétion rates. In that
study no data was presented for marine samples. Recently the suitability of this method for

marine waters has been questioned (Prof. G. Wolff, University of Liverpool, personnel

communication).

The ion retardation method depends on the use of an ion exchange that retards the flow of
charged particles. A resin (AG11A8) can quantitatively remove NH;*, NO;™ and NO3,
Jeaving DON to be isolated in the eluant (Bronk 2002). However, the resin may retain
variable amounts of DON due to the accumulation of an organic film on the resin 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 introduced by Axler and Reuter (1987) to separate
DON in oligotrophic lake water for the subsequent isotopic analysis of the PN/“N ratio.

With the wet chemical approach, NH," is changed to the more volatile NH; by raising the
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. PH and the NHj is removed by diffusion in a heated.ov_eﬁ (Slawyk and Raimbauit 1995) or‘
by a ;zacuum 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 Raimbault 1995). However the removal of NH;* and NO; coutd potentially lead to a
lose of labi-le DON as a result of base hydrol,ygis; 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
ammonium, nitrate and DON are outlined in Figure 2.33 and explained below. All
chemicals used were of reagent grade quality and aqueous solutions were prepared using
ultrapure water. Ammonium sulphate (§'°N +2.6 %o) and potassium nitrate (3"°N +5.6 %o)
standards were used and treated in 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
(0.65 um pore size)
Y
Filtered water sample Chemical_ ‘TDN, DIN and DON
analysis  \__concentrations

- Acidification

- Rotary evaporator
\ A

Concentrated sample

A4

(NH," recovery)
- Add MgO,
- Diffusion

|, (NH,), SO, ~-MS-A -

 J

- (NO3 -+ NO, recovery)
- Add DA and MgO,

- Diffusion
L (NH,), S0, -M5-A -

v
(DON recovery)

- Add X5S,0%,

- Add DA and NaOH,

- Diffusion
— (NHy); SO4 MS-A -

Figure 2.33 Flow diagram of the experimental procedures protocol used to recover

ammonium, nitrate and DON from estuarine water for nitrogen isotope ratio analysis. MS-

A: mass spectrometer analysis; DA: Devardas alloy.

Sample collection and preconcentration

Water samples were collected from the Plym estuary on 23-03-2004. The samples were

collected in 6 L, clean, plastic containers from six stations along a longitudinal transect of
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DON isolation take place -throgéh (1) removal and isotopic .analysis of ammonium and
nitrate (plus nitrite) by the above procedure, (2) ‘awet oxidation digcsﬁo;l of thie réemaining
DON to nitrate using potassium persulphate (K25;03) and (3) recovery of the resultant
nitrate as (NH4),SO4 by adding Devardas alloy and sodium hydroxide. A digestion mixture
of15¢g KQSZOS dissolved in 250 mL of 1.5 M NaOH was prepared. Sufficient sample
volume to contain 0.2 mg-N from the second diffusion flask was tran§ferred to a third
diffusion flask and.a stirrer bar was placed in the flask. The diffusion packet was then
suspended inside the diffusion flask. 30 mL of the digestion mixture was added and the
diffusion 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 immediately the

diffusion flask was capped and stirred for 1 h. Then, the procedures described above for

ammonium diffusion were repeated.

113




Chapter Three

Results and discussion




El-Sayed A_ Badr Chapter three Results and discussion

Results aind discussion

3.1 Introduction

This chapter will present and discuss the results of an investigation 6f 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 agﬁcultural, 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 manner 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 in this chapter, as will initial work on the use of stable nitrogen 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 Sife 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 the period February 2002 — September 2003.
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3.2,1.2 Hydrography
The Yealm Estuary_ is a macrotidal sys"tem, 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 Juﬁe, July and August wﬁeh 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 Sound, the Tamar and the Yealm estuaries are designated “Sensitive Marine
Areas” (Buck 1997). Hiscock and Moore (1986) stated that the Yealm was a very “natural
environment” with “current levels of recreation not appearing to damage its nafuralness™.
The estuary contains areas of sediment (sand with shale gravel and pebbles) which support
well established, diverse, rich faunal communities and marine ecosystems of national
importance (Hiscock and Moore 1986; Hiscock 1998; Turner and Kendall 1999). Hiscock
and Moore (1986) described seven littoral and six sublittoral habitats and communities

within the Yealm Estuary illustrating its extensive biodiversity.

3.2.2 Master variables

A complete master variables and chemical measurement data set is given in Appendix 3.1.
Correlations (Pearson's product moment) between pairs of chemicali 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 3.1) and for different seasons (Appendix 3.2). Because of the
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large number of data, only correlation coefficients > 0.7 were considered sighificant for
inclusion in the discussion (Chatfield and Collins 1980). There were no significant
differences in the coﬁelaﬁon results between the whole data set and different seasons;

hence seasonal correlation results are given in Appendix 3.2.

Water temperature exhibited a strong seasonal pattern in the Yealm Estuary. Highest
temperatures were recorded in summer 2002/2003, the lowest in winter 2003, with _
. intermediate values during spring 2002/2003 and autumn 2002, During summer 2002/2003
the water temperature was in the range 14.5 — 20.6 °C, while during 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 oi)served 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 strong
positive correlation i = 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 Salinometer. Dissolved oxygen averaged 8.8 + 1.1 mg L7, a range
expected in this sort of aquatic environment. A strong negative correlation between
dissoived oxygen (DQ) 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 pro

contribution of DON to the TDN pool and the C:N ratio of DOM, respectively.

duct moment correlation matrix for the Yealm Estuary samples. In the table, DONTDN and DOCDON refers to the

SALINI DON | | DOC
TY FH BOD DO PO4 NH4 NO3 TDN DON TDN DOC CHLA | DON
SALI  Pearson Carrelation 1 540+ 048 -402%*¢ =715 -127 -, 895+ -, 001+¥ ~4028% | 5464+ -.621%* 276¢ |- 176
NITY  sig, (2-tailed) ) 000 723 000 000 150 000 000 000 000 000 015 045
N 130 130 57 99 130 130 130 130 130 130 130 78 130
PH Pearson Correlation 540+ 1 270+ -086 ~ 4354+ - 409%* -305++ - 438k -487+ 068 ~AT3H* .129 040
Sig. (2-tailed) 000 . 043 395 .000 2000 000 .000 Q00 . 443 .000. 259 652
N 130 130 57 99 130 130 130 130 130 130 130 78 130
BOD  Pearson Correlation 048 270¢ 1 312+ .086 116 -026 012 071 149 016 423 -.199
Sig. (2-tailéd) 723 043 . 018 .525 391 847 926 601 270 508 010 139
N 57 57 57 57 57 57 57 57 57 57 57 36 57
po Pearson Correlation -402%* -086 312+ 1 153 -267** A5ge 1] L 039 - 417+ 163 =117 =034
' Sig. (2-tailed) .000 395 018 . 131 .007 000 000 704 000 .108 J08 36
N 99 99 57 99 99 99 99 99 99 99 99 78 99,
PO4 Pearson Correlation ~TL5** ~ 4354 086 153 1 28 T4+ TG4k 495++ -.394%* ST |0 -274F -178%
Sig. (2-tailed) 000 000 525 131 . 001 000 000 000 000 .000 015 043
N 130 130 57 99 130 130 130 £30 130 130 130 78 130
NH4 Pearson Correlation 127 - 400+ 116 =267+ 287 1 046 162 2554+ -.041 232%% 214 -173*
Sig. (2-tailed) 150 000 2391 007 001 . 607 066 003 546 008 060 . 048
N’ 130 130 57 99 130 130 130 130 130 . 130 130 78 130 .
NO3  Pearson Correlation < -BO5* -.305%* -.026 4594+ CT14e* 046 1 5334+ 3578k | w6700 52]%* -360% .| 166
Sig. (2-tailed) 000 .000 847 000 000 607 . .000 000 .000 .000 .001 059
N 130 130 57 99 130 130 130 130 130 130 130 78 . 130
TDN  Pearson Correlation =.001** -438* | 012 J3314# TG4 162 H33%x 1 668%€ | -485% ST 2353% | .- 302*+
Slg. (2-tailed) 000 000 926 000 000 066 2000 . 000 | 000 .000 .002 000
N 130 130 .57 99 130 130 130 130 130 130 130 78 ‘130
DON  Pearson Correlation - 42%e ~ A48T 071 .039 AQ5** 255+ 357+ G668k 1 g3 411+ -183 438
Sig. (2-tailed) 000 000 601 TJ04 000 003 000 000 . .128 .000 109 000
N 130 130 57 99 130 130 130 . 130 130 130 - 130 78 130
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SALINI DON DOC

TY PH BOD DO PO4 NH4 | NO3 TDN DON TDN DOC CHLA DON

DON  Pearson Correlation 546%* 068 149 - 417 - 3944+ -.041 ~670% | ' - 485%* 134 1 =327+ 346%* - 274%*
TBN  Sig, (2-tailed) 000 A43 270 .000 000 646 000 000 128 . 000 002 002
N 130 130 57 09 130 130 130 130 130 130 130 78 130

DOC  Pearsan Correlation -621%+* - 4733 .016 .163 547+ 2324+ S20%* ST7** Al | 327 1 020 " 087
Sig. {2-tailed) 000 000 508 .108 000 008 000 000 000 000 . 860 327

N 130 130 57 99 130 130 . 130 130 130 130 1B | 78 130

CHL Pearson Correlation 2764 129 423 -117 -274% 214 =360%* 3534 -.183 346%+ .020 1 - 167
A Sig. (2-tailed) 015 259 010 308 015 060 001 002 .109 002 860 . 143
N 78 78 36 78 78 78 78 78 78 78 78 78 78
DOC  Pearson Correlation 176¢ 040 -.199 -034 -.178* -173* -.166 -302%% | o438k | o274 .087 167 1
DON  sig. (2-tailed) 045 652 139 736 043 048 059 000 000 002 327 143 .

N 130 130 57 99 130 130 130 130 130 130 130 78 . 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 inorgamic nitrogen, ﬁltt-e‘able reactive phosphate and suspended
-chlorophyll a | |

Concentrations of -nitrate ranged from ~ 1 to 203 pM N, with lower concentrations
observed at the seaward end and highest concentrations in the fresh water samples (Figure
3.3). Ammonium concentrations ranged from 0.20 to. 10.3 uM N. Filterable reactive
phosphate (FRP) concentrations were mainly in the range 0.06 — 2.9 M P. An
exceptionally high value of 5 yM P was measured in a fresh water .sample coilected in

October 2002 (Figure 3.4). Chlorophyll @ ranged from 0.06 to 5.5 pg L™ (Figure 3.5).

As presented in Figure 3.3, for many field campaigns, nitrate behaved relatively
conservatively with high concentrations at the fresh water end being diluted by mixing
with sea waters of low nitrate concentration. The decrease in nitrate concenfration as
salinity increases is a general pattern observed in many tropical 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 dominant factors
controlling nitrate cycling within this estuarine system. FRP distributions showed both
conservative and non conservative behaviour. The highest FRP concentrations were
observed at the freshwater end dil,ring the spring and summer period. The conservative
mixing behaviour of both nitrate aﬁd FRP was supported by the observed strong
correlations between salinity, nitrate and FRP (Figure 3.6). These strong 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 relationshili between salinity and ammonium concentrations,
indicating that ammonium distribution within the estuary was not dominated by physical
dilution with sea water and instead indicated extensive in situ reactivity and multiple

sources within the estuary.
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An éxanﬁnation of seasonal patterns in conéentrations revealed that the lowest nitrate |
con-centrations were observed in summer 2002/2003 and early autumn 2002 (mid estuarine
concentrations were below 2 pM N), pfesumably as a result of biological uptake, while the
highest concentrations occurred during winter. A similar trend was reported for the Aulne
Estuary in France (Treguer and Queguiner 1989). During sammer 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 winter 2003. High concentratioﬁs of FRP were observed at
low salinity in the spring and summer samples, which were probably due to inputs from
sewage treatment outfalls in the river and upper estuary. A strong seasonal pattern was
observed for chlorophyll a concentrations (Figure 3.5), with highest concentrations during
spring 2002/2003 and summer 2002 pcﬁods, and lowest concentrations during late autumn
2002 and winter 2003 (< 0.5 pg L") periods. In temperate estuaries concentrations of
chlorophyll a are high m 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 in autumn and winter were attributed 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 the Weir) 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 concentrations fluctuated and seasonal patterns were not

122




El-Sayed A. Badr Chapter three Results and discossion

clear, indicating its reactivity. Ammonium is subject to generations and rapid microbial
uptr:;ke processes. Ammonium distributions pﬁbited spatial pattern, | cﬁaracterised by“
relatively low concentrations at both fresh and sea water end members and higher
concentrations within the estuary (Appendix 3.1, Figure not shown), This spatial pattern of
ammonium concentrations most likely resulted from the biological processes occurring at
the sediment-water interface and benthic rélease_ from sediment (Treguer and Queguiner
1989, Roch_a 1998). In the intertidal sediment of the Sado Estuary, ~ 75 % of the dissolved
and sorbed ammonium pool was flushed into the above water coluﬁm by buoyancy-driven

pore water exchange after water flooded the sediment (Rocha 1998).
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Figure 3.3 Nitrate plus nitrite concentration (puM N) versus salinity in the Yealm
Estuary.
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3.2.4 Dissolved organic carbon

Conceéntrations of DOC ranged from 61 1M C.at the seaward end to 335 pM 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 (Turner et al. 2004)

Chesapeake Bay 153 -251 (Fisher et al. 1998)

Columbia River Estuary 62-191 (Prahl and Coble 1994)

Delaware Estuary 90 — 450 (Sharp et al. 1993)

Douro Estuary | 158 -208 (Abril et al. 2002)

Elbe Estuary 258 - 366

Ems Estuary 424 — 591

Gironde Estuary ' 91-208

Loire Estuary 199 -291

Mersey Estuary 149 — 808 (Turner et al. 2004)

Rhine Estuary 141 -258 (Abril et al. 2002)

Sado Estuary 300525

Scheldt Estuary 183 -516

Tamar Estuary 130 -210 Miller et al. 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 (r* = 0.39, n = 130), suggesting non-conservative behaviour in general (Figure 3.8
A). During April 2003 and to some extent April 2002 and May 2002, DOC concentrations

for MTZ (maximum 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. 2602). However, the DOC appeared to'be~conservative in May 2002, and May-and
August 2003, period during which biological activity was high. This coﬁservative
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 duriing these months might be also
due to the high DOC levels at the fresh water end, implying that the River Yealm was the
m‘ajor source of organic carbon (Abril ef al. 2002) and / or that DOC become less labile
after consumption of the riverine bioavailable fraction. 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 from rivers to
estuaries. They found that riverine microbial degradation removed 6 — 14 % of the DOC
from 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 Severn Estuary (Mantoura and Woodward
1983), the Humber Estuary (Alvarez-Salgado and Miller 1998), the Columbia River
Estuary (Prahl and Coble 1994), the Thames, Elbe, Rhine, Douro and Loire estuaries
(Abril et al. 2002), the Winyah Bay (Goni et al. 2003) and the Long Bay (Avery ef al.
2003). Non conservative mixing occﬂrs when there are (1) anthropogenic inputs of DOC
such as the Scheldt Estuary-polluted by sewagé, (2) a large flux of labile DOC due to
enhanced aquatic production such as the Gironde and York River estuaries, (3) a supply of
DOC from large intertidal areas such as the Sado and Ems estuaries, (4) and/or high rates
of DOC mineralization and ph;)tochemical break down (Raymond and Béuer 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 -gradient in

DOC concentrations, and the possibility of photochemical break down of surface DOC
(Cauwet 2002).

An examination of the seasonal variations in DOC concenfrations in the Yealm Estuary
revealed that DOC concentrations were elevated during the summer and autumi 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 summer the elevated DOC concentrations were partially
driven by high river concentrations, 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 pr.oduced during
the spring and early summer by phytoplankton blooms and autotrophic bacteria may

accumulate in the estuary, to give higher DOC concentrations during the summer and early

autumn (Volk ef al. 1997).

In the Yealm high concentrations of chlorophyll a were observed in both spring 2002/2003
and summer 2003, indicating the presence of phytoplankton blooms (Figure 3.5). Mantoura
and Woodward (1983) reported that estuarine accumulation of DOC was apparently related
to phytoplankton production in the Severn Estuary. Low concentrations -of inorganic
nutrients in late spring and summer at high salinity (Figure 3.3) may result in accumulation
of organic carbon as nitrogen availability is low (Kahler and Koeve 2001; Al-Azri 2003).

Some photoautotrophic organisms can store organic carbon as lipid or carbohydrate
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resulting in POC accumulation and higher C:N ratios in the cell, and a subsequent high i

C:N ratio of DOM in the surrounding watet environment (Karl and Bjorkman 2002). -

Strong positive correlations were -observed between DOC, BOD and chlorophyll a for
spring 2002 and 2003 samples, respectively, indicating the relationship between
phytoplankion (primary producers) and organic matter (Figure 3.8 B and Appendix “3.1).'
During productive seasons with 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 in the November 2002 samples were higher
than for those in the October 2002- samples. This may have been due to the extensive
rainfall that occurred in the week prior to the sampling campaign in November, with
consequent enhanced DOC in the run off following a dry period from mid July — October.
Concentrations of DOC in early July 2002 samples were higher than those in late July
2002 samples, which may be due to the extensive rain 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
salinity, and presumably reflected fresh water inflows from Newton Creek. High levels of
DOC, DON and nutrients were observed in the samples collected from the mouth of the
estuary in February 2003. These enhanced levels were probably due to surface run off from
Noss Mayo (as was observed during sampling campaign). Inflows of fresh water from run

off were consistent with fluctuations in salinity along the axial transect at this time (Figure

3.9).
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Figure 3.7 Dissolved organic carbon concentration (UM C) versus salinity in the Yealm

Estuary.
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Figure 3.8 (A) Scatter plot of dissolved organic carbon concentration (uM C) versus
salinity in the Yealm Estuary for all data.
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Figure 3.8 (B) Scatter plots showing the correlations between DOC, BOD and
chlorophyll a in the Yealm Estuary for spring 2002 and 2003, respectively.
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3.2.5 Dissolved organic nitrogen -
DON concentrations were mainly in the range 1.8 — 62 pM N, with highest values in the. -
fresh waters; exceptionally. high concentrations of 109 and 185 pM N were mea;sured in
non-saline waters in August 2003 and September 2002, respectively. The maximu-m values
for bON reside at the upper end' of the range reported globaliy 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 disqhai‘ges and run-off of organic agricultural manure into this
estuarine ;ystem. A plot of DON against saiinity for all data revealed a high degree of
scatter around the theoretical dilution line (Correlation coefficient = 0.49, n = 130; Table
3.1 and Figure 3.10), indicating thz'1t DON behaviour was usually non-conservative in this
estuary, and that external 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 nitrogen concentration (LM N) versus salinity
in the Yealm Estuary for all data.

An examination 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 nitrété was utilised by phytoialankton growfh there
was an increase in the concentration of DON (Butler ef al. 1979; Bronk 2002). So, on
seasonal time scale, DON can serve as intermediate nitrogen pool during the transition
from autotrophy to heterotrophy in estuarine environments (Mortazavi et al. 2001). The
high DON values observed in the Yealm Estuary during September 2002 and August 2003
were consistent with the trends observed in the English Channel, i.e. ‘maximum DON in
September and minimum nifrate in June (Butler et él. 1979). Similar trends, with high
DON values in late spring and summer, have been reported in the Guilf of Mexico and
Chesapeake Bay (Bronk e al. 1998; Bronk 2002). In contrast, no seasonal patterns 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 concentrations of ammonium and/or nitrate (Figure 3.3, 3.5 and
3.11). This behaviour is consistent with bacterial ammonification of DON and nitrification
of the released ammonium. Heterotrophic bacteria are responsible for the transformation of
organic matter into inorganic nutrients to be used by primary producers. Kemer and Spitzy
(2001) observed that between 75 and 100 % of the low molecular weight DON and
ammonium (generated from DON) was taken up and converted to nitrate in the Elbe

Estuary through nitrification. A detailed discussion about DON bacterial mineralization is

presented in section 3.4.

Ammonification + Nitrosomonas . Nitrobacter -
» NH; »NO; — > NO;

ON (organic nitrogen)
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Figure 3.11 Dissolved organic nitrogen concentration (uM N} in the Yealm Estuary
(southwest England) versus salinity (different scale used for Summer).
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3.2.6 Contribution of dissolved o;'ganic nitrogen to total diss;lved hitroéen pool

The amount of DON as a percentage of TDN mthe Yealiﬁ Estuary was bemeén'zi and 79
%, with higher values in the mid-estuarine samples. Generally, high values were observed
during the summer and autumn seasm;s (from ~ 20 % to 79 %), with low values observed
in winter and spring seasons (from 10 % to 45 %). As an c)'camp_lc, Figure 3.12 shows the
impbrtant contribution of DON to the TDN pool as the percentage values rapgéd from 61
% 10 74 % and 53 % to 79 % for the September 2002 and August -2003 samples,
réspectively. The contribution of DON to TDN pool was often lower in fresh water
samples than estuarine water samples, indicating that nitrate was the dominant N species in

the River Yealm (Treguer and Queguiner 1989).

Phytoplankton uptake of nitrate (to fuel new production, in absence of significant nitrogen
fixation) and ammonium (to fuel regenerated production) gives rise to the generation of
DON within the biomass. DON may be released from cells either by passive exudation or
cell breakage during grazing and may contribute to a higher DON/T. DN percentage. Bronk
et al. (1994) found that 32 & 17 % of inorganic nitrogen that was biologically removed was
subsequently released as DON in environments ranging from relatively eutrophic estuaries
to the oligotrophic ocean. Bronk and Ward (1999) found that the primary fate of nitrogen
uptake in Monterey Bay, California was particulate nitrogen (PN) in March and DON in
September. The ,signiﬁcant contribution of DON to the TDN pool suggests that the
omission of DON measurements in water quality studies may result in both an

underestimation of the inpufs of total nitrogen to natural waters and the extent of

eutrophication.
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Figure 3.12 The percentage of dissolved organic nitrogen to total dissolved nitrogen

versus salinity in the Yealm Estuary.
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3.2.7 The C:N ratio of the DOM pobl (DOC:DON)
The DOC:DON ratios ranged between 0.75 dnd 42, with'a mean of 9.5 + 83 (x 1SD).,
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 in the Yealm Estuary may be due to the observed
high DON values as a consequence of enhanced nitrogen inputs into the system. As shown
in 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 fo an enhanced phytoplankion
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 in the
West Neck Bay, Shelter Island (Gobler and Sanudo-Wilhelmy 2003). They also indicated
that, high molecular weight (FIMW) 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 (Williams 1995). Therefore, the high ratios of the DOC:
.DON could be interpreted as the result of the non-proportional increase in DOC relative to
DON (Al-Azri 2003). Low DOC: DON ratios during late summer, perhaps, due to the low
concentration of inorganic nitrogen 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 Estuary (different scale used for spring).
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.3.2.8 Relationships between chemical determinands and flow

An examination Qf the relationships between concentrafionﬁ 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
in Appendix 3.3. Flow data for the period 22-08-2001 to 30-10-2002 (missing from the
EA) were calculated from the Plym Estuary flow data using linear regression equation.
, Fresh- water inflow from the- River Yealm exhibited a marked seasonal signal, with ﬂows <
0.5 m® s during July —September 2003 (excludin;g August 1-7) and > 5 m® s during the
winter, Anmual flux of DOC was estimated to be 56 x 10° g C Yr™, compared to an average
of 5.6 x 10° 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 the River Severn (Mantoura and Woodward 1983). Also,
the annual flux of DON was 19.4 x 10° g N Yr! compared to 55.4 x 10° g C Yr of nitrate.

World rivers export approximately 0.2 x 10”® g C Yr! 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 from
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 concentrations were dominated by sewage point sources during base flow
and diffuse sources of soil organic carbon during high flow (Eatherall ef 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 from sewage
effluents (Tipping ef al. 1997; Jarvie et al. 2000). In contrast, the highest concentrations of
DOC in the Quse, Tweed and Derwent occurred under storm flow conditions, indicating

diffuse sources of DOC from the catchment surface were dominant (Jarvie ef al. 2000).
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~The highest DOC concentration in the Yealm River was observed during the August 2003
sampling campaign when flow rates were high, as shom 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 rainfall (river flow < 0.5 m® s™). The highest
DON concentrations, coupled with the lowest nitrate concentrations, were observed during
the September 2002 and August 2003 sampling campaigns (Figure 3.15). Highest DON
concentrations are possibly due to active release of DON by phytoplankton as discussed
earlier, and/or due to high river flow rates after a dry period of two months (August 2003

sampling campaign), where DON generated in the catichment was flushed.

FRP and ammonium concentrations decreased with increasing flow in response to dilution
of point sources by rain fall (Figure 3.16). As FRP is derived predominantly from sewage
effluent inputs, the highest concentrations occurred at base flow and undergo dilution
under high flow conditions; this is in consistent agreement with the relationship between
FRP concentrations and flow reported for the Mersey and Trent rivers (Head 1985; Jarvie
et al. 2000). Highest FRP concentrations, coincident with high ammonium concentrations,

were observed for the October 2002 sampling campaign reflecting sewage input during

base flow (Figure 3.15).

In contrast, nitrate concentrations exhibited positive relationships with flow (Figure 3.17).
Increases in nitrate concentrations with flow were poésibly related to the diffuse sources of
nitrate from the agricultural run off due fo fertiliser applications within the Yealm
catchment. The trend of increasing nitrate concentrations with 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 ef al. 2000b). In contrast, for

the River Trent, the base flow concentration 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 concentrations of nitrate in the River
Yealm occurred during the winter period and then decreased during the following spring
and summer period; a pattern similar to nitrate behaviour in the Great Ouse (Neal et al.
2000b). Minimum nitrate concentration occurred during late summer which also were the

result from phytoplankton uptake or biologically mediated denitrification.
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Figure 3.14 DOC and DON concentrations (111\/15 at the head of the Yealm EsEuary
(0 km) versus flow (instantaneous and 7, 14 and 21 day mean flow values before

the sampling day).
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Figure 3.16 FRP and ammonium concentrations (uM) 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 3.17 Nitrate concentrations (uM) 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 deseription

The Plym Estuary is located on the eastern 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 iridicated in Figure 3.18, during the period
June 2002 — Se’ptember 2003. The catchment area of the Plym is 79.2 km?”. The catchment
is urbanised and industrialised by the city of Plymouth, and o@er land. uses include
livestock grazing, forestry (Hawell 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 Channel (Environment Agency 1998). As the Plym runms
southward from 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 enriched with china clay waste from Lee Moor

(Langston et al. 2003).

