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Abstract 

It has been recognized that a whole-catchment perspective is required for the assessment of the 

river condition and river management. Organic carbon (OC) is a life-limiting resource and its 

flow and processing represent a crucial link between terrestrial and aquatic environments of 

the catchment, making OC a candidate indicator for the assessment of catchment condition. 

Human activities tend to lead to substantial changes in catchment vegetation (i.e. the source of 

OC for the catchment) which might affect OC stores and processing along the OC flow-path.  

In this thesis, I have synthesized and examined a catchment-based approach to ecological 

assessment. This approach is based on OC and it follows the flow of OC in an upland 

catchment – from vegetation to soil and through soil to the river. By assessing the relative 

importance of land-use and abiotic factors as controls of OC stores and processing I aimed to 

determine whether major changes in vegetation, following land-use conversion, have affected 

the stores, retention and recycling of OC in soils of an upland catchment and in an upland 

river. Considering time and other resources available for the project, the scope of the thesis 

was limited to four components of the movement of OC in the catchment of the upland Paddys 

River (ACT, Australia). The ‘soil studies’ of the thesis are concerned with the effect of land-

use (conservation, grazing, pine-plantation) on 1) OC stores in soil and 2) OC leaching from 

soil. The ‘river studies’ of the thesis are concerned with the effect of land-use on 1) reservoirs 

of OC and 2) OC processing in the Paddys River. To differentiate between the effect of land-

use along the Paddys River and the natural longitudinal change in abiotic and biotic river 

characteristics, the longitudinal patterns in OC reservoirs and processing in the Paddys River 

are compared with longitudinal patterns in OC reservoirs and processing in four reference 

rivers.     

The concentration of OC in soil represents a direct link between catchment vegetation and 

soil. In Chapter 2, I compared soil OC concentrations across the three types of land-use 

present in the Paddys River catchment and examined the relative importance of land-use, 

vegetation structure and abiotic site characteristics (slope inclination and slope aspect, 

elevation, clay and silt content) in determining soil OC concentration. The presence of 

charcoal in samples, discovered during sample preparation, provided an opportunity to 
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examine whether missing the presence of charcoal would have led to a different conclusion 

regarding the dominant factor controlling the concentration of soil OC in the catchment. This 

question has wide implications considering the proportion of land affected by fires worldwide 

and the widespread use of soil OC as an indicator of soil condition. My results have shown 

that land-use and the proportion of clay and silt were the most influential predictors of soil OC 

concentration. The presence of charcoal masked the effect of land-use and led to an 

underestimation of the relative importance of land-use in determining soil OC concentration. 

OC leaching from soil is a phenomenon associated with the movement of water through the 

catchment, linking catchment vegetation (primary source of OC), soil (stocks of OC 

potentially available for leaching) and the aquatic environment (potential recipient of 

terrestrial OC). Using soil cores and a desktop rainfall simulator, in Chapter 3 I assessed the 

relative importance of land-use and soil abiotic and biotic properties (pH, bulk density, 

texture, moisture, soil OC, microbial biomass and microbial community composition) in 

determining the concentration of leached OC and the relative proportion of soil OC leached 

during a high rainfall event. I found that land-use affected the concentration of leached OC 

directly and indirectly, through its effect on soil OC stocks which was the most important 

predictor of leached OC concentration. Land-use also affected microbial biomass and 

microbial community composition which in turn appeared to be associated with differences in 

leached OC. Soil texture had a low direct effect on OC leaching; however texture might also 

affect OC leaching indirectly, through its effect on soil OC stocks, as found in Chapter 2. Bulk 

density was the most influential physical soil property and a predictor of both OC leaching and 

microbial biomass. 

