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Abstract

Dissolved Organic Carbon Export from

Head Water Streams in Forested Catchments

Growing concern regarding of the influence of clienehange has created a demand for a
greater understanding of carbon storage and tran@P&C 2007). One aspect that is rarely
considered is the link between the carbon sequester forested catchments and the
proportion lost through the export of dissolvedamrig carbon (DOC) in surface water
streams. A variety of studies around the worldehaoted spatial and temporal variation in
the concentration of organic carbon in rivers dmasur (Clarket al.2005; Worrall and Burt
2007; Spenceet al.2008; Saracenet al.2009), however the temporal and spatial
fluctuation of DOC is still poorly understood (Freanet al.2001; Tranvik and Jansson
2002; Worrall and Burt 2004; Evaesal.2006). In order to better understand the carbon
flux of forests, an ability to determine the amoohDOC exported from a forested

catchment over a given time period is required.

This project has assessed the temporal and spatiation of DOC in the creeks of three
forested catchments using UV-Vis Spectrophotom@tnis method allowed a frequency of
DOC assessment which enabled the investigationroélations between DOC
concentration and easily measured water qualitgmpaters such as Flow, Temperature,
Turbidity and Electrical Conductivity (EC).

Using a combination of all four water quality paegters, models estimating the
concentration of DOC in all three creeks were poedu These models enabled the total
amount of carbon exported over a period of timegaetermined. For example, in Warra
Creek this equated to approximately 202 kg @yhain 2009. Given on average an
established forest sequesters 2.4 t Eyrd (Luyssaeret al.2008), this result suggest
forests may be losing up to 8% of the annual cagaguestered through DOC export.



This factor should be considered in long term caracounting and forest management, as
well as long term climate change. For over timis, thate of export will account for a

substantial change in the amount of carbon storddnvihe terrestrial landscape.
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Section |- Literature Review

Factors Influencing the
Forms of Organic Carbon in

Water Courses



Chapter 1 - Introduction

The distribution of carbon throughout the worldysla vital role in the earth’s climatic
system (Heimann and Reichstein 2008). Carbon sta@es been intensively studied over the
years, however it has only been in recent decdmdaste balance and flux of carbon between
these stores has been considered (Detaad. 1994). The generation, modification and
transport of organic carbon involves a range ofjbachemical processes (Randersbal.

2002), each of which constitute an important pathe global carbon cycle.

The vegetation and soil stores contain a signifieamount of the world’s carbon (Oechel

1993; Bellamyet al.2005; Wicklandet al.2007). An important component of carbon flux
through these stores is the export of carbon vitase streams (Worradit al.2005). The
transport of carbon in streams is rarely considerebove ground carbon assessment models
(Deanet al.2004; Luyssaeret al.2008; Keithet al.2009), although it is widely recognized
that carbon transport via streams is significardgért al. 1997; Battinet al.2008).

The processes involved with the mobilization amesport of carbon in streams are still
poorly understood (Striegit al.2005). An understanding of the different forms ethcarbon
takes during these processes is required for thegrate determination of carbon flux and
transport. Typically, the carbon transported iea&tns is composed of the following
components: Particulate Organic Carbon (POC); DissloOrganic Carbon (DOC); Dissolved
Inorganic Carbon (DIC); Dissolved Carbon Dioxidé)®); and Dissolved Methane (CH4)
(Worrall et al.2005)Hopeet al. 1994; Worrallet al.2005). The total concentration of aquatic
carbon and relative contribution of each compoweanies depending on the size and structure
of the stream. The dominant component in uplarehsts is DOC. The concentration of
DOC is affected by several major factors, which bardivided into two main classes;
terrestrially derived (allochthonous) influences amstream production (autochthonous)
influences. The aim of this review is to synteeanalyse and critique existing research into
the broad factors that influence the forms and entration of terrestrially derived DOC in

upland surface water streams.



Chapter 2 - The Forms of Organic Carbon in

Water Courses

The chemical categorization of DOC in water is mplex process (Qualls and Haines 1991).
The structure of DOC can range from simple orgamtecules at very low concentrations to
highly complex humic compounds (Qualls and Hair#&l1 Volk 2001)). Given this
combination of chemical structures there is nolsipgocess that will give a complete
breakdown of all the chemical components, while algplying information on the ratio,
structure and number of different chemical fractioifhis complexity means carbon in water is
often characterized by a number of different preessThese processes divide the organic
matter into several different components basedrigmophysical state or chemical properties
(Thurman 1985; Hopet al.1994; Worrallet al.2005).

The origin of organic carbon is often of key instr@hen considering carbon flux in water. It
has been found that riverine organic carbon is@redantly derived from two sources; either
external terrestrial organic matter (allochthonaarsp-situ biological processes
(autochthonous) (Meili 1992; Hopet al. 1994; Volk 2001). A third potential source,
anthropogenic processes, could also influence arganbon levels. This man made source
usually occurs through agricultural, domestic amlstrial activities (Evenst al.2005; Hope
et al. 1994). Regardless of origin, organic carbon itews initially segregated based on its

physical state, i.e. whether the carbon is dissbbrepresent in particulate form.

The distinction between dissolved and particulatgic carbon is generally based on particle
size. The dissolved component is defined by thigyatn pass through a 0.45 um filter (Hope
al. 1994; Evangt al.2005; Worrallet al.2005; Roulet and Moore 2006; Gabal.2007).
However, this size classification does vary thramgtihe literature, in some cases particles up
to 0.7 um in size are classified as dissolved (8arset al.2006). This variability, although
small, does compromise the results of some craspaason studies (Hopet al. 1994; Neff

and Asner 2001). The particulate components aem afassified as either coarse, fine or very



fine based on whether they are >1 mm, 1 mm-53 u83@m-0.45 um respectively. Beyond

this, further subdivision is based upon chemicaitorsical properties.

Four general approaches have been used to charad&C through analysis of chemical and
physical properties (Qualls and Haines 1991), witiith method becoming prominent in more

recent years. These are;

1. Cataloguing individual compounds;

2. Analyzing for broad biochemical classes of compawsuth as proteins, free amino
acids, monosaccharides, polysaccharides, lipidgpbenols, and tannins;

3. Dividing into molecular-size classes;

4. Comprehensively fractionating into hydrophobic &gdrophilic acids, neutrals, and
bases;

5. UV-Vis and Fluorescence Spectroscopy (Hepal.1994; Baker 2001; 2002; Weishaar
et al. 2003; Baker and Spencer 2004; Bagieal. 2008; Fellmaret al.2008; Fellmaret
al. 2009)

DOC comes in numerous forms. Table 1 lists commO&Rompounds, classified by size and
functional group. Column one divides DOC intotw® structural components, while column

two shows the components that are linked to thattsire.



Table 1: Specific compounds that constitute Dissaid Organic Carbon

Simple Organic Compounds

10-20% of the dissolved organic carbon in water)

Organic Acids

Carboxylic Acids
Volatile Fatty Acids
Non-Volatile Fatty Acids
Hydroxy and Keto Acid
Dicarboxylic Acids
Aromatic acids

Phenolic Group

Phenols
Tannins

Amino Acids
Carbohydrates
Hydrocarbons

Volatile Hydrocarbons
Semi-Volatile Hydrocarbons

Trace Organic Compounds

Aldehydes

Sterols

Organic Bases and Phosphorus
Organic Sulfur Compounds
Alcohols Ketones and Ethers
Chlorophyll and Other Pigments

Organic Contaminants

Complex Humic Compounds

90-80% of the dissolved organic carbon in water.

umit Acid

Fumic Acid




DOC characterization is complex due to the largaler of compounds. The percentage of
these chemical components in water fluctuates dipgion the source of the organic matter,
how it is produced, and the path of transfer. &&shows typical concentrations of DOC

throughout the hydrological cycle.

Table 2: Concentration of DOC throughout the Hydrobgical Cycle.

Component of the hydrological cycle Concentration of DOC mg L™
Snow Melt 0.1-5
Precipitation 2-3
Throughfall (canopy) 5-25
Plant Stem Runoff 23-31
Interstitial Water of Soil 2-30
Interstitial Water of Sediment — Aerobic 4-20
Interstitial Water of Sediment — Anaerobic 10-390
Streams (classified by climatic type) 1-5
Arctic and Alpine 1-5
Taiga 8-25
Cool Temperate 2-8
Warm Temperate 3-15
Arid 2-10
Wet Tropical 2-15
Swamps and Wetland 5-60
Lake Water (classified by trophic level)
Dystrophic 20-50
Oligotropic 1-3
Mesotrophic 2-4
Eutrophic 3-34

(Data from Dalva & Moore 1991, Hopat al. 1993, Moore & Dalva 2001, Thurman 1985)




On a global scale it has been estimated that 508teadrganic carbon entering rivers reaches
the ocean, 25% is oxidized, and 25% is stored & R@he system sediment. The annual
mean export of organic carbon in streams is appratély 56.2 kg C hayr' (Hopeet al.

1994) and although the annual exchange betweernategeatmosphere-oceans is 1-2 orders
of magnitude larger than this (Aitkenhestdal. 1999) the effect of carbon export via streams
is considered to be an important influential linkhe global carbon cycle (Hop¢al 1994;
Hopeet al.1997).



Chapter 3 - Terrestrial Sources and Transfer

There is clear evidence that the concentration@€Czhanges over time (Evaetal.2006;
Roulet and Moore 2006). Factors controlling theadthonous content of DOC in streams can

be coarsely divided into three categories Prodncilegradation, and Transport.

3.1 Terrestrial Sources

Production and Degradation
The production and degradation of organic matteergral to our understanding of the global
carbon cycle. The production of terrestrial organatter and the breakdown to allochthonous

DOC involves four processes;

1. The sequestration of carbon by photosynthesisygtrderrestrial organisms);

2. The accumulation, consolidation and storage ofracgaatter, either in living
vegetation and other organisms, litter or the soil;

3. The degradation of complex organic particulates $ize of 0.45 um or smaller
(Worrall et al.2002).

4. The absorption of these molecules in water.

There are a variety of pathways and parameterswhake up this process. Figure 1 shows a
summary of these and illustrates the cycles inwblitas important to note that some of these
processes reduce and remove DOC before it hasnaehareach surface water streams.
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Vegetation, Soil, & Microbial Activity

The Influence of Vegetation Type on DOC

The vegetation within a catchment can have a sotistaffect on the DOC content of rivers.
Vegetation contributes to DOC levels both direeihy indirectly. Direct contributions consist
of the deposition of litter, woody debris, and gaypthrough-fall to the streams, while indirect
contributions are made through the soil organidenatoot leachate, litter accumulation, and
canopy/stem drip (Hopet al. 1994, Thurman 1985). Variation in vegetation aker the DOC
concentration of streams. This is often due tattexred chemical composition of the litter,
however the vegetation and soil structure doesalafe. There is some evidence to support
that it is the chemical nature of different plapesies that dictates the fate of plant-derived
DOC in soil, rather than the rate of supply (Wickl@t al. 2007).