The Plym Estuary is subject to 2 number of anthropogenic influences, including (Langston
et al. 2003): (1) abandoned metalliferous (tin) mining, (2) china clay abstraction, (3)
commercial shipping, (4) effluent discharges from the Plympton and Plymstock sewage
treatment works, (5) runoff from traffic routes and agricultural activities and (6) leachate
discharges from the Chelson Meadow landfill site via two streams known as the North and
South Leats. Chelson Meadow is the main landfill site for the city of Plymouth and
approximately 765 tonnes 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 commercial shipping recreation and fishing industries. 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 impact in the upper Plym Estuary, where the extensive mudflats have high china
clay content and the tidal zone is heavily banked with white clay (Langston ef 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
salinity. River flow ranges from a minimum of < 1 m’s? to a maximum of 27 m’s”, with
annual mean flow of 2.25 m’s™. The lowest flow rates usually occur during June, July and
August when there is a reduced rainfall. The estimated mean residence time for fresh water
in 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 birds. The Chelson Meadow, the reclaimed land on

the eastern side of the Plym Estuary, is drained by a series of ditches which harbour a

characteristic brackish water fauna, grading inland into that of fresh water (Langston ef al.

2003). Fish spécies found in the Plym include Atlantic salmon, brown trout, bullhead, eel,

brook lamprey and three spined sticklebacks (Brooks 2003).
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3.3.2 Master Viil.'iables_

A complete maéter' variable and chemical data s:et-is gwenm Appéﬁdix 3.4; Correlations - .
(Pearson s product ﬁoment) between pairs of determinax'lds were calculated in c;rder to
identify any statistically significant conelatior;s' (at the 99% confidence level), and tl'lus.aid
interpretation of the data. The correlations were calculated for the whole data set (Table

-3.3) and for individual seasons (Appendix 3.5).-Because of the large number of data, only __

cor_relaﬁon‘ chfﬁcig:nts (_rz) > 0.7 were con_side.red- significant - fo; 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 treatment of the Yealm Estuary data. However, as the Plym Estuary is
heavily subject to additional anthropogenic influences, concentration 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 (> =0.93, n = 110, 99 % confidence) was observed between
salinity and conductivity; the latter was measured in the field to indicate the approximate
salinity of the collected samples. Water temperatures exhibited a strong seasonal pattern in
the Plym Estuary, with highest temperatures recorded in the summers of 2002/2003, lowest
in the winter 2003 and intermediate values during spring 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

from a minimum of 6.7 at the freshwater end to a maximum 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 the table, DON/T. DN refers to the contribution of DON to

the TDN pool.

SALIN DON/ ' DOC:
: ITY PH PO4 NH4 NO3 TDN | DON TDN DOC | CHLA | DON
SALINITY Pearson Correlation 1 4924 -141 320" -.699™ -.674* -.354* .201% -347" .078 181
Slg. (2-tailed) . .000 142 .001 .000 .000 .000 002 .000 503 .058
N 110 110 110 110 110 110 110 110 110 76 110
PH Pearson Correlation A92* 1] -~119 072 | -375" -.353" -.165 A15 069 | -.121 148
Sig. (2-tailed) .000 . 217 455 .000 000 .086 233 474 287 123
N 110 110 110 110 110 110 110 110 110 76 110
PO4 Pearson Correlation -.141 - 119 1 206" .592* .589™ .284"™ -212 .183 - 184 -.039
Sig. (2-tailed) 142 217 . .002 .000 .000 .003 .026 056 12 585
N 110 110 110 110 110 110 110 110 110 76 110

NH4 Pearson Correlation 320" 072 .286™ 1 -.058 .132 271 .276* -.180-| -~106 -.318*
Sig. (2-tailed) .001 455 002 . 550 .168 004 | .004 .060 .361 .001
N 110 110 110 110 110 110 110 110 110 - 78 110
NO3 Pearson Correlation -699* -375% .Bg2*| -.058 1 880" 295" ~498™ .310% -.142 | -.164
Sig. (2-tailed) .000 .000 000 .550 . .000 002 .000 001 | . 222 .086
N _ 110 110 110 110 110 110 110 110 110 76 110

TON Pearson Correlation -674* -.353" 589 .132 .880™Y 1 J11M -.080 405" -256 | -414™
Sig. (2-tailed) .000 .000 .000 168 .0o0 . ,000 348 .000 .026 .000
N 110 1. 110 110 110 110 110 110 110 110 76 110

DON Pearson. Gorrelation -,354* -165 284 271 295" 711V 1 555 381 -.272 ~580""
Sig. (2-tailed) .000 .086 003 .004 .002 000 . .000 .000 017 000
N 110 110 110 110 110 110 [ 110 110 110 76 110

DON/TDN Pearson Correlation 201 1156 | -212 276" -.498* -.090 .555™ 1 015 | 197 | -483™
Sig. (2-tailed) .002 233 026 .004 .000 .348 .000 . .008 | .088 .000
N 110 110 110 110 110 110 110 110 110 76 110
DOC Pearson Carrelation =347 .069 .183 -.180 3107 405 381 011 1 314 170
Sig. (2-talled) .000 474 056 060 .001 .000 060 .908 . .006 076
N 110 110 110 110 110 110 110 110 110 76 110

CHLA Pearson Correlation 078 =121 -.184 ~.106 -.142 -.256 -272 -197 <3 7 e I 655"
Sig. (2-tailed) .503 297 12 .361 222 026 017 .088 .008 " .000
N 76 76 76 76 76 76 76 76 76 786, 76
DOC : DON  Pearson Correlation .181 148 | -039 | -318*9 -164 | -414" -580% -4837 .170 555" 1
Sig. (2-tailed) .058 123 | 685 001 .086 .000 .000 .000 .076 000 . .
N 110 110 110 110 110 110 110 110 110 .76 110

** Correlation is significant at the 0.01 level (2-tailed).
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Thg:e was a significant positive weak correiéﬁon"(coneiaﬁon coefficient = 0.49, n = 110)
between salinity and pH for the whole data set ds pH of the-saiinesamp_leé, is usually hiéhe_f o
than of the 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 inorgani_c nitrogen, ﬁltefable reactive ;-)h_ospha_te and suspended
chloroﬁhyll a .

Nitrate concentrations ranged from 4.4 to 171 pM N, with lowe-r 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 from station 7 (Salﬁam House, 1.9 km down estuary of the weir) in
September 2003 (Figure 3.19 B). The concentration of ammonium ranged from 0.20 to 9.7
LM N. Filterable reactive phosphate (FRP) concentrations 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 treatment outfalls (Figure 3.20 A). Chlorophyll a

ot

concentrations ranged from 0.03 to 5.1 pg L™ (Figure 3.21).

In the Plym Estuary, plots of nitrafe and FRP concentrations agair;st salinity showed a high
degree of scatter, suggesting their behaviour was non-conservative (Figure 3.19 A and 3.20
A). These results suggested that externa;.l inputs and in situ biochemical activity were the
dominant factors controlling nitrate and FRP distribution within this estuarine system.
Nevertheless, a weak but significant negative correlation (correlation coefficient = 0.69, n
= 110) was observed between nitrate and salinity for the whole data set, indicating that
simple physical mixing accounted for 47.6 % of the nitrate distribution within the Plym
Estuary. In June 2002 and August 2003 nitrate was markedly more conservative, although

an input of nitrate from sewage effluent was evident at salinities of ca. 6 and 9 in June and
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August, respectively _('Fi_gur‘_g 3.19 A). In contrast, no correla‘_tion was obéerved between
salinity and FR_P either florr the whole data set-or the individual seasons (Table 3.3 and
Apﬁendix 3.5). Enhanced levels of FRP were measured in water samples coll-ected from
stations near sewage treatment outfalls at Plympton 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 -(correlagtiOI_l coeﬁicient = 0.58, n = 110), except for -
summer"- 2002 and 2003 where the correlation coefficient was 0.73 and 0.90 (o = 22),
respectively (Table 3.3 and Appendix 3.5). In summer 2002/2003, the distribution of
nitrate and FRP appeared to be dominated by the STW inputs imentioned above. During
other seasons, in contrast to FRP, the distribution of nitrate was not significantly
influenced by sewage effluent and consequently their distributions were dissimilar. In situ
chemical reactivity of FRP may have also contributed to this dissimilarity. Ammonium
distributions showed non conservative behaviour. However, ammonium concentrations
relatively increased with increasing salinity in autumn 2002 and winter 2003 with higher
concentrations for lower estuarine samples, implying a major in situ and/or external
sources as English Channel seawater is unlikely source for high ammonium concentrations

(Figure 3.22) (Prabl and Coble 1994).

An examination of seasonal patterns in concentration revealed that lower nitrate
concentrations were observed in spring 2003 and early autumn 2002, presumably as a
result of biological uptake, while higher concentrations were observed during winter 2003.
Higher nitrate concentrations were often observed within the mid-estnarine water samples
(e.g. June 2002, July 2003, February 2003 and September 2003), presumably as a result of
runoff from the Chelson Meadow landfill site and the surrounding agricultural land (Figure
3.19 B). An examination of seasonal patterns in FRP concentrations revealed that relatively

high concentrations were observed within the mid-estuarine water samples collected during
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June 2002, July 2002, February 2003, Juqe 2003 and Seﬁtember- 2003 (Figure 3.20 B).

This Ihid-eétdaﬁne_ FRP peak appears to be. a mliversai'featurf':' of estuaﬁné éy%tem's. (Eyi‘é B
and Balls 1999) and may have been due to external anthropogenic sewage inputs (Eyre
and Balls 1999), regeneration and/or to some extent phosphate release from suspended
particles (Uncles ef al. 1998b). The removal of this FRP peak in the high salinity region
may have been due to biological remqval of inorganic phosphate (Sanders ef al. 1997a;
Eyre and Balls 1999). A sé.:_asonai patiern was observed for cﬂorophyll a concentrations
(Figure 3.21), with higher concentrations during summer 2002, and lower concentrations
during 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 light
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 grazing by zooplankion (Balbi 2000}, lower light levels due to lower solar
radiation and enhanced run off. Ammonium concentrations fluctuated and the seasonal
pattern was not clear, indicating its reactivity as it is subject to generations and rapi&
uptake processes. During autumn 2002, winter 2003 and summer 2003, the ammonium
distributions exhibited a spatial pattern characterised by high concentration within the mid-
estuarine samples presumably due to benthic fluxes, biological ammonification and sewage

inputs (Rocha 1998; Eyre and Balls 1999).
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Figure 3.19 (A) Nitrate plus nitrite concentration (uM N) versus salinity in the Plym
Estuary.
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Figure 3.19 (B) Nitrate plus nitrite concentration (uM N) versus distance (km) from the

weir it the Plym Estuary.
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Figure 3.20 (A) Filterable reactive phosphate concentration (uM P) versus salinity in the
Plym Estuary.
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Figure 3.20 (B) Filterable reactive phosphate concentration (uM P) versus distance (km)

from the weir in the Plym Estuary.
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Figure 3.21 Chlorophyll a concentration (ug L™) versus salinity in the Plym Estuary.
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3.3.4 Dissolved organic carbon
DOC concentrations-in the Plym Estuary; were mainly-in thc_a-range 71 — 290 pM 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 Eé;fuary, and relatively lowers tl-lan ranges observed for 01:1‘161: estuarine systems,
as discussed in section 3.2.4.

In the Pl;m Estuary, DOC behaved relatively in a non conservative manner, as shown in
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 resulis
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 external
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
indicated the existence of a dynamic cycle of DOC input and removal (Peterson ef al.
1994). Apparent non-conservative behaviour of DOC has been observed in other esfuaries
such as the Scheldt, Gironde, Sado and Ems estuaries, whilst conservative behaviour has
been reported for the Severn, 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 mineralization, (2) photochemical

break down of DOC and (3) anthropogenic inputs of DOC e.g. the Scheldt Estuary (Prahl
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and Coble 1994; Fis.her et al. 1998; Raymond and Bauer 2001; Cauwet 2002; Abril ef dl.
2002). Fﬁrthermore, non-conservative behaviour of DOC is. generally enhanced in
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 the November 2002
survey campaign which may be related to a high microbial degradability of the catchment-
derived organic matter after extensive rainfall (Wiegner and Seitzinger 2001; Abril ef 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 weir) during September 2002 and February 2003 (Figure 3.23 B).
In addition, high DOC concentrations 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 other times (June 2002, July
2003 and September 2003) higher DOC concenfrations were observed in mid-estuarine
water samples, perhaps reflecting external inputs from the Chelson Meadow landfill site
and agricultural runoff. These observations strongly suggested that DOC distributions in

the Plym Estuary were markedly influenced by external anthropogenic inputs.

An examination of the seasonal variations in DOC concentrations in the Plym Estuary
showed that DOC concentrations were generally higher during summer 2002 and autumn
" 2002, and lower during winter 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 and early ‘summer by phytopianktqﬁ
blooms may accumulate in the estu‘a.ry?. to give higher DbC concentrations during the
éummer and early autumn (Volk et al. 199:7; Myklestad 2000)-. Seasonal accumulation of
phytoplankton, that result in DOC accumulation, have been reported in other estuaries
(Mantoura and Woodward 1983; Fisher er al. 1998). The occurrences of phytoplankton
blooms within the Plym Estuary was indicated by the high concentrations of chlorophyll a -
observed in summer 2002 (Figure 3.21); indeed, the _Plym water-was observed to be clearly
éreen during this time. A weak but significant positive correlation (correlation coefficient
= 0314, n = 76) was observed between DOC and chlorophyll a for the wﬁole data set,

indicating 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 (pM C) versus salinity in the
Plym Estuary.
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3.3.5 Dissolved organic nitrogen

Concentrations of DON in the Plym Estuaiy ranged from 4 uMN at the seéi:vate_r end to 94
pM N at the freshwater end. Exceptionaily high concentrations of 110 and 177 pM N were
measured in water samples collected at stations close to STW, in September 2003 and
November 2002, respéctively. The maximum vaiu;ss for DON reside at the upiJer end of
the range reported globally for estuaries (22.5 £ 17.3 uM N) and rivers (34.7 = 20.7 uM
N) (Bronk 2002). Within the Plym Estuary, the enhanced DON x-falues may be thg result of -
sewage difscharges, run off from the Chelson Meadow landfill site and other anthropogenic
activities within the Plym catchment. A scatter plot of DON concentrations against salinity
revealed a high degree of scatter around the theoretical dilution line (correlation coefficient
= 0.35, n = 110; Table 3.3 and Figure 3.24 A), indicating that DON was generally non-

conservative in this estuary, and that external anthropogenic sources, in situ biological

activity and benthic inputs markedly influenced the distributions of DON.

Related high concentrations 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 the 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 from re-suspended sediments, 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 sediments during 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 weir) during February 2003, perhaps due to inputs from
sewage effluent or from resuspension of bed sediments, as the sample was also high in
ammonium. Elevated DON concentrations 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 leéchéte, sex-wage discharges or both (Figure 3.24
B). Anthropogenic nitrogen so&cés to industrialised catchments'haw;é been repo_rtéd to be
rr’mm 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 July

2002 and January 2003 samipling 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 cou-pled
with increased concentrations of nitrate (Figure 3.19 A and 3.24 A). This pattern is
consistent with bacterial mineralization of DON to ammonium 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 in situ recycling of DOM
(Treguer and Queguiner 1989) (Figure 3.24 A). Lower DON concentrations observed in
spring 2003 may have been due to phytoplankton uptake during 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, o some
exterit that DON was relatively the major source of nitrogen 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). Similar trends have been reported in the English Channel, the
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Chesapeake Bay and .the Yealm Estuary, as discussed'in section 3.2.5. A s_igniﬁdant
fraction (up to 75 %) of DIN consumed by phytoplankton is released as DON into the
surrounding water and then recycled by the heterotrophic and autotrophic.: microbial
communities (Collos 1992; Mortazavi ef al. 2001). Thus, food-web processes, particularly
related to phytoplankton growth were important factors contributing to the increased DON
concentrations (Mortazavi ef al. 2001). The inverse relation between DON and nitrate
cdncentrations reported for the English Channel (Butler et :al. 1979) and Chesapeake Bay
(Bronk 2002) implied that pl;ytoplankton DIN up’:Lake was followed by DON release. DON
originated from phytoplankton can be released to the surrounding water by excretion, cell

death and virus-induced lysis, or sloppy feeding, as discussed in section 1.3.1.1.
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Figure 3.24 (A) Dissolved organic nitrogen concentration (uM N) versus salinity in the
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 betweeli 3_.5_and
84 %, Generally, higher values were observed during summer 2002/2003 and autumn
2002, and low values in winter 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 in the range of 45 — 74 % in thé
estuarine water sampleé. Hence, nitrate was the dominant species of TDN in the river
whereas DON was the dominant species in the estuarine samples. Further discussion of the

influences of river flows on DON and DIN concentrations is to be found in section 3.3.8.

During 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 grazing and hence contribute to the higher
DON/TDN percentage. It has been reported that, in environments ranging from relatively
eutrophic estuaries to the open ocean, 32 = 17 % of biologically utilised DIN was
subsequently released as DON (Bronk 2002). Also, the primary fate of nitrogen uptake in
Monterey Bay, California was DON in September (Bronk and Ward 1999). The significant

contribution of DON to the TDN pool indicates the importance of including 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.




G

e 4 e e

.

- g

-1

(¥

A e i

e - e e .




El-Sayed A. Badr Chapter three Results and discussion

3.3.7 The C:N ratio of the DOM pool (DOC:DON)

The DOC:DON molar rafios ranged between 1 and 33.6, \mﬂ1 a mean of 7.2 + 6.5 (& ISD).
This mean is lower than values reported for othell' aquatic environments. 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 in the Plym Estuary is most likely the result of the
high anthropogenic nitrogen inputs into 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 pattern has been reported in the Delaware Estuary relative to the

Hudson Estuary (Seitzinger 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 sumumer were, perhaps, 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
indicated by high chlorophyll a concentrations (Figure 3.21 and 3.26). Phytoplankton
growth was, presumably, the main source of C-enriched DOM (carbohydrate), and hence
contributing to the accumulation of DOC (Borsheim et al. 1999; Mykiestad 2000; Cauwet
et al. 2002; Gobler and Sanudo-Wilhelmy 2003). As shown in Appendix 3.5, a strong
negative correlation was observed between DON and DOC: DON for summer 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 summer it was relatively rich in nitrogen.
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3.3.8 Relationships between chemical determinands and flow
An examination of the .relaa;tionships befween concentrations of chemical 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
in 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 ﬂowg during winter 2003, Annual flux of DOC was 111x 10° g
C Yr', compared to an average of 56 x 105 g C Yr! in the River Yealm. Also, the annual

flux of DON was 29.8 x 10° g N Yr"! compared to 76.6 x 10° g C Y1 of nitrate.

Concentrations of DOC at the head of the Plym Estuary generally increased with
increasing flow, indicating diffuse sources of DOC from the catchment surfaces (Figure
3.27). DOC concentrations increased under high flows probably as result of drainage from
organic rich soil. Similarly, the highest concentrations of DOC in the rivers Ouse, Tweed,
Derwent and Wear occurred under storm flow conditions as discussed in section 3.2.8
(Jarvie ef al. 2000; Neal ef al. 2000a). Also, DOC concentrations in the Paine Run Stream,
Virginia and the White River inn Muncie, Indian were consistently low during base flow,
but during storms mean concentrations were approximately 2 and 3.5 fold over-base flow
DOC concentrations, respectively (Buffam et al. 2001; Volk et al. 2002). The highest DOC
concentration in the Plym River was observed during the November 2002 sampling
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 'in the agricultural

catchmerit, supporting the above finding.
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 In contrast, concentrations of DON and FRP in the River Plym decreased ﬁvith increasi_ng
flows presumably in response to dilution of point soutces 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 trend of dilutinngRP
concentrations with flow was consistent with the relationship between FRP concentrations

and flow reported for the Mersey and Trent rivers (Head 1985; Jarvie ef al. 2000).

For nitrate, concentrations 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 nitrate due to fertiliser application. As in Figure 3.28, higher °
concentrations of nitrate in the River Plym occurred during winter 2003 and lower
concentrations occurred during spring 2003 and summer 2002/2003. The trend of
increasing nitrate concentrations with flow was in close agreement with the relationship
between nitrate and flow reported for jche Great Ouse, Mersey and Wear rivers and Pain
Run Stream (Head 1985; Neal et al. 2000a; Neal ef al. 2000b; Buffam et al. 2001). In
contrast, for the River Trent, the base flow concentration of nitrate was higher than for
storm flow conditions, indicating that point sources dominated nitrate concentrations in
this system (Jarvie er al. 2000). However, there was no clear relationship between
ammonium concentrations and flow for the Plym (Figure 3.30). This mixed response

reflects inputs derived both from anthropogenic and natural sources, a mixture of point and

diffuse sources.
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Figure 3.27 DOC and DON concentrations (M) 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 3.29 Nitrate and FRP concentrations (nM) 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 3.30 Ammonium concentrations (uM) at the head of the Plym Estuary (0
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3.4 Bioavailability of dissolved oxrganic nitrogen in -thé Plym Estuary

The results from the: bacterial incubation exﬁefhents are ‘c;;iw}e'n in Table 3.4. The mean
uptake of DON by bacteria was 3.3 £ 2.3 uM N (& 1SD), while the average nitrate
regeneration was 4.5 + 2.3 pM N over the time course of the experiment_. A significant
fraction of the DON (30 and 58 % average + 1SD) appeared to be utilised by heterotrophic
bacteria that coupled with regeneration of 9 — 35 % of nitrate within an hour, presumably
through the processes of ammoniﬁcqi_:ion 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 pmol N L hrt (Table 3.4). Given that, during the experimental
period, the mean River Plym flow and DON concentration were 4.75'x 10° 1o 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 nitrate 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 pmol 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 time course of tﬁe batch incubation experiment, with the utilisation
range of 11 — 42 % d™! during the first 4 days (Seitzinger and Sanders 1997). Their results
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 contrast, 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 bioavailable DON ‘may be consumed with the-

estuary and a larger fraction exported and presumably utilised in adjacent coastal waters.

The observed variation in the DON uptake rate can be related to the concentrations of
DON in the inflowing waters as demonstrated by Kaplan and Newbold (1995) and Kerner
and Spitzy (2001). In the present work, a significant. positive cortelation (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

increasing DON concentrations in the substrate (Figure 3.32).

Regarding DOC bioavailability, there was no significant consumption (average 1.8 %)
during the incubation experiment, and its concentration varied irregularly, implying that
both production and consumption processes were taking place. A similar 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 nitrogen rich compounds had been removed from the DOM and
utilised by bacteria, whilst the carbon skeleton remained mostly unaffecied by the bacterial

degradation, or DOC production and consumption were balanced (Sondergaard and Worm

2001; Kerner 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 caleulated to be 1.6 — 7.4 pmol N L™ hr', the average being similar to that reported for

the Elbe Bstuary (0.7 ~ 5.1 pmol N L™ hr'l). The number of bacterial colonies, only in

suspension, was 1 — 2 x 10® bacterial colonies mL™.
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Table 3.4 Results of the bacterial availability of the DON incubation experiment, in and out refer to the inflow and outflow
concentration (uM), respectively.

Estuarine | Sampling | FRP | FRP | NH, | NH; NO; | NO; | NO; |%NO;| DON | DON | DON % | DOC | DOC
water date in out in out in out |regene|regener in out { Utilise| DON in out
collection rated | ated d | Utilise
30/01/03| 27/03/03F 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
09/05/03] 1.41] 190 0.56] 046 52.6] 60.3] 7.67] 15%f 16.84] 8.60| 8.24| 49%| 91.9] 959
- 19/05/03} 27/05/03| 1.26| 1.01| 2.39| 0.49) 21.3| 255 4.21] 20%] 3.91( 1.37| 2.54| 65%| 105.0f 112.9
17/06/03) 0.75] 0.77] 0.53] 1.10y 21.4] 22.9] 141} 6.6%]| 247 1.42] 1.05] 43%| 129.8] 120.9
09/07/031 0.28] 0.35( 047 1.69] 18.2} 25.7} 7.50f 41%| 7.75| 2.73] 5.02] 65%)| 121.2| 122.4
~10/07/031 15/07/03( 0.71) 0.77| 1.64{ 0.40 6.1 8.7t 2.60| 43%| 6.83| 3.74] 3.09] 45%| 94.3] 103.4
28/07/03| 0.83| 1.34| 1.051 048] 122 17.7] 5501 45%| 4.07] 2.60| 147| 36%| 87.1| 90.2
22/08/03| 0.96] 1.30| 039 047 13.2| 159 2.70| 20%| 3.85] 2.61 1.24] 32%| 935.5( 91.2
, 08/09/03| 0.86] 1.07} 0.37| 1.051 157 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| 044] 16.5| 21.1| 4.60] 28%| 10.55| 7.55( 3.00] 28%| 102.8] 94.0|
- 07/11/03| 1.32| 1.63| 0.42] 033] 214| 24.8] 340 16%| 10.73| 6.48] 425} 40%| 98.6] 88.3
14/11/03] 1.67] 1.75] 0.36] 029 2721 299 270 10%| 7.39| 5.64] 1.75| 24%| 100.6| 109.1
26/11/03] 1.60] 1.76] 0.31) 037 33.8] 36.3| 250 74%] 5.69] 402 1.67] 29%] 89.7] 93.8
23/12/03| 1.78| 1.78] 0.36| 0.29] 39.8| 423 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
18D 0.48! Q.51 1.97] 079 14.1 15.8] 2.95 13%| 4.18] 2.36 2.29 14%| 125 12.2
183




El-Sayed A. Badr Chapter three Results and discussion
75% '
.5 (A) A % DON decrease m % Nitrate increase
© 50% a®
[ i} .
0L 1. o
g 2% e n " . "n
a
c 0% —" . : l "
Q  21/03/2003 21/05/2003 21/07/2003 21/09/2003 2441112003
c 25% - .
e i A A
2. -50% i Lo A
= A
~ A A 4
-75%
20
1(B) ~8— DON utifised —a—inflow DON
16 A
=
= 12
prad i
O
[ 8
4
0 T T T T
21/03/2003 21/05/2003 21/07/2003 21/09/2003 241172003
Time

Figure 3.31 (A) percentage decrease in dissolved organic nifrogen and percentage
increase in nitrate, and (B) the concentration of the bioavailable dissolved organic
nitrogen in the bacterial incubation experiment.
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Figure 3.32 Scatter plot showing the correlations between inflow DON concentration (pM)
and bacterial uptake rate (umol N L™ hr) in the bacterial incubation experiment.
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The conservative mi_-xing behaviour of DOC observed in some estuaries has been used to
suggest that riverine %nputs of DOC ax-ld by implication DON are refractory (Mantoura and
Woodward 1983). However, inferpretation of the miging cur\.res should consider all DOM
sources and sinks. In addition to the external inputs from rivers and the éhnOSphere, DON
may be produced within estuaries by plankfonic organisms and benthic release from
sediment (Burdige and Zheng 1998; Bronk 2002; Berman and Bronk 2003) or introduced
from external anthropogenic inppts (Seitzinger and Sanders 1997), such as the Plym
Estuary. The results from this experiment showed the potential extent of the bioavailability
of DON, and is consistent with the distributions of DON observed within the Ilocal

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; Kerner and Spitzy 2001;
Seitzinger et al. 2002; Wiegner and S-eitzinger 2004) strongly suggest that both internal
and exteﬁal sources gf DON are biologically available in estuarine environments. The
bioavailability of wetland —derived DON in South Sweden, to marine bacterioplankton
varied from 2 % to 16 %, suggesting that DON is an important nitrogen 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 demonstrated, where
bacteria and some phytoplankton can use LMW DON such as urea and. amino acids
(Kerner and Spitzy 2001; Bronk 2002; Berman and Bronk 2003). Heterotrophic
bacterioplankton may use 30 — 60 % of humic-bound DON and make it available for the
- growth of phytoplankton (Stepanauskas ef 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 Seitzinger 2001; Bronk 2002).
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3.5 The determination of stable nitrogen isotope ratios

Results from the preliminary work on stable nitrogen isotope measﬁrements are presented
in Table 3.5. Examination of the data revealed the following: (1) the measured nitrogen
yield and the expected nitrogen yield were very approximate. (2) Ammonium sulphate
(SN3) and potassium nitrate (KPN) standards had d15N values lowiar than the certified
values of + 2.6 and + 5.6, respectively. (3) The negative d15N values of the blank might be
responsible for the low d15N values of many of the DON samples, and some of the
ammonium samples. However, the measured nifrogen yield of the blank was very close to
what is usually reported at the NERC Isotope Geosciences Laboratory. (4) In addition,

during the isotope measurements, most of the diffusion packets appeared to be wet.