Changes in catchment and riparian vegetation might have an effect on OC inputs, stores and 

processing in rivers, which underpin river functioning.  In Chapter 4, I examined longitudinal 

patterns in OC reservoirs (total organic carbon (TOC)), suspended OC, drifting coarse 

particulate OC (drift OC), organic debris and in-stream primary biomass in the Paddys River 

and four reference rivers during base-flow conditions.  The studied rivers represented a range 

of geomorphologies and a gradient of land-use conversion. My predictions regarding 

longitudinal patterns in rivers were not confirmed. Rivers draining catchments with 

conservation land-use did not show consistent patterns in OC reservoirs that would differ from 
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rivers draining a combination of conservation and grazing land. ‘River’ was a more influential 

predictor of OC reservoirs than the proportion of riparian canopy cover, with TOC being the 

main determinant of groups in the multidimensional scaling plot. My results suggest strong 

within-catchment controls of TOC concentration during base-flow conditions which might be 

maintained despite catchment impairment. These findings have implications for river 

rehabilitation, when using a reference river as a ‘guiding image’.   

Decomposition of organic matter has been proposed to be used as a functional indicator of 

stream condition. It has also been suggested to use the cotton-strip (CS) assay as a 

standardized method of measuring decomposition rates. In Chapter 5, I examined temporal 

and spatial variability in CS decomposition rates and the effect of land-use on CS 

decomposition along the Paddys River and four reference rivers. There was a consistent 

longitudinal pattern in CS decomposition rates throughout the year in the Paddys River with 

lowest rates found in headwaters and at the river mouth and highest rates in the middle 

reaches. My result suggest that diel temperature range, known to be affected by riparian 

clearing, was the main driver of the observed longitudinal pattern, except for the upper 

section, where high sediment load limited CS decomposition rates. The proportion of land 

converted to pasture was a significant predictor of CS decomposition rates, however, its effect 

had an unclear trajectory. More importantly, the results of this study have suggested that there 

are further problems that need to be addressed, if the CS assay is to be used as a standardized 

assessment technique. These include: 1) not well understood relationship between time (i.e. 

the duration of cotton-strip deployment) and CS decomposition rates; 2) not well understood 

relationship between temperature and diel temperature oscillation and CS decomposition rates; 

and 3) large within-site variability in CS decomposition rates which might prevent 

comparisons with reference conditions. The importance of temperature range also has 

implications for stream rehabilitation, showing that restoring the temperature regime 

contributes to the restoration of a fundamental ecosystem process.
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1.1 Towards catchment-based assessment of ecological condition 

1.1.1  From river to catchment, from structure to function  

The assessment of river condition is a common practice in large parts of the world.  

Traditionally, assessment methods focused on structural components of the ecosystem, mostly 

physicochemical properties of water and macroinvertebrate assemblages (Norris and Thoms, 

1999). It has been recognized that catchment condition determines the condition of the river 

(Hynes, 1975), and therefore, it is essential to integrate the assessment of the river condition 

and the assessment of the condition of surrounding terrestrial ecosystems   (e. g. Bond and 

Lake, 2003; Norris et al., 2007; Roni et al., 2008). Additionally, it has been recommended that 

functional components (processes) are included in the assessment of the river condition (e.g. 

Bunn et al., 1999, Roni et al., 2008; Young et al. 2008) because data on structural components 

(e.g. water quality, animal taxa) do not necessarily provide information on how systems 

function.  

The condition of a system can be assessed by its ability to retain and recycle essential 

resources (water, soil and nutrients) (Ludwig et al. 1997; Whisenant, 1999): a site in a better 

condition has higher retention and recycling of resources than a degraded site, from which 

these resources are lost as a result of physical processes (e.g. erosion). The models of Ludwig 

et al. (1997) and Whisenant (1999) can be seen as a landscape-scale analogy to the 

comparison of living and non-living/non-functioning systems: the essence of living systems is 

their ability to capture, store and use energy and thus maintain themselves away from the 

thermodynamic equilibrium (Ho and Ulanowicz, 2005). Therefore, understanding the ability 

of a system to retain and recycle resources provides information about its condition. 

The conceptual models of Ludwig et al. (1997) and Whisenant (1999) were developed 

studying autotrophic terrestrial systems. When applied to a catchment of an upland river, as a 

unit to be studied, the idea of ‘the more retention the better condition’ does not seem to be 

fully applicable. The catchment of an upland river consists of an autotrophic terrestrial 

subsystem and a heterotrophic aquatic subsystem – the upland stream. A large proportion of 

resources present in the stream are inputs (i.e. losses) from land, and so more resource 

retention by the terrestrial subsystem would suggest better condition of the terrestrial 
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subsystem but fewer resources available for the aquatic subsystem. Therefore, while 

recognizing that resource-retention is necessary for ecosystem functioning, the approach 

presented in this Chapter considers the models proposed by Ludwig et al. (1997) and 

Whisenant (1999) from the perspective of both the land and the upland river. 