Carbon isotope studies of DOC in rivers have shthahage of organic carbon can vary
considerably from decades to hundreds of yearsn@en al. 2004; Palmeet al. 2001,
Raymond & Bauer 2001; Thurman 1985). This variatsotiue to the contribution from both

live vegetation and soil carbon stores.

The concentration of DOC in surface water streaanes between temperate forests, boreal
forests, temperate grasslands, tundra, wetlandsaondands (Wicklanet al2007; Hopeet al.
1994; Oechett al. 1993, Dalva & Moore 1991). The change in DOC emi@tion may be due
to variation in the attributes of vegetation typ€arbon chemistry, litter nutrient content, direct
deposition into streams, the biological activitgtfibwithin ground level and sub-soil layers) and
soil type are all vary with change in vegetatiopetyand are all recognized as a source of
potential DOC fluctuation (Moore & Dalva 2001; Tman 1985; Wicklaneét al.2007).

10



The Influence of Soil Type

Soil content and structure is a significant contiglo to the concentration of DOC in surface
water streams (Aitkenhea&d al. 1999; Frey & Smith 2005; Freemahal.2004; Hopeet al.
1997; McDowell & Likens 1988; McDowedt al. 2006; Wicklancet al.2007; Striegket al.
2005). Of the many types of soil that exist, thresn types are considered important in the

transfer of organic matter to the aquatic enviromim€hey are:
1. Aridsol (desert soil)
2. Mollisol (prairie soil); and
3. Spodosol (forest soil) (Thurman 1985).

These soil types vary considerably in their streeand the amount of organic carbon they
contain, and although the physical amount of oxgaarbon present in soils is thought to be an
important factor, the ability for organic carbonb® degraded and mobilized by microbes is
potentially more influential. (Andersson & Nilss@601; Judcet al.2006; Striegkt al. 2005;
Thurman 1985)

Biodegradation of Organic Matter

The production of DOC is heavily dependent upordidgradation of organic matter.
Macroscopic and microscopic organisms play a st role in this process, contributing to
the breakdown, mobilization and production of organolecules throughout the terrestrial and
aquatic environment (Thurman 1985). These degneaocesses may increase or decrease
the concentration of DOC in soil and water depemdin the level of degradation. The
decomposition process often results in the pdtedkdown of complex organic particles to a
size where they are rendered soluble (Ewarad. 2005), and thus increase DOC concentrations.
Should complete microbial mineralization occur, dinganic carbon molecules will be further
reduced to Cg@ CH, and HCQ,, decreasing the amount of DOC present (Steegl.2005).

The rate and level of degradation by microbes jeddent on a number of factors.

Temperature, moisture, pH, oxygenation, soil wegsidence times, active soil layers, hydraulic

11



pathways and nutrient availability all influence flevel of microbial activity and therefore,
indirectly affect DOC concentrations (Freen@ral.2001)a; Thurman 1985). For example
hydrological studies in the Yukon basin show a ltargh decrease in DOC concentration,
accompanied by a long term increase in HC&lrieglet al 2005). These studies suggest that
increasing temperature and decreasing permafroshisibuting to an increase in the depth and
duration of the soil active layer, and hence, angiase in soil biological activity. This increased
activity leads to a decrease in DOC concentratsotih@ microbes degrade portions of the DOC
to HCGs, CO, and CH. This understanding is based on the seasonahfidxchanges in DOC
chemistry observed throughout the study area (fbieal 2005).

There is a range of evidence that suggests vegetatil carbon, and microbial activity all
influence DOC production. Although there is a hig\el of complexity within each
component, it is recognized that a change in aeyhais the potential to influence the others,
and therefore alter the concentration of DOC. héligh these components are intrinsically
linked, their variation alone does not fully expléne fluctuations in DOC concentrations noted

throughout the world.

The Influence of Climate Change

Several theories suggest climate change is regperisr the changes in DOC concentrations.
Evidence suggests temperature, soil oxygenatiomgsgiheric CQ and nitrogen production

may all play a role (Everet al. 2006; Worrallet al. 2004; Freemaat al. 2004; Tranvik &
Jansson 2002; Freemanal.2001a; Freemaet al.2001b). Many of these theories focus on
the enhanced release of soil carbon stores ta ¢itb@tmosphere via direct gases exchange or
the ocean via surface water streams (€uwal. 2007; Walvood & Striegl 2007; Frey & Smith
2005; Freemast al. 2004 Freemaat al.2001a; Freemaet al.2001Db).

Freemaret al. (2001a, 2001b) suggests temperature rise and patige of the soil associated
with climate change is responsible for a 65% ineeaa DOC concentrations throughout the
United Kingdom over the last 12 years. Laboratoqyeeiments (Freemaet al. 2001a) suggest
the activity of phenol oxidase may be the key &sthchanges, as phenol oxidase is one of the

12



few known enzymes capable of degrading phenoligogoamds (Freemaet al.2004; Freeman

et al.2001a). These compounds are renowned for théstaese to degradation and are thought
to comprise a large proportion of the organic carstores in peatlands. Freensral (20014,
2001Db) states the activity of phenol oxidase i®sgly constrained by the anaerobic conditions
and low temperature, therefore rising temperatanesoxygenation will increase enzyme
activity, further increasing the release of £&dd the concentration of DOC in surface water
streams. The results of this process may furtkererbate the effects of climatic change
through the additional release of £0 the atmosphere and increased transfer of DQI&:to

oceans.

Unfortunately (Freemaaet al.2001) does not provide any insight into the cotredion, source,
or distribution of phenol oxidase, nor do they gavey indication as to its active life in the soill
or any other factors affecting the enzyme. Thdewe for this theory seems limited, given
temperature can influence the production and cdratéan of DOC in a number of ways, not
only via enzyme function. Other investigations @onfthat the theory is likely to be an over
simplification of processes involved (Hudson 20B&emaret al.2004; Worrallet al.2004),
for if phenol oxidase were the sole cause of thesse in DOC noted in British catchments
over the last 20 years, the increase in temperatovdd have needed to be twenty times greater
than that which was recorded. Even when combinéu swil aeration, and hence increase in
oxygenation, the increase in temperature of 0.68i@dd only account for 10-20% of the
observed increases in DOC. This Leaves 80-90%ediuthmagnitude of the change in export

from British peatland unexplained (Clagkal. 2005).

Other theories propose that rising atmospherigr@&y be driving increased DOC in streams.
Evidence suggests elevated net primary productidnrareased root exudation of DOC can
occur with increases in GQEvanset al 2005;Freemaret al.2004). CQenrichment
experiments support this theory showing a 61% aszen DOC lechate after atmospheric
carbon was increased by 235 ppm (Freeatat. 2004). However it is unlikely that increased
CQO; is entirely responsible for the DOC increase tamapheric C@has only increased by 35
ppm since 1988.

13



The Influence of Acid

There has been a noted decline in sulphur depositroughout the northern hemisphere over
the last 15 years. This decline appears to coeretdah the increase in DOC concentrations
throughout the UK, Europe and North America (Clairlal. 2005; Evan®t al.2006; Hudsoret
al. 2003). The direct cause of this correlation iskmmwn. Experiments by Andersson &
Nilsson (2001) show a link between DOC solubilitglgoH. It is, however, difficult to
determine whether the correlation of increasing D&@lIs to decreasing $Oconcentrations
is due to chemical solubility or increased micrbhiaivity. As previously stated microbial
activity is affected by changes in acidity and tiespotential to increase and decrease the
concentration of DOC depending on the degree afadiagion. A possible explanation is that a
decrease in acidity has increased microbial decsito rates, however not to the point of

complete mineralization.

While Evanset al (2006) strongly advocated that changing atmosplaeposition and rising
temperature are the most convincing mechanismssfog DOC levels in the surface water
streams in the United Kingdom. They failed to astdor several key aspects of DOC

production and transfer. They completely disregdrthe influence of microbial activity and
soil structure and scarcely considered water flod stream dynamics, each of which could

influence the end DOC result.

More recent studies suggest that regional tren@0@& concentration could not be explained
by spatial or temporal trends in atmospheric dejoosinor did they correlate with occurrences
of drought (ie increased aeration) ((Worrall andt007)). Roulette and Moore (2006) notes
that the same monitoring records which showed eedse in S¢ depicted an increase the in
deposition of nitrates across the same temporaspatial scale. This suggest the increase in
DOC concentration may be due to increases in pyimnductivity, which have been know to

occur with increased nitrate levels (Hood & Sco®@).

14



Conclusion

The production and degradation of allochthonous D€iGfluenced by a number of factors.
Changes in vegetation, soil type and microbialaygtall affect the DOC concentration in both
the soil and surface water streams. Various enmiemtal factors such as temperature,
productivity, soil oxygenation and acidity can urghce these components, as well as having a

direct impact on the chemical composition of DCOg2lit

There are several theories concerning climate egangd changes in DOC concentrations of
surface water stream. These theories proposeugagixplanations for the noted correlation
between DOC increase and the parameters involvadetbr the evidence suggests there is no
single factor responsible for the change in DOCceatrations, although each parameter may
have a cumulative effect which generated the nesedhroughout Europe and the United

Kingdom.

It would appear any parameter that influences aiget, soil, or microbial activity has the
potential to affect the production and degradatibBOC. The rate of DOC production and
degradation certainly requires further investigat@as do the factors involved in its variation.
Future studies should include long term simultaseanalysis of a range of parameters to

determine the degree to which each parameter nlagiice DOC.

The production and degradation of organic carbamesof the most important aspects
influencing DOC concentrations in upland surfacéawatreams. However, equally important

is its transfer from land to the aquatic environtnen

3.2 Transfer

The transfer of DOC from the point of productionvésious waterways involves a number of

processes. This section explores these procesdakeafactors involved.

Hydrological Control over DOC Transfer
The continual cycle of water between the atmosplened and sea is known as the hydrological

cycle. This process affects every aspect of lifearth. The transfer of organic matter is no

15



exception. As water moves from the atmospheraitiiréhe forest canopy, across the ground’s
surface and into the subsurface layers of theisbihs the opportunity to accumulate substantial
amounts of organic carbon from leaf litter, throdiglhand the atmosphere. (McDowetlal.