Given these observations, the initial frial of this method was not quantitative in recovery of
all dissolved nitrogen species, particularly the standards. When ammonium recovery is less
than 100 %, isotopic fractionation occurs and leads to errors in the measured "N: N
isotope ratio due to 1N depletion (Holmes ef af. 1998). Hence, the results can not be used
with much confidence for the environmental interpretation of DON cycling in the Plym
Estuary, The analytical challenges associated with stable nitrogen isotope measurements of

DON are presented and discussed here so that they may be highlighted and addressed

during the course of future studies.

During the preconcentration step, the volume of the rotary evaporator flask used was 1 L,
and held only 400 — 500 mL of sample. Most of the samples were concentrated from 4 L to
200 mL at an evaporation rate of 1 L per 1.5 — 2 hours. Consequently this lead o
preconcentration to 5 % of the original volume, whereas the recommended volume
reduction should not be less than 15 — 25 % (Sigman ef al. 1997). For example, a 16 fold

preconcentration lead to poor nitrate reduction efficiency due to the change in the pH of
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the natural water sample buffered with MgO as it become more concentrated; pH comes
down to 8.4 and hence could keep some ammonium in solution (Sigman et al. 1997). Also,
the use of relatively small rotary evaporator flask and temperature of 40 — 45 °C might
occasionally result in significant loss of nitrogen (DON) due to boiling and transfer of
sample to the receiving reservoir. It is recommended that the volume of the rotary
evaporator flask should not less than 2 L for preconcentration of estuarine samples with

low concentration of ammonium.

The diffusion packets may have been contaminated with ammonia from the laboratory,
especially during the H,SO,4 addition, implying that the diffusion packet might already be
saturated with ammonia before the start of the diffusion procedure. It was not possible to
control the ammonia concenirations in the local laboratory atmosphere. Furthermore, the
diffusion flask used was only 250 mL and the diffusion packet was placed inside the
ground glass stopper of the flask (Figure 3.33). Any water vapour that condensed within
the ground glass stopper consequently filled the well containing the diffusion packet. This
probably reduced surface area available for ammonia sorption, and also the diluted acid
might subsequently reduce the efficiency of ammonia recovery. So, an appropriate

diffusion bottle should be used.

Diffusion packet
inside the stopper

Figure 3.33 Ammonia diffusion process.
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Incubating the diffusion flask in the oven at 60 — 65 °C for 4 days might result in the loss
of labile DON and hence reciuce the recovery efficiency. The‘ldss of lab.ile DON could be
reduced by decreasing the incubation period at 65 "°C from 4 days to 2 days and
consequently increase incubation period with the use of stirrer to 6 days. As the sample

must either be heated or shaken continuously during diffusion process (Sigman et al

1997).

Lastly, the sensitivity of the éinmon‘ia measurements undertaken by the mass spectrometer
method at the NERC Isotope Geosciences Laboratory needs to be reduced from the current
50 pg N to 14 pg N (equivalent to 5 pM concentration in the natural water samples), as is
possible elsewhere (Fry ef al. 1996; Sigman et al. 1997; Holmes ef al. 1998). In this case
samples with the lowest ammonium concentrations (1 pM N) will only have to be

concentrated from 1 L to 200 mL, i.e. 20 % of the 'original voluine.

In summary, isotopic ratio measurements of stable nitrogen in the DON pool are more
difficult than for those in the pools of particulate organic nitrogen (Wu et al. 1999;
Mahaffey et al. 2003), ammonium (Holmes et al. 1998; Lehmann et al. 2001) and nitrate
(Sigman ef al. 19-97; Chang et al. 2002). For DON, all of the DIN forms must first be

removed and the DON pool subséquently isolated with high efficiency (Bronk 2002).
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Table 3.5 Results from the prelirninary work on stable nitrdgen isotope measurements in 6

water samples collected from the Plym Estuary on 23-03-2004. '

Sample Expected pg | Fraction  of | Therefore Measured d15N
N on filter | filter used expected pgN vs. AIR
ugN° (approx.)

Ammonium ‘

Plym Estuary ! | 362 1/4 91 50 +0.6
Plym Estuary 2 | 458 1/5 92 7 435
Plym Estuary 3 | 105 12 53 19 +2.1
Plym Estuary 4 | 134 12 67 36 0.9
Plym Estuary 5 | 95 12 48 77 +1.3
Plym Estuary 6 | 103 12 52 36 42
MQ blank 600 1 7 -17.2

| STD1(SN3) | 600 1/6 . 100 93 2.6

STD2 (SN3) | 600 1/6 100 123 +0.8
STD3 (SN3) | 600 1/6 100 101 +0.9
Nitrate

Plym Estuary 1 | 600 1/6 100 18 4.0
Plym Estuary 2 | 600 1/6 100 20 +3.8
Plym Estuary 3 | 600 1/6 100 45 +1.7
Plym Estuary 4 | 600 1/6 100 90 +3.5
Plym Estuary 5 | 600 1/6 100 73 +3.4
Plym Estuary 6 | 600 |16 100 107 +3.6
MQ blank 1 6 -19:1
STD1 (KPN) | 600 1/6 100 18 -10.2
STD2 (KPN) | 600 1/6 100 105 +1.6
STD3 (XPN) | 600 1/6 100 113 +3.8
Dissolved organic nitrogen

Plym Estuary 1 | 116 12 58 42 +10.2
Plym Estuary2 |49 12 25 14 53
Plym Estuary 3 | 123 12 62 30 4.4
Plym Estuary 4 | 54 12 27 15 12
‘Plym Estuary 5 | 43 12 22 23 -8.0
Plym Estuary 6 | 36 12 18 S22 -10.9
MQ blank 1 15 -10.5

* The filter was only approximately cut into fractions, and the distribution of ammonium
on the filter was not uniform. So expected microgram N was very approximate.
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Conclusion and future work -

4.1 HTCO analytical methodology

Understanding of the global carbon and nitrogen cycles depends initially on accurate
measurements of the concentrations of C and N species in natural waters. DOC and DON
are significant components of the global carbon and nitrogen cycles. Studies on nitrogen in
natural waters have generally focussed on DIN, primarily because of the relative ease of
DIN analysis, the per;eived important inﬂuer;ce of DIN on water quality and the analytical
difficulty in measuring the DON fraction. However, DON cycling should be investigated,
in conjunction with studies of DOC, to obtain a better understanding of the biogeochemical

roles of dissolved organic matter in natural waters and their influences on water quality.

In this study, a Shima'dzu TOC 5000 A Total Carbon Analys;er was coupled to a Sievers
NCD 255 nitrogen chemiluminescence detector for simultancous determination of DOC
and TDN. The coupled HTCO—chenﬁIuminesCence method forms an excellent analytical
technique for the measurement of DOC/DON, as it is simple to perform in the hand of an
experienced analyst, is applicable to all natural waters regardless of salinity and exhibits an
excellent linearity over a wide concentration range. The approach allows a combined DOC
and TDN analysis in the same sample in a single injection, and results in accurate and
precise measurements. Detection limits of approximately 0.46 pM N and 6.2 uyM C can be
achieved and are considered acceptable. However, the reliability of the DOC and TDN
data relies upon (1) careful blank determination, (2) a systematic evalnation of the
oxidation efficiency of a variety of organic compounds, (3) accurate and precise
instrumental calibration, and (4) testing analytical veracity with certified reference
materials (CRMs). Any DOC and TDN (DON) analysis should document the use of CRMs
for quantitative validation and accreditation of the measurements and to be suitable for

peer reviewed publication.

190




El-Sayed A, Badr Chapter four Conclusion and future work

4.2 The-biogeochemical cycling of DOC and DON

Knowledge of the DOC and DON reservoirs and their evolution are considered key
parameters in the description of the aquatic environment. Riverine-estuarine environments.
mediate the transfer of dissolved organic carbon and nitrogen compounds from drainage
basins to coastal and ocean waters. An investigation of spatial and seasonal variations of
DOC and DON concentrations was cartied out in two contrasting riverine-estuarine
environments. The Yealm and Plym estuaries, in south-west Engiand, were chosén as they
are relatively small scale and subject to anthropogenic inputs of carbon and nitrogen.
Furthermore, there are no published data on the distributions and cycling of DOC and
DON in these estuaries. The Yealm catchment is mainly agricultural, whilst the Plym is |
urbanised and industrialised by the city of Plymouth. These estuaries are macrotidal
systems with freshwater residence times of 1.5 d for the Yealm and 4 d for the Plym.
Waters samples were collected regularly (ca. every six weeks) along an axial transect,
during the period 02/2002 — 09/2003 for the Yealm, and 06/2002 — 09/2003 for the Plym.
DOC concentrations were generally in the range 61 — 335 pM C and 71 — 290 pM C in the
Yealm and Plym, respectively. DON concentrations ranged from 1.8 pM N at the seawater

end to 62 ptM N at the freshwater end in the Yealm. Corresponding DON concentrations in

the Plym were 4 and 94 pM N.

Estuarine reactivity

In general, non-conservative behaviour -was observed for DOC and DON in these estuaries,
-except a limited number of occasions. Nitrate and FRP behaved in a relatively conservative
manner ih the Yealm, whilst they  were generally non-conservative in the Plym.
Ammonium proved to be a reactive nitrogen component in both estuaries. In the Yealm
and Plym estuaries, the longitudinal distribution of DOC and DdN reflected a mixture of

external inputs and in situ reactivity. Anthropogenic inputs appeared to be particularly
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important in the Plym relative to the Yealm. In situ reactivity would have induced
physiochemical fransformations and biological production and respiration of organic
compounds, Whilst, each of these factors may have contributed to the apparent non-
conservative behaviours, the specific process of bacterial respiration of DOM may have

been identified as a small but significant feature.

Conservative distributions of DOC and DON reflect a ph}fsical mixing of river and sea
waters containing DOM that is relatively unreactive and biologically unavailable in the
time required for transit of dissolved constituents through the estuary. DOC and DON in
many estuaries, including the Yealm and the Plym, are behaving in a dynamic reactive way
and the linear distribution of the DOM-salinity plot does not necessarily imply a
conservative behaviour since sources and sinks might occur simultaneously (Cifuentes and
Eldridge 1998; Moran et al. 1999; Abril et al. 2002). There are several reasons to emphasis
the reactivity of DOC and DON in estuarine environments as follows (Peterson et al.
1994). (1) Estuarine processes both remove and add DOM. For example, flocculation and-
precipitation of humic substance by salts remove a portion of riverine derived-DOM while
photolysis of complex organic compounds and deflocculation could lead to the production
of labile organic matter. (2) There are large and active populations of bacteria assimilating
DOM in many estuaries. (3) A variety of processes also produce DOM in estuaries such as
phytoplankton growth and related activities. (4) External inputs of DOM from either

natural or anthropogenic sources have major influence.

Seasonal variations
An examination of the seasonal variations revealed that DOC concenfrations were
generally higher in summer and autumn relative to winter and spring in these estuarine

environments. On the other hand, DON concentrations were lowest during spring and early
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summer and highest during late sumr;mr and antumn. Generally, the seasonal variation of
DOC and DON was characterised by lower concentrations during winter and a slight
ino;reasc in spring and summer followed by highest concentrations during late summer and
autumn, The seasonality of DOC and DON may be relatively linked to phytoplankton
blooms and in situ biological recycling, with an accumulation of DOC and active release of
DON during the late summer and early autumn (Williams 1995; Volk et al. 1997
Mortazavi ef al, 2001; Chapman ef al. 2001; Bronk 2002; Al-Azri 2003; Goblef and
Sanudo-Wilhelmy 2003). This was supported by a strong seasonal pattern for chlorophyli
a, with highest concentrations observed during spring and summer and lowest
concentrations during late auturmnn and winter. In addition, lowest nifrate concentrations

were observed in summer and early autumn, while highest concentrations occurred during

winter,

Seasonal variations in the concentrations of DOC and DON in thel estuarine environment
may also be caused by variations in agricultural drainage, municipal and industrial waste
discharge, and river water flow (Alvarez-Salgado and Miller 1998a; Sondergaard ef al.
2000). Variations in the flow of fresh water to an estuarine environment tend to alter the
amounts of dissolved organic materials and nutrients entering the estuary and also alter

their distribution by influencing the degree of mixing between the fresh and salt water.

An investigation of the relationships between concentrations of chemical determinands and
river flow is an easy and valuable tool for assessing the origin and nature of these
determinands -at the head of the estuarine environment. These relationships indicated a
complex suit of point and diffuse sources of DOC and DON in the Yealm. In the Plym, |
DOC was affected by diffuse sources form the catchment, while DON was influenced by

anthropogenic point sources. In both the Yealm and Plym, nitrate concentrations increased
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with flow, indicating diffuse sources from the catchment. FRP concentrations decreased

with increasing flow in response to dilution of point sources by rainfall.

Anthropogenic inputs

The Yealm catchment adjacent to the estuary is mainly agricultural, with agricultural run
off and sewage discharges influencing the DOC and DON distributions- in the estuary. On
the other hand, the Plym catchment is urbanised and industrialised by the city of Plymouth.
A number of anthropogenic inputs potentially influencing the Plym Estuary include tin
mining, china clay abstraction, commercial shipping, sewage effluent discharge, traffic run
off and leachate discharge from the Chelson Meadow landfill site. Indeed, the distributions
of DOC and DON in the Plym Estuary were influenced by anthropogenic inputs, supported
by the following observations: (1) Elevated DOC, DON , NO; and FRP concentrations
occurred, in several occasions, in samples collected near STW outfalls at Plympton and
Plymstock. (2) Higher DOC, DON and NOj; concentrations were often observed within the
mid-estuarine water samples, which might be due to run off from the Chelson Meadow
landfill site. (3) The complex pattern of the distributions of the majority of determinands
against salinity. Therefore, this study revealed that human activity, through wastewater
loads, significantly may contribute to the dissolved organic. matter load in the Plym
Estuary. This might also be the case in estuaries of other counfries, especially in
developing countries, where sewage and industrial waste treatment are generally lacking

(Abril et al. 2002).

4.3 Bioavailability and the important contribution of DON
Nitrogen is a key nutrient in natural waters, where excess inputs lead to eutrophication.
DON represents the least understood part of the nitrogen cycle, relative to inorganic

nitrogen species (Jones et al. 2004). The current study, and recent other works, has shown
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that DON is quantitatively significant component ( up to 84 %)-of the TDN pool aﬁd a
large fraction (up to 58 %) of the DON is bioavailable for bacterial mineralization within

an hour.

The amount of DON as a percentage of TDN varied between 4 and 79 % for the Yealm,
and 3.5 — 84 % for the Plym. Higher percentage values were observed in the Yealm
Estuary samples for September 2002 (61 — 74 %) apd August 2003 (53 — 79 %), and in the
Plym Estuary samples for November 2002 (45 — 74 %). These results showed the
significant contribution of DON to the TDN pool. During the bacterial incubation
experiment, a significant fraction of DON (30 — 58 %) was bioavailable for heterotrophic
bacterial utilisation, and appeared to be coupled to the regeneration of nitrate (9 — 35 % of
inflow concentrations) within an hour. This finding supports the hypothesised bacterial
ammonification of DON and nitrification of the released ammonium to nitrate that

appeared to occur during some of the surveys in both the Yealm and Plym estuaries.

The large proportion of the DON that was bi‘ologically available in our bacterial incubation
experiment, coupled with the significant contribution of DON to the TDN pool in the
Yealm and Plym estuaries, suggested that dissolved organic nitrogen inputs may contribute
more to estuarine and coastal water eutrophication than was previously suspected.
Environmental assessment of DIN inputs underestimate, and total nitrogen inputs likely
overestimate, the inputs of biologically available nitrogen to estuarine and coastal waters
(Seitzinger and Sanders 1997). Therefore, in order to develop a nitrogen budget and
establish a proper environmental monitoring programme for an aquatic environment, DIN
inputs plus DON inputs including the portion that is biologically available to aquatic biota

must be quantified and equally assessed.

195




El-Sayed A. Badr Chapter four Conclusion and fiiture work

4.4 Future work

The current study provided the bench ‘mark of any future studies on DOC and DON
biogeochemical cycling in the estuaries of the Yealm and Plym, and even the DON
distributions in the Tamar Estuary. However, more research is needed in order to provide a

better understanding of estuarine biogeochemistry of DOC and DON, the most dynamic

aquatic environments.

In order to assess DOC and DON sources and sinks in estuaries, many measurements other
than the simple distribution of the bulk concentrations are necessary. These include long-
term bioassays (Hopkinson ef al. 1997a; Moran et al. 1999), isotopic tracers (Cifuentes and
Eldridge 1998) and/or elemental composition of dissolved organic matter (Sun ef al. 1997;
Hopkinson et al. 1997a). Bioavailability of riverine DOM can be estimated empirically

from the bulk elemental composition of DOM in the water samples (Sun ef al. 1997).

The use of stable nitrogen isotopes to identify DON sources and in situ production is of
significant importance to improve our understanding of DON biogeochemical cycling. A
research priority should be given to the quantitative recovery of DON from water samples

during analysis and prior to determination by mass spectrometry.

Also, in order to interpret the DOC and DON databases from major world r-ives, population
density, weighted with an index of sewage treatment, should be considered as a master
variable in addition to the natural parameters used so far. Such an approach has intensively
been used for nufrients but it is much more difficult to assess for organic matter, due to

mineralization in river systems (Abril et af. 2002).
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There are few data on the role of estuarine sediments, particularly in mud-rich systems,
with respect to the cycling of DON and its transport through the estuary. Additional studies -
in this area would provide a better understanding of estuarine biogeochemistry of DON

and support the water column studies.

As the case for N, studies on P in natural waters have generally focused on FRP and
ignored the dissolved organic phosphate fraction (DOP). It is critical to accurately meagure
DON and DOP in conjunction with studies of DOC for a better understanding of nutrient
limitation and cycling in estuarine and coastal waters (Karl and Bjorkman 2002; Sharp
2002). In particular, marine scientists should also now place more emphasis on the
"accurate determination of DOP concentrations for better understanding of phosphorus
dynamic. Improving DOP methodology will also- allow the calculation of C, N, P

stoichiometry in DOM, DOC:DON:DOP.
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Appendix 3.1

Raw data of the chemical determinands
measured in water samples collected from
the Yealm Estuary during the period
February 2002 — September 2003
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Resnlts of the Yealm Estuary samples collected an 24 - 02 - 2002

Station | DSt | oo | gy [Temperz] Cond |TRS gmy Salinity| DOmg| BOD | PO4 | NH4 i:g DIN |TDNpM| PON | %DON | DOC | CHL= |DOCD
km-weir tuwe jmsfem| L | % | Lot |mgletf wMp feMN | faMN | N [N | DN [ aMe | gl | on

1 535 Y3 )80l # # # 3201 | 7.20 117 § 090 { 3.48 | 3530 | 3878 | 41.40 | 28l | 6750% | 10730 | lost | 3819
2 480 Y5 | g0t ¥ # # 32044 731 116 | 085 | 400 | 3084 | 3484 | 6955 | 3478 | 49.91% | 12500 | inPC | 3.60
3 430 Y4 | 811 # # # 328 | B 153 | 120 | 575 p 7075 | 7750 | 1463 | 6182 | 42.25% § 14450 # 2.34
5 .90 Y6 | 7.98 # # [ 267 | 734 1 091 153§ 430 | 2679 | 10149 ] 17659 -'IS. 10 | 42.53% | 193.30 # 2.58
[ 0.85 Y2 ) 754 # ] # 026 | BS3 156 | 211 | 257 | 18345 | 1860 | 221,77 { 3575 | 16.12% | 140.70 # 3.94
7 0.00 Yi | 728 # # # 014 § 862 159 | 201 | 845 | 189.04 | 19750 | 2628 | 6528 | 2484% | 18020 ) 2.76

Results of the Yealm Estuary samples collected on 21 - 03 - 2002

) staton | D50] 1o A o [Temper) cond. Lo g sainiy| Domg | s0D | P04 | nets :L%’a pis |on 4| pow | soon | voc | cnta [peen
' kan.weic tue |mSem] L1 | % | i1 |mgLlt] pMP | pMN WMy | PME | W pMN ] FIDN | pMC gl | ON

hyo (eldery 550 ] 10:00 | 810 | 11,70 | 2080 | 1990 | 2172 | 922 145 | 229 | 398 | 16107 | 16505 ] 2549 | 5080 | 35.24% | 27,10 | lost | 302

1 5.35 10:15 | 826 [ 1170 | 16.60 | 1050 | 2233 | 895 143 179 | 298 | 11170 | 11468 ) 162.06 | 4738 | 29.24% | 21720 | inPC | 458

2 480 11035 ] B40 | 1150 § 2530 ) 1840 | 1940 | 835 119 ] 211 | 280 | 12955 | 13235] 149.00 | 16.74 | 11.23% | 193.70 g 1).57

3 430 ) 115 | 839 | 1190 f 1630 | 1126 | 1242 ] 932 103 | 193 | 450 | 12997 | 135471 15562 | 20.15 | #295% | 16720 # 13.24

- 4 385 |} 11:30 | 781 | 1200 | 1160 ) 815 | 871 9.27 142 | 194 | 3328 | 11994 | 1232 | 13249 | 9.27 | 7.00% | 256.50 # 27.67

j S 2.90 1400 | .03 | 13.0 2.80 680 | 721 } 1073 | aoh .56 | 327 | 14293 ) 1462 | 171744 25.54 | 1487% | 200.00 # 3.10

5 085 |13:05) 7521 190 ] 020 § 012 ] 023 ] 993 ]| 060 178 | 152 | 16825 | 169.771 17820 | B43 | 473% | 203.70 # 24,16

7 000 §1235] 735 | 1160 | 005 ! 004 | 005 | 270 | 030 { 192 | 403 | 18491 | 1885 Luvssa | 7 | 3mss N oaseo |l & | 303
8MQ

006 | 034 | 034 | 068 | ND 506

Resulis of the Yealin Estuary samples collected on 23 - 04 - 2002

NO3 | !
+NO2 DN |TDNpeM| DOW | %DON | DOC | CHLe |DOCD

Shation Disance Time | ¢ Temperal Cond. |TDS pm] Salinity] DOmg| BOD | PO4 | NH4
ture | mSfem| L-l £ Ll |mgil-1| pMP | uMN MW pMN N |uMN{ ADN | pMC { pgl-l | ON

~ Km-weeir
)

1 535 | 1505 | 744 | 1390 | 5500 § 3850 ] 3412 | 882 | o080 | 047 | 530 969 |-1549 | 2030 | 541 ) 2580% | 13070 # 24.16

2 4.80 16:45 | 7,55 § 13.50 | 5530 | 3880 | 3445 | 847 | 097 045 | 456 2382 | 2838 | 30.14 176 | 584% | 139.80 | lost | 7943

3 430 | 1625 ) 746 | 13.00 J 5520 | 3860 | 3447 ] o7 137 { 049 | 598 1282 | 2580 | 3003 | 423 ] 14.09% | 13240 | inPC | 3L30

4 385 16031 7.75 | 1420 | 5460 1 3330 | 3405 | 237 | 0Bl | 034 | 4ls § 1123 | 1539 | 1805 | 266 | 14.74% | 10370 # 3898

- 5 200 118300 744 ) 1570 | 4900 | 3440 [ 3054 ] 079 163 | 031 | 612 1835 | 2447 | 3741 | 1294 | 3455% | 178.00 ¥ 13.76

[ 085 | 1745 ]| 874 1440 | 017 | o042 | 192 | 1237 | 117 154 | 413 | 16133 | 16546 ) 18683 | 2137 | 11.44% | 14140

£
Foad
o
=]

7 0.00 18:00 | 848 { 14.20 0,10 0,07 007 | 1053 1.67 213 | 220 | 16642 | 1686 | 212.01 | 43.3% ] 2047% | 177.40 # . 4.09
— 8MQ

002 | 016 ¥D ND 423

Results of the Yealm Estuary samples collected on 21 - 05 - 2002

Station | Distwee] oo | [Tempera) Cond, |TDS g Sefnity} DOmg| BOD | PO4 | NH4 g%jl DN |mouum] pow | %pon | Doc | cHLe jpOCD
- Kneweir PRl e {onsem| b1 | % | oL [mpra] pvr | amn L | EMNT N D uMN] /DN )M ) pgie | ON

1 535 | 13209 207 ) 13.70 | 4000 | 30.50 | 3190 | 7.82 110 { 0.54 | 589 1435 ) 2024 | 3357 | 1333 § a071% | 10350 | 156 | 776

-~ 2 480 ['134s5{ 788 | 1350 | 3860 | 2060 | 2590 | 780 | 033 § 062 | 479 | 2265 | 2744 | 3001 | 1157 20665 ] o2 | 136 $.43

3 430 ] 1430 | 780 | 1340 | 48.00 | 33.60 1 3390 | 7.58 0.75 039 | 653 805 1458 | 3290 | 1832 | 55.68% | 8483 1.87 4.63

4 385 ] 1410 ).780 | 13.40 | 47.00 | 3300 | 3387 | 752 D60 | 04l | 559 1447 | 2006 | 3599 | 1593 | 4477 | 816 1.09 346

5 290 {1550 | 751 ) 1420 | 630 | 449 | 2475 ] 4B | 076 | 049 | 413 | 3522 ) 39.35 | €065 | 2030 | 35.12% | 12247 | 193 | 575

" § 085 | 1500 775 | 1390 | 268 188 | 130 ) B62 177 1 274 | 736 ]| 1357 | 14358 § 17385 | 3031 ) 1743% | 23057 | L0 128

7 000 | 15330 714} 1240 | 008 | 005 | 005 | %69 198 | 280 | 688 | 17872 | 13560 § 19290 | 5731 ) 26.71% | 21097 } OBR | 3.68.