1.1.2 Organic carbon as a resource in upland catchments 

Organic carbon (OC) was selected as the resource for the assessment of system’s retention and 

recycling ability for the following reasons: 

1) OC is an essential resource – it is the main source and storage of energy which enables 

organisms to deviate from thermodynamic equilibrium (i.e. ’death’); 

2)  OC is only produced by some organisms – heterotrophic organisms depend on OC 

production by autotrophic organisms, which makes OC an important link between organisms 

and ecosystems; 

3)  the movement of OC in an ecosystem is primarily controlled by physical (e.g. gravity) 

and chemical/photochemical (Howitt et al., 2004) factors, i.e. the retention and recycling of 

this resource is important; 

I have synthesized the processes associated with the movement of OC in upland catchments 

(Figure 1.1). The catchment of an upland river is characterized by a strong physical gradient 

(depending on slope and channel gradient) and  export of resources out of the catchment. 

There are four primary input pathways/sources of OC to an upland river: 1) riparian litter 

(Wallace et al., 1999); 2) OC (dissolved OC, particulate OC) inputs from soil and soil surface 

(Aitkenhead et al., 1999; Wang et al., 2010); 3) OC from groundwater (Fiebig and Lock, 

1991) and 4) in-stream primary production.  The typically low production-to-respiration ratio 

of upland streams (Bunn et al., 1999) indicates that the dominant source of OC is of terrestrial 

origin.  

Although the terrestrial subsystem of an upland catchment is referred to as being autotrophic, 

not all its components are autotrophic. The soil ecosystem is dependent on an external source 

of energy with all its OC being primarily of plant origin (root exudates and decaying plant 

material). I.e., it is vegetation that drives the flow of OC in an upland catchment. However, 
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plant species composition and cover are usually the first ecosystem components that change 

with the introduction of human activities. Since different plant communities can differ in their 

OC-input into soil, changes in land-use can result in changes in the stores of soil OC (Guo and 

Gifford, 2002). This change is likely to result in a cascade of effects and might alter processes 

occurring along the OC flow-path (Figure 1.1). 

 

Figure 1.1 Conceptual model of the movement of organic carbon on a hill-slope in a catchment of an 

upland river (cross-section). (OM = organic matter, POM = particulate OM, DOM = dissolved OM) 

The soil represents a connection between the sources of OC (vegetation) and the upland river 

(Figure 1.1). Therefore, soil condition, in addition to having an intrinsic value, also might 

play a role in determining the functioning and condition of the river.  

I ATMOSPHERE I 
R 
E 
s 
p 



Chapter 1 – Introduction: Organic carbon in an upland catchment 

5 

 

1.2 Thesis objectives, scope and structure 

1.2.1 Thesis objectives  

In Chapter 1, I have introduced theoretical concepts for a catchment-based approach to 

ecological assessment, which considers the links between major components of an upland 

catchment – vegetation, soil and the river – and uses some of the fundamental ecosystem 

processes – resource retention and recycling. This approach is based on OC – it follows the 

direction of the flow of OC in an upland catchment from its source (i.e. vegetation) to soil and 

to an upland river. The thesis aimed to: 

1) examine the theoretical concepts of the stores, transport and utilization of OC in upland 

catchments (soil and an upland river); 

2) assess the condition of soil and the upland river with respect to long-term effects of 

land-use conversion, using some of the components of the movement of OC in an upland 

catchment 

3) examine the feasibility of the use of the proposed approach to assess the condition of 

upland catchments in practice   

1.2.2 Scope of the thesis and hypotheses 

Given the time and other resources available for the project, the study was limited to the 

following components of the movement of OC in an upland catchment: 

1) stores of OC in soil, as a measure of OC available to heterotrophic soil biota and the 

first link between the producers of OC (catchment vegetation) and other components of the 

movement of OC in an upland catchment (Chapter 2);  

2) OC leaching from soil, as a measure of the soil’s ability to retain OC and, conversely, a 

measure of OC delivered from soil to the river, available for riverine heterotrophic biota 

(Chapter 3); 

3) stores of OC in the river, originating from both terrestrial and the aquatic environment, 

as a measure of total OC available for riverine food-webs (Chapter 4); 
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4) OC decomposition in the river, as a measure of OC cycling and river functioning 

(Chapter 5). 