2006; McDowell & Likens 1988; Qualls 2005; Wickla&dNeff 2008) Many other aspects of
hydrology influence organic matter. Groundwategvg and ice melt, and glacial runoff all

play a minor role, while rivers, lakes, estuaried the ocean all have a significant effect on the
production and storage of organic matter. Figusee2summary of the aspects of the
hydrological cycle which influence the distributiand concentration of DOC in inland waters.

Lane waier

Phytoplankton”
] 4 Rich in DOC Zooplankton
. Cenopy drip : Bacteria

RichinDOC '

Figure 1: Transfer of DOC through the hydrologicalcycle from allochthonous and
autochthonous sources (adapted from Thurman, 1985).
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The Influences of Precipitation & Adsorption

The concentration of organic carbon in precipitatan vary from 1 to 10 mg C litte
(Thurman 1985). Although the majority of the orgacontent is in dissolved form and low
compared to vegetative and soil contributions dlier detectable increase in DOC after
interaction with trees and the canopy zone (Thurt®8%; Dalva and Moore 1991)Hope
al.1994; Thurman 1985).

Soil Water Flow Path

The composition and abundance of DOC in precigtatater can change considerably as it
percolates through the various soil layers. THaence of soil percolation on the DOC content

of water is dependant on the flow path (McDowelLigkens 1988).

Movement of water through the organic rich O ankofizon of soil can cause an increase in
the concentration of DOC in water. However, if thogv continues through the B Horizon, a
considerable decrease in DOC concentration ocbtragh the adsorption of organic acids by
this more mineral rich component (Dalva & Moore 198icDowell & Wood 1984; McDowell

& Liken 1988(Dalva and Moore 1991). Figure 3 shoeslocation of these soil horizons in the

soil profile and some of the potential processesiwmng in each.

17



Figure 2: Soil profile of a typical mineral soil ard the relative DOC contribution from each

horizon (adapted from Thurman, 1985).

The ability of soil to adsorb DOC from water apseiar be dependent on the mineralogy, pH
and the organic matter content of the soil. Seitk high mineral content have strong
adsorption potential and soils dominated by orgaratter, such as peat lands, have little
adsorption potential (Hopat al 1994; Meybeck 1993; Thurman 1985). Thereforedtdgree

to which DOC concentration in streams is affecteddil composition and structure is likely to

be heavily affected by catchment hydrology andsatier flow paths.
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The Influence of Variable Flow

To quantify DOC export in surface water streans itnportant to assess the variation of DOC
concentration with volume of flow. The effect ofh and low stream flow on the concentration
of DOC in streams is still yet to be fully quardidi. Recent studies (Clark 2007, 2008; Fellman
2009; Turgeon & Courchesne 2008) shows that theerdration of DOC in water, exported
during high flow events are substantially differemthat at base flow levels.

As previously stated, the flow path of water throdige catchment is important in determining
solute concentration. In high flow events rapidveraent of water through upper soil horizons
may allow DOC-rich water to by-pass adsorptionssitéis process may also flush old soil
water from the subsoil and potentially inundatevyanasly bare or stagnant areas (Hapal.

1994)). These processes are unlikely to occursa thaw rates, causing differences between the
two flow regimes. Previous studies suggest thosgss will differ depending on soil type
(McDowell & Likens 1988).

(Evanset al.2006) states the concentration of DOC increastsimgreased water flow when
draining from organo-mineral soils, and remainsfigated by flow rates when draining from
peat soils. This variation is due to the differemcerganic content of the A and B Horizon in
organo-mineral soils, and the more consistentiligton of organic matter in peat soils.
Several other studies also note this correlatiah @OC concentration and flow (Fellman 2009;
(Strieglet al.2005); Tranvik & Jansson 2002).

Contrary to this, Clarkt al.(2007) stated the results from their short tenmgshowed an

overall decrease in DOC concentration with incrédksv, through both organo-mineral and
peat soils. Regardless of this reduction therestiha net increase in DOC export as the
magnitude of discharge out weighed the reductidd@€ concentration. These results bring
into question the potential significance of thearpgdon and flow path process, however there is
strong evidence to support this theory (Dalva & kob991; McDowell & Liken 1988;

Meybeck 1993; Thurman 1985(Dalva and Moore 199T)ark et al (2007) results also raise

the need to consider the potential importance ibfxsder residence time and microbial
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decomposition rates when assessing flow regimessofl water resident time may be a

controlling factor on the concentration of DOC witkhe water being flushed.

Conclusion

The mobilization of carbon by the hydrological ®/blas significant implications for the
concentration of DOC in surface water streams. kegetation, surface leaf litter and the soil
all make considerable contributions. The concéotraof DOC can increase or decrease
depending on its flow path through the soil. Diffet flow rates can result in different flow
paths, thus influencing the DOC concentration. idlex soil types may yield different results
due to their organic carbon content and resistamfitew path change. Various studies point
out inconsistencies in the above processes, thgests factors such as soil water resident time
and microbial activity need to be taken into ac¢aumen assessing the influence of flow

regimes.
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Chapter 4 - In-stream Production

Surface water streams are a dynamic physical, cdateand biological environment with the
DOC being affected by all aspects. To critiqueoathese aspects and assess their relative
influence is beyond the scope of this review. Heaveit is important to note that while smaller
lakes and rivers are dominated by allochthonoustji@rger ones are not.

A number of factors contribute to the autochthonmasiuction and degradation of DOC in
streams and rivers. Littoral plants, algae groatiae excretion (through cellular destruction or
lysis), zooplankton excretion, POC degradationifivertebrates), DOC respiration, bacteria,
light penetration, UV radiation, photolysis, temgttere, acidity, oxygenation and nutrient
availability all play a role (Battiet al.2008; Hudsoret al. 2003; Judckt al.2006). The

increase in river size and frequency of intermediakes increases the ability to suspend POC
in the water column. This increase in POC provlegoplankton, zooplankton and
invertebrates with an additional nutrient sourcliclv contributes to the enhanced production
and degradation of DOC. (Hopeal.1994 Schindleret al 1997; Thurman 1985)

In most cases the amount and nature of DOC wilhgbavith river size, length, volume and
velocity. In-stream production of DOC usually ieases with the size of the body of water, as
does the rate of potential decay (Thurman 1985jehse in river size will often result in an
increase in depth and nutrient load, followed lofeerease in velocity and light penetration.
These physical changes in turn affect oxygen awiéitlaand temperature, particularly in the
stratification of lakes. (Schindlet al.2006; Thurman 1985)

Obviously, such large alteration in river structare function has a significant effect on DOC

concentration affecting the final output to the ldaceans and estuarine waters.
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Chapter 5 - Conclusion

There is a definitive link between the terrestoiganic carbon stores and the export of organic
carbon via rivers to the ocean (Roulet and Moo@62MOC is an important component of this
process with a number of temporal and spatial s@adurring around the globe. The factors
which influence the concentration of DOC in watenises are complex. A variety of data
exists suggesting a range of influential factdtewever it is clearly evident that Source,
Production and Transfer are the processes contydltie terrestrial contribution of DOC to
rivers, and that these processes are heavily mfkekby physical, chemical, and biological

parameters.

The production of DOC from terrestrial sourcesfisaed in many different ways. Evidence
suggests microbial activity in the soil is a catifactor controlling the production and release of
DOC. Microbial action is heavily influenced by eronmental conditions such as temperature,
moisture, pH, oxygen, and availability of nutrier@®her studies have noted these factors have a
strong correlation with DOC concentrations, andggstja more direct influence. Without

further investigation it is difficult to determinehether changes in DOC concentrations are due
to a direct, physical and chemical influence on Di&Is or due to shifts in biological activity
which are also affected by such factors.

This is a key area for further research, as to maey studies have inferred that these
environmental conditions are the primary influenoeDOC concentration when in fact they
may be simply affecting processes such as ratesoobbial decay. This suggests it may be
prudent for future studies to assess the percentageabution of the various factors and
determine which are exerting a primary or seconadhyence on DOC concentrations, rather

than looking for a single factor cause.

The hydraulic transfer of DOC has a significant &cipon its concentration in surface water
streams. Each stage of the hydrological cycldatmagpotential to affect the concentration of

DOC in different ways. The hydraulic movement @O through the soil plays a vital role in
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this relationship. Flow rate, flow paths, sorptiand soil water resident times are all major
factors to be considered when investigating theeoimation of DOC in surface water streams.
Unfortunately these factors are not consideredl iteges, as many studies negate the processes
involved with transfer, and choose to focus sotelyproduction and degradation of DOC.

The factors influencing the concentration of DOQiptand streams are diverse and consist of a
complex array of interacting parameters. It is obsithis area of carbon research still requires
much investigation before the factors contributmghe concentration of DOC in surface water
streams can be fully understood.
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Dissolved Organic Carbon Export from Head

Water Streams in Forested Catchments
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Chapter 1 - Introduction

With the current growing concern about and worldeninterest in climate change, there is an
increasing need for detailed and accurate landsstagle understanding of carbon storage and
transport and its role in the global climate. Saspects of the carbon cycle have been studied
intensively over the years however there are mapprtant components still to be quantified.
The role of the forest ecosystem in the carbonegyanid its relationship with the atmosphere

and hydrological cycle, is one such aspect.

Forests and Dissolved Organic Carbon

Forests cover approximately 4.1 billion hectarethefEarth’s land surface and contain 80% of
all above ground terrestrial carbon and 40 % dbellbw ground terrestrial carbon (Dixenhal.
1994). Consequently understanding the carbon storedests, including fluxes, is an area of
significant global importance. The amount of carbontained in above ground stores and the
potential for forest renewal after fire or harviegtis an area of ongoing debate (Deaal.

2004; Luyssaeret al.2008; Keithet al.2009). However, this is only part of the foregtcm

transport-storage story.

It is recognised that vegetation and soil contasigaificant amount of the world’s carbon
(Oechel 1993; Bellamgt al.2005; Wicklandet al.2007). An important component of carbon
flux through these stores is the export of carbiarsurface water streams (Worratlal.

2005). The transport of carbon in streams is racehsidered in above ground carbon
assessment models or in the sequestration potehtrarious forest types (Deat al. 2004,
Luyssaeret al.2008; Keithet al.2009). Although, it is widely recognized that camb
transport via streams is significant (Batinal. 2008; Hopeet al. 1997).

The processes involved in the mobilization anddpant of carbon in streams are still poorly
understood (Striegdt al.2005). Carbon in streams is initially defined byather it is organic or
inorganic. It is then further segregated basesizan This size based separation is an

operational definition which occurs along a contimuof particulate size. Hence, organic



carbon transported in streams is typically compadgxhrticulate organic carbon (POC) (>
0.45 pm) or dissolved organic carbon (DOC)( < uab (Hopeet al. 1994; Worrallet al.
2005). The total concentration of aquatic carbahratative contribution of each component
varies depending on the size and structure oftthara (Thurman 1985). The dominant
component in head water streams is DOC (ThurmaB)198herefore DOC is the only

component considered in this thesis.