8MQ 002 | 018 { ND ND 623 WD
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El-Saved A. Badr Environmental assessment of biogeochemical cycling of DOCand DON i natural waters

Results of the Yealm Estuary samples coll.ected on 13- 06 -2002

Station | DIst2Ree| oi |Tempem) Cond. [TDS guo| Salinity| DOmg| BOD | PO4 | NHS NO3 1 omv [fowm| pow | woow | poc | cuea {poco

Yem-weir ture |m@em{ LI | % | LI [mglel| pME | pMN ;’;‘Io; N | R |wmn | o | e | pera ] on

1 535 10735 | 810 | 1390 | 4350 | 3050 | 3404 ] 790 | ose 033 | 548 1283 | 1831 ] 2019 } 283 | §357% | 11178 | 139 | 3387

2 A0 | o7ss ) 801] 1380 | 5000 | 3500 ) 3921 797 0.83 026 | 438 6.69 1507 § 3215 | 2008 } 65.58% | 11070 | 150 530

3 430 | 0830 ) 803 | 1400 § 4450°] 3110 3360 024 | 0m0 0.26 | 447 ] 735 1182 § 3460 } 22781 6584% | 11300 ) 138 496

4 385 | 0820 ) B.0O | 1420 | 4630 | 3240 | 3249 | 233 1o 024 | 628 1045 | 1674 § 3409 | 1735 | 50.91% | 13560 | 1.05 7.81

3 290 | 09:55 ) 820 | 1500 | 3930 1 2750 | 2771 | 837 140 | 026 | 441 | 2525 | 3066 | 3898 | 832 | 21.34% | 123.00 | 416 | 1479 {.

[3 085 | 090 | 760 | 1320 | 350 | 272 | 142 ]| 934 107 146 | 274 | 12565 | 1284 | 044547 1616 1 1LIS% | 19470 | 126 | 1205

7 000 |0935) 652 13.00 | 013 [ 005 | 003 F 928 | 094 | 167 | 743 | nzes | 12s07) 135207 1043 | 249% | 182651 os7 | 1804
B8M 001 | 023 1 000 ND 097 | mp

Results of the Yealm Estuary samples collected on 04 - 07 - 2002

. . . O
Stafion Distance Time | pH Teruperz| Cond §TDS g Salinity] DOmg| BOD | PO4 | NH4 O3 DIN |TEN pM] DON | %DON | BOC | CHLa |DOCD

Ynweir tue [msveml L4 | s | £ fmgies] pnip § v :ff: wN | v b aMr| mow | e || on

—

535 | 12:55 | 804 | 15.70 | 45.00 ) 3160 | 3308 | 958 188 | 007 ] 311 557 8.68 1499 | 631 | 4207% | 10020 [ 137 | 1589

2 ) 4m l1315) 299 | 1570 | seo | 3200 | 3350 | 769 | 084 | 009 | 207 | 309 | s3s | 1038 | em | ssoow | sass | 176 | 13m
3 | a0 [ 1so] 998 | 1530 | 4300 | 3030 | 30sa | s00 | vos [ a0 | 2z | ass | sas | 1546 | 703 [ aseme] s ] 239 | t60s
4 | 385 | 1335 | 200 ) 1560 | 43m0 9 3070 | 3175 | w22 | 136 | oaz | aza | 1776 | 2100 | 317 | 074 | s06sw | 10080 | 392 | 1333
5 | 290 Lisoo| oo ] 1800 | 3680 ) 250 | 2021 ] s67 | 174 | 005 | 200 | 1580 | 1780 | 2746 | 036 | 3447 | 1m00 | 456 | 24
6 | 085 1203|770 ] 1640 | 021 | o2 | 005 | oms | oss | 160 | 318 | sarer | 14500 16903 | 2383 Y 140a% § 2w9s0 ] 054 | mm
7 | 000 | il 705 1450 | 06 | oax | 004 | 895 | og0 | 155 | 294 | 10759 | 11053 ] 15804 | 822 | 3097 | mss0 | o2 | 4ss

8MQ oo | o3 | om0 ND 1724 | ND

Results of the Yealm Estuary samples collected on 30 - 07 - 2002

Station ;:’shnfe ime | g [Fempere| Cond {TOS gl salinity} DOmg| BoD | Po4 | NH4 gfgz pi {TowpM| pow | %pon | poc | cuea |poco

weir wre fmsieml L | % | Lt (mpreaf e ey | D b | N e | ow | see gt |oon

[ 535 F 0925 799 | 1830 | 39.20 | 2760 | 3471 | 859 153 § 009 | 501 18.75 | 2376 | 4126 | 17.50 | 42d1% | 9240 | 238 5.28

2. 450 | 0945 ) 793 ] 1820 | 3800 | 26580 ) 3490 ) 814 | 072 009 | 328 430 758 | 23.08 | 1550 | 67.16% | 8L 1.93 526

3 430 | I1T ) 795 | 1850 | 4540 ] 3320 | 349 | 248 1.01 0.08 | 555 1.76 731 | 2282 | 1551 | 6797% | 8l3S 1.57 5.26

4 385 3 1004 | 792 1 1820 | 4630 | 3440 | 3490 834 0.79 008 | 282 1.81 463 | 1350 | 527 | 66.69% § 633l 1.67 7.85

5 250 | 1:30 ] 815 | 20.60 | 4580 | 3410 | 3297 1001 | 165 | 006 | 664 | 104 | 768 | 1065 | £597( 6092% | 9840 | 356 | 822
6 0.85 ) 10:00) 753 ) 1820 | 506 | 351 | 344 ¢ 825 | 051 | 171 | 825 | 15298 { 160231 2237 | 6247 ) 27.94% | M0s00 | 125 | 1%
7 000 f1ki7] 720 ) 1780 | 019 | 013 | od1 | 878 | 098 | los | 493 | 15798 § tezo1| 22510 d209 | 27.63% | 98320 | 049 | 158
sMQ ND | 094 | 004 2.95 1500 | ool
Results of the Yealm Esfuary samples collected on 04 - 09 - 2002
Station D:stam Tims | pu Tempera| Cond. |TDS gro| Salinity ] DOmg| BOD | PO4 | NH4 410032 DN |IDNpM| DON | %DON | DOC § CHLa |DOCD
Yan-weit ture | mSfeam| LAl %a -1 Jmgl-i] P | MW WMN pMN N pMN | /TDN | pMC | pgl-1| ON
1 535 | 1750 | 834 | 1880 | 47.60 | 3330 ] 3486 [ 860 | 352 | 050 | 373 | $2.03 | 1586 | 4750 | 3164 ) 6661% | ¥3325 | 221 | 263
2 480 | 1745 ] 834 ) 1580 | 4770 | 3340 3504 | 860 | 142 ) 045 | 543 7 1020 | 1663 | 4265 ) 2602 | 6101% ) 9680 | 120 ) 3m
3 430 11735 [ 832 | 1880 | 4750 | 3320 | 3509 | 845 | 156 ) 044 | 700 ] 207 | 902 | 2610 | 1708 | 6544% 1 8006 | 137 | 469
-4 385 | 1725 1830 | 1000 | 4770 | 3340 | 3451 ) 806 § 126 | vap | 337 | 040 | 357 | 1222 ] 865 J707n ] 7440 ) 196 | 26
5 290 {1710 [ 828 | 1940 | 4740 | 3320} 3418 | 1005 | 229 | 032 | 345 | 160 ) 505 | 1354 | 849 | 6270% | 9253 | 185 | 1050
6 200 {1700 | 825] 2010 | 4550 | 3190 | 3260 ] 1041 | 206 § 035 | 543 4 374 | 922 | 3440 | 2508 | 7R20% § 11540 ] 554 | 458
7 085 | 1645 730 | 19.00 { s30 [ 371 | o | 932 | 098 | 187 | 148 | 63.01 | 6449 | 2488 J 1431 74.08% ) 13900 | 039 | 075
8 000 | 1830 | 702 | 1640 { 035 | 025 | 013 | 925 | 127 | 138 | oss | o341 | 906 | 2504 | tes3 | eazawe [ 12950 | 022 | o7
IMQ 003 { 072 | 027 1.26 1960 | ND
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ElLSaved A.Badr

Environmental assessment of biogegcherical eycling of DOCand DON in natural waters

Resulfs of the Yealm Esfuary samples collected on 11 - 10 - 2002

Stafion ﬁt::,‘: Teme | o Tu;:em. m m[.i lgm Sah’:‘ﬂy Dlofllng Do 4| PM | N E%r‘z DIN |TDN M| DON | %DoN | Doc | cHLz |pDocD
uMP | iMN WMN pMN{ N [ pMN| /DN | pMC | pgla | ON
1 535 | 10:10) 833 } 1580 | so.60 ) 3540 | 3506 | 732 | 9070 | 049 | 455 | k55 | 610 | 1265 | 655 | simiee ]| e6o2 b ooed | 1023
2 480 | 1005 ) 810 ) 1580 | 5000 ) 3520 § 3508 | 733 | 8800 | 049 | 445 | 1246 | 1691 | 3196 | 1505 [ 4700% | s821 | o063 | 58
3 A30_| 1000} 800 | 1590 | 5100 | 3570 § 3545 | 736 | 9140 | 037 | 412 | 44t ) 853 | 581 | 728 | 4505% | 6095 | o | 9@
4 385 | 09:55] 806N 1570 | s0.00 | 3500 | 3505 | 709 | 8s00 | oso | 27 | 2337 | 715 | 2440 | 1726 | 7079% ] 9520 | o0 | 5%
5 290 *| 09:45 | 804 | 1560 | s060 | 3540 | 3508 ) 738 | oroo | oas | 205 | sm | 7w | 1230 | e | ssaen| ss2a | 0se | 6m
é 200 | 0940 | 778 1 1410 | £7.60 | 2460 4 2492 | 850 ] 9500 ] 097 | 635 | 3001 | 3736 | 7268 | 4032 ) susues | 124333 123 | 3w
7 985 | 0935] 776 | 1420 | 2070 ] 1530 | 1432 | 670 | 5200 | 073 | 651 |- 2585 | 3236 | 6056 { 2820 | 46574 ) 9723 | 129 | 345
g 000 | ic45( 720 | 1250 | 007 | 005 | 014 | 811 | 7700 | 502 | 559 | 17167 | 17726 | 2337 | s648{ 24.06% | 13533 | 026 | 240
SMQ 000 | 057 § o027 | o34 ] WD 417 | 00§
Results of the Yealm Estuary samples collecied on'11 - 11 - 2002
Station | 7B e git |Tepers] Cond. [TDS grof Salinity} DOrgf o, | P04 | w4 ;‘g DIN JTDNuM| DON | %DON | poc | CHLa |Docp
Y weir ture |mSfem| L1 | % | L1 PMEP | BMN e sMN| N ] pM¥]| ADN | pMC | pgll | ON
1 535 P1o25) 899 | 1530 | 5140 | 3600 | 3332 | sog | w610 ] ost | 360 | 1362 | 1722 ) 2500 ] 279 | 315w | 7235 | 024 | sm
2 480 } 1020 | 829 | 1540 | 5080 ) 3560 ) 3287 ) 811 | 9660 ) 052 § 354 | 1335 | 1689 | 2767 | 1078 | 3896% | 76 | 027 | 694
3 430 | 10:15 ) 327 | 1540 | 5040 | 3530 ] 3276 | 792 | 9570 | 045 § 363 | 1213 | 1576 | 2880 | 1304 | 4528% | 10210 | 030 | 783
4 385 | 1005 ) 824 | 1500 | 4340 ) 3040 | 2845 | 756 | %700 | 052 | 440 | 3187 | 2627 | 5547 | 1920 | 3461% | 14600 [ 029 | 761
5 290 | 10:00 ) 823 ) 1510 | 4320 {1 3030 | 2736 | 769 | sgoo | 052 | 526 | 3604 | 4130 | 6512 | 22221 3658% | 12270 | 037 | s1s
§ 200 0945 ]| 7991 1340 | 2060 | 1440 1224 | 885 { 88s0') 072 | 369 | 11131 | 11500 ) 14271 | 2771 | 19.92% | 25000 | 044 | 920
7 085 [ 0935|756 ] 1330 | 003 | 002 | 022 | 990 | o100 ] o064 | 250 | 16494 | 16744 10353 ) 2509 | 13.48% | 21440 | 037 | 22
8 000 | 1045] 760 ) 1330 | 004 | 003 | ooz | 103 ] cmio | 052 | 122 | 15920 | 1604 | 19855 | 3813 | 19.00% | 20660 | 021 | 542
IMQ 002 | o1 | WD 40t | ND
Results of the Yealm Estuary samples collected on 09 - 01 - 2003
staion | P15} 5 | oy {TFempens| cond. {105 g saity | DO ), | 704 | 0 :;qoé piv [om | pow [ woow | poc | caea [pocp
San-weic e [mSem| L1 | % | L1 pME | pMN MN MN| N | pMy]| oM | pMC ] pii] ON
1 535 ) 10:55 ] 850 ) 850 ) 4260 | 2030 | 3127} 280 | 9450 | 0359 | 354 | 4006 | 4360 ] 5143 | 784 | 1s;ec ) 6205 | 013 | g0
2 480 | 10:50 | 850} 730 | 3710 § 1850 ] 2856 | 950 | 9500 | oso | 315 | 7562 § 7877 | io2ns | 248 | A% | 7190 | o9 | 299
3 430 | 1045 | 349 | 750 | 3850 { 1930 ) 31.08 | 9.00 | 9500 { 049 | 234 | 305 | 3390 | s480 | 2090 | 3834 | 7686 | 042 | 368
4 385 | 10:40 | 84s | 690 | 3300 ] 1650 | 2803 § 90 | 9200 | 045 | 301 | 4133 | 4434 ) 6843 | 2400 § 3520% | 6610 | 020 | 274
5 290 | 16:30 | 8o | 590 | 2860 | 1430 | 2343 | 1000 | o800 | 051 | 362 | D65 | 7727 | 10562 | 2835 ) 2684% | 8231 | 049 | 290
6 200 | 105 | B3] 670 | 2720 | 1389 { 2119 | 1000 ) 97.00 | 052 | 244 | 6180 | 6424 | 11087 ] 46.63 | 4206% | 7860 | 043 | 169
7 085 | 10:0 | 810 ) 630 | 1410 | 704 | 987 | 7270 | é000 | 082 | 307 | 14388 | 14695 ] 18642 ) 3947 | 2107 ) 9447 | 006 | 239
% 000 | 120 790) 600 | 022 | oo | o2 | 1130 | 9300 | o052 | 226 | 20330 | 2056 ) 23198 ) 2642 | 1136 | 9454 | 044 | 3ss
IMQ — 002 | 058 | o054 0.88 211 | ND
Resulfs of the Yealm Esfuary samples collected on 21 - 02 - 2003
Station | P5t0e] ol Tempesz| Cond. [TDS grof Salinity| DOmg] |, | PO4 | NE4 ::3;2 DIN [TONpM| DON | %DON | DOC | CHLa |DOCD
m-welr e fmsem] L1 ] % | L1 pME | pMN e pMN] N | uMN] DN | nMC fpglda] ON
1 535 | 105 | 8o2 | 760 | 3720 | 1360 | 2012 | 680 | 9340 | o072 | 426 | 6569 | 6995 | 78s9 | o4 | 113% | 9709 | o3l | 1085
2 480 [ 1oa00 795 770 | 4470 | 2230 | 2829 | 900 | 9580 ) 071 | 347 ) 73.03 | 7650 ) 5939 | 2289 | 23.03% | €974 | oM | 305
3 430 | 1005 [ 794 ] 720 | 4420 | 2210 | 2426 ) 942 | 1000 | 032 | 333 | o2 {1525 | 2723 | Nos | 4400% | 6l42 | 040 ) 513 |
4 ags | o955 | 787 740 | 3150 | 1570 [ 2538 | 1050 | o740 | 065 | 315 | 9458 { o773 | 1817 2044 | 1730% | 7479 | 033 | 366
5 290 | 0950 | 780 ) 740 | 644 | 322 | 03u7 | 1090 | o560 ) om0 | 285 | 14706 | 1so0t | 123 ) 2032 ) 1239% | 9194 § @30 | 433
6 200 | o940 790 ) 760 | 2680 | 1340 | 2943 | 066 | 9760 | 063 | 3.06 | 6152 | 6as8 | 7445 | 987 | 1326% ) 7701 | 059 | 780
fia 145 | ov2s 780 ] 750 | 817 | 409 | 2199 | 1000 | 9400 ] 038 | 325 | 7652 | 997 | 9238 | 1260 | 1365% | 8003 | 047 | 635
&b 110 o030 | 780) 760 | 3500 ) 750 | 903 | 930 | o140 ) 071 | 245 | 11928 | 12073 ) 13630 | 1457 | 1069% | 151 | 034 | 632
7 035 [o0o20) 782 | 740 | 3190 | 1590 ] 2051 | 1200 | 9700 | 067 | 448 | 6612 ]| 70.60 | 8970 | 1040 | 2129% | 8692 | 0.56 | 4.5
8 000 [to:d0) 730 | 870 | 039 | oae | 04z | 1220 | 10050 f 102 | 432 | 18390 | 1882 | 21534 ) 2702 | 1ason | 9092 | 057 | 335
MQ 0.46 175
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El-Sayed A. Badr Environmental assessment of bingeochemical cyeling of DOCand DON in natural walers

Results of the Yealm Estuary samples collected on 09 - 04 - 2003
Staion ;s‘hme Time | gl Tempera| Cond. [TDS gmf Sakinity| DO mg po % 04 | NH4 g::;z DN |TDNpM| DON | %DON | DOC | CHLa |DOCD
~WeiL tarz | mSfem| L1 %o Ll pMP | pMN PMN pMH N |uMN| /ADN | pMC | pgl-l| ON
1 535 | 1015 | 825 ] 10.90 } 57.80 | 40.50 | 3497 | 830 { 9950 | 062 | 350 | 414 | 765 | 1110 | 354 | 3164% | 6957 | 034 | 1965
2 480 ) 10:10 | 826 ] 10.70 | 5830 § 40.80 | 347¢ 1 890 |10030) 046 | 324 | as8 | 722 [ 1169 | 387 [33n% | 7298 | 049 | 1886
3 430 1 10:05) 2826 | 10.90 | 5820 | 4080 | 34901 ] 920 | 1002 | 044 } 332 | 386 | 718 | 1239 | sau fa2s7%] 8470 | 065 | 1566
4 385 ) 1000 ) 826 ) 1090 | 5620 | 3940 | 33.64 ] 860 | 9760 ) 0354 | ast | 1072 | 1423 | 1827 | 464 | 2455% ) 7671 | 045 ) 1653
5 200 | 0955 ] 824 ] 1060 | 5670 | 3970 | 3380.) 020 [ 1020 | 057 | 396 { 942 | 1338 0 2095 | 757 | 36.43% | 12401 | 054 | 1638
b 110 | 0945 | 811 | 1060 | 5160 | 3620 | 2932 | 250 | 8200 | 050 | 438 | 3270 | 3737 | 4800 | 102 ] 2220% | P1264 | 223 | 1053
7 085 j11:004 833 | 850 | 1216 ) 850 | 426 | 630 | 3500 | 061 | 300 | 12185 § 1250 | 169.07 | 4401 | 26.00% | 14839 | 202 | 3W
3 000 J 03051 765 ]| 9350 | 005 | 004 | 016 | 930 | 7500 | 252 | 075 | 16156 f 16231 | 18079 | 2748 | 14.48% | 1521 ) 168 | 419
SMQ 002 | 055 | 015 0.50 109 | 005
Results of the Yealm Estuary samples collected on 19 - 05 - 2003
Station gnismge Time | gt [Tempen Cond. [rDS gl sty | DOmg| | pe | wee &0032 oM |ToNyM| pow | oo | poc | caLa |poco
BT fure |mB/om| Ll b L1 PMEP | tMN WMN M N N pMN | /DN ]| uMC | pglel | ON
1 $35 1095001832 13.50 J 4550 ) 3180 ) 338 | # i 011 | 049 | 339 | 388 | 1116 | 722 | 6523% | 10253 ] & | 1408
1 480 J 0945 ) 832 | 1330 | 4530 | 32004 3421 | # # 023 § 024 | 193 { 217 | 949 | 702 | 7539% | #3285 ¥ 11.86
3 430 ) 09:40 | 830 | 13.60 | 4500 § 3150 ] 3412 | # i 012 | o020 1 185 | 205 ] 915 | 7.00 | 76.50% | 8340 # | us
4 385 | 0935|229 | 13.60 | 4470 | 3130 | 33356 ] # # 012 | 034 { 28 | 320 | 975 | 655 | sn.18% | £241 B }1258
H 290 | 0930 ( 826 | 13.60 | 4450 | 3t.00 | 3399 | # # 008 | 038 | 255 | 293 | 964 | 671 | 6961% | 7965 # | 1187
3 200 | 002 | 816§ 1440 | 3500 | 2520 | 2696 ] # # 037 | 273 | 2550 | 2810 | 3476 | 657 | 1850% | 2963 | # | 1973
GA 145 | o920 ) 560 | 1430 | 2830 | 1980 | 2037 | # # 032 | 258 | so22 | 5280 | 5641 | 361 | 6.40% | 15333 | 4 ] 4247
6B 110§ o5 | 805 | 1420 | 2090 | 1464 | 1448{ 2 4 057 | 3.0 | 6932 | 7242 | 7960 | T.I8 | 9.00% | 17463 g | 4n
1 085 | 09:10 | 781 | 1380 | 477 ] 334 | 153 # # 090 | 247 | 11035 | 1282 12107 | 825 | 681% | 210533 # | 2552
8 000 | 10:10} 7501 1340 | 068 | 047 | 023 ¥ # 111 | 272 | usal | 13583 12084 | 2401 | 1079% | 21953 1 K | 1567
2 MQ Nb | WD 0,06 ND 287

Resuits of the Yealm Estuary samples collected on 91 - 08 - 2003

Siaion gﬁmcf‘ Time | g [Tepe=] Cond. {TS g salinity| DOmg | 1 | Po4 | 2uza ::{%"2 p |1owym| pon | woon | poc | cia {poco
e twe |mShm] L1 ] % | i1 wap [ | R L | | | N | e | pel | oN
L) s3s J a3 (7871 1630 | sa30 f3geozazv ] # | 2 Jom Jom | use | 236 | o | a2 | psus] sam | 8 | iam
2 | 280 [ro10] 78] 1530 | s | ool zazr| # | & | om ]| 2a9 | 1s0 | 430 | mos | emo |oroom | soasr| & | 1520
3 | 43 Jioos|753] 1630 | s300 { armo | sas2| # F & | ous [ oe1 | 1 | 203 | 033 | 730 | 7s2ass] soas | # | 088
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Appendix 3.2

Pearson’s product moment correlation
matrix for the Yealm Estuary samples for
different seasons




SALI DON Boc

3 NITY | PH BOD DO PO4 { NH4 | No3 | TDN | DON | TEN | Doc | CHLA | DON

SALI Pearson Correlafion 1 046 | -575" -.559* -914™ 084 | -.978™ -972" -626" 450 | -.805" 383 | .330
NITY  sig. (2-tailed) ) 844 | Q06| .008( .000(| .784( .000 | .000 [ .002 | .041 000 | 176 | .143
N 21 21 . 21 21 21 21 21 21 21 21 211, 14 21

PH Pearsan Correlation .048 1| -055 | 263 | -132] -527 | o088 | .076| .083| .158 | -340°| .538 | -216
Sig. (2-tailed) 844 .| 813 =250 | 68 .014 | 712 | .744 | 787 [ 493 | 132 | .047 | .348

N 21 21 21 21 21 21 21 21 21 21 21 14 21

BOD  Pearson Correlation 575" .055 1 467 | e92% 147 | 587 .633* 601 -.291 7757 008 | -.173
Sig. (2-tailed) 006 [ .813 .{ .033 | .001 524 | .005 | .002| .004| .20 .000 | 979 | .453

N 21 21 21 21 21 21 21 21 21 21 21 14 21

DO Pearson Correlation -559% 263 | 467 1 412 | -256 | 860" .596* .151 | -524 | 455 | -162 | .005
Sig. (2-tailed) .008 | 250 | .033 .| 084 263 .001 004 | 514 | 015 | .038 | .580 | .982

N 21 21 21 21 21 21 21 21 21 21 21 14 21

PO4  Pearson Correlation -914™ -132 | 92 .412 1 133 | 004 .934m 737 -390 | .822% -461 | -272
Sig. (2-taited) .000 | .588 | .001 .064 . .| 867 | .000| .000 | .000 | .081 000 | .097 | .233

N 21 21 21 21 21 21 21 21 21 21 21 14 21

NH4  Pearson Correlation 064 | -527 | .147 | -256 | .133 1{ -148 | -110{ -012 | .094 | .142 | -437 | -.050
Sig. (2-tailed) 784 | 014 | 524 | 263 | 567 .| 523 | 63| .960 | 687 | .538 | .119 | .831

N 21 21 21 21 21 21 21 21 21 21 21 14 21

NO3  Pearson Correlation -o78* 086 | .587* .660% .004* -.148 1 087  616* -489 | 764" -390 | -268
Sig: (2-tailed) 0000 712 | 005 ] .001 .000 | 523 .| .000| .003| .025| .000 | .158 | .240

N 21 21 21 21 21 21 21 21 21 21 21 14 21

TDN  Pearson Correlation -972*1 076 | 633" 596 .934* -110 | .987* 1 735 -375 | .770% -420 | -354
Sig. (2-tailed) 000 | 744 | 002 | .004 | .000| 636 .000 .| .000| .084{ .000| .135| .116

N 21 21 21 21 21 21 29 21 21 21 21 14 21

DON  Pearson Correlation -626 .063 [ .601* .151 737 -012 | 616" 735" 1 229 | 521 | -293 | -.598"
‘ Sig. (2-tailed) 002 | .787 | .004 | 514 | .000| .960 | .003 | .000 f o 3t9 ]| 0151 309 | .004
N 21 21 21 21 21 21 21 21 21 21 21 - 14 21

' DON  Pearson Carrelation 450 | 458 | -201 | -524 | -390 | .094 | -489 | -375 [ .229 1| -446 | .086 | -.537
TDN  sig. (2-tailed) 041 493 | 201 | .015) .081| 687 | .025| .004 | .319 .| 043 | 789 | .012
N 21 21 21 21 21 21 21 21 21’ 21 21 14 21

DOC  Pearson Carrelation -805 -340 | .775* .455 | .822v 142 | 764~ 770 521 | -446 1| -372 | -.007
Sig. (2-tafled) 000{ 132 | 000 .38 .o000| .53 | .000| .000| .015) .043 .| oe0 | 877

N 21 21 21 21 21 21 21 21 21. 21 21 14 21

CHLA  Pearson Correlation .383 .538 .008 -.162 -.461 -437 -.399 -420 -.293 .086 -372 1 .036
Sig. (2-tailed) 476 | o047 | 979 | 580 | o097 | .419| 58| .35 | 309 | .769 | .190 .| .02

N 14 14 14 14 14 14 14 14 14 14 14 14 14

DOGC  Pearson Carrelation 330 | -216 | -173 ] .005 | -272 | -050 | -268 | -354 | -598* .537 | -097 | .036 1
DON  sig, (2-talled) 143 | 348 | 453 | 882 | .233 | .831 240 116 | .004 | 012 | 677 | .902 .
N 21 21 21 21 21 21 21 21 21 21 21 14 21

**, Correlation is significant at the 0.01 level (2-tailed).

m—____.