The project was limited to one upland catchment (Paddys River catchment, ACT, Australia) 

with three types of land-use, including conservation (native eucalypt forest) to which the two 

major secondary land-use types (grazing and pine-plantation) were compared. The studies on 

OC reservoirs and OC processing in an upland river were conducted in the Paddys River and 

four other rivers as references. The project only examined the link land-use – soil – river, i.e. it 

did not consider the ‘losses’ of OC to the atmosphere. 

The soil studies (Chapter 2 and 3) and the river studies (Chapter 4 and 5) differed in the types 

of land-use they were comparing. The soil studies compared OC stores and leaching across 

three types of land-use (conservation, grazing and pine-plantation). However, because of the 

low proportion of land used as a pine-plantation (ca. 10%) in the Paddys River catchment and 

its spatial distribution further away from the river channel, its effect on OC stores and 

processes in the Paddys River was assumed to be limited. Therefore, the river studies 

compared OC stores and processing across a gradient of land-use conversion from native 

forest to pasture (and associated changes in riparian vegetation) in the Paddys River and four 

reference rivers.  

I hypothesized that land-use conversion has affected the examined components of the 

movement of OC in an upland catchment (above) in the following way: 

1) OC concentration in soil would decrease in the order conservation > grazing > pine-

plantation, as a result of differences in the inputs of OC from vegetation to soil and the effect 

of soil management in pine-plantations (Chapter 2) 

2) the mass of OC leached from soil would decrease in the order conservation > grazing > 

pine-plantation, as a result of differences in soil OC concentrations, but the proportion of soil 

OC stocks leached would be the highest in pine-plantation soils as a result of predicted poorest 

soil condition (i.e. lowest OC stocks and observed lowest moisture content) and most impaired 

soil microbial community (Chapter 3) 
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3) the mass of drifting OC and benthic debris in rivers would be lower in grazing areas 

than conservation areas, as a result of lower riparian inputs; the mass of aquatic autotrophic 

biomass would be higher in grazing areas, as a result of lower riparian shading and slightly 

higher nutrient concentrations; and the concentration of OC in the water column would be 

lower in grazing areas as a result of lower inputs from soil (a consequence of lower soil OC 

concentrations) and lower riparian inputs (a consequence  of riparian clearing/modification) 

(Chapter 4) 

4) the rate of OC processing would be higher in grazing areas as a result of slightly higher 

nutrient concentrations and water temperatures and lower riparian inputs (Chapter 5) 

1.2.3 Thesis structure 

Following the introductory chapter, Chapters 2 – 5 are data chapters, each concerned with one 

of the components of OC movement in an upland catchment listed above, and Chapter 6 is a 

synthesis of main findings. Results from Chapters 2, 4 and 5 have been submitted for 

publication and Chapter 3 has been prepared for submission. However, manuscripts for 

publication had to be modified from the original intent of the thesis, in some cases 

substantially. Firstly, manuscripts were modified to broaden their geographic scope since the 

thesis is a synthesis of linked processes in a single catchment. More importantly, manuscript 

objectives deviated from the central theme of the thesis (‘stocks and processing of OC across a 

native and converted land-use types’) because of unexpected findings during my research, 

which resulted in new questions, potentially of broad scientific interest.  