Terrestrially Derived Organic Carbon and the Hydgical Cycle

An understanding of the transport of DOC throughltikidrological cycle is critical in our
understanding of the operation and function of glaarbon pools. As the DOC content of
rivers provides a vital and influential link betwetie terrestrial organic stores of forests, and

the aquatic ecosystem function of lakes and ocgagare 1.1).

Figure 1.1: Passage of DOC through the landscape (Roulet amaeV2006).

Temporal and Spatial Variation of Dissolved Organ@arbon in Streams
Although it is know that DOC plays a vital roleenosystem function, the temporal and spatial
fluctuation of DOC are still poorly understood {8 et al.2005). A variety of studies around

the world have noted spatial and temporal variatidhe concentration of organic carbon in
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rivers does occur (Clamt al.2005; Worrall and Burt 2007; Spenetral.2008; Saracenet al.
2009). In the majority of cases however, invesiige into the degree and cause of this
variation have been inconclusive (Freemeaial.2001; Tranvik and Jansson 2002; Worrall and
Burt 2004; Evansgt al.2006). No one parameter has been able to fuplaexthe diverse array

of concentrations found both within and betweertions.

DOC Detection

DOC encompasses a range of the many simple andeoonganic molecules that exist in this
size class. These organic molecules consistarfigerof diverse compounds such as aquatic
humic substances (humic and fulvic acids), carboxadids, phenols and tannins, amino acids,
carbohydrates and hydrocarbons. These compoumdith@ir concentrations, vary depending
on the source of DOC.

DOC is predominantly derived from either aquatit¢esrestrial sources. The contribution of
organic matter from either of these sources cay d@pending on a number of factors, the most
prominent of these being the size of the body déwaThe ratio of aquatic to terrestrial
contribution will commonly increase throughout teegth of the water course, with the organic
matter of head water streams being predominantiggieial in origin while the organic matter

of lower lakes and oceans is predominantly aqumibeigin (Thurman 1985).

The concentration of DOC can be assessed in a mwhi@ays. One such way is using
spectroscopic analysis, through UV-Visable lignd@bance. This process allows for a
relatively inexpensive assessment of the concémtrat DOC. Such processes enable a

frequency of analysis which would otherwise be isgilale due to the cost and time involved.

There have been numerous studies performed oorigegdrm discharge of DOC from forests
and peat lands in the northern hemisphere (Freetn@n2001; Bellamyet al.2005; Clarket al.
2005; Worrall and Burt 2007), however there havenhbelatively few studies of this nature
undertaken in Australia (Robertsetal. 1999) and none in Tasmania. Therefore, the degree

spatial and temporal variation of DOC in the rivefs$his region is completely unknown.



Tasmania is known for its vast areas of forest“andtine” waters, which support a range of
forest and aquaculture industries. The carbormgtand sequestration potential of these forests
is still under investigation, however a completdoa assessment cannot be achieved without
investigating the potential loss of organic carfrom terrestrial sources via the hydrological
cycle. Therefore in order to determine whethes ihioccurring, we need to assess the

concentration and export of DOC in surface wateashs.

Therefore, the primary objective of this projectvia:

Determine the amount of DOC exported from a focesschment over a given time

period.
This aim was achieved through answering the folhgnguestions

What is an appropriate method to determine theergration, and assess the variation

of DOC in head water streams?

Is there significant temporal and spatial variatd®OC in Tasmanian head water

streams?

Is there a correlation between DOC and easily medsuater quality parameters such
as, flow, temperature, turbidity and electrical @octivity (EC), that will allow their use

as predictors of DOC?

What is the rate of DOC export from forested catehts?

This project has focused on assessing the contientcd DOC in three headwater streams
within the Warra Long Term Ecological Research (R)Site, in southern Tasmania,
Australia. The investigation ran for a six mon#ripd. The study initially determined an
appropriate method to assess the influence ofdinday, short term and fortnightly change and

spatial variation. Secondly, correlations with pbgbwater quality parameters were



investigated. And thirdly, a rate of DOC transmetermined, so a total export over time could

be calculated.

The remainder of this thesis is divided into fobapters.

Chapter 2 — Methods which, outlines the study arehsample location, method for the

guantitative assessment of DOC, sampling procedur@statistical analysis.

Chapter 3 — Results, which summaries the data sisagmphasizing significant variations and

key correlations.

Chapter 4 — Discussion, which reflects on the iogpions of these results, the probable causes

and inferences.

Chapter 5 — Conclusion, which draws the findinggetber and suggests areas of further study.



Chapter 2 - Methods

This chapter outlines the study site and samplatilms, the sampling regime, methods of DOC
concentration analysis, procedure for establisBi@§ composition, the water quality

assessments, and the statistical analyses performed

2.1 Study Site

The Warra LTER Site (4304'20” S, 146° 42'25” E) is 15,900 ha of land approately 20 km
north-west of the township of Geeveston, in soumf&smania (Figure 2.1). The site ranges
from 37-1260 m in altitude and consists of a mixoomal and informal reserves and managed
forest (Brownet al.2001). The majority of the site is forested, ¢stingy predominantly of wet
sclerophyllEucalyptus obliqudorest, with sections of temperate rainforestidngrass
moorlands, alpine heathlands and scrub (Corbetd &amer 2001). The geology of the area is
dominated by Jurassic dolerite, with areas undeldgiPermian sandstone and siltstone,
Precambian orthoquartzites and siliceous meta sedgnCambrian age serpentinites,
guartzites, and siliceous glacial and riverine berd (Laffan 2001). Average annual rainfall in
the area is approximately 1138mm with the highasifall periods being in July-August
(Ringroseet al.2001).

There are several headwater streams throughositée¢hree of which are the Warra, Swanson,
and King Creeks. The catchment areas of these theeks are 442 ha, 84 ha and 48 ha
respectively (Ringroset al.2001). The Warra LTER site has a history of ltergn ecological
monitoring. Over the Past 10 years the Warra, Ssraasd King Creeks have had various
aspects of their water quality monitored, in paitc flow rate, turbidity, temperature and
electrical conductivity. This process has beersibtesthrough the establishment of £20-

notch weirs at the base of each catchment. Theise e been permanently mounted with in-
stream water quality meters and stage height, watel monitors since May 1999 (Ringroste

al. 2001). Itis these creeks that were the focukisfstudy.



Figure 2.1: Location of the Warra LTER Site in southern Tasim#&Brownet al.2001).

2.2 Sampling Locations

The vegetation of each site consists predominafthyature Wet Sclerophyll forest dominated
by Eucalyptus obliquavith a rainforest understory. Patches of foresh@@nd 22 ha have been

cleared in the upper reaches of Swanson and Kiegro@nts (Ringroset al.2001). These



areas equate to 24 % af€i% of each catchment. The geology of ezaichmer is
dominated by Jurassic Dolel, with some areas of Triassic Sandstone and Pemvugstone
occurring within theupper section of Waricatchment (Ringroset al.2001. Each catchment
was located next to the @h with no more than 50( between each sample locatioligure
2.2).

Figure 2.2: Google Erth image showing the section of the Warra LTHER tiat contains Warr
Swanson, and King CreekBlue lines represent the approximate location oheaee, red line

represents Warra Road.



Warra Creek

Warra Creek catchment consists of 442 ha of unthstlUWet Sclerophyll forest, with the
altitude of the catchment ranging from 350-750 rovalsea level (ASL)(Ringross al.2001).
The creek was lined with riparian vegetation thitoug the catchment, creating a shaded
environment for the length of the water coursee Gieek was intersected by fallen logs and
debris several times along its length, howeves, Wwas insufficient to cause significant
alteration to the water course or substantial ldgekto water flow.

Swanson Creek

Swanson Creek catchment was approximately 20%zeetWarra, consisting of 84 ha in
total. The altitude of the Swanson catchment rafigen 550-350 m ASL (Ringross al.
2001). The upper section of the catchment has pasially disturbed by forestry operations,
however 76% of the catchment remains untouchedstitveunding riparian environment was

similar to that of Warra.

King Creek

King Creek was the smallest of the three catchméeiag 48 ha in area above the Warra Road.
The altitude of King Creek was approximately 480Q-&ASL. With 46 % of the total
catchment area harvested and burnt in 1997-1998)(&8eet al.2001), this was the most
heavily impacted of the three catchments. In ¢thhested areas the riparian vegetation of King
Creek was sparse compared to that of Warra or Swwarfufficient cover existed, however, to

cause substantial shading of the creek.

2.3 Water Sample Collection Process

Samples were taken at various locations within W@&meek to test for localized site variation.
No substantial variation in DOC was found, therefembsequent samples were collected from a
single sample point for each creek. Routine sammlection commenced on the"™6f August
2009. Each fortnight, samples were taken at 1(8uarra) and 3 hr (Swanson and King)

intervals on a single day. Sampling commenced3it &m and continued till 3:30 pm, with
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samples from all creeks being collected within arfiBute period. This enabled an analysis of
the effect of time of day within creeks, whilstakssessing fortnightly variation within and
among creeks. Each sample was taken from a silmdation in each creek, being mid-stream,
approximately 0.5 m back from the weir, at a degftapproximately 15 cm.

Manual Discrete Samples - Diurnal and Fortnightlyafiation

Discrete samples were collected in 250 ml PVC ésttind 100 ml brown amber vials. Each
container type had been tested for the leachimgudifion compounds, and no leaching was
found. Samples were put on ice and stored in &hle whtil arrival at the laboratory. This was
within 12 hrs of collection in every case. Thisqess reduced the possibility of any biological
or photolytic effect on DOC concentration betweampling and analysis. Samples for optical
analysis were scanned within 48 hours of collectiSamples for DOC combustion analysis
received a small amount of HCI as a preservatefegerated at 4 °C, and then analyzed within
2 weeks of collection using the high temperatutalgic oxidation method, described in

section 2.4 below.