Correlations matrix for the Yealm Estuary spring 2002 samples:
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SAL j DON Doc

NITY | PH BOD DO PO4 | NH4 | NO3 | TON | DON | TDN | DOC | CHLA [ DON

SALIN _Pearson Carrelation 1 899" 445 | -180 | -.933" .189 | -.935~ -o9s8% -712| 482 | -680* 573" 473
ITY Sig. (2-tailed) .| .000| 038 422 | o000) 400| .000| 000 | .000| .023| .000| .005| .026
N 22 22 22 22 22 22 22 22 22 22 22 22 22

PH Pearson Correlation .899* 1 561 014 | -754m 328 | -78omf -869% -718" .383 | -575% 5710 41
Sig. (2-tailed) .000 .1 o007 | 951 000 | .137| .000| 000 | .000 | .078 | .005 ] .005 | .057

N 22 22 22 22 22 22 22 22 22 22 22 22 22

BOD  Pearson Correlation A45 | 581 1 575" -389 | 150 | -447 | -397 | -230 | 220 | -259 | .540% .225
Sig. (2-tailed) 038 | .007 .| 005 | .074{ 506 | .087 | .067 | .303| .326 ] .244 | .010| .314

N 22 22 22 22 22 22 22 22 22 22 22 22 22

DO Pearsan Correfation -180 | .014 | .575* 1 212 | -045 | .080 | .136 | .161 102 | 2968 | 149 { -.083
Sig. (2-tailed) 422 | 951 .005 .| 344 | 842 | 723 | 47 | 474 | 661 181 507 | 713

N 22 22 22 22 22 22 22 22 22 22 22 22 22

PO4  Pearson Correlation -933% 754~ -389 [ .212 1| -132 | .850% .9z2v 758 -208 | 643" -610* -.584*
Sig. (2-tailed) 000 | 000 [ 074 | .344 .| 58| 000 .000 | .00 | .77} .001 | .003 | .004

N 22 22 22 22 22 22 22 22 22 22 22 22 22

NH4  Pearson Correlation 189 | .328° .i50 | -045 | -.132 1 039 | -144 | -349 | -~089 | -270 | .204 | -211
Sig. (2-tailed) 400 | 137 | 508 | .842 | .559 .| 884 | 523 112 | 694 | 224 | 362 | .345

N 22 22 22 22 22 22 22 22 22 22 22 22 | 22

NO3  Pearson Correlation -035" _789% -447 | .080 | .850™ .039 1 888" 499 | -e42" so8v -537 | -.459
Sig. (2-tailed) 000 | 000 | 037 | 723 | .000 | .864 .| .o00 | .018 | .o001 004 | 010! .032

N 22 22 22 22 22 22 22 22 22 22 22 22 22

TDN  Pearson Correlation -958" -869" -397 | .136 | .932* -144 | 888" 1] 8427 -321 515 | -.586™ -.627*"
Sig. (2-taited) 000 | 000| .067| .547 | .000| .523 | .000 .| .000 | .145 014 | 004 | .002

N 22 22 22 22 22 22 22 22 22 22 22 22 22 -

DON  Pearson Correlation -712° -718% -230 | .161 758" -349 | 499 [ 842 1 A42 | 202 | -480 | -627%
Sig. (2-tailed) 000 | 000 | .303 | 474 | .000 J12{ 018 | .000 . 529 188.| .024 | .002

N 22 22 22 22 22 22 22 22 22 22 22 22 22

DONT  Pearson Correlation 482 { 383 220 | .02 | -298 | -089 | -642* -321 142 | 1| -579 119 [ -240
DN Sig. (2-tailed) 0231 078 | 326 | .651 A77 | 694 | 001 145 | 529 .| .oos | .87 | 282
N 22 22 22 22 22 22 22 22 22 22 22 22 22

DOC  Pearson Correlation -690* -575* -259 | 206 | .643" -270 | .588* 515 | .292 | -579* 1| -231 | -.033
Sig. (2-tailed) 000 | .005 | .244 | 181 .001 224 | .004| .014 | .188 | .005 .| 301 | .e84

N 22 22 22 22 22 22 22 22 22 22 22 22 22

CHLA  Pearson Correlation 573 571 540 149 | -610 .204 | -537 | -.586* -480 | .119 | -231 1 375
Sig. (2-tailed) 005! .005| .010| 507 | .003 | 362 | .010| .004 | .024 | 597 | .301 .| .o85

N 22 22 22 22 22 22 22 22 22 22 22 22 22

DOC Pearson Correlation A73 411 225 -.083 -.584* -211 -.459 - 627" -B627™ -.240 -.033 375 1
DON  gig. (2-tailed) 02| 0857 | 314| 713| .004 | 345 | 032 | 002| .002| .282| .884° .085
N 22 22 22 22 22 22 22 22 22 2| 22 22 22

**. Correlation is significant at the 0.01 level {2-tailed).

| —

Correlations matrix for the Yealm Estuary summer 2002 samples .
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SALI DON DOC

. NITY | PH DO PO4 | NH4 | NO3 | TDN |{ bON | TDN | poc | CHLA | DON
SALI  Pearson Correlation T | .855°" -698™ -505 | .184 | -.054™ -063™ -806™ .758" -.782* .172.| .366
NITY  sig. (2-tailed) ) .000 .003 .046 495 .000 .000 .000 .001 .000 524 .184
N 16 16 16 16 18 16 16 16 16 16 16 16

PH Pearson Correlation 8554 1| -451 | -699*{ -.064 | -.808™ -.851* -848~{ 415 | -472 | -110 | .560
Sig. (2-tailed) .000 .l wo79| o003 .813| .000] .000] 000 | 110 .05 .684 | .024

N 16 16 16 16 16 16 16 16 16 16 16 16

DO Pearson Correlation | -698* -.451 1| 048 | -661 777 734 439 | -746™ 760" -442 | .028
Sig. (2-tailed) 003 | .079 .| 859 | o005 .000| o001]| .08 .001| .001| .087 | .917

N 16 16 16 16 16 16 16 16 16 16 16 16

PO4 Pearson Correlation -.505 -699* .048 1 .331 542 .B06 J22* -285 116 -.159 ~522
Sig. (2-tailed) 046 | .003 | .859 .| 20| .03 | .013| o002 | 285 | 670 | .555 | .038

N 16 16 16 16 16 16 16 16 16 16 16 16

NH4 — Pearson Correlation 184 | -o064 | -861 .331 1] -335 | -224 | 232 | 401 | -374 | 651 -497
Sig. (2-tailed) 495 | 813 | .005 | .210 .| 204| 405 .388 | .124{ .154 | .006 | .050

N 16 16 16 16 16 16 18 16 16 16 16 16

NO3  Pearson Correlation | -.954* -go8* 777~ .542 | -.335 1| 990 .756* -816" .811* -385 | -.242
Sig. (2-tailed) o000 { .000 | .o00| .030 | .204 .| .o00| .001| .000| .000 | .141 | .365

N 16 16 16 16 16 16 16 16 16 16 16 16

TDN  Pearson Correlation | -983* -851" .734* 806 | -224 | .900™ 1] .839= -771~ 792" -307 | -357
Sig. (2-tailed) 000 | .000{ .001| .013| 405 .000 .| 000 .000| .000 | 247 | .175

N 16| 16 16 16 16 16 16 16 16 16 16 16

DON  Pearson Correlation | -806* -.848™ .439 | .7227| 232 | .756* .839™ 1| -434 | 568 | .047 | -.743™
Sig. (2-tailed) .000 | .00 .080 | .002| .388 | .001 | .000 .| 093 | .022| .83 .001

N 16 16 16 16 16 16 16 16 16 16 16 16

DON~ Pearson Correlation 758* 415 | -746™ -285 | 401 | -816™ -771% -.434 1| -744* 581 | -.109
TON  sig, (2-tailed) 001 | 110} o001 | 285 124 | .00 | .000 | .093 .| w001 | o128l w687
N 16 16 16 16 16 16 16 16 16 16 16 16

DOC  Pearson Correlation | -782* -472 | .760* 116 | -374 | .811* .792" .566 | -.744* 1] -285 | -.032
Sig. (2-tailed) o000 | 085 | .0001| 670 .54 | .000 | .000 | .022 | .001 .| .285 | .908

N 16 16 16 16 16 16 16 16 16 16 16 - 16

CHLA Pearson Correlation 72 | -110 | -442 | -159 | .651* -385 | -307 | .047 | .581 | -285 1| -.352
Slg. (2-tailed) 524 | e84 | .087| 5551 006 | 141 | 247 | 863 | .018 | .285 1o

N 16 16 16 16 16 16 16 16 16 16 | . 16 16

DOC  Pearson Correlation 366 | .560 | .028 | -522 | -497 | -242 | -357 | -743* -109 | -032 | -.352 1
DON  sgig. (2-tailed) 164 | o024 917 | .038| .050| .386 | .175 | .001 687 | .908 | .181 .
N 16 16 16 16 16 16 16 16 16 16 16 16

**. Correlation is significant at the 0.01 level (2-tailed).

Correlations matrix for the Yealm Estuary autumn 2002 samples-
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SALI DON DOC

NITY PH DIN DO PO4 | NH4 | NO3 | TDN | DON | TON | bOC | CHLA | DON

SALI  Pearson Correlation 1 586 | -.944™ -531 | 809" .100 | -945" -948+ -413 | 479 | -744* -038 | .295
NITY  sig. (2-tailed) X 011 000 | .023 000 | 866 | .000 | .000 088 | .044 | .000 | .881 235
N 18 18 18 18 18 18 18 18 18 18 18 18 18

PH Pearson Correlation .586 1 -584 | -8610* -735* -311 | -579 | -514 143 525 | -465 | -740™ -.113
Sig. (2-tailed) 011 ) 011 .007 | .001 200 | 012 020 .571 026 .052 | .000 | .654

N 18 18 18 18 18 18 18 18 18 18 18 18 18

DIN  Pearson Correlation -.944 - 584 1 515 | .888* -.089 | 1.000* 985" .337 | -615* .737* .021 | -239
Sig. (2-tailed) .000 | .011 . 020 | o00{ 726 .00 000 .72 .007 | .000 935 [ .340

N 18 18 18 18 18 18 18 18 18 18 18 18 18

DO Pearson Correlation | -531 | -6810" .515 1 482 200) 512 | 480 | o076 | -280 | 288 | .500 | -.200
Sig. (2-tailed) 023 | 007 | .029 ) 054 | 426 | .030 | .039 ) .766 | .261 247 | 035 | 426

N 18 18 18 18 18 18 18 18 18 18 18 18 18

PO4  Pearson Correlation -809% -735% .888™ .462 1 215 | .885* 842 117 | -676* 706 246 | .007
Sig. (2-tailed) 000 [ .001 000 | .054 ) 392 | o000 .000( .645 | .002 | .0M 326 | 977

N 18 18 18 18 18 18 18 18 18 18 18 18 18

NH4 ~ Pearson Correlation 409 | -311 | -089 | 200 | .215 1] -101 | -133 | -283 | -230 | .079 | .531 318
Sig. (2-tailed) 666 | 209 726 | .426 | .392 .| 690 | 598 255 .359( .755 | .023 | .199

N 18 18 18 18 18 18 18 18 18 18 18 18 18

NO3  Pearson Correlation -945* -579 | 1.000 512 | .885* -.101 1 986 340 | -B12 735" .014 | -242
Sig. (2-tailed) 000 { 012 | .000( .030 | .000 | .690 . 000 | 168 [ .007 | .01 956 | .333

N 18 18 18 18 18 18 18 18 18 18 18 18 18

TDN  Pearson Correlation | -948* -514 | 085" 490 | .842" -133 | .986™ 1 492 | -.501 71 -.085 | -370
Sig. (2-tailed) Q000 020 000} 039 .000] .598 | .000 .| .038 ] .034 | .001 797 | 131

N 18 18 18 18 18 18 18 18 18 18 18 18 18

DON Pearson Correlation | -413 | 143 | 337 | .76 | .117 | -283 | .340 | .492 1 377 | 194 | -467 | -,824*
Sig. (2-tailed) 088 | .571 72| 766 | 645 | .255 | .168 | .038 ) 123 | .440 051 .000 -

N 18 18 18 18 18 18 18 18 18 18 18 18 18

DON  Pearson Correlation 479 525 -615* -280 -676*1 -230 -612* -.501 377 1 -603*1 -330 | -.483
TON  sig. (2-tailed) 044 | 025 | .007 | .261 002 | 350 | 007 | .034 | .123 . 008 | .181 042
N 18 18 18 18 18 18 18 18 18 18 18 18 18

DOC  Pearson Correlation -744" .465 | 737 288 | .706* .o78 | 735" 717 .194 | -.603™ 1 038 | .123
Sig. (2-tailed) 000 .052 | .000 | .247 | .001 755 | .001 .001 440 | .008 . 882 | 628

N 18 18 18 18 18 18 18 18 18 18 18 18 18

CHL  Pearson Correlation -038 | 740" .021 500 | 246 | 531 014 | -085 | -467 { -330 | .038 1 314
A Sig. (2-tailed) .881 000 | 935 | .035| .326 | .023| .96 | .797 | .051 .181 .882 . 205
N 18 18 18 18 18 18 18 18 18 18 18 18 18

DOC Pearson Correlation 205 | -113 | -239 [ -200{ .007 | .318 | -242 | -370 | -824% -483 | .123 | .314 1
DON  sig. (2-tailed) 235 | 654 | 340 426 | 977 | 99| 333 | 131 | .000| 042 | 628| .205 .
N 18 18 18 18 18 18 18 18 18 18 18 18 18

**. Correlation is significant at the 0.01 level (2-tailed).

L ——

Correlations matrix for the Yealm Estuary winter 2003 samples .
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SALI DON | poc

NITY | PH DIN | PO4 | NH4 | NO3 | TDN | DON | TDN | DOC | CHLA | DON

SALI_ Pearson Correlation 1 801* - 080" -700% -~.067 | -980* -.963* -647*] .660™ -.824" -704 | .016
NITY  sig. (2-tailed) .| .ooo| woo0o| .001| .793| .000| .000 | .c04| .003| .000| .051 | .951
N 18 18 18 18 18 18 18 18 18 18 8 18

PH Pearson Correlation 801™ 1| -777 -767 -070 | ~777 -713* -215 | .628" -718" -395 | -.085
Sig. (2-tailed) .000 .| ooo| .o00| .783 ] .0c00 | .001 .391 005 | .001 332 | 738

N 18 18 18 18 18 18 18 18 18 18 8 18

DIN Pearson Correlation -980% -777™ 1 798~ 098 | 1.000% .g93 719" -e68* .723% .709 | -111
Sig. (2-tailed) .000 | .000 .| .oo0f{ w99 | .000| 000} .001| .002 | .001 | .049 | .661

N 18 18 18 18 18 18 18 18 18 18 8 18

PO4  Pearson Carrelation -700% -767* .798™ 1 .08g | 798~ 779~ 492 | -555 | 332 | .360 | -.247
Sig. (2-tailed) .001 .000 | .o00 .| 72| o00{ o001 038 .07 | .78 | .382. -.323

N 18 18 18 18 - 18 18 18 18 18 18 8 18

NH4  Pearson Correlation -067 | -070 | .098 | .089 1 070 | .085 | -004 | -B75" 237 | -.143 | .259
Sig. (2-tailed) 793 | 783 | 699 | .726 . 783 | 739 | 989 | .002 | .345 | .736 | .300

N 18 18 18 18 18 18 18 18 18 18 8 18

NO3  Pearson Correlation -980% -777* 1.000% .798* .070 1 993 721 -661% 7187 702 | -118
Sig. (2-tailed) 000 ] 000/ .000]| .000 ] .783 .| .000 | .001 003 | .001 0582 | 639

N 18 18 18 18 18 18 18 18 18 18 8| 18

TON  Pearson Correlation -963" -713" .993* .779*1 .085 | .993" 1 796+ -619* 677 727 | -193
Sig. (2-tailed) .000 | .001 Q000 | .000 | .739 | .000 .] .o00)] .06 .002]| .o41 442

N 18 18 18 18 18 18 18 18 18 18 8 18

DON  Pearson Correlation -647 -215 | 719%™ 492 | -.004 | .721* 796" 1| -214| 282 | 733 | -571
: Sig. (2-taited) .004 | .391 001 ] .038| .989 | .001 .000 .| 394 | 257 | .0397 .013
N 18 18 18 18 18 18 18 18 18 18 8 18

DON Pearson Correlation 660" .628* -668* -.555 ~B676"™ -B51™ -.819" -214 1 -671* -.626 -420
TON  sig. (2-tailed) 003| 005 .002| 017 | .002{ .003( .006 | .394 .| .02 .087 | .083
N 18 18 18 18 18 18 18 18 18 18 8 18

DOC  Pearson Correlation -824* 718 723" 332 | .237 | .718" 677 282 | -&71™ .1 737 | 328
Sig. (2-tailed) .000 | .001 .001 478 | .345 1 001 002 | 257 | 002 .| 037 | 187

N 18 18 18 18 18 18 18 18 18 18 8 18

CHLA  Pearson Correlation -.704 ~.395 709 360 -.143 702 q27 733 -.626 737 1 -873
Sig. (2-tailed) .051 332 | 049 | 382 ] 736 | .052 | .041 039 | .097 | .037 .| .005

N 8 8 8 8 8 8 8 8 8 8 8 8

DOC Pearson Correlation 016 -.085 ~111 =247 259 -119 -.193 -.571 ~420 326 -.873™ 1
DON  gig. (2-tailed) 951 | 738 661 | 323 300 639 | 442 013} .083| .187 | .005 .
N 18 18 18 18 18 18 18 18 18 18 8 18

** Correlation is significant at the 0.01 level (2-failed),

Correlations matrix for the Yealm Estuary spring 2003 samples .
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SALI DON DoC

NITY | PH DIN PO4 | NH4 | NO3 | TDN | DON | TDN | DOC | DON

SALl _ Pearson Correlation 1 873" -897* -~768* -700™ -.889% -945™ -744* 682" -B696* .641*
NITY  sig. (2-tailed) ) .000 000 [ .000 | .000 000 | .0o0 [ .000 [ .00M 000 | .002
N 21 21 21 21 21 21 21 21 21 21 21

PH Pearson Correlation 873" 1| -803" -646™ -577% -.588™ -.B804* -.843" .344 | -920* 503
Sig. (2-tailed) .000 .| o004{ o002| 0061 .005| .000 | .000{ .126 | .000 | .020

N 21 21 21 21 21 21 21 21 21 21 21

DIN Pearson Correlation -.897* -.603*] 1 746* 707+ .9gs~ 910" 535 | -818* .361 [ -B59*
Sig. (2-tailed) .000 | .004 .| o000 .000{ .000 | .000| .012 | .000 .108 | .001

N 21 21 21 21 21 21 21 21 21 21 21

PO4  Pearson Correlation -768* -846™ .746™ 1 B76™ 731 77TIM 887 -672% 492 | -577*
Sig. (2-tailed) 000 | .002 | .000 .| .001 000 | .000 [ .005 [ .001 023 | .006

N 21 21 21 21 21 21 21 21 21 21 21

NH4  Pearson Correlation -700" -s577* 707" .B76 1 662 819%™ 735" -454 | 495 | -935*
Sig. (2-tailed) 000 | .006 | .000 | .001 .| 001 000 | .00 .039| .022| .000

N 21 21 21 21 21 21 21 21 21 21 21

NO3  Pearson Correlation -89 -s588" 998~ 731~ .662™ 1 893~ 503 | -827 .339 [ -B16"
Sig. (2-tailed) 000 | 005} .000 | .000| .0O1 .| ©00]| .020| .000 | .132 | .003

N 21 21 21 21 21 21 21 21 21 21 21

TDN ~ Pearson Correlation -945" - 804*1 ,910* .771% .819* .893" 1 837 -.596™ 669 -.769*%
Sig. (2-tailed) 000! .000| .000 | .000| .000 | .000 .| .000 (| .004 | .001 .000

N 21 21 21 21 21 21 21 21 21 21 21

DON  Pearson Correlation -744* -843* 535 | .587% 735" 503 | .837*" 1| -134 | .sss*f -eo7*
Sig. (2-tailed) .000 | .000( .012 | .005| .000 | .020 | .000 .} .84 | .000 | .000

N 21 21 21 21 21 21 21 21 21 21 21

DON  Pearson Correlation | 682 344 | -818* -672* -454 | -827* -596%| -.134 1] -080 | .407
TDN  sig. (2-tailed) .001 426 | 000 | .004 .03 | .000| .004 | .584 .| 828 | .087
N 21 21 21 21 21 21 21 21 21 21 21

DOC  Pearson Correlation -696™ -.920" .361 492 | 495 | 339 | .669* .888*| -.050 1| -.4086
Sig. (2-tailed) .000 [ .000 .08 023 .022 432 | .001 .000 .828. . 067

N 21 21 21 21 21 21 21 | . 21 21 21 21

DOC  Pearson Correlation 641 503 | -859" -577* -935" -616 -769" -B97* 407 | -406 1
DON  sig. (2-tailed) .002 | 020} .001 | .006 | .000| .003 | .000 | .000 { .067 | .067 .
N 21 21 21 21 21 21 21 21 21 21 21

** Correlation is significant at the 0.01 level (2-tailed).

Correlations matrix for the Yealm Estuary summer 2003 samples .
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Appendix 3.3

The River Yealm flow data close to the
tidal limit during January 2002 — October

2003




El-Saved A, Badr

Environmental assessment of biogeochemical eycling of DOCand DOM in natural waters

Date

{m3fs)

Date

FQ FQ (m3/s) Date FQ (m3/s) Date FQ (m3/s} | -
01/01/2002| - 1.171| 27/02/2002] 3.350} 25/04/2002] 0.450| 21/06/2002 2.130
02/01/2002|  1.156] 28/02/2002] 3.230| 26/04/2002] 0.620| 22/06/2002 1.610
03/01/2002|  0.694] 01/03/2002] 2.560| 27/04/2002] 0.980] 23/06/2002 1.290
04/01/2002|- 0.505| 02/0372002] 2.2201 28/04/2002| 0.930] 24/06/2002 1.100
05/01/2002}  0.490| 03/03/2002] 1.990]  29/04/2002| 0.610] 25/06/2002 1.050
06/01/2002]  0.498] 04/03/2002] 1.850| 30/0472002} 4.830| 26/06/2002 0.919
07/01/2002|  0.475{ 05/03/2002] 1.680| 01/05/2002] 1.260| 27/06/2002 0.860
08/01/2002|  0.449] 06/03/2002] 1.550] 02/05/2002] 0.720] 28/06/2002 0.810
00/01/2002| 0.489] 07/03/2002] 1.360| 03/05/2002] 0.610| 29/06/2002 0.750
10/01/2002]  0.481| 08/03/2002]  1.2401 04/05/2002]  0.620 30/06/2002 0.840
- 11/01/2002  0.470] 09/03/2002] 1.170] 05/05/2002] 0.600| 01/07/2002 0.780
12/01/2002[ 0.487| 10/03/2002{ 1.180] 06/05/2002] 0.590] 02/07/2002] 2.590
13/01/2002|  0.978] 11/03/2002] 1.610] 07/05/2002] 0.580] 03/07/2002 1.640
14/01/2002[  1.156] 12/03/2002] 1.740} 08/05/2002]  0.550[%024/07/2002 1.290
15/01/2002|  0.851] 13/03/2002] 1.760] 00/05/2002]  0.560] 05/07/2002 1.400
16/01/2002]  0.683] 14/03/2002] 1.230[ 10/05/2002] 0.510| 06/07/2002 0.919
17/01/2002] 2.820] 15/03/2002] 1.610] 11/05/2002] 0.600| 07/07/2002 1.250
18/01/2002|  2.2680| 16/03/2002] 1.090{ 12/05/2002] 0.890| 08/07/2002 2.580
19/01/2002] 1.660] 17/03/2002] 1.960] 13/05/2002] 2.070] 09/07/2002 1.740
20/01/2002]  4.080] 18/03/2002] 4.710] 14/05/2002] 0.910] 10/07/2002 1,430
21/01/2002] 2.690] 19/03/2002) 4.140| 15/05/2002] 0.700] 11/07/2002 1.230
22/01/2002 2.630| 20/03/2002] 5640] 16/05/2002] 0.820] 12/07/2002 1.210
23/01/2002] 5.710] 21/03/2002] 3.210] 17/05/2002] 3.680| 13/07/2002 1.030
24/01/2002|  3.040] 22/03/2002] 2.550| 18/05/2002] 2.020] 14/07/2002 0.970
25/01/2002]  7.720| 23/03/2002| 2.310] 19/05/2002] 1.640| 15/07/2002 0.880
26/01/2002] 11.170] 24/03/2002] 2.160[ 20/05/2002]  1.700] 16/07/2002 0.850
27/01/2002] 12.230§ 25/03/2002| 1.860|E224705/2002] 5.180) 17/07/2002 0.760
28/01/2002] 6.170] 26/03/2002{ 1.690] 22/05/2002| 2.910| 18/07/2002 0.760
29/01/2002| 5.100] 27/03/2002] 1.450] 23/05/2002] 5.290] 19/07/2002 0.730
30/01/2002| 5.140| 28/03/2002]  1.330] 24/05/2002] 5.090] 20/07/2002 0.660
31/01/2002] 5.180] 29/03/2002] 1.180| 25/05/2002] 3.320| 21/07/2002 0.640
01/02/2002] 5.220| 30/03/2002| 4.060 26/05/2002| 4.380| 22/07/2002 0.600
02/02/2002] 8.340| 31/03/2002] 1.620| 27/05/2002] 3.830| 23/07/2002 0.630
03/02/2002] 6.070] 01/04/2002] 1.650] 28/05/2002] 5.390| 24/07/2002 0.570
04/02/2002] 16.330] 02/04/2602] 1.170] 29/05/2002] 3.350] 25/07/2002 0.580
05/02/2002]  7.140] 03/04/2002] 1.140] 30/05/2002] 2.800] 26/07/2002 0.550
06/02/2002]  5.080] 04/04/2002] 1.070| 31/05/2002] 2.340[ 27/07/2002 0.560
07/02/2002] 5.030] 05/04/2002| 0.905] 01/06/2002] 1.970| 28/07/2002 0.510
08/02/2002|  4.310] 06/04/2002] 0.878] 02/06/2002]  1.730} 29/07/2002 0.480
08/02/2002] 3.920| 07/04/2002] 0.760] 03/06/2002]  1.720|%30/07/2002 0.519
10/02/2002] 3.660] 08/04/2002] 0670 04/06/2002] 1.520] 31/07/2002 0.540
11/02/2002] 7.430| 00/04/2002] 0.620} 05/08/2002] 1.310| 01/08/2002 0.460
12/02/2002]  4.480] 10/04/2002] 0.590] 06/06/2002] 1.160] 02/08/2002 0.430
13/02/2002] 3.590] 11/04/2002] 0.620] 07/06/2002] 1.840] 03/08/2002 0.410
14/02/2002] 3.030] 12/04/2002] 0.630] 08/06/2002] 1.470| 04/08/2002 0.390
15/02/2002] 2.760| 13/04/2002] 0.580] 08/06/2002] 3.270| 05/08/2002 0.390
16/02/2002] 2.440| 14/04/2002] 0.570] 10/06/2002} 1.610] 06/08/2002 0.370
17/02/2002] ~ 2220 15/04/2002] 0.520] 11/06/2002] 1.380| 07/08/2002 0.380
18/02/2002]  1.990] 16/04/2002] 0.550] 12/06/2002] 1.400} 08/08/2002 0.450
19/02/2002]  2.450| 17/04/2002|  0.650[#£13/06/2002]  1.260) 09/08/2002 0.480
20/02/2002] 3.170| 18/04/2002] 0.590] 14/06/2002] 1.310] 10/08/2002 0.410
21/02/2002)  1.860| 19/04/2002] 0.560] 15/06/2002] 4.110] 11/08/2002 0.450
22/02/2002| 1.820] 20/04/2002] 0.510] 16/06/2002] 3.890] 12/08/2002 0.400
2310212002  1.610] 21/04/2002| 0.500] 17/06/2002] 2.390| 13/08/2002 0.350
24/02/2002] 1.540] 22/04/2002] 0.480] 18/06/2002] 1.840| 14/08/2002 0.340
25/02/2002| 8.740|5253/042002] 0.430| 19/06/2002] 1.560| 15/08/2002 0.340
26/02/2002] 5.100] 24/04/2002] 0.420] 20/06/2002] 1.420| 16/08/2002 0.310
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El-Sayed A Badr : Environmental assessment of biogeochemical cycling of DOCand DON in natural waters