These new questions and findings became the central themes of submitted manuscripts; 

however, they did not necessarily link closely with other thesis manuscripts and the main 

theme of the thesis. Therefore, Chapter 2 (soil OC concentration) and Chapter 5 (OC 

processing along the river) consist of two subchapters. Both subchapters are based on the same 

dataset but address different questions: the first has been submitted as a manuscript for 

publication and the second one addresses the objective of the thesis. Chapter 3 (OC leaching 

from soil) only contains a manuscript in preparation for submission and Chapter 4 (OC stocks 

along rivers) only contain the submitted manuscript. All manuscripts have been included in the 

thesis as submitted, except for figure and table numbers. Chapter 6 is a synthesis of thesis’ 
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findings on OC stores and processes in an upland Paddys River catchment, with an intent to 

contribute to a holistic approach to the assessment of catchment condition. Appendices contain 

all additional analyses, figures and tables that could not be included within the main text or 

submitted manuscripts. (Figures and tables included in appendices are labelled with the letter 

of the Appendix heading.) 
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Chapter 2 Land-use conversion and the 

concentration of organic carbon in soil 

 

 

Background: 

Chapter 2 contains two subchapters and explores the relationship between land-use and soil 

organic carbon (OC). 

The presence of charcoal (a biologically inert form of OC) in soil samples has required a 

substantial modification of the method of soil OC quantification, since the thesis focused on 

OC as a source of energy (i.e. biologically active form of OC). The presence of charcoal has 

also provided an opportunity to examine whether missing the presence of charcoal would lead 

to a different response to the question of the relative importance of land-use vs. abiotic 

dominant control of soil OC concentration. The effect of the presence of charcoal is explored 

in the first subchapter. The first subchapter has been accepted for publication in the European 

Journal of Soil Science as: 

Vyšná, V., Dyer, F., Maher, W. and Norris, R. Have you checked for charcoal? 

Assessment of the soil condition using soil organic carbon 

The second subchapter explores the relative importance of land-use vs. abiotic environmental 

variables as controls of the concentration of organic carbon (OC) in soil in the Paddys River 

catchment. It aims to determine whether land-use conversion has affected the stores of OC in 

soil and thus affected soil’s ability to support heterotrophic life.  
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2.1 Have you checked for charcoal? Assessment of the soil 

condition using soil organic carbon (submitted manuscript) 

2.1.1 Summary 

Soil condition is commonly assessed using soil organic carbon (SOC) as an indicator; 

however, a large proportion of world’s soils can contain charcoal, a biologically-inert form of 

organic carbon. We investigated whether the presence of charcoal in soil could lead to an 

inaccurate assessment of soil condition when using SOC as an indicator. We sampled top soil 

in a SE-Australian catchment affected by severe fires in 2003. Samples (n = 100) were 

analysed for two SOC fractions: 1) total SOC (t-SOC; loss on ignition), which included 

charcoal, and 2) biologically-active SOC (a-SOC; persulfate-oxidation) which did not contain 

charcoal. Using novel (boosted regression trees) and traditional (linear regression) modeling 

methods we compared the relative importance of abiotic (slope, aspect, elevation and soil 

texture), and biotic (land-use and vegetation structure) factors as predictors of t-SOC and a-

SOC concentration. A major difference between the two response variables was lower relative 

importance of land-use as a predictor when using t-SOC as a response variable. Therefore, 

ignoring the presence of charcoal would have led to an underestimation of the effect of land-

use conversion on the biologically-available SOC fraction. The presence of charcoal has 

important ramifications for routine assessments of soil condition given that 1) SOC is a 

commonly used indicator and charcoal and biologically-active SOC differ in their effects on 

soil properties; 2) fires historically occur on a large proportion of land; 3) charcoal is a long-

lasting consequence of fires; 4) charcoal can account for a large proportion of SOC and yet be 

unnoticed during sample preparation. 

2.1.2 Introduction 

Soil organic carbon (SOC) is considered to be a key indicator of soil condition because of its 

close association with crucial physical, chemical and biological properties of soils (Reeves, 

1997). Soil organic matter (SOM), of which carbon is a major component, affects the stability 

of soil aggregates, which in turn influences the rate of infiltration, soil erodibility (Le 

Bissonnais & Arrouays, 1997) and ultimately biota. SOM is a major factor controlling cation 
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exchange capacity (Parfitt et al., 1995) and available water capacity (Hudson, 1994), both 

having a limiting effect on biological processes. SOC is the prime source of energy for 

heterotrophic soil biota. Although SOC is