Automated Discrete Samples - Short Term VariatioNdrra Creek)

In order to analyses short term variation in DO@aamtrations, discrete samples were collected
using a Gamet automated water sampler over a gérhud in Warra Creek, from the®®2z 29"

of January 2010. Samples were collected everg ihht L PVC bottles and held in the
automated unit until collection at the end of tampling period. Once collected, samples were
put on ice and stored in the dark till transpottethe laboratory where they underwent
spectroscopic analysis within 48 hrs of arrivaldional manual samples were taken to test
for variation in DOC due to storage within the as#onpler and potential intake valve
contamination. No substantial variation in DOC i@asd, so it was considered the brief
unrefrigerated storage within the automatic sanipder no effect on the detectable
concentration of DOC in this instance.
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2.4 Dissolved Organic Carbon Analyses

Concentration of Dissolved Organic Carbon

In the past, DOC concentration has often beenm@ted through bulk DOC measurements
using high temperature catalytic oxidation methiptispeet al. 1994; Aitkenheaet al. 1999;
Moore and Dalva 2001). This type of analysisngeticonsuming, expensive, and known to
have a high degree of analytical uncertainty (Waasht al.2003; Spencegt al.2007). These
factors often result in a sampling regime whichsloet adequately represent the spatial and
temporal variability of DOC in water courses (Sparet al.2007; Worrall and Burt 2007).
Therefore, in order to adequately assess DOC ctmnatiens across time and space,
development of a suitable method was requiredh@ge an appropriate sampling regime that

would allow for adequate assessment of DOC variaid potential proxy measures.

UV-Vis spectroscopy is an accepted and suitablenséa the detection of DOC (Weishasr
al. 2003; Spencest al.2007; Saracenet al.2009). However for an accurate determination of
total amount, this process required a new apprimaaciving calibration of the

spectrophotometer using local water samples of knldo@C content.

Therefore, this study employed two methods to datex the concentration of DOC, in order
that maximum accuracy, replication and frequencganfpling may be achieved. These

methods were:

1. High Temperature Catalytic Oxidation; and
2. UV-Vis Spectroscopic Analysis.

High Temperature Catalytic Oxidation

High temperature catalytic oxidation measuremehBQC concentration were conducted by
Australian Laboratory Services (ALS), Melbourngngsa Shimadzu TOC-VCSA carbon
analyzer. The process involved filtering the sanbftough a 0.45 um Sartorius filter to remove
any particulates, then injecting a portion of tample into a heated reaction chamber at%680
The chamber was packed with an oxidative catapjatiGum) and the water evaporated upon
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injection. Any carbon present within the sample w@sverted to Cg) which was then

measured using a non-dispersive infrared analyBee.inorganic component of the sample was
determined through injecting a portion of the aradisample into an acidified reaction chamber.
This process converted any inorganic carbon preedd® which was then measured and
subtracted from the total dissolved carbon readimgg allowing the determination of total,

inorganic and organic carbon content in the waere.

Spectroscopic Analysis

The use of UV-Vis Spectroscopy in the analysisrghaic carbon is relatively new and

therefore a standard means for measuring DOCsmay is yet to be established (Loisalte

al. 2010). There are many approaches in use, inclge and multiple wavelength analysis,
absorbance ratios, and changes in spectral slggra€kl and Benner 2003; Strieglal. 2005;
Spenceet al.2007; Helmset al.2008; Bracchinet al.2010). This study utilised multiple

optical measurements from 220-700nm at 2.5nm iateto determine the absorbance spectrum
of each water sample. This approach was chosgnitdzes the full range of the UV-Vis
spectrum, capturing information that would otheenli® lost through selective wavelength

analysis.

Absorbance was expressed as absorption coeffican)sin units of n (Figure 2.3). The

absorption coefficient was calculated from the folan
BE 2.303A()/

where A() is the absorbance aha the path length in meters (Speneeal. 2008; Saracenet
al. 2009). The use of spectrophotometry to deterfd@€ is not an absolute method.
Therefore a S::CAN spectro::lyS¥rwas used in conjunction with S::CAN software, vhitas
a proprietary algorithm that can be calibrated \aitsolute standards to determine DOC
concentration. Thus, the spectrophotometer walsratdd using replicate samples and data

from the High Temperature Catalytic Oxidation metliescribed above.
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This process enabled the cost effective analydismoporal and spatial variation at a frequency,
and accuracy, that allow for the investigation afrelations between DOC and various water

quality parameters.

The S::CAN spectro::lys8f was set up in the laboratory utilizing a flow agith a 35mm
path-length. Air was used as a reference staratatdamples were allowed to warm to room
temperature prior to analysis to minimize tempeeagifects. Water sample were scanned three

times each and the results averaged.
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Figure 2.3: The absorption curves of 3 different water samp#asg UV-Vis spectroscopic analysis.
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2.5 Physical Water Quality Parameters

Flow rate, temperature, turbidity and electricaldactivity were measured at 15 min intervals
and recorded on site, using a Mindata data loggehidity was measured using a Mindata
Turbidity sensor with a range of 0-100 Nephelonselurbidity Units (NTU) whilst

temperature and EC was measured with a Mindata @tiadly probe, capable of measuring
EC within the range of 0-1000 ps ¢rand temperature from 0-8G. Water height was
measured using a Unidata Shaft Water Level Instnina@d recorded at 15 min intervals on a
Unidata Starlog Datalogger (Ringroseal. 2001). Water height was then converted to flow rat
using a specific formula relative to each site.yaps in the data were filled by taking the
average of the readings either side.

2.6 Data Analysis

Software

Statistical analysis of DOC and water quality reswlas performed using SAS Statistical
software package, version 9.1. An analysis of waeg ANOVA) was undertaken to determine
the significance of temporal and spatial variatoth within and between rivers, whilst the
relationships between DOC and other water quaiitpmeters was determined through

multiple linear regression as detailed below.

Analysis of Variance (ANOVA)

The impact of date and site on DOC were analysealepeated measures ANOVA using
general linear models (proc GLM) in the SAS statiisoftware package. Significant
differences were then examined using the Ryan Exatiriel Welsch post hoc comparison. All
data were checked for normality and variance hgeeity but did not require transformation.

A significance value of P < 0.05 was set for all @QMA's.
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Multiple Regression
A multiple linear regression analysis was perforraed..5 (Warra) and 3 (Swanson and King)

hourly readings of DOC concentrations, flow rageperature, turbidity, and EC. All possible
combinations of water quality parameters were assess well as the impact of site and
periodic change. The R-squared selection procesased to analyze all possible combinations
of 1-, 2-,3-,and 4- water quality terms for alesitand periods as well as by site, period, and site

X period.

Application of the model
The models produced from the multiple linear regjsanalysis were applied to water quality

parameter data taken at 15 min intervals. Whessible, gaps in the data set were filled using

nearest daily average information.
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Chapter 3 — Results

3.1 Sample Collection

In total 138 water samples were collected acrdsserks, and analysed using the calibrated
spectrophotometer. Sampling from Warra was mdensgive consisting of 74 samples across
the 6 months period whereas Swanson and King eatB2 An additional 24 water samples
were taken from Warra Creek using an automaticiveaiepler during the 48hr sampling
period. The potential for variation due to contas@s of the automated equipment was

assessed and found to be negligible.

3.2 Variation in Average Readings

The average, maximum, and minimum readings of D@{each water quality parameter were
collated across the entire six month sample pefiba allowed the assessment of the

variability of each parameter, as well as the waneof each parameter within and among sites.

The variability of each parameter compared to edlelr was substantial. Flow was the most
variable of all the parameters across all creekh, thve range being 99.8 % of the maximum in
Warra, 97.3 % in Swanson and 99.7% in King Crekhoagh turbidity and temperature varied

substantially as well (Table 3.1).

The average reading of each parameter differeddegtwach site. The degree of variation,
however, changed considerably depending on theredea being assessed. For example, the
average concentration of DOC across the six mdattygeriod was approximately the same
for each creek regardless of catchment size, 86 g L}, 8.8 +4.6 mg [, and 8.2 + 2.5 mg
L™ for Warra, Swanson and King Creek respectivel\ol@8.1), whereas the average flow rate
varied considerably; 80.9 + 499.4 in Warra, 11.0454n Swanson and 4.3 + 24.5 in King.
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Table 3.1: Variation in the mean, maximum and minimum conegitns of DOC, flow rate,

temperature, turbidity and EC across each creekiginout the six month study period.

Site Warra Swanson King
Season Total Period Total Period Total Period
DOC (mg L™
Mean 8.7 8.8 8.2
Max 13.3 13.4 10.7
Min 6.3 5.5 6.2
Flow Rate (L s")
Mean 80.9 11.1 4.3
Max 580.3 51.6 28.8
Min 0.9 1.4 0.1
Temperature ( C)
Mean 8.7 8.8 9.4
Max 115 11.0 11.8
Min 5.1 5.4 5.9
Turbidity (NTU)
Mean 13.0 2.8 3.6
Max 131.5 4.4 9.4
Min 1 1.5 1.8
EC (n6 cni)
Mean 43.6 51.4 53.7
Max 54.0 61.4 61.9
Min 36.0 43.3 46.0

Further analysis showed the high degree of varidtmm the mean could be explained by a
shift in the variability of all parameters occugisomewhere between the last week in October
and the first week in November. This temporainggahad little effect on the mean
concentration of DOC, however, the range of DOCceatration changed considerably within
these time periods, increasing by 118 % in Warealgrl39% in Swanson, and 44 % in King,
during the later months. The substantial variatitie daily average readings for flow rate,

temperature, turbidity and EC was seen to occursadroth periods (Table 3.2).
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Table 3.2:Variation in the mean, maximum and minimum coneitns of DOC, flow rate,

temperature, turbidity and EC across two time pisidugust - October and November - January for

Warra, Swanson and King Creek.

Site Warra Swanson King
Aug -Oct | Nov-Jan| Aug-Oct| Nov-Jan| Aug-Oct Nov-Jan
DOC (mg L™

Mean 8.8 8.6 9.1 8.6 8.3 8.1
Max 10.4 13.3 10.5 134 9.9 10.7
Min 7.2 6.3 7.2 55 6.7 6.2

Flow Rate (L sY

Mean 207.9 134 24.3 3.9 10.6 0.8
Max 580.3 45.7 51.6 7.4 28.8 19
Min 23.6 0.9 6.1 14 2.5 0.1

Temperature ( C)

Mean 6.3 9.9 6.5 10.0 6.9 10.7
Max 7.8 11.5 8.1 11.0 8.3 11.8
Min 51 8.3 5.4 8.5 5.9 8.9

Turbidity (NTU)

Mean 2.7 18.9 3.1 2.7 3.4 3.7
Max 3.3 131.5 4.4 4.2° 5.9 94
Min 11 1 1.9 15 2.1 1.8

EC (B cm’)

Mean 41.5 447 48.0 53.3 50.0 55.7
Max 43.9 54.0 51.9 61.4 53.8 61.9
Min 36.0 40.1 43.3 46.1 46.0 51.6
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3.3 Temporal Variation of Dissolved Organic Carbon

Within Day Variation and Short Term Variation

Time of day had no significant effect on the coniion of DOC among or within each creek
(Table 3.3). Detectable changes were recordedghmu the day, although variations were
inconsistent across creeks. The average variatienthe nine days assessed was 0.2 thg L
across all creeks with the largest within day vanebeing 1.4 mg tin Warra, 1.0 mg tin
Swanson, and 1.5 mg'lin King Creek. Days of no variatimecurred with in each creek. A
significant variation was noted between dates, hewehere was no date x time interaction
(Table 3.4).