Date FQ (m3/s) Date FQ {m3/s) Date FQ (m3/s) " Date FQ (m3/s)
17/08/2002]  0.320 13/10/2002] 1.391| 09/12/2002|  3.26] 04/02/2003 1.84
18/08/2002|  0.370] 14/10/2002]  0.461] 10/12/2002]  3.13| 05/02/2003]  1.72
19/08/2002]  0,310| 15/10/2002] 2.642| 11/12/2002 3.1] 06/02/2003 2.17
20/08/2002]  0.300] 16/10/2002] 0.588] 12/12/2002]  4.05] 07/02/2003 1.77
21/08/2002|  0.290}17/10/2002] 0.368] 13/12/2002] 3.44| 08/02/2003 2.93
22/08/2002|  0.280] 18/10/2002] 0.336] 14/12/2002| 5.33] 09/02/2003 3.18
23/08/2002  0.280]19/10/2002] 0.282] 15/12/2002] 4.38] 10/02/2003 5.1
24/08/2002 0.270|20/10/2002] 0.335] 16/12/2002] 3.94| 11/02/2003 3.83
25082002 - 0.260]21/10/2002] 0.661] 17/12/2002] 3.75] 12/02/2003 3.2
26/08/2002  0.250]22/10/2002] 1.092] 18/12/2002 3.56] 13/02/2003 2.88

. 27/08/2002]  0.250| 23/10/2002] 0.466] 19/12/2002 3.42] 14/02/2003 2.52
28/08/2002|  0.250|24/10/2002] 0.395] 20/12/2002] 4.17] 15/02/2003 223
29/08/2002]  0.255|25/10/2002] 1.047| 21/12/2002 10.5] 16/02/2003[ 1.98
30/08/2002]  0.270126/10/2002] 1.635] 22/12/2002] 6.75] 17/02/2003 1.8
31/08/2002] ~ 0.260]27/10/2002] 1.032] 23/12/2002 6.4] 18/02/2003 1.63
01/09/2002]  0.240]28/10/2002] 0.575| 24/12/2002 5.5] 19/02/2003 1.55
02/09/2002| = 0.240[29/10/2002] 0.510] 25/12/2002 5.51| 20/62/2003 1.51]

rgafqgfzqoz 0.240130710/2002] 0.476] 26/12/2002| 6.02|F04/02/2003 |iaie. 4534,

ZO9/09/20077  0.260] 31M0/2002] 0.538] 27/12/2002 5.81] 22/02/2003 1.37
05/00/2002]  0.240] 0171172002 0.952| 28/12/2002 5.56] 23/02/2003 1.33
06/09/2002]  0.240{02/11/2002] 3.83] 29/12/2002| 6.46] 24/02/2003 1.17
07/09/2002|  0.250| 03/11/2002]  1.21| 30/12/2002 5.99] 25/02/2003 1.14
08/08/2002]  0.240] 04/11/2002 14| 31122002] 9.66] 26/02/2003 1.58
09/09/2002{  0.260}05/11/2002| 4.82] 01/01/2003 17.1| 27/02/2003 2.51
10/09/2002]  0.260]| 06/11/2002]  4.52| 02/01/2003] 9.54] 28/02/2003 5.52
11/09/2002]  0.230] 07/11/2002]  2.92] 03/01/2003] 6.79] 01/03/2003 2.86
12/09/2002]  0.220| 08/11/2002]  5.15] 04/01/2003 5.38] 02/03/2003 2.37
13/09/2002]  0.212{09/11/2002 37| 05/01/2003] 4.49] 03/03/2003 3.05
14/09/2002] 0.204] 10/11/2002] 3.98| 06/01/2003]  3.78[ 04/03/2003 3.22
16/09/2002]  0.201 [M#/AH2002|5a69] 07/01/2003] _ 3.24] 05/03/2003 4.26
16/09/2002| 0.199] 12/11/2002] 4.62] 08/01/2003] 2.72| 06/03/2003 3.08
17/09/2002]  0.193]13/11/2002]  7.95[2%00/0472003 [%82334] 07/03/2003 3.91
18/098/2002]  0.187]14/11/2002]  6.95] 10/01/2003 2] 08/03/2003 2.97
19/09/2002]  0.187]15/1172002] 577 11/01/2003 17| 09/03/2003 2.7
20/08/2002] " 0.185] 16711/2002]  5.16] 12/01/2003 151 10/03/2003 245
21/09/2002f  0.182)17/11/2002] 4.81[ 13/01/2003 1.42]  11/03/2003 229
22/09/2002| 0.182]18/11/2002]  4.67] 14/01/2003 1.32]  12/03/2003 1.97
23/09/2002|  0.177]18/11/2002] 5.18] 15/01/2003 1.34] 13/03/2003 1.76
24/09/2002]  0.173[20/11/2002] 5.85] 16/01/2003 1.19] 14/03/2003 1.59
25/09/2002]  0.172]21111/2002] 6.63] 17/01/2003 1.38| 15/03/2003 1.47
26/08/2002] 0.174}22111/2002] 6.65] 18/01/2003] . 3.77| 16/03/2003 1.36
27/08/2002]  0.175)23111/2002] 6.14] 19/01/2003] 4.07| 17/03/2003 1.28
28/09/2002]  0.171]24/11/2002] 5.46] 20/01/2003 7.21] 18/03/2003 1.19
29/09/2002]  0.168]25/11/2002] 4.94] 21/01/2003]  4.56] 19/03/2003 1.13
30/00/2002] 0.168|26/1172002] 4.62] 22/01/2003 3.42] 20/03/2003 1.07
01/10/2002]  0.182|27/11/2002 53| 23/01/2003] 2.99] 21/03/2003 1.01
02/10/2002] 0.207{28/11/2002] 4.36] 24/01/2003] 2.66| 22/03/2003 0.96
03/10/2002] 0.212]29/11/2002] 3.85] 25/01/2003] 2.56| 23/03/2003 0.944
04/10/2002] 0.186]30/11/2002] 4.61] 26/01/2003 2.2 24/03/2003 0.896
05/10/2002]  0.179] 0171272002 47| 27/01/2003 2] 25/03/2003 0.848
06/10/2002]  0.188[02/12/2002]  4.38] 28/01/2003 1.95] 26/03/2003 0.812
07/10/2002  0.199|03/12/2002]  4.28] 29/01/2003 1.75| 27/03/2003 0.767
08/10/2002]  0.187]04/12/2002] 4.17| 30/01/2003] 2.07| 28/03/2003 0.752
09/10/2002]  0.170|05/12/2002{  3.79] 31/01/2003 167| 29/03/2003 0.729

| 10/10/2002]  0.166]06/12/2002]  3.59]  01/02/2003 1.94]  30/03/2003 0.691

ZAAA0/2002]  0.185]07/12/2002]  3.44] 02/02/2003]  1.92] 31/03/2003 0.686
12/110/2002]  0.195]08/12/2002|  3.31| 03/02/2003 2.47] 01/04/2003 0.706
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Date FQ (m3/s) | Date . FQ {m3/s) Date FQ {m3/s) Date FQ (m3/s)
02/04/2003|  0.653] 29/05/2003] 0.624| 25/07/2003 2.09] 20/09/2003| _ 0.186
03/04/2003| _ 0.619| 30/05/2003|  0.598| 26/07/2003]  0.736] 21/09/2003|  0.189
04/04/2003] _ 0.597| 31/05/2003|  0.582| 27/07/2003] . 0.482| 22/09/2003;  0.223
05/04/2003] _ 0.578| 01/06/2003] _ 0.598| 28/07/2003 1.07| _23/09/2003]  0.192
06/04/2003] _ 0.563[ 02/06/2003]  0.584| 29/07/2003 2.08] 24/09/2003]  0.203
07/04/2003|  0.561| 03/06/2003] _ 0.544| 30/07/2003|  0.958| 25/09/2003 0.19
08/04/2003]  0.527] 04/06/2003]  0.585] 31/07/2003 1.23{ 26/09/2003] " 0.173

22090212003 |5520:514] 05/06/2003]  0.729[E501/08/2003|588064]  27/09/2003]  0.179
10/04/2003[  0.494] 06/06/2003]  2.38{ 02/08/2003|  0.925| 28/09/2003|  0.174
11/04/2003 0.5[07/06/2003] __ 1.38] 03/08/2003]  0.762] 29/09/2003| 0.186
12/04/2003]  0.484 08/06/2003]  1.36] 04/08/2003]  0.711] 30/09/2003|  0.185
13/04/2003]  0.496] 09/06/2003 1.2| _05/08/2003]  0.637] 01/10/2003]  0.179
14/04/2003] 0.482| 10/06/2003 1.2| 06/08/2003] _ 0.604) 02/10/2003 0.19
16/04/2003  0.453| 11/06/2003] ~ 0.949( 07/08/2003] _ 0.682| 03/10/2003 0.18
16/04/2003] _ 0.433[ 12/06/2003]  0.855| 08/08/2003]  0.555] 04/10/2003]  0.169|
17/04/2003)  0.41] 13/06/2003[ 0.811] 09/08/2003]  0.528| 05/10/2003|  0.165
18/04/2003]  0.402{ 14/06/2003]  0.785| 10/08/2003]  0.498| 06/10/2003]  0.176
19/04/2003|  0.401} 15/06/2003|  0.738[ 11/08/2003|  0.476| 07/10/2003|  0.171
20/04/2003] __ 0.409] 16/06/2003  0.704] 12/08/2003]  0.465 08/10/2003] 0.175
21/04/2003]  0.407| 17/06/2003(  0.673] 13/08/2003]  0.436| 09/10/2003 0.16
22/04/2003] _ 0.399] 18/06/2003]  0.679| 14/08/2003]  0.397] 10/10/2003|  0.173
23/04/2003]  0.411] 19/06/2003| _ 0.651] 15/08/2008] _ 0.413] 11/10/2003]  0.182
24/04/2003|  0.455| 20/06/2003| _ 0.596] 16/08/2003[  0.403] 12/10/2003] _ 0.166
25/04/2003| __ 0.551] 21/06/2003]  0.57] 17/08/2003]  0.387| 13/10/2003] 0.183
26/04/2003]  0.444| 22/06/2003]  0.65| 18/08/2003 0.4] 14/10/2003| _ 0.178
27/04/2003] _ 1.16| 23/06/2003]  0.572] 19/08/2003]  0.377] 15/10/2003]  0.176
28/04/2003] _ 2.53] 24/06/2003]  0.524] 20/08/2003]  0.368] 16/10/2003| _ 0.164
29/04/2003|  0.866] 25/06/2003] _ 0.504] 21/08/2003] _ 0.363] 17/10/2003]  0.151
30/04/2003|  0.852] 26/06/2003]  0.502| 22/08/2003]  0.344] 18/10/2003|  0.151
01/05/2003]  1.75] 27/06/2003]  0.53] 23/08/2003]  0.335] 19/10/2003|  0.145
02/05/2003]  2.31) 28/06/2003]  0.465| 24/08/2003|  0.324] 20/10/2003| 0.152
03/05/2003|  1.04| 29/06/2003|  0.545| 25/08/2003]  0.319] 21/10/2003] 0.156
04/05/2003]  0.855] 30/06/2003] _ 0.559] 26/08/2003]  0.374] 22/10/2003]  €.901
05/05/2003] _ 0.806| 01/07/2003]  0.556] 27/08/2003| _ 0.322] 23/10/2003| . 0.517
06/05/2003|  0.705] 02/07/2003]  0.475] 28/08/2003 0.3] _24/10/2003]  0.277
07/05/2003]  0.674] 03/07/2003]  0.417[ 29/08/2003]  0.331| 26/10/2003]  ~0.24
08/05/2003] 0.629] 04/07/2003] _ 0.39] 30/08/2003|  0.379] 26/10/2003] 0.215
09/05/2003]  0.602] 05/07/2003]  0.38] 31/08/2003]  0.322| 27/10/2003 0.2
10/05/2003]  0.64] 06/07/2003]  0.361] 01/09/2003]  0.306] 28/10/2003] 0.218
11/05/2003] _ 0.574] 07/07/2003] _ 0.366] 02/09/2003] ~ 0.292] 29/10/2003] 0.618
12/05/2003]  0.578| 08/07/2003]  0.37| 03/09/2003]  0.267| 30/10/2008] 2.3
13/05/2003|  0.532| 09/07/2003]  0.359] 04/09/2003]  0.247] 31/40/2003]  0.677
14/05/2003] _ 0.51] 10/07/2003] _ 0.339] 05/09/2003| 0.243] 01/11/2003 1.34
16/05/2003]  0.865! 11/07/2003]  0.326] 06/09/2003]  0.239| 02/11/2003] _ 3.18
16/05/2003]  2.91[ 12/07/2003] __ 0.314]_07/09/2003] _ 0.229] 03/11/2003 1.19
17105/2003 1.2[ 13/07/2003]  0.288| 08/09/2003] _ 0.286] 04/11/2003] 0.788
18/05/2003]  0.962[ 14/07/2003]  0.292] 09/09/2003]  0.246] 05/11/2003] 0.677

SRi0/0612003|$207966] 15/07/2003|  0.325] 10/09/2003]  0.274| 08/11/2003]  0.865
20/05/2003]  0.837| 16/07/2003]  0.403] 11/09/2003]  0.258| 07/11/2003]  0.569
21/05/2003]  0.794] 17/07/2003]  0.325| 12/09/2003]  0.232| 08/11/2003] _ 0.529
22/05/2003] _ 0.875] 18/07/2003]  0.316] 13/09/2003 0.22] 09/11/2003]  0.536
23/05/2003|  0.87[ 19/07/2003[ _ 0.279] 14/09/2003]  0.209| 10/11/2003] 0.526
24/05/2003]  0.79] 20/07/2003]  0.35|#8(5/09/2003 158501991  11/11/2003 1.24
25/05/2003]  0.715] 21/07/2003] __ 0.347| 16/09/2003|  0.206] 12/11/2003 1.05
26/05/2003]  0.712f 22/07/2003]  0.289] _17/09/2003 0.2] 13/11/2003 0.74
27/05/2003]  0.72]23/07/2003]  0.385] 18/09/2003]  0.195] 14/11/2003|  0.757
28/05/2003]  0.658| 24/07/2003|  0.436] 19/09/2003]  0.193] 15/11/2003] 0.643
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Raw data of the chemical determinands
measured in water samples collected from
the Plym Estuary during the period June
2002 — September 2003




El-Sayed A, Badr

Environmental assessment of biogeochemical cyeling of DOCand DON in natural waters

Results of the Plym Estuary samples collected on 27 - 06 - 2002

Distanc

.. NQy o - ;
Station ewl;; Time | pH Te:nmpm ‘:;In:,n ms‘sm Sal;:ty D?::nz Do % Pt).p pM NH;;:M :;% IDINN m}; fl\?li /;I?:]:: :?If{xé t;g:: Dg(b:‘.D
1 | 618 | o7en ) 822 | 1480 | 4140 ) 2000 | 2207) # # | 128 ) sz | a0z | 4783 ] 7093 | 2240 | 3150% | 9797 | 181 | 437
2 | 505 | o747 | 832 | 1470 | 4040 | 2830 | ;um | g | 176 | 974 | 1391 | 2365 | 620 | 4005 | crgrs | mzao | 153 | 2:
3 | 450 ) o755 837 1480 § 4130 | 2900 | 3202 | # g ] 105 ]| 903 | 1820 ) 2733 | aze0 | 2027 | dzseve | 9126 ) 262 | 450
4 | 330 ].08:05 ]| 841 | 1460 | 4120 | 2mo0 | aro7r | & | # | a04 | 655 | 1940 | 2604 | 5460 | 2856 | s2a1% | 1980 | 247 | 550
5 1 335 [osin (8IS | 14201 1870 [ Do | 1790 | # # | 478 | 548 { 9950 | rosss | 15020 | 4522 { 20.01% | 19780 | 105 | 437
6 | 285 |osug | s30| 1450 ] 953 | 661 | 6 | & # | 617 | 758 | 15226 15084 200 | doa7 | 2008% | 20580 | n3s | si2
7 | 190 | o824 | g0z 1500 | 2120 | 1485) 956 | # # | 649 | 753 f o958 13701 { 18ms0 [ s139 | 2726% | i7moe0 | 075 | 349
8 | 515 ) 0830 ] 820} 1510 | 2080 | 1455 | 12 # g | am | as | 1369 | 14024 | 1es00| 4577 | 2460%7] 18160 | 097 | 397
9 | oss ) osas| 757 | 1430 | 432 | 307 | 230 | & g | 599 | 230 | 10445] 10675 ) 15600 | 4935 | e | 20840 | o084 | am
10 | 055 | ogss | 77| 1aso]| 121 | oss | o | # # ) 125 7 215 | 10731 | 109.46 | 162.50 | s34 f 32ea | 1o | em | 223
1 | 000 Jogno) 215 ) 320 | 007 | 005 | ato | 4 4 065 | 119 | 1509} 11628 | 165.00 | 48.73 | 290.53% | w7do | o062 | 303
MO 001 | 034 | 000 221 L8 | ND
Resulis of the Plym Estuary samples colleeted on 29 - 07 - 2002
Station Tgc Tme | pH Temp:xal Cond. {TDS g satinity [DOmg| - [P0, pm,na.m f:%z !DIN MTDN M DON | %DOW | DOC §CHLa{pOCD
weit tare | mS/em| L7 % Lt P N BN N N | pMN | DN | aMC | pgLl?| ON
1 | 618 ) o935) 815 | 2020 | 4500 ) 3170 | 246 | # # | 094 | 247 | 2059 | 2406 | 3002 | 606 | z002% | 20190 | 364 ] 3332
2 | 505 | 09451829 | 2160 | 4410 | 3ro0{ 3260( # # | 102 | 559 | 1289 ) 1843 | 2728 | 880 | 3226% | 20080 | 350 ) 2282
3 | 450 | 09:50 | 832 | 2060 | 4510 f 3150 ] 3304 g | ve3 | 337 | 1864 | 2000 | 351 | 1340 | 37840 | 20500 | 365 | 1530
4 | 380 | 09:55 | 837 | 2080 | 4560 | 3260 | 3340 | # g [ oss | so6 | 1690 | mos | 2933 | 737 | s | teve0 | 427 { 2673
5 | 335 1005 | s20] 2130 | 1040 ) 13a0 ) 31m| & # | osa | 276 | 2606 | 3072 ) 4212 | 1340 | 2707 | 22270 | 478 | 1097
6 1 285 | 100] 827] 210 2470 | 1740 | 2983 | & # | 290 | 204 | ca8 [ 6572 | 8064 | 1492 | 1850% | 739.50 | 338 | 1605
7 | 190 ) 1020 ) 825 | 2100 | 3820 | 2680 | 2318 | # # | 1 ) 2a | 363 | e | saz7 | 1sss | osesw | 2050 | 22 | 1018
g2 | 15 30| 8os| nso | 632 { 442 | 36 | # # | 235 ] o041 | 1041 | 10447 ) rsos1 | 4604 | 3059% | 256100 | 196 | 556
9 | oss | 1035 ) 790 | 2100 ] 355 | 251 | 262 | # # | o024 § 107 | 5321 | 5448 | 10893 | sdds | 40.99% | 22470 | 139 § 413
10 1 055 | 1045 | 820 | 2080 | 390 § 281 | nia | # # Voo | 6ss | 4285 ] a0 | 13067 a06 | e25304 | 25300 ] 059 f 305
11 | ooo 1135|743 ] 2150 28 | 119 | 06 ) & # ) osl | o020 | e84 | soa4 | 52060 | 5155 | 4271% | 22420 | 198 | 438
12MQ 003 | 150 | o003 150 961 | 003
Results of the Plym Estuary samples collecied on 24 - 09 - 2002
Station E“;j‘f“‘ Time | gir |Fempen] Cond. [TOS e salinity DO | Do |FOsEME 8 :;%’1 on pMoneM pon | wpon | poc | cHLs |DocD
s twre | mSfem| Lt % | Lt P M MY N N | pM¥ | DM | pMC | pgL?] ON
1 | 618 oxss| 770 1570 [ 47.00 | 3290 | 3424 | 671 | %600 | o5t | 368 | 430 | 807 [ 1501 | 784 | 49.28% | §3.02 | 130 | 1059
2 | 505 | o810 | 786 § 1590 | 4690 | 3280 | 3463 | 655 | sas0 | 067 | 417 | 601 | 1048 | 1996 | 078 | 45.00% | 2829 | 125 | 903
3 | 45 | os20] 720 | 590 | 4640 | 3250 | 3408 | 640 | g250 | 087 § 423 | 776 | 1199 | 2681 | 1482 | 5520% | 9457 | 110 | 638
4 | ago | ozas| 790 ] 1500 | 4570 | 3190 ] 3423 ) 6.41 | 8250 | 089 | 480 | 614 | 1094 | 2920 | 1835 | o250 | 10208 | 098 | 556
-5 | 335 | o835 ] 790 | 1520 | 4560 | 3260 | 3406 ) 6xo | 40| 104 | 454 | B0 | 1234 } 2079 | 3665 | sse9ss | 9290 | 139 | 556
6 1 285 | 0840 | 788 | 1490 | 42580 | 3000 | 3215) 630 | e00 | us2 | sus | 552 | 2470 | 4658 | 288 | d6ome | wiSs | 131 | 466
7 | 190 | os:50 | 786 | 1500 | 42.60 | 2080 | 2483 ] 668 | 8220 ] 230 | 556 | 2662 | 3218 | 4920 | 1702 | 3450% | 1003 | 121 | 597
8 | 145 ) 0900 ] 783 | 1480 | 2000 | 2040 | 1536 | 691 | saso | sa3 | 492 | 9642 [ 10034 137241 3590 ) 2536% | 13288 | 147 | 370
9 | 085 | 09:05 | 7.73 | 1440 | 2000 | 1460 ] 2291 | 685 | 7500 ] 121 | 508 | 12345} 12853 | 157.57 | 20.04 | 1843% | 14788 | 08B | 509
20 | 055 J o1 | 768 ) 1240 J 1037 ) 726 ) 890 | 678 | 7000 ) viz | 535 | 7561 | 8096 | 12266 | 4170 | 3400% | 12658 | 130 | 304
11 | 000 foesas] 270 ] 1380 | 443 | 300 | 265 | 328 | 7o50 | 102 ! 024 | 5904 | 5928 | 6.4t | 37.43 | 3851% | jozag | 095 | 275
12M0 06! | 040 § 019 ND 282 ]| 043
Resuls of flie Plym Estuary samples collected on 12 - 11 - 2002
e T:}‘:fc Time | g [Temves] Cond. [TOS gl satinty pomg| o [P pnalav, i :1‘& DIN JTDN M DON | %DON | DOC | CHLa{DOCD
wer tare | mSfem| Lt % | 1! r N ow N N | pM¥ | MDN | pMC | pgLt| ON
1 | 618 | 1030 ) 810 | 1500 § 4430 | 3100 | 2796 | 7.30 { 8100 | 043 § 332 | 1304 | 1636 | 5460 | 3824 | 70.04% | 15045 | 044 | 406
2 | 505 | k035 ] 845 | 1460 | 3920 | 2740 2502 ] .8.40 ) o400 | 128 | 653 | 3305 | 3958 | 7728 | 3770 | 4878t | 5335 | ol § 408
3 | aso | 1040 | 805 1500 | a1s0 | 2200 | 2005 | 870 [ 0400 ) 1130 | sda | 5494 | 6338 | 24071 | 17733 ) 7367% | 29045 | 064 | 164
s {330 | 10w | mas | 1070 | 3850 § 2700 | 2624 | 782 | wvo0 | 15 [ s | 3355 | sy | srms | asus | soemw | 1seas | oz0 | 409
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El-Sayed A, Badr . Envirenmental assessment of biogeochemica! eycling of DOCand DON in natural waters

s | 235 | 1050 | 85| 1400 | 2650 | 1850 | 149 | 850 | o000 [ 204 | 65 | s0ev | 675t | 1240 | sess | aszsw | 155 | 625 | amo
6 | 285 J1oss)en) 1ao0 | 1384 | o7 | 652 | oso | sro0| 1 | 483 { @30 | 6822 | 15000 msas | ssmm | 18005 { 025 | 2i0
7} 190 oo eas e | 377 | 260 | use [woao] sr00 | 2an | 235 | cre9 | eson | vasao | ey | seme | 1seos| 036 }-230
8 1 115 110 (765 1340 | 034 | 024 | 044 1000 9400 ) 157 | 064 | 5622 | s6s6 | 13279 | 7593 | snisw | 19935 | 070 263
g Joss]luas)zro] 1320 | 008 | 006 | 0.9 | 1030 o500 128 | 123 | 5681 | 5804 | 12581 | 67.97 | 5387% | 20455 | 03 | 3m
10 ) o055 | 1120 765 | 13401 002 | 001 | o005 | 1068] 9800 | 028 | 005 | 8994 | 9000 | 11013 | 2073 | 18729 | 27450 | 035 | 1324
11 1 000 | 1205 715) 1330 | 002.| 001 | 003 | 993 ] 9000 ) 028 ].028 | 8853 | s34t | 10676 | 1795 | 1681% | 25545 | Lost | 1423
FIMQ : - 003 | 046 | 023 | 039 | WD 235 | WD
_ Results of the Plym Estunry samples collected on 08 - 01 - 2003
s s | e | [ O S 00T PRI, o0t T B | | 20 | o 0o
weiz WM pel OoN
1 | 615 | omas | 835 | 740 | avso | 1m0 ) sraa| o0 | rovo{ oms | 350 | 3245 ) 3636 | 4562 | 926 | 2030% | 8534 | ats | om
2 | 505 |osss | 836§ 6m0 | 3380 | 1690 | 2801 | 895 | 930 | 240 | sss | 7507 | sa65 | 11a7s ] s0s | 266e% | eses | w30 | 208
3 | aso | ovoo | sa1| 700 | 3490 | 1710 | 2850 § 00 | o600 § 115 | ass | s7as | arss | 7001 | 2833 | s0am | sees | 0us | 328
A4 | 380 } 0505 843 ) 640 | 2970 | 1480 | 2005 ) 9.80 |-08.00 | 193 | 563 | 4644 | 5207 | 8306 | 3100 | 3739% | 9005 | 011 | 290
3 4335 | 0951844 ]| 650 | 3100 | 1550 | 2474 | 9.80 | 1000 | 149 | 425 | sz | s608 ] 7822 ) 2024 | 27.05% | 9038 | 046 | 426
6 ] 285 ]os20 ) Bas) 700 | 2970 | 14874 2404 ] 1000 | o700 ) 189 | 505 ) 4823 | 5328 | 8326 ) 29.98 | 3601% | 8703 [ 017 } 250
7 ) 100 10930 ) 845 | 680 § 3040 ) 1520 | 2421 | 060 § 9800 | 152 | 368 | 3833 | 4201 | 8265 | 4064 | 40.07% | 2647 | 049 | 212
B} 1151 09:40)827] 610 | 1509 | 755 | 1726 | 1080 | 9500 122 | 371 | 6507 | 6858 | 10068 ) 3150 | 31.59% | 9508 | .16 | 299
9 | oss jogsol7e2| 420 | 323 | b1 | 223 | m70) 9720 | 020 § 120 | s309 | 8429 | 12762 | 4333 | 33950 | 10527 | 003 | 243
10 | 055 Joxss5) 272 | s20 | 182 | 0901 | 123 12200 1005 | ool | 113 | 5240 ] 5362 | 13500 ) 8138 | 6028% | 9689 | 0M2 | 119
11 ) 000 ) 1025) 741 ) 540 | 008 | 0.04 | 005 § 850 | 6500 § 025 | 063 | nzsw| 11261 | 13003 | 1642 | $263% | 10468 | 047 | 638
12mgq 003 | 001 | 053 0.99 150
_ Results of the Plym Estuary samples collected on 26 - 02 - 2003
St !I:s;a:u Time | g ru:;m mc;;'l:.n 'l‘Ds- eo Sa]::ﬁy D(:'xlngl DO% ?o.P pM'NH;q s :;%z DmNpM I'm;I 1M Eb(:}:f -.?ID‘%J ;?3(!::: an: DOoCD
i WME pelt) oN
! )68 | on1s|8od| 920 | 4340 § 3040 ) 3246 ) 960 ) smoo | vez } 427 | (343 | 2270 | 4148 | 1878 | 4527 | 7016 | 028 | 379

505 | 0125 | 826 ) 900 ] 3000 | 2150 ] 3246 | 940 | 9900 | 127 | 620 | 2133 | 2753 | 438l | 1628 | 3716% | 7439 | 037 | 457
450 {0130 ] 830 | 910 | 4L10 § 2818 | 3102 | 899 | 9290 ) 191 857 § 2354 | 3211 | 7388 | 4177 | 5654% | 11145 § 044 | 267
380 | 0140 | 831 | 9.00 | 4250 | 30.10 | 32.66 | 938 | 5620 | 095 [ 567 | 2204 | 2791 | 4206 | 1435 § 34.12% | 8518 | 028 | 584
335 Jonds | 832 | 920 § 3440 | 2400 2074 | 2800 | B260 ] 377 | 380 { B722 | 9102 | 10460 | 13.67 | 13.06% | 10331 | 017 | 7.56
0050 | 759 | 960 | 1489 | 1041 | 1093 | 713 | 7260 | 1080 | 649 | 17130 ] 17808 ] 18804 | 996 $30% | 1253 | 025 | 1262
190 | 01:55 | 8401 | 940 § 2630 | 1841 ) 19327 880 | 7860 | 527 | 586 | 7895 | 2481 | 11950 | 3469 | 2903% | 10161 | 042 | 293
115 | 02:00 | 7997 920 | 2930 § 2050 | 2005 | 890 | 8500 | 481 | 4359 | 6832 | 7291 | 10233 ) 20.42 | 2875% | 9935 | 060 | 338
085 | 02:05 | 830 | 950 | 387 | 771 | 348 | 086 | 9150 | 2025 | 428 | 1270 ) 13126 | 13841 | 715 5.17% | 177.06 | 056 | 2476

w (e [~ | [ | W e
B

10 | 055 oo 810 940 | 1079 | 126 | 233 Jic0s| #ose ] 065 | 302 | 9425 | 9736 | 11349 | 1613 | 1421% | 10743 | 037 | 666
1L ] 000 joads | 722 ) 980 | o003 | 002 | 006 [1090] 9600] o7 | 175 | 9001 | ot.76 | 113081 2032 | IgRse | 10455 | 051 | 450
12mq ND | o2t | 036 0.99 133 | Nb
Results of the Plym Estuary samples collected on 10 - 04 - 2003
Station D:sﬁ“’ Tims | put [T Cond. 1 g Satinity| DO | oy [POsuL 4 ::;’I bt poN M| Do | wpow | poc | cBEalpoco
i tare {mSfem| Lt % | L P N WMN N N | pMN ]| /DN | pMC | pgL'| ON
L | 618 | 1020} 210 ] 1060 { 5560 | 3800 ) 3340 | # g | 159 | 476 | 1765 ) 2241 | 2805 | se4 | 2001% [ 7465 | 0.0 § 1324
2 | 505 | 1315 ) 809} 1160 | s290 | 3700 ) 3157 ) # # 152 | sa7 | 2158 | 2675 | 3870 | 1695 | oes% | 8757 | 000 } 733
3 | 450 {1300 | 808 | 1220 | 4730 | 3350 | 302z | 4 # 316 | 440 | 3741 | a1 | sds54 | 121 | 23344 | =365 § od0 | 657
4 | 380 | 1305800 1200 | 5020 f 3s20f 2977 # # 1 294 | 380 ]| 2665 | 4045 | 4699 1 654 | 13922 | snoz | 045 § 1331
s | 335 | 1300 gog | 1240 | 4000 ) 3450 | 2065 | # i 308 ] 437 § 3867 | 4304 | 4046 | 612 | 1245% [ 9650 | 018 | 1577
6 285 | 1250 | 808 ) 1230 § s110 | 3580 ) 77| # # 246 | 451 | 2625 { 3076 | 4335 | 1259 | 29.04% | 8564 | 034 | 620
7 | 100 | 1us | so7| 1220 | soe0 | 3520 | a0ms | & |- & | 230 | sa0 | 2577 ] a0m7 | asas | 1428 | sieme | ss3e | 037 | sae
8 §oats | 1240 ) 80| 1300 | 4800 | 3440 f 3046 ] # % 234 | 587 | 3124 | 3713 | @433 | 722 | 1629% | 10245 ) 040 | 1429
9 Joss | 1435|704 1360 | 506 | 354 | 12 | # # | 022 | 305 [ 8003 ) 8338 | 8949 ) 631 | 7.05% | 10442 | 309 | 16355
10 | o055 J1aan) 722 ) 1220 | 083 ) 060 | 054 ) # # 013 | 263 | 8438 | 8701 | 9024 | 323 | 3.58% | 10620 ) 504 | 3288
1] 000 | 1430|735} 1090 | 007 | 005 | 015 | # # 042 | 140 | 7870 | 8010 | 8974 | 964 § 10749 | 9601 | 429 | 996
12mq ND | 079 | 086 | 035 085 | 0.04
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El-Saved A. Badr

.Environmental assessment of biogeochemical cyeling of DOCand DON in natural waters

i _Resalts of the Py Estuacy sampler calleeted on 04 - 06 - 2003
Station 2’:;";“ Tame | pH iTemperzf Cond, [TDS gl Satinity{ DO mg| DO% PO, pMINH, pM| g& DRI pMITDN pMj DON | %DON | Doc Cl-ll..a DOC:D
weie ture |mSiem| L' | % | Lt RN N | uMN| DN | pMC | pel?| ON
1 } 618 | 1025) 804 ] 1430 ) 3660 | 1820 | 3330 ] 960 | 1150 ] 060 | 030 | 525 ] s64 | neo | 616 | 5220% | 8425 | & | 1368
2 1 5051015 805) 1430 ] 3550 | 17801 3314 | 962 | 1140 | 074 | 145 | 604 | 740 | 1381 | 632 | 4s78% | lozoo | # | 1693
3 | 450 4 100 ] 8.05 4 1440 { 3200 { 1600 { 2985 | 950 { 1300 | 157 | 188 { 1456 | 1644 | 2288 | 644 | 28id% | W00 | 4 | 1662
4 | 380 | 1000 | 806 | 1440 | 3530 ] 1760 | 3207 | 556 | 1160 o086 | 129 | o7 | 1106 ] 1780 | 664 | 3720% | 78Ee ) # | 1188
5 | 335 | o955 | 804 ) 1440 | 3220 | 1620 | 2047 | 1005 1070 ) 235 | 549 | mm2 | 21 | 3305 | mass | oassanl seor | s 8.11
§ | 285 ) opso) 802 1450 | 3170 | 1590 | 2680 | 901 | rose | 259 | sa7 2616 | 31es | azar | 1is | 2zoew |1 | ¢ | ee
7 | 190 | og:40 ] 8ot ) 1450 | 2860 | 1434 | 2457 [ 1030 | 1090 | 448 | 935 | 4200 | s144 | 7150 | 20u5 f 2804 | 8764 | # | 435
8 | 215 |oo3s | 792 | 1430 | 2524 | 1300 | 899 | 980 | 1070 | 648 | 586 ] 9665 | q0554 | 14035 | 3481 | 24m0% | 1320 | ¢ 325
9 Joss oo ]egs) 1470 ) 250 ) 125 | 1505 roso] 1080 ) ss0 | 417 | semi | noose | 123sa| 205 | ig.52% | 9595 T | 4
lo | 055 | 0920 | 670 | 1460 | 067 | 033 | 120 | 932 | 9200 | o098 | 157 | es3s | 6692 | 2677 | 1985 | 2287 | 7566 | # | 388
11 ) 000 | 11207 709 | 1200 | 062 | 030 § 042 | 752 | 7200 | 138 | 843 | 6361 | 7204 | 10096 ] 2852 | 2864% | 11000 | # 380
12mq w | wo | wp 025 463
Results of the Plym Estuary samples collected on 04- 08 - 2003
SMMT Time | pH Tempers] Cond. TDS’g'm Salfinity | 0O mg DO% PO, PM|NH, M| ::%Z DIN pMIDNpM] DON | %DON | bOC CHL.a DOCD
weir tore fmSfem| L % |t P N N N N | pMy| mon | pMe | pel?]| on
1 | 61g | 155 f 812 1850 | s280 ] 3700 | 3309 ). & # ) o700 | 1es | 555 | 750 | 1264 | 504 ) ave6ee | 7503 | A4 ) 1460
2 ) sos ) uso] siol 1850 | 5180 | 3640 | 3285 | # # 130 | 613 | 844 | 1457 | o240 | 7783 | ma23% | 8103 | # 1.04
3 | aso | 11as)809) 1920 ] 4750 | 33204 3060 # # | 130 | 313 {6zl 1625 ) 2218 | 543 | 2448% | o902 | # | 1824
4 | 380 | 1140 | 807 | 1940 § 4700 { 3200} 2921 ] # # 188 | 596 | 1976 | 2572 | 4250 | 1678 | 3948% | 8914 | # | s31
5 | 335 | 1135 ] 806 | 1930 | 4540 | 3180 ] 2835 | # 4 | 226 | 605 | 2498 | 3103 ) 8774 | S671 ) 6463% | %903 | # 1.59
6 | 285 | 1130 | 80a) 1870 | 4590 | 3290 | 2996 4 # 165 | 851 | 1702 | 2553 | 6060 | 4407 | 6332% | 8747 | ¢ 198
7 ) 100 P 5125 | 798 1840 ) 2950 | 2070 | 1688 | & # | 3712 | 531 ] 6365 | 6896 | 7885 | 990 | 1255% f 12 # | 1039
8 [ t1s | mowfvs2| 1g20 | 2540 | 1780 | 2706 | # # | 261 | 06 | 2622 | 3438 Jjozn | B3 | esn | 9358 | # 1.27
9 joes | uis) 7a2] 1800 | 2028 | 720 | 047 | # # | a4 | 661 | 5302 ] 9973 | 13071 | 3098 § 2370% | o0z | # | 323
10 | o055 | muo|cos)1s0] 361 | 253 ) 2| # # | 232 | 423 | 6s27] 6050 | 2928 | 1o® | ;aen | w2 | £ § sed
11 | ooo | 1240 | 742 ] 3780 | oo2 | oo1:| 006 | # 2 | 200 | 100 | 7650 ) 7268 ¥ 9311 | 1543 | 1637% | 11962 | # | 725
12mq ND | o019 | o019 | 038 | o28 Log
Results of the Plym Estuasy sampler collected on 16- 09 - 2003
Sttion De“k:" sime | pir [FeoPeed Cond (TDSgm ssity|DOmel | PO, e g ::3;2 bIN uMToN 2 DON | %DON | Doc | cHLa|pocD
weis tate |mSfem| LT ] % | L? P N e N N | M| N | pMC | pet?| ON
I | 612 | 10:30] 747 | 1750 | ss00 | 3850 | 3410 . # # 158 { 703 | 797 | 1500 | 3554 | 2044 ) s5751% | too70 | 8 | 493
2 | 505 | 10201 746 | 1750 | 5490 | 3840 | 3398 ) # B Y 140 | 804 | o2 | 1796 | 6034 | 4238 ) 7057% | toqop | # | 244 |
3 Voasolaoasf a3l 1740 | s3s0 | a7so| a0 | % # | 215 | 852 | 25581 3450 | 7755 | 4308 | sss1w | 12070 | # | 2R1
4 | 380 {agsta ) 741 ) 1700 | 3420 | 3700 3583 | # # 187 | 289 § 1055 ) 1345 | 2403 | 11ag | 4608 ) o704 [ # | R4S
s 1 235 | roosf a1 | 1540 3840 | 2600 | 1952 ] s # | 734 | 657 | sa7s | ton72 | 140,08 | 3835 | 2738% | 13439 ] # | 330
6 | 285 | 10:00 | 7219 1520 | 2030 | 2050 | 1061 | # g 1 215 | 701 juiseo| 12200 ] 16781 | 4491 | 2676% | tageo | 6 | 309
7 | 190 | o950 | 7.08 | 1570 | 2830 | 1980 | 1450 | # # | 17757 se4 {92718 2328 | 2076 | 9480 | 3894 | 17549 | # 1.85
8 | 115 fosas| 677 1480 | 1620 | 1133 ] 302 ] 4 f 1 411 | 798 | 3506 ] 43.04 | 11450 | 7h46 | 6241% | 113n0 § # 1.60
9 b oss Vosdof7ao)azcof g8 | 617 ) 316 | # ) 500 | o2 | 12706 13627 ) 2464 | 11008 | 4d.68% | 11808 | # 1.07
10 | 055 o935 | 7200 £380 305 § 221 | 240 | # # | 325 | 80z | so7 | o870 | 15883 | 6004 § 3780% ) 1273 | & 174
11 | 000 | 11:35 J 716} 1870 ] 491 | 340 § 1 | # | 312 | 896 | 5705 | 6601 | 13434 6833 ] s0.86% | sosa0 ) € 1.54
12mg 002 | aor | 044 | oSl | oas 221
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Appendix 3.5

Pearson’s product moment correlation
matrix for the Plym Estuary samples for
different seasons




e ot

El-Sayad A. Badr Envifonmental assessment of biggegehemical cyeling of DOCand DON in natural waters
SALINIT DONITD DOC:
Y PH PO4 NH4 NO3 TON DON N DOC CHLA . DON
SALINITY Pearson Correlation 1 T21™ -.284 454 746" -.851* -.863™1 -.080 -.2689 T 619%
Sig. (2-tailed) . .000 201 .034 .000 .000 .00 722 245 .ooo .002
‘ N 22 22 22 22 22 22 22 22 22 22 22
PH Pearson Correlation 721" 1 -.004 .584™ -454* -492* -~ 493* 029 -.014 464" 3556
Sig. (2-tailed) .000 . .885 .004 .034 .020 .020 800 952 .029 105
N 22 22 22 22 22 22 22 22 22 22 22
PO4 Pearson Correlation ~.284 ~,004 1 160 735" .658™ .236 =422 075 -479* -.306
Sig. (2-tailed) 201 985 . 506 :q00 .001 .290 .051 741 .024 .166
N 22 22 22 22 22 22 22 22 22 22 22
NH4 Pearson Correlation A54* .584*" .150 1 -.251 - 176 -.090 .306 ~. 545" -.088 -121
Sig. (2-tailed) 034 .004 506 . .261 433 891 .1g6 .009 698 590
N 22 22 .22 22 22 22 22 22 22 22 22
NO3 Pearson Correlation = 746™ -.454* 35" -251, 1 957" 569" -.403 099 - 732" -.530*
Sig. (2-tailed) .000 .034 000 261 . .000 .006 .063 662 000 011
N 22 , 22 22 22 22 22 22 22 22 22 | 22
TDN Pearson Correlation «BB1* -.492* .658*1 -176 957" 1 T79* -.142 .084 -.869™ -.BB5™
Sig. (2-tailed) 000 020 .001 433 .000 . .000 .528 710 .000 -.000
. N 22 22 22 22 22 22 22 22 22 22 - 22
‘ DON Pearson Correlation - 863" -.493* 236 -.0980 .569* 79 1 453* 089 - 869 -.784™
Slg. (2-tailed) .000 .020 290 B3 .006 .000 . .034 861 000" .00
| N 22 22 22 22 22 22 22 22 22 22 22
| DON/TDN Pearson Caorrelation -.080 029 -422 306 -403 =142 A53* 1 - 174 -.233 - 443*
Sig. (2-tailed) 722 800 .051 .166 .063 528 .034 . 439 296 038
| N 22 22 22 22 22 22 22 22 22 22 .22
v DoC Pearson Correlation -.259 -014 075 - 545* .099 .084 .099 -174 1 195 -
Sig. (2-tailed) .245 .952 741 .009 .662 710 661 439 . 385 73
| N 22 22 22 22 22 22 22 22 22 22 7 22
CHLA Pearson Correlation T75 464 - 479% -.088 - 732* -.869" -869"  -233 ,195 1 .B30™
Sig. (2-tailed) .000 .029 024 698 .000 .000 .000 296 .385 . 000
N 22 | . 22 22 22 22 22 22 22 22 22 22
DOC:DON  Pearson Correlation 519* .385 -.306 -121 -.530% —.685*W -.784* -443* 301 B30 1
Sig. (2-tailed) .002 105 .168 .590 011 .000 000 039 A73 .000 .
N 22 22 22 22 22 22 22 22 22 22 22

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Pearson s product moment cotrelations matrix for the Plym Estuary summer 2002 samples.




El-Sayed A, Badr
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Environmental assessment of bipgeochemical cyeling of DOCand DON in natural waters

SALINIT DON/TD DOC :
_ Y PH PO4 NH4 NO3 TDN DON N DOC CHLA DON

SALINITY Pearson Correlation 1 .309 .018 .583%) ~.697* -.635" -.367 1331 -.638%" Ad4* 073
Sig. (2-tailed) . 161 .936 .004 .000 .002 .093 132 .001 044 ‘747

N 22 22 22 22 22 22 22 22 22 21 22

PH Pearson Correlation ©.309 1 293 B14™ ~.346 079 .392 .662*Y -.102 - 556" -.668*
Sig. (2-tailed) .161 . 186 002 115 727 .071 .001 653 .009 .001

N 22 22 22 22 22 22 22 22 22 21 22

PO4 Pearson Correlation 018 293 1 A4B69* 151 B27* 781 .302 397 .010 . -.395
Slg. (2-tailed) 936 .186 ; .028 502 002 .000 72 067 .964 069

. N 22 - 22 22 22 22 22 22 22 22 21 .22
NH4 Pearson Correlation 5831 B14™ 469* 1 -,220 ,086 265 314 -.154 .037 -.404
Sig. (2-talled) 004 .002 .028 . .326 703 234 154 493 873 062
N 22 22 22 22 22 22 22 22 n 22 21 - 22
NO3 Pearson Correlation -.697* -.346 151 -.220 1 .755% 251 -.667*1 539" -A77 -.022
Sig. (2-tailed) ,000 115 502 .326 . .000 259 .001 010 A42 923
N 22 22 22 22 22 22 22 | 22 22 21 22
TDN Pearson Correlation -.635" 079 B27* ,086 755" 1 823 -.074 728" -.383 -.420
Sig. (2-tailed) .002 727 002 .703 ,000 . .000 743 .000 086 .052

N 22 22 22 22 22 22 22 22 22 21 22

DON Pearson Correlation -.367 392 781 265 .251 823" 1 A71* 623 -431 " 588
Sig. (2-tailed) ,093 .071 .000 234 259 .000 . .027 .002 .051 ..004
N 22 22 22 22 22 22 22 22 22 21 . 22

DON/TDN Pearson Correlation 331 662% .302 314 - 667+ -.074 AT 1 -.065 -.282 -.516*
Sig. (2-tailed) 132 .001 A72 .154 .001 743 .027 . 775 215 .014
N 22 22 22 22 22 22 22 22 22 21 22
DOC Pearson Correlation -.638™1 -102 .397 -.154 539" 728" 623" -065 1 -.660™" .088
Sig. (2-tailed) 001 653 067 493 010 .000 .002 775 " .001 . 698
: N 22 22 22 22 22 22 22 22 22 21. 22
CHLA Pearson Correlation Ad4r -.556* 010 .037 -177 -.383 -431 -.282 -.660™1 1 244
Sig. (2-tailed) 044 .009 954 873 442 .086 051 215 .001 X 286
N ) 21 21 21 21 21 21 21 21 21 21 21
DOC :DON  Pearson Correlation .073 ~.B68* -.385 ~404 -022 -420 -, 588" -.516* .088 244 1
Sig. (2-tailed) 747 .001 .069 .082 923 082 004 014 698 .286 }
N 22 22 22 22 22 22 22 22 22 21 22

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Pearson's product moment correlations matrix for the Plym Estuary autumn 2002 samples.
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El-Sayed A. Badr

Environmental assessment of biogeochemical cycling of DOCand DON in natural waters

e e L S T T —

SALINIT DON/TD . DOGC :
Y PH PQ4 NH4 NO3 TDN DON N DOC CHLA DON
SALINITY Pearson Correlation 1 713 =231 .704* - 716™ - 785" -.169 399 =578 -.082 =281
Sig. (2-tailed) . .000 .302 .000 .000 .000 453 .066 .005 717 205
N 22 22 22 22 22 22 22 22 22 22 22
PH Pearson Correlation 713" 1 .030 532+ -.538*4 -.569*" -.082 .266 -.206 -.191 ~031
Sig. (2-tailed) .000 . 895 011 .010 006 715 .232 .358 .395 .891
N 22 22 22 22 22 22 22 22 22 22 22
‘PO4 Pearson Correlation ~.231 .030 1 240 .604™ 486" -.357 -522* .B5B™ AB4* B74*
Sig. (2-tailed) 302 .895 . 283 .003 .022 103 .013 .000 .030 .000
N 22 22 22 22 22 z22 22 22 22 22 22
NH4 Pearson Correlation 704 532 240 1 -219 ~.264 -.201 139 -.046 276 030
Sig. (2-tailed) .000 .01 .283 . 327 .235 .369 637 833 213 .896
N 22 22 22 22 22 22 22 22 22 22 22
NQO3 Pearson Correlation -716™ -.538*" 604 -219 1 911 -277 - 773" 718" .164 573
Sig. (2-tailed) .000 010 .003 327 . .000 212 .000 .000 A67 ".005
N 22 22 22 22 22 22 22 22 22 22 .22
TDN Pearson Correlation - 785" -.569™ ABG* -.264 911™ 1 141 - 467" .B63* 064 .338
Sig. (2-tailed) .000 .006 022 235 .000 . 532 .028 001 ] 124
N 22 22 22 22 22 22 22 22 22 22 . 22
DON Pearson Correlation -.169 -.082 -.357 -.201 -277 144 1 755" -.192 -276 ~.594*H
Sig. (2-tailed) 453 715 103 368 212 532 . .000 .391 214 004
N 22 22 22 22 22 22 22 22 22 22. 22
DONTDN Pearson Correlation .399 .266 -522* .138 - 773™ -467* 755" 1 -.532* -229 -.690™
Sig. (2-tailed) .086 232 .013 537 000 .028 .000 . 011 .305 .000
_ N 22 22 22 22 22 22 22 22 22 22 | 22
DOC Pearson Correlation ~578% -.206 .B56™ -.046 718* BB3™ -.192 -.532* 1 421 810
Sig. (2-tailed) 005 .358 .000 .838 .000 .001 391 014 . .051 .000
N 22 22 22 22 22 22 22 22 22 22 22
CHLA Pearson Correlation -082 -.191 A64* 276 164 064 - -.276 -229 421 1 372
Sig. (2-tailed) 717 .395 .030 213 487 776 214 .305 .051 . .088
N 22 22 22 22 22 22 22 22 22 22 - 22
DOC:DON  Pearson Correfation -.281 -.031 874" .030 573" .338 - 594" -.690™Y 810" 372 1
Sig, (2-tailed) 205 .891 .000 .896 .005 A24 .004 .000 .000 .088 .
N 22 22 22 22 22 22 22 22. 22 22 22