Table 3.3: Significance of the effect time of day on DOC cemitations across all sample sites

Event: DE F Value Pr>F
Time of Day 4,94 0.0z 0.9¢
Site 2,94 0.91 0.41
Time of Day x Site 4,94 0.00 1.00

Table 3.4: Significance of the effect time of day on DOC cemications across all sample dates

Even DE F Value Pr>F
Date 1C,5€ 44.41 <0.0001
Time 4,56 0.23 0.91

Date x Time 34,56 0.31 0.99

The 48hr sampling event in Warra Creek showed n@lation between diurnal change and
DOC concentration, with a maximum variation of g L™ of DOC occurring between night
and day. Water quality parameters remained relgtoanstant throughout the assessment,

removing the potential for confounding the effeicthe diurnal / nocturnal change.
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Fortnightly Variation

Trends in DOC concentration over time were reasgrainsistent across all creeks (Figure

3.1). This pattern displays an overall declin@ssall creeks from the 9®f September to the
28" of October, then an overall increase until th@BDecember, then a gradual decrease to the
20" of January 2010. The existence of this pattesufported by strong correlations among the
daily average DOC concentration of each creek% BR.90 for Warra and Swansorf,R0.83

for Warra and King) (Figure3.2).

Statistical analysis showed the temporal variatiomaean daily concentration of DOC within
each creek were significant. Initial analyses stwba significant Date x Site interaction P <
0.01, which on further investigation portrayed #igant variations within each creek (Table
3.5). The number of significant variations was cantsistent across catchments. Warra Creek
(7) Swanson Creek (5) and King Creek (4) (Figuig. 3.

Table 3.5: Significance of temporal variation in DOC concatitn for Warra, Swanson and King

Creeks, across fortnights

Catchment DF F Value Pr>F
Warra 8,36 293.15 <0.0001
Swanson 8,18 437.99 <0.0001
King 8,18 87.84 <0.0001
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Figure 3.1a)

Figure 3.1 b)
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Figure 3.1 ¢)

Figure 3.1 a-c:Temporal variation in the concentration of DOChivita) Warra, b) Swanson and c)
King Creeks, across fortnightly sampling eventgtdrs indicate significant variation among dateshs

that within each catchment those means with the datter were not significantly different P<0.05.
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Figure 3.2: Correlations among the daily average concentratid>OC among creeks over a six month

time period.
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3.4 Spatial Variation of Dissolved Organic Carbon

Statistically significant differences in the mealyl DOC concentration were noted among
sites, on any given date. This significant diffexe occurred on all, except the first, of nine
fortnightly sampling events (Table 3.6). The vanatwas not consistent and altered continually
across all creeks, throughout the nine fortnighitgure 3.3). It can also be seen that relative to
the trends across time, the spatially significamtation among creeks, on the same day, were

small (Figure 3.3).

Table 3.6: Significance of variation among sample locationdach of the nine sampling days

Date DE F Value Pr>F
23/09/200! 2.8 2.1¢€ 0.1¢
7/10/200! 2,8 5.1t 0.0
28/10/200 2,8 82.01 0.000:
11/11/200! 2,8 289.8¢ 0.000:
26/11/200! 2,8 117.3¢ 0.000:
9/12/200¢ 2,8 265.5¢ 0.000:
23/12/200! 2,8 806.2: 0.000:
6/01/201( 2,8 163.6¢ 0.000:
20/C1/201( 2,8 718.4¢ 0.000:
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Figure 3.3: Spatial variation in the mean daily concentrabb®OC among creeks. Letters indicate
significant variation among creeks within a dayhsthat those means with the same letter were not

significantly different P<0.05. A general trendd®C concentration over time can also be seen among

the creeks.
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3.5 Temporal & Spatial Variation of Water Quality &ameters

Significant spatial variations in the daily averagell four water quality parameters occurred

among creeks and across fortnights, with a sigmfi©ate x Site interaction occurring for all

parameters (Table 3.7).

Table 3.7: Significances of spatial and temporal variatiomvater quality parameters among creeks

throughout the study period

DF F Value Pr>F
Flow
Date 8,64 1302.79 <0.0001
Site 2,8 9646.72 <0.0001
Date*Site 16,64 38.58 <0.0001
Temp
Date 8,64 1040.29 <0.0001
Site 2,8 8.33 0.011
Date*Site 16,64 1.73 0.063
Turbidity
Date 8,64 3.81 0.001
Site 2,8 6.75 0.019
Date*Site 16,64 4.15 <0.0001
EC
Date 7,56 241.22 <0.0001
Site 2,8 5058.40 <0.0001
Date*Site 14,56 52.11 <0.0001
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3.6 Correlations with Water Quality Parameters

Initial analysis of correlations between the DO@antration and individual water quality
parameters revealed poor correlations with allrpatars, at each creek, when assessed over a
six month period. Linear patterns in each of ggression analyses suggested a periodic shift in
the relationship between DOC and each water quaditgmeter. This change in relationship
occurred across all sites, and all water qualitapeters, approximately three months into the

study. An example of this change can be seergur&i3.4.

Figure 3.4: Correlations between the concentration of DOCFod Rate in Warra Creek over a six
month period. A pronounced change in the relatipnséin be seen to occur approximately three months
into the study. Period A represents the initiat&hmonths and Period B represents the final three

months.
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The change in relationship occurred at some stagegithe last week of October 2009 and the
first week in November 2009. Due to the substaaffact on all parameters analysed, this
periodic shift has been taken into account in @aghession assessment and is referred to as
Period A and Period B. Period A represents a §etes from the®lof Augusts 2009 to the
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31% of October 2009. Period B represents a time stoesthe £ of November 2009 to the 31
of February 2009.

The results show that no single water quality patamwas consistently linked to DOC
concentration more strongly than any other, fosiédls and periods (Table 3.8 b). However,
flow rate was the parameter that most frequentiyeaed the best correlation with DOC when
taking site and periodic effects into account (€ahBb). In addition, the correlation of each

parameter with DOC varied constantly among cremkd,across periods (Table 3.8).

Due to the variability of each correlation, a nplkilinear regression analysis was performed to
assess the influence of multiple water quality peaters on the correlation. Multiple linear
regression analysis revealed strong relationstepsden DOC concentrations and the various
combinations of water quality parameters whenasitd period were taken into account.

Initially water quality parameters were progrestsiaelded to a computation which did not
account for variation due to site or period. Witk addition of each parameter the correlation
of DOC with these parameters progressively improfreth a maximum Rof 0.19 for the
individual parameters to arf &f 0.32 (Table 3.8 a).

A substantial improvement in the regression cceidfit occurred when analysed by period
(Period B, R = 0.58, Period A, R= 0.72) or by site (R= 0.61 Warra, R= 0.81 Swanson and
R? = 0.79 King). However the closest relationshipsengtained when analyzing by period and
site, whilst using all four water quality variableshe model (Table 3.8 b)*R 0.94, B = 0.92
and R = 0.99 for Warra, Swanson and King during PericahBl B = 0.95, B = 0.97 and R=
0.98 for Warra, Swanson and King during Period A.

The Schwarz Bayesian Information Criterion (SBC}waed to test for improvements in the
model performance as variables were added. Thesasient showed that in some instances
(Warra, Period B and King, Period A) the improvetfit from the addition of the third and
fourth variable was minimal, however did not subs#dly subtract from the model’s

performance (Table 3.8).
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Table 3.8 a):The Regression co-efficient and Schwarz Bayesifamrivation Criterion from the multiple linear regsemn of DOC with ever

combination of each water quality parameter. Allgsis from all sites and periods, all sites bgrquk and all periods by site, are included. The

yellow highlights represent the best fit obtaineddach combination.

All Sites by Period

All Periods by Site

All Sites & Period
Period B Period A Warra Creek Swanson Creek King Creek
Variables in Model R SBC R SBC R SBC R SBC R SBC R SBC
Single Factor
EC 0.19 130.66 | 0.22 101.85 0.14 18.98 0.25 56.96 0.58 32.40 0.49 6.35
Turbidity 0.18 131.99 | 0.22 102.18 0.11 20.47 0.40 46.80 0.55 34.74 0.07 23.81
Temp 0.10 141.15 | 0.56 63.92 0.51 -2.60 0.13 64.25 0.10 54.68 0.06 24.16
Flow 0.05 147.02 0.38 87.38 0.24 14.34 0.10 65.52 0.08 55.13 0.12 22.41
Two Factor
Temp Turb 0.28 122.69 0.57 67.27 0.61 -7.85 0.54 37.61 0.55 38.05 0.11 26.14
Turb EC 0.28 123.02 | 0.30 99.08 0.32 13.69 0.50 41.71 0.69 26.60 0.51 9.00
Flow Tur b 0.24 129.14 | 0.38 91.40 0.42 7.33 0.56 35.74 0.55 37.92 0.12 25.58
Temp EC 0.20 133.29 | 0.56 67.97 0.51 0.63 0.27 59.82 0.71 24.67 0.73 -8.98
Flow EC 0.19 134.81 0.38 90.90 0.26 16.74 0.29 58.10 0.66 29.92 0.53 7.55
Flow Temp 0.11 145.05 0.58 65.71 0.58 -4.90 0.14 67.48 0.10 57.92 0.12 25.78
Three Factor
Temp Turb EC 0.31 122.71 | 0.57 71.43 0.63 -6.62 0.56 39.34 0.80 18.06 0.77 -10.11
Flow Turb EC 0.29 125.73 | 0.38 94.90 0.47 7.70 0.61 34.54 0.79 19.43 0.62 4.57
Flow Temp Turb 0.29 126.10 | 0.58 69.90 0.72 -17.22 0.58 37.26 0.56 40.47 0.12 28.92
Flow Temp EC 0.20 137.91 0.58 69.77 0.58 -1.38 0.29 61.94 0.72 27.65 0.73 -5.65
Four Factor
Flow Temp Turb EC | 0.32 | 126.92 0.58 73.96 0.72 -13.66 0.61 38.06 0.81 18.99 0.79 -9.31
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Table 3.8 b):The Regression co-efficient and Schwarz Bayesi@mriration Criterion from the multiple linear regsesn of DOC with ever

combination of each water quality parameter. AHlgsis from site and period are included. Theoyehighlights represent the best fit obtained for

each combination. Red highlight represents theftiesditained over all analyses.
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The results of the multiple linear regression esdlthe development of six period and site
based models (Table 3.9). These models were @bpletlict 92-99% of the variation in DOC
concentration. These percentages represent tmgstonsistent relationship between the actual
and predicted values of DOC (Figure 3.5 a-c). lHarrainalysis on the residuals of this
correlation showed very little bias, with approxielg equal numbers of positive and negative
residuals across all variables. The model for Saai@@reek in Period B, however, appears to
be limited in its ability to predict DOC concentaat at low levels (Figure 3.5b).