**. Correlation is significant at the 0.01 level (2-tailed),
*. Correlation Ts significant at the 0.05 level (2-tailed).

Pearsons product moment correlations matrix for the Plym Estuary winter 2003 samples.
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El-Sayed A. Badr Environmental assessment of biogeochemical cycling of DOCand DON in natural waters
SALINIT - DON/TD ) DOC:
Y PH PO4 NH4 NO3 TDN DON N DOC CHLA DON
SALINITY Pearson Correlation 1 .856™" 123 - 070 -.863*" -.816™Y -.406 .5356* -.340 =97 1 -.032
Sig. (2-tailed) . .000 .585 757 .000 .000 .061 .010 21 .000 ' .887
N 22 22 22 22 22 22 22 22 22 11 22
PH Pearson Correlation .B56™1 1 116 ST -.768*" - 707" -.332 429* -.136 -.929* 035
Sig. (2-tailed) .000 . 608 .B05 000 ,000 31 | .046 .b47 .000 876
22 22 22 22 22 22 22 . 22 22 11 . 22
PO4 Pearson Correlation C123 116 1 649" .307 448" B42** -.049 138 -.860*" -.536*
Sig. (2-tailed) .585 608 . .001 165 .037 001 | .528 542 001 010
N 22 22 22 22 22 22 22 22 22 11 22
NH4 Pearson Correlation -.070 JA17 B4g* 1 .255 435*% B66*  -.130 264 -.848* -.468*
Sig. (2-tailed) 757 605 .001 3 251 .043 .001 564 234 001 . 028
N 22 22 22 22 22 22 22 22 22 11 22
NO3 Pearson Correlation -,863" -.768*1 307 .255 1 969" 520* -.664* .338 .942™ -.066
Sig. (2-tailed) .000 000 185 251 . .000 013 .001 124 000 772
N 22 22 22 22 22 22 22 22 22 11 22
TDN Pearson Correlation ~.816*1 - 707" A48* 435* .869™ 1 709" -.541™ .346 .930™4 =258
Sig. (2-tailed) .000 .000 .037 .043 .000 . 000 .009 14 .000 247
N 22 22 22 22 22 22 22 22 22 11 22
DON Pearson Correlation -406 -.332 B42* .566™1 520 .709™ 1 .089 204 -.434 -742*
Sig. (2-tailed) 081 431 .001 001 013 .000 . 693 .362 182 - .000
N 22 22 22 22 22 22 22 22 22 11 22
- DON/TDN Pearson Correlation .535* 429* -.(049 ~130 -.664™ -.541* .089 | 1 =172 -716% -.319
Sig. (2-tailed) 010 .046 828 .564 .001 .009 693 . A44 013 .148
N 22 22 22 22 22 22 22 22 22 11 22
DOC Pearson Correlation -.340 -.136 138 264 .338 346 204 -172 1 6eg* 241
Sig. (2-tailed) 121 547 542 234 124 A14 362 | 444 . .025: 280
N 22 22 22 22 22 22 22 22 | 22 11 | . 22
CHLA Pearson Correlation =97 1" -.929* -.860"" -.848"1 942 ,930* -.434 -716* .669* 1 . .BB0*
Sig. (2-tailed) .000 .000 .001 .001 .000 .000 182 013 .025 . .027
N 11 11 11 11 11 11 11 11 11 11 L
DOC : DON  Pearson Correlation -.032 .035 -.536* ~A68* -.066 -.258 =742 -319 241 .660* 1
Sig. (2-tailed) .B87 .876 .010 .028 772 .247 .000 148 .280 .027 .
N 22 22 22 22 22 22 22 22 22 11 22

** Correlation is significant at the 0.01 level (2-tailed).
*. Correlation Is significant at the 0.05 level (2-tailed).

Pearsons product moment correlations matrix for the Plym Estuary spring 2003 samples.
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El-Sayed A. Badr Environmental assessment of hiogeochemical cycling of DOCand DON in natural waters
SALINIT DON/TD DOC:
. Y PH P04 NH4 NQ3 TDN DON N DOC CHLA DON
SALINITY Pearson Correlation. 1 .532* ~,206 -011 -.641*1 -.561* -227 5661 -.375 . 189
Sig. (2-tailed) . 011 .182 ,961 001 .007 310 .006 086 . .398
N 22 22 22 22 22 22 22 22 22 0 22
PH Pearson Correlation .532% 1 -~.464* -319 561" - 579" -.392 .199 -.634*Y A57*
Sig. {2-tailed) 011 . 030 148 007 .005 .072 376 002 . .032
N 22 22 22 22 22 22 22 22 22 0 22
PO4 Pearson Correlation -.296 ~464* 1 .125 905" 855" AB7* -.340 .883™ -.284
: Sig. (2-failed) .182 .030 . .580 .000 000 .028 .121 .000 . 200
N 22 22 22 22 22 22 22 22 . 22 0 22
NH4 Pearson Correlatian -.011 -319 125 1 .098 366 650 .489* 16 ). - 760*
Sig. (2-tailed) ,961 148 .580 . 663 .094 .001 .021 606 - : .000
N 22 22 22 22 22 22 22 22 22 0 22
T NO3 Pearson Correlation - G411 -.561*1 905" .098 1 9251 A7 -517* .846*1 -.288 -
Sig. {2-tailed) .001 .0a7 .00 663 . .000 .027 .014 .000 . 194
N 22 22 22 22 22 22 22 22 22 0 . 22
TDN Pearson Correlation ~ 561" - 579" 855" 366 925" 1 770" - 184 JT67™ -.539*
Sig, (2-tailed) 007 .005 .000 .094 000 . .000 412 .000 . 010
N 22 22 22 22 22 22 22 | 22 22 0 - 22
DON Pearson Correlation -227 -.392 467*. 650" 471" 770" 1 A442* 357 - 753"
Sig. (2-tailed) 310 072 .028 .001 027 .000 . .040 .103 . .000
N 22 22 22 22 22 22 22 22 " 22 0 22
DON/TDN Pearson Correlation .566™ 199 -.340 .489* -517* -.184 A442* 1 . =416 -.493*%
Sig. (2-tailed) 006 376 121 .021 .014 412 .040 . .054 . .020
N 22 22 22 22 22 22 22 22 22 0 22
DOC Pearson Carrelation -375 -.634™ .B83* 116 .846™1 7671 357 -416, 1 -.255
Sig. (2-tailed) .086 .002 .000 608 000 .000 103 054 . . 252
N 22 22 22 22 22 22 22 22 22 0 22
CHLA Pearson Correlation
Sig. (2-tailed) . . . . . . . . . . .
N 0 Q 0 0 0 0 0 .0 0 0| Q
DOC:DON  Pearson Correlation 189 457" -.284 - 760" -.288 -.539* ~753%1 -493" -.255 1
Sig. (2-tailed) .398 .032 200 .000 194 010 .000 .020 252 . .
N 22 22 22 22 22 22 22 22 22 0 . 22

*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 leve! (2-failed).

Pearsons product moment correlations matrix for the Plym Estuary summer 2003 samples.
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Ei-Sayed A. Badr

Environmental assessment of bioqeochem_ica! cycling of DOC and DON in natural waters

Date

[Q {m3/y

Date  FQ (m3/q

Date

FQ (m3ls

Date

'FQ (m3/s

Date

. 1Q {m3/s

Date

FQ (m3fs)

01/01/2002

1.847

27/02/2002| 5.259

25/04/2002

0.708

.21/06/2002

3.346

17/08/2002

0.51

13/10/2002

2.183

02/01/2002

1.815

28102/2002] 5.077

26/04/2002

0.976

22/06/2002

2.527

18/08/2002

0.59

14/10/2002

0.723

03/01/2002

1.089

01/02/2002 4.031

27/04/2002

1.538

23/06/2002

2.025

15/08/2002

0.49

15/10/2002

4.149

04/01/2002

0.792

02/03/2002] 3.484

28/04/2002

1.463

24/06/2002

1.738

20/08/2002

0.48

16/10/2002

0.923

05/01/2002

0.77

03/03/2002| 3.132

25/04/2002

0.971

25/06/2002

1.656

21/08/2002

0.46

17/10/2002

0.577

06/01/2002

0.782

04/03/2002] 2.917

30/04/2002

7.584

26/06/2002

07/01/2002

0.745

05/03/2002] 2.641

01/05/2002

1.982

1.442

22/08/2002

0.44

18/10/2002

0.827

23/08/2002

0.45

19/10/2002

0.442

08/01/2002

0.705

06/03/2002| 2.439

02/05/2002

1.134

28/06/2002

1.285

24/08/2002

0.43

20/10/2002

0.526

09/01/2002

0.768

07/03/2002| 2.14

03/05/2002

0.964

29/06/2002

1.232

25/08/2002

0.42

21/10/2002

1.037

10/01/2002

0.755

08/03/2002| 1.955

04/05/2002

0.987

304/06/2002

1.33

26/08/2002

0.4

2211072002

1.715

11/01/2002

0.738

09/03/2002| 1.846

05/05/2002

0.945

01/07/2002

1.224

271082002

0.39

23/10/2002

0.731

12/01/2002

0.764

10/0372002| 1.863

06/05/2002

0.935

02/07/2002

4.068

28/08/2002

0.39

24/10/2002

0.62

13/01/2002

1.536

11/03/2002| 2.542

07105/2002

0.911

03/07/2002

2.588

29/08/2002

0.4

25/10/2002

1.643

14/01/2002

1.814

1210312002) 2.741

08/05/2002

0.878

04/07/2002

2.033

30/08/2002

0.44

26/10/2002

2.566

15/01/2002

1.336

13/03/2002| 2.774

08/05/2002

0.879

05/07/2002

2.211

31/08/2002

0.4

27/10/2002

1.62

16/01/2002

1.072

1410372002 1.934

10/05/2002

0.802

06/07/2002

1.442

01/09/2002

0.39

28/10/2002

0.902

17/01/2002

4.436

15/03/2002| 2.527

11/05/2002

0.947

Q7/07/2002

1.867

02/08/2002

0.38

29/10/2002

0.801

18/01/2002

3.561

16/03/2002) 1.712

12/05/2002

1.405

08/07/2002

4.058

03/09/2002

0.38

30/10/2002

0.747

19/01/2002

2.61

17/03/2002{ 3.079

13/05/2002

3.249

09/07/2002

2737

04/08/2002

0.41

31/10/2002

0.726

20/01/2002

6.382

18/03/2002| 7.405

14/05/2002

1.437

10/07/2002

2.246

05/09/2002

0.39

01/11/2002

3.532

21/01/2002

4.229

19/03/2002] 6.509

15/05/2002

1.107

11/07/2002

1.836

06/09/2002

0.39

0211142002

6.635

22/01/2002

4.131

20/03/2002| 8.857

16/05/2002

13

12/07/2002

1.899

07/09/2002

0.4

03/11/2002

2.424

23/01/2002

8.969

21/03/2002| 5.054

17/05/2002

5.779

13/07/2002

1.623

08/09/2002

0.38

04/11/2002

1.791

24101/2002

4.783

2210372002 4.011

18/05/2002

3.184

14/07/2002

1.535

05/09/2002

0.42

05/11/2002

4.837

25/01/2002

12.13

23/03/2002| 3.627

19/05/2002

2.581

15/07/2002

1.396

10/08/2002

0.41

06/11/2002

8.667

26/01/2002

17.55

24/03/2002| 3.392

20/0512002

2.67

15/07/2002

1.339

11/08/2002

0.36

07/11/2002

4.836

27101/2002

19.2

25/03/2002| 2.933

21/05/2002|

8.143

17/07/2002

1.207

12/09/2002

0.35

08/11/2002

7.767

28/01/2002

0.688

26103/2002| 2.542

22/05/2002

4.571

18/07/2002

1.206

13/09/2002

0.33

09/11/2002

4.771

25/0172002

8.009

27/03/2002| 2.29

23/05/2002

8.306

19/07/2002

1.15

14/09/2002

0.32

10/11/2002

5.253

30/01/2002

8.072

28/03/2002| 2.099

24/05/2002

7.997

20/07/2002

1.041

15/09/2002

0.32

111172002

3.986

31/01/2002

8.135

20/032002| 1.8589

25105/2002|

5.217

21107/2002

1.012

16/05/2002

0.31

H 272002

01/02/2002

8.205

30/03/2002] 1.677

26/05/2002

6.882

22/07/2002

0.954

17/09/2002

0.3

13/11/2002

13.25

02/02/2002

13.11

31/03/2002| 2.554

27/05/2002

6.024

23/07/2002

0.992

18/08/2002

0.29

14111/2002

9.48

03/02/2002

8.537

04/04/2002] 2.598

28/05/2002

8.466

2410712002

0.909

19/09/2002

0.29

15/11/2002

6.349

04/02/2002

25.64

02/0472002] 1.847

29/05/2002

5.26

25/07/2002

0.914

20/09/2002

0.29

16/11/2002

4.599

05/02/2002

11.22

03/04/2002| 1.793

30/05/2002

4.402

26/07/2002

0.871

21/09/2002

0.29

1711112002

3.835

06/02/2002

7.975

04/04/2002] 1.687

31/05/2002

3.68

27107/2002

.0.893

22/09/2002

0.29

18/11/2002

3.912

07/02/2002

7.903

0s/04/2002 1.42

01/06/2002

3.092

28/07/2002

0.805

23/09/2002

0.28

19/11/2002

5.627

08/02/2002

8.777

06/04/2002| 1.378

02/06/2002

2.729

2510712002

08/02/2002

6.167

07/04/2002] 1.208

03/06/2002

2.715

30/07/2002

2103764
0.815

256/09/2002

027,

2011172002

6.999

0.27

21/11/2002

10.31

10/02/2002

5.756

08/04/2002| 1.063

04/06/2002

2.401

31/07/2002

0.848

26/09/2002

0.27

22/11/2002

9.222

11/02/2002

11.67

09/04/2002] 0.984

05/06/2002

2.089

01/08/2002

0.723

271092002

0.27

23r11/2002

7.228

12/02/2002

7.036

10/04/2002| 0.935

06/06/2002

1.829

02/08/2002

0.681

28/08/2002

0.27

2411112002

5.745

13/02/2002

5.637

11/04/2002| 0.973

07/06/2002

2.889

03/08/2002

0.65

29/09/2002

0.26

251112002

4.707

14/02/2002

4.767

12/0412002| 1.003

_08/06/2002

2.308

04/08/2002

0.624

30/09/2002

0.26

26/11/2002

4.921

156/02/2002

4.335

13/04/2002| 0.912

08/06/2002

5.133

05/08/2002

0.62

01/10/2002

0.28

2711172002

10.08

16/02/2002

3.831

14042002} 0.902

10/06/2002

2.527

(06/08/2002

0.591

02/10/2002

0.33

28112002

5.957

17/02/2002

3.498

15/04/2002{ 0.821

11/06/2002

2.19

07/08/2002

0.697

03/10/2002

0.33

28/11/2002

4.864

18/02/2002

3.135

16/04/2002] 0.865

12/06/2002

2,207

(8/08/2002

0.719

04/10/2002

0.28

30/11/2002

6.202

- 19/02/2002

3.857

17/04/2002) 1.023

13/06/2002

1.982

05/08/2002

0.776

05/10/2002

0.28

01/12/2002

6.868

2010272002

4.991

18/04/2002] 0.935

14/06/2002

2.057

10/08/2002

0.653

06/10/2002

0.3

02/12/2002

4,758

21/02/2002

2.929

19/04/2002| 0.879

15/06/2002

8.467

11/08/2002

0.707

07/10/2002

0.31

03M12/2002

4.202

2210212002

2.869

20/042002] 0.811

16/06/2002

6.107

12/08/2002

0.636

08/10/2002

0.29

04/12/2002

4.054

23/02/2002

2.527

21404/2002) 0.787

17/06/2002

3.766

13/08/2002

0.561

09/10/2002

0.27

05/12/2002

3.402

24/02/2002

2.432

22/04/2002| 0.758

18/06/2002

2.899

14/08/2002

0.5638

10/10/2002

0.26

06/12/2002

2.899

25/02/2002

13.73

23/04/2002} 0.675

18/06/2002

2.45

15/08/2002

0.546

11/10/2002

0.29

07/12/2002

2.77

2610272002

8.008

24104/2002| (.66

20/06/2002

2,229

16/08/2002

0.49

121042002

0.31

08/12/2002

2.63
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El-Sayed A_Badr

Environmental assessment of biogeochemical evefing of DOC and DON in natural waters

Date FQ (m3/s 7

Date FQ (m3/d'

Date

FQ (Mg

Date

Q (m3/

Date

Q (m3fs

Date

FQ (mafs)

091122002 2.595

04/02/2003| 2.215

02/04/2003

0.793

20/05/2003

1.13

25/07/2003

3.99

20/09/2003

0.335

10122002 2.34

05/02/2003] 1.958

03/04/2003

0.716

30/05/2003

1.07

26/07/2003

1.21

21/06/2003

0.341

11#12/2002| 2.079

06/02/2003| 2.363

04/04/2003

0.672

31/05/2003

1.03

270712003

0.88

22/09/2003

0413

12f12/2002] 3.395

07/02/2003] 2.182

05/04/2003

0.636

01/06/2003

1.09

28/07/2003

233

23/09/2003

0.372

13M1212002| 2.709

08/02/2003] 3.689

_06/04/2003

0.661

02/06/2003

1.05

28/07/2003

3.88

24/08/2003

0.349

1411212002 8.03

05/02/2003] 5.308

07/04/2003

0.617

03/06/2003

1512:2002] 4.573

10/02/2003] 6.294

08/04/2003

0.587

0410672003 03

0.98

30/07/2003

1.8

25/08/2003

0.335

31/0712003

2.04

26/0912003

0.328

16M2/2002| 2.873

11/02/2003| 5.279

09/04/2003

0.578

05/06/2003

1.4

01/08/2003

3.84

2710912003

0.306

17/12/2002) 2.464

12102/2003] 3.614{H0/042003

056

06/06/2003

3.35

02/08/2003

1.5

28/08/2003

0.308

18/12/2002| 3.052

13/02/2003| 3.18

11/04/2003

0.63

07/06/2003

1.79

03/08/2003

1.27

29/09/2003

0.31

19112/2002} 2.958

14/02/2003) 2.717

12/04/2003

0.54

08/06/2003

1.97

F0A0BI2008

Han

30/08/2003

0.303

20fi2/2002| 3.06

15/02/2003| 2.515

13/04/2003

0.544

09/06/2003

1.82

05/08/2003

1.06

01/10/2003

0.291

211272002 16.87

16/0212003| 2.268

1410412003

0.518

- 10/06/2003

1.94

06/08/2003

1.01

02/10/2003

0.3

2211212002 8.72

17/02/2003) 1.987

15/04/2003

0.497

11/06/2003

14

07/08/2003

0.98

03/10/2003

0.289

23M2/2002] 7.95

1810212003 1.767

16/04/2003

0.476

12/06/2003

1.32

08/08/2003|.

0.86

-04/10/2003

0.288

241212002) 6.207

19/02/2003) 1.754

171042003

0.46

13/06/2003

1.25

05/08/2003

0.83

05/10/2003

0.292

asr2/2002| 6.721

20010212003 1.68

18/04/2003

0.452

14/06/2003

1.16

10/08/2003

0.82

06/10/2003

0.283

261220021 11.72

21/02/12003| 1.556

19/04/2003

0.446

15/06/2003

1.1

11/08/2003

0.78

07/10/2003

0.294

2711212002 8.268

32/02/2003) 1.712

20/04/2003

0.455

16/06/2003

1.05

12/08/2003

0.73

08/10/2003

0.292

28r12/2002| 6.512

23/02/2003] 1.658

21/04/2003

0.497

17/06/2003

1

13/08/2003

0.67

09/10/2003

0.288

29/i2/2002] 10.2

24102/2003] 1.381

221042003

0.474

18/06/2003

1

14/08/2003] .

0.68

10/10/2003

0.302

30/12/2002] 9.477

25102/2003) 1.267

3111212002 15.79 | (610212008 [212022.

23/04/2003

0448

19/06/2003

1.08

15/08/2003

0.66

11/10/2003

0.307

24/04/2003

0.532

20/06/2003

0.94

16/08/2003

0.62

12/10/2003

0289

01/01/2002] 27.13

27/02/2003] 3.067

25/04/2003

0.684

21/06/2003

0.85

17/08/2003

0.6

13/10/2003

0.294

02/01/2003] 14.45

28/02/2003| 11.26

26/04/2003

0.561

22/06/2003

0.9

181062003

0.58

14/102003

0.284

03/01/2003] 9.154

01/03/2003] 6.462

2710412003

2.425

23/06/2003

0.88

19/0872003

0.54

15/10/2003

0.273

04/01/2003] 7.022

02/03/2003| 3.772

28/0412003

5.885

24/06/2003

0.82

20/08/2003

0.53

16/10/2003

0.261

05/01/2003| 5.994

03/03/2003] 3.796

29/04/2003

2.105

25/06/2003

0.78

21/08/2003:

0.53

17/10/2003

0.258

os/01/2003] 5.005

04/03/2003| 4.255

30/04/2003

1.668

26/06/2003

0.77

22/08/2003

0.83

18/10/2003

0.254

07/01/2003( 4.305

05/03/2003] 6.61

01/05/2003

3.866

27/06/2003

0.81

23/08/2003

0.62

19/10/2003

0.252

0870172005 [2267466

06/03/2003] 3.89

02/05/2003

7.288

28/06/2003

0.74

24/08/2003

0.5

201042003

0.246

00/01/2003| 3.188

07/0312003] 5.022

(3/05/2003

2.612

29/06/2003

0.75

25/08/2003

0.47

21/10/2003

0.252

10/01/2003| 2.807

08/03/2003| 3.666

04/05/2003 |

1.83

30/06/2003

0.74

26/0B8/2003

0.5

22/10/2003

0.835

110172003 2.526

09/03/2003] 3.218

05/05/2003

1.598

01/07/2003

0.72

27/08/2003

0.46

23/10/2003

0.658

12/01/2003| 2.207

10/03/2003] 2.899

06/05/2003

1.407

02/0712003

0.7

28/08/2003

0.47

24/10/2003

0.416

13/01/2003 2

1170312003 2.719

07/05/2003

1.317

03/07/2003

0.64

29/08/2003

0.52

25/10/2003

0.326

14/01/2003{ 1.944

12/03/2003| 2.316

08/05/2003

1.242

04/07/2003

0.61

30/08/2003

0.48

26/10/2003

0.317

15/01/2003 2.034

13/03/2003) 2.111

09/05/2003

1.086

05/07/2003

0.59

31/08/2003

047

2711072003

0.292

16/01/2003} 1.601

14/03/2003| 1.85

10/05/2003

1.055

06/07/2003

0.58

01/09/2003

0.44

28/10/2003

0.33

17/01/2003| 1.869

15/03/2003| 1.783

11/06/2003

1.01

07/07/12003

0.57

02/09/2003

0.43

20/1072003

0.804

18/01/2003] 5.578

16/03/2003} 1.667

12/05/2003

1.012

08/07/2003

0.57

03/08/2003

0.42

30M0/2003

2.933

19/01/2003| 6.926

17/03/2003]| 1.495

13/05/2003

0.921

09/07/2003

0.55

04/09/2003

0.4

31/10/2003

0.884

20/01/2003] 14.14

18/03/2003| 1.373

14/06/2003

0.846

10/07/2003

0.53

0510972003

0.39

01/11/2003

1.485

21/01/2003] 7.392

19/03/2003| 1.259

15/05/2003

1.276

11/07/2003

0.51

06/09/2003

0.4

02/11/2003

3.383

‘22/0172003] 4.796

20/03/2003] 1.205

16/05/2003

4.251

12/07/2003

0.49

07/09/2003

0.46

03/11/2003

1.15

230112003} 3.591

21/03/2003 1.2

17/05/2003

2.057

“13/07/2003

0.46

08/09/2003

0.46

04/11/2003

0.724

24/01/2003] 3.185

22/03/2003] 1.183

18/05/2003

1.873

14/07/2003

0.44

09/09/2003

0.41

05/11/2003

0.688

25/01/2003] 3.004

23/03/2003] 1.111

19/05/2003

2.981

16/07/2003

0.44

10/058/2003

0.44

06/11/2003

0.699

26/01/2003] 2.711

24/03/2003] 1.046

20/05/2003

1.881

16/07/2003

0.51

11/08/2003}

0.4

07/11/2003

0.522

27/01/2003] 2.333

25/03/2003] 0.98

21/05/2003

1.684

17/07/2003

0.47

12/09/2003

0.38

08/11/2003

0.474

28/01/2003] 2.33

26/03/2003| 0.927

22/05/2003

1.838

18/07/2003

0.48

13/08/2003

0.37

09/11/2003

0.486

29/01/2003] 2.266

27/0312003| 0.904

23/05/2003

1.804

19/07/2003

0.45

14/09/2003

0.36

10/11/2003

0.527

30/01/2003) 2.833

2810372003} 0.901

24/05/2003

1.607

20/07/2003

0.57

15/09/2003

31/01/2003] 1.923

20/03r2003] 0.947

256/05/2003

1.528

21/07/2003

0.561:1870672003

0.35

111112003

1.379

T05

12/1142003

1.364

01/02/2003| 2.516

30/0372003) 0.851

26/05/2003

1.505

22/07/2003

0.47

17/09/2003

0.34

13/11/2003

0.795

02/02/2003| 2.537

- 31/03/2003| 0.773

27/05/2003

1.404

23/07/2003

0.72

18/08/2003

0.34

14/11/2003

0.814

03f02/2003} 3.184

01/04/2003] 0.811

28/05/2003

1.232

241072003

0.76

19/09/2003

0.34

15111/2003

0.617
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