The models produced were capable of estimating BO@thin 0.5 mg L* at King,

1.0 mg L* at Warra and 1.5-2.0 mg'lat Swanson Creek. The average residual as a
percentage of the average DOC concentration wasvido in every model except Swanson
Creek in Period B where it was 9.8% (Table 3.9).

Table 3.9: Equations formed from the multiple regression ysial

& % & + &, & &
, & $( *+$ , ), M+ (%%, 0-*+)$ % %, - $1
. &( $ %+$ , )% . 8 ./ 0-*)$ , - $1
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, & $%% *+$ , *4)S$ (,. *+$(,/ 0-*+)$ %, - 1
. &( %$ *+3$ ((, )% ,. *+3$% (./ 0-*)$ , - %% 1
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Figure 3.5a-c:Correlations between the predicted vs. actual R@@entrations of a) Warra,
b) Swanson and c) King Creeks.
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3.7 Application of the Model

The model(s) derived in section 3.5 were applietionin water quality data obtained from
Warra Creek. Table 3.10 shows the applicatiomeM arra, Period A model, to data from the

month of September 2009. The table shows the gsesanvolved in calculating these exports.
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Table 3.10:Predicted DOC Concentrations for Warra Creek usiagVarra Creek — Period A model. Carbon conagatrs are converted to the

number of kg of carbon exported every hr, and ttigeemonth.

Date Time of Day | Flow (Ls'l) Temp (OC) Turb (NTU) | EC(US cm'l) DOC (mg L'l) mg Cs* kg C hr kg C mth™
1/09/2009 | 12:00:00 AM $ 3.85 3.13 37.49 12.91 6616.99 23.84
1/09/2009 | 12:15:00 AM $ 3.86 3.09 37.72 12.82 6479.86 23.32
1/09/2009 | 12:30:00 AM % $ 3.86 3.09 37.65 12.77 6308.06 22.72
1/09/2009 | 12:45:00 AM % $ 3.87 3.12 37.72 12.79 6313.79 22.72
1/09/2009 | 1:00:00 AM % $ 3.87 3.08 38.03 12.72 6313.26 22.72
1/09/2009 | 1:15:00 AM % $ 3.86 3.14 38.42 12.71 6248.77 22.48
1/09/2009 | 1:30:00 AM % $ 3.87 3.10 38.73 12.65 6245.12 22.48
30/09/2009 | 10:15:00 PM 372.29 6.19 3.07 39.73 10.16 3784.15 13.64
30/09/2009 | 10:30:00 PM 368.28 6.17 3.10 39.58 10.20 3756.09 13.52
30/09/2009 | 10:45:00 PM 364.29 6.16 3.09 39.58 10.19 3711.13 13.36
30/09/2009 | 11:00:00 PM 360.33 6.15 3.11 39.58 10.20 3674.87 13.24
30/09/2009 | 11:15:00 PM 358.36 6.14 3.08 39.35 10.20 3654.10 13.16
30/09/2009 | 11:30:00 PM 354.44 6.13 3.10 39.50 10.18 3608.54 13.00
30/09/2009 | 11:45:00 PM 348.60 6.13 3.10 39.58 10.15 3537.99 12.72 5652
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Using the model defined in Table 3.10, it was fothat during September, 5.6 t of carbon was
exported from Warra Creek. If values for Septenvizene extrapolated to the entire year, the
total amount of DOC exported from Warra Creek i02®ould be 67.81 tonnes. However, as
DOC is measured in terms of mg,lthe total amount of Carbon exported from thetwatnt is
strongly governed by the total amount of water etqubfrom the catchment. The importance
of flow, and therefore regular flow reading, musttaken into account, as is represented by the
total amount of carbon exported in the last 10afadugust 2009, 82.80 t C, which is nearly
double that for all of September. This sudden iaeds due to a high flow event resulting in a

substantial increase in DOC export (Figure 3.6).

Figure 3.7 shows the influence a high flow everst drapredicted DOC concentrations. This
high correlation between the two parameters wasinexpected, given flow rate was one of the
predictors in the model. It was apparent that@s fhcreased so did the concentration of DOC.
This relationship appears variable with the maxinata of increase being 1.5 mg bf DOC

for every 100 L 3 of flow. This rate was reached and maintainedsfbours on the 2% of

August 2009, and resulted in a 1.5 mgihcrease in the concentration of DOC over thigtim
This translates to a shift from 9 mg ko 10.5 mg [*. The total increase in concentration during

that flow event climaxed at a 2mg‘lover 15 hours.
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Figure 3.6: The amount of Daily DOC exported (tC dypnd the volume of Water exported®@ay*) during the last two weeks in August and all

of September in 2009
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Figure 3.7: The influence of the variability of flow rate dmet predicted values of DOC concentration.

37



Chapter 4 - Discussion

Growing concern regarding of the influence of cliemehange has created a demand for a
greater understanding of carbon storage and trandp&C 2007). Forests account for
approximately 80% of all aboveground terrestrigboa and 40% of all below ground terrestrial
carbon (Dixoret al.1994). Consequently understanding the carboedaiarforests, including
fluxes, is an area of significant global importaaoel interest. The sequestration potential of
various forests types and the amount of carboedtorforest is well known (Deagst al.2004;
Luyssaeret al.2008; Keithet al.2009). However one aspect of carbon budgets whicrely
considered is the link between carbon sequestgréntdsted catchments and the proportion
lost through the export of DOC in surface watezatns (Deaet al.2004; Keithet al.2009).

In order to accurately account for the amountaobon flux that occurs in a forest over time,
accurate estimations of the carbon lost througtasemvater run off is required. For this to be
achieved, a sound understanding of the temporaspaitibl variation of DOC in the head
waters of waterways is essential. A variety of Esi@round the world have investigated the
spatial and temporal variation in the concentratibBOC in waterways (Clarkt al.2005;
Worrall and Burt 2007; Spencet al.2008; Saracenet al.2009). Many have focused on
single parameter causal factors in an attemptptagxobserved temporal and spatial variation
(Freemaret al.2001; Tranvik and Jansson 2002; Worrall and Bo@42 Evanst al.2006).
However, relatively few investigations of this tyjpave occurred in Australia (Robertsetral.

1999) and no such studies have been conductedsmaraa.

Given this lack of studies of DOC in Tasmania, #tisdy focused on assessing patterns in the
temporal and spatial variation of DOC concentraiod the relationship of DOC with various
water quality parameters, in order to generate msddeaccurate prediction of DOC over time.
This information can then be used to determineatheunt of DOC exported from a forested
catchment over a given period of time. Couplechvaissessments of a forest’'s sequestration

potential this will enable an accurate estimatibarmual carbon flux from forests.
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This study has shown that the export of terrestragrived organic carbon from forested
catchments over a given time period can be deteaniiThe export of DOC from Warra Creek
in the month of September 2009, was in the ordét®f C. It is likely that this amount varies
considerably depending on the time of year, givah temporal variation in DOC concentration
and flow had a substantial influence on the amotiBXOC exported. It appears that landscape
scale climatic variables have an influence on dte toncentration of DOC across catchments
in fortnightly increments. The concentrations of O@ere modeled, based on commonly
assessed water quality parameters, which can beasecurately predict DOC concentrations
in head water streams. However, temporal and $patiations were seen to substantially

affect the relationship of DOC with these waterlifyparameters.

4.1 Temporal and Spatial Variation in Dissolved Qaigic Carbon

The results of this study have shown that tempavelspatial variation of DOC occurs at three

scales: (1) landscape scale, (2) catchment scald3x seasonal scale.

Landscape Scale Variation

The consistent trend in DOC concentration, acrtbskrae creeks over time (Figure 3.1),
suggests that landscape scale factors such adelminfluencing DOC concentrations. This
large scale trend over time suggests there arerfaatfecting DOC concentrations which act
across catchments in conjunction with those facotisig independently within catchments. It
is likely that these landscape scale factors affgd¢he concentration of DOC, are influenced by
the within season fluctuations of climatic variahlsuch as rainfall and air temperature, which

affect all catchments simultaneously.

These landscape scale factors have a larger ic#uam the total concentration of DOC than
those factors acting independently within catchmehhis is suggested by the consistent mean
concentration of DOC across the entire study pedodll creeks; 8.7 + 4.6 mgifor Warra,

8.8 + 4.6 mg [} for Swanson, and 8.2 + 2.5 mg for King.
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Suggestions that climatic variables cause a chantpe concentration of DOC have been made
before (Freemast al.2001; Pastoet al.2003; Striegkt al.2005; Walvoord and Striegl 2007).
Studies on the Yukon River, Alaska, show a lonmtercrease in temperature may cause an
increase in soil biological activity (Striegt al.2005). This rise in activity is thought to result

in a decrease in soil bound DOC, as organic mascale degraded and release as methane or
carbon dioxide. This process reduces the amouDO& that could potentially be exported
through the river system (Striegfl al. 2005). Other studies on the peatland of northern
Minnesota, suggest DOC concentrations are contrbNedischarge more than temperature

changes, however both contribute to variation infD&@ncentration (Pastet al.2003).

Southern Tasmania, and in particular the Warrehoagot area, is known for its traditionally

wet winters and dry summers, with periodic flaglofling events during both seasons (Ringrose
et al.2001). Therefore, it is likely this rainfall pattewill create a short term periodic pulse, of
soil water purging and terrestrial runoff (Boyral. 1997; Worrallet al.2005), resulting in

across catchment fluctuations in DOC concentrdfagure 3.3).

These findings suggest that the effect of largkesdanatic variables such as atmospheric
temperature and rainfall do influence DOC concéioitaand have the potential to do this

across catchments simultaneously.

Catchment Scale

The significant spatial and temporal variation otsd within Warra, Swanson and King Creeks
suggests there are catchment scale variables eusabpect, vegetation, geology and
topography which influence the concentration of Di@@hese creeks. The significant variation
in DOC concentration shows the influence thesefadtave can vary significantly over a 14
day period, whilst operating independently of eaitter across creeks and time.

Significant variation in DOC concentrations witl@ind between catchment has been shown to
occur before. Variation in soil zones (Botral. 1997), changes in vegetation type (Dalva and
Moore 1991; Oechel 1993; Hopéal.1994; Wicklandet al.2007), variation in the rate of
decomposition of organic matter (Freengdrml. 2001; Striegket al.2005), changes in flow
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paths (McDowell and Likens 1988), variation in sedter resident time (Hopet al. 1994;
Boyeret al.1997; Worrallet al.2005), and variation in flow rate (Tranvik and sksom 2002;
Strieglet al.2005; Fellmaret al.2008) have all been show to cause significanatian.

Considering the geology, vegetation, topographg,aspect of Warra, Swanson and King are
all similar, the variation observed within and beém catchments is probably due to a

combination of the other parameters suggesteceiafttrementioned studies.

Although significant spatial variations in DOC centrations do occur between Warra
Swanson and King Creek, they are relatively snaatigared to the total amount of DOC
present in each creek, and relatively small contptréhe temporal variation seen to occur
across all creeks, between fortnights. Therefgratjia differences among Warra, Swanson and
King Creeks are likely to be due to changes inwatkr resident time and the variable water
courses which occur within each catchment. Wagkt within the interstitial space of soil has
the potential to gradually accumulate DOC (Thurrh@85; Boyeret al.1997). The size and
frequency of rainfall events can affect the coneiun of DOC in these interstitial spaces
through periodic purging with fresh water. The mat@ccumulation in these interstitial spaces
can vary depending on forest type, air and soipeature, and microbial abundance and
activity, each of which can vary within catchmefi@syeret al.1997). Therefore, this may be
the source of these small but significant variatibatween Warra, Swanson and King Creeks,
although the overall concentration will be contdlby frequency at which these spaces are
purged.

Seasonal Scale
A substantial change in the relationship betwebwater quality parameters and the
concentration of DOC occurred during the last wae®ctober 2009 and the first week in
November 2009. The change in the relationship medwacross all creeks approximately three
months into the study, which suggests a seasoifiairstne factors controlling DOC
concentrations across all creeks. The change Heahaatic effect on all the correlations
analyzed, improving some and degrading othersis drfange in relationship coincided with a 5
°C increase in the mean monthly water temperatiivéaora Creek. This temperature rise
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remained in place for the remaining three monthb®study, as did the change in relationship.
It is possible that this rise in mean monthly wadenperature represented a quarterly or
biannual seasonal change that influenced the factmtrolling DOC concentration, and
therefore affecting the relationship of DOC concatiin with all four water quality parameters.

However it did not coincide with a calendar season.

A shift in water quality parameter values also cmed with this relationship change. The shift
consisted of; an increase in DOC variability, ardase in the mean flow rate and variability,
and an increase in the mean turbidity and EC lensdistheir variability (Table 3.1).

This three monthly periodic change had a substagifict on the relationship of DOC with all
parameters. This change in relationship showethttters controlling the concentration of
DOC are affected by a long term seasonal variatuich occurred simultaneously across all
creeks. This change must be taken into accouiciturate modeling of DOC.

The temporal and spatial variation found in the Dé&@centration of Warra, Swanson and
King Creeks suggest there are a number of faatfiteencing the concentration of DOC in
these creeks, and that these factors undergo cattlatale, landscape scale and seasonal
variation. This suggests any attempt to assesguuatity of DOC exported should, at a

minimum, take into account fortnightly and spatiatiation.

4.2 Predicting Dissolved Organic Carbon

This study found that DOC correlates well with floate, temperature, turbidity and EC when
seasonal variation is taken into account. No singtiable had a consistent relationship across
all sites or either time period, but correlationgtmually improved with the progressive

addition of each water quality parameter (Tablg. 3 Bis suggests flow rate, water temperature,
turbidity and EC relate to a number of factorsuaficing the concentrations of DOC in these
creeks. Flow rate was the parameter which mosuénetty had the best correlation with DOC

across all sites and periods.
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Sampling Regimes

Figure 3.6 and Table 3.10 emphasize the importahselecting an appropriate sampling
frequency, particularly when attempting to calcaifattal DOC exports. It is apparent that using
mean monthly flows as representative month of #a,yand mean monthly DOC concentration

would result in a substantially inaccurate represém of total DOC exported.

Therefore, due to the close correlation of DOC Wity rate, and the relatively high variability
of flow in this region, it would appear 1hr intelware appropriate in this case. This finding
and the results from the application of the moBa&jre 3.7) showed the importance of regular

periodic sampling.

Correlations between DOC and flow rate, temperaturbidity and EC improved substantially
when using all four of the water quality paramébgether and allowing for seasonal and site
effects. This does not imply that these parametangrol the concentration of DOC, simply that
they either (1) directly or indirectly affect theopluction of DOC and/or the transfer of DOC
from the land to the creeks; or (2) they repret@mprocesses involved in the production,
release and transport of DOC in these head wagsmss. Our results suggest there are a
number of factors influencing the concentratio®@iC and the relationships behind these
correlations are complex, with each parameter beingelated with DOC in a number of

different ways.

Assessment of the Model — Actual vs Predicted D@@centrations

Actual vs predicted levels of DOC indicate thereyrha a baseline concentration below
which a reduction in flow rate no longer affects ©@oncentration, therefore making the
relationship with this parameter non linear at biése levels. This was evident in the
Swanson Creek data during period B (Figure 3.5) laaseline of 5.5 mgthad been reached
regardless of a further decrease in flow, whilelithear model predicted a further reduction.
Additional data collection around this flow levebuld be required to assess this theory. lItis
expected that on further analysis of Warra and Kingeks a similar effect may occur and

that it is not unique to Swanson Creek. As thishae reading of DOC is likely to be due to
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the standard leaching rate, which occurs whendkshment is not affected by; high flow

events, variable water courses, fluctuations inpenature, or surface water runoff.

Transferability of the model

To attain the necessary strength of prediction,atsoof DOC are required to be site specific.
However, the way these models are constructed enthait they can be easily adapted to other
rivers, particularly if water quality data for tleosvers is already available. This study has
shown that the relationship of DOC with these pteds did change between sites and season,
and in some cases became non-existent. Thisimsgortant point for future studies, for

initially their use as predictors may seem inadegjurathe short term. However, as shown in
this study, when used in combination with eachttegardless of their seasonal variability,
they are adequate predictors of the DOC conceortrafirivers.

Although the models have achieved consistent geaalbss three catchments, it was the
variability of the predictors among catchments thake the models site specific. Therefore,
site specific sampling regimes may need to be oetexd depending on relative variability of

each parameter.

Export of Carbon from Warra Creek

Using the model developed here, it was found thehd September 2009, 5.6 t of carbon was
exported from Warra Creek. If values for Septenvere extrapolated to the entire year, the
total amount of DOC exported from Warra Creek i02®ould be 67.81 tonnes. However, as
DOC is measured in terms of mg the total amount of carbon exported from the cattt is
strongly governed by the total amount of water etqubfrom the catchment. The importance
of flow, and therefore regular flow reading, musttaken into account. This was best
represented by the total amount of carbon expantédte last 10 days of August 2009, which
was 8.3 t C nearly double that for all of Septembhrs sudden increase was due to a high flow

event resulting in a substantial increase in DOgbex(Figure 3.6).
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In order to compare this to other calculations fiemound the world, an annual figure in the
form of kg C hayr™* was required. Due to restrictions on the availgtilata, this annual figure
needed to be estimated based on the water quediijts from August and September in 2009.
September was taken as a representative montlk gé#r along with the allowance of 4 high
flow events like to one seen in August 2009. Taiutted in a total export of 93.4 t Cyfrom
the Warra catchment. Warra catchment was 462emaftre 202 kg C hayr* was exported.

Implications

When looking at Australian forests, the above gdocerbon estimates range from 262-2,844 t
C ha' (Roxburghet al.2006; Keithet al.2009). Given on average an established forest
sequesters 2.4 t Char' (Luyssaeret al.2008), these forests may be losing up to 8% of the
annual carbon sequestered through DOC export. fattisr should be considered in long term
carbon accounting and forest management, as wielllasg term climate change. For, over
time, this rate of export will account for a sulpgi@ change in the amount of carbon stored in

the terrestrial landscape.

There are potential implications for governmentahate change policy, particularly when
considering industry carbon offsets. If an emissitiset scheme does occur in the future, the
annual sequestration rate of the various foregtstyyill become a key issue, as will the amount
of carbon lost through various export processepebding on the scale of assessment, DOC
export and its variability may become a criticaltéa in the accurate determination of yearly

carbon accumulation assessment required for indafetting.

Given the range of factors influencing the conaian of DOC in streams, this parameter will
require continual monitoring and assessment, asxpert is likely to change substantially

from year to year given the variation in climate.
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4.3 Future Studies

The temporal and spatial variation of DOC in headewstreams is an area that requires much

further research. This could include:

1.

Investigations into the temporal and spatial vemabf DOC across a 12 month period.
Allowing the further assessment of the season aangelationship that occurred
between DOC and the four water quality parameters.

Investigations into the degree of change causddrugscape scale and catchment scale

variables.

3. An assessment of the impact of catchment distudganc

4. An Investigation into the geographical extent & temporal trends which were seen to

occur across catchments; and,

An accurate assessment of the carbon sequestrateoaf the Warra forest catchment,
S0 as to determine the exact proportion of annsatyuestered carbon lost through
DOC export.
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Chapter 5 — Conclusion

In conclusion the concentration of DOC in Warraa8son and King Creeks were found to
change with both temporal and spatial variations Tariation in DOC can be modeled using
flow rate, temperature, turbidity and EC, providledt site and periodic variation are taken into
account. To determined the total amount of DOGeepl over a specific time period,
consideration of the variability of these waterlgugparameters, and their relationship with
DOC concentrations is required. In this instamnc® iecommend readings are taken hourly,

given the variability of flow rate and its closei@ation with DOC.

The results also suggest seasonal and inter-séa$ioratic variables have a substantial
influence on the factors controlling DOC concemntrain head water streams. In addition, the
spatial variation among creeks of close proxinstgmall in comparison, when catchments are

of similar vegetation, geology, topography and aspe

In applying the models created, it was discovenatlduring September 2009, 5.6t of carbon
was exported from Warra Creek. This equates tooappately 202 kg C héyr™ for this
catchment. This application of the model showstle¢hod of DOC assessment developed is
appropriate and can be successfully applied. Toreré@ an estimate of DOC export is required
for a creek in the surround area, it is recommeniiednethod of assessment be applied in
order to develop a site specific model. This wonisblve taking single, fortnightly DOC
assessments, in conjunction with 1houly flow ratgter temperature, turbidity and EC reading

across a full year.

The application of this DOC assessment method avaehmg process will allow for the
accurate and cost effective determination of DO@bebdxfrom a forested catchment over time.
When used in conjunction with the known sequestnatate of the particular forest in that
catchment, this information will enable the acoai@sessment of carbon flux per hectare of
forest.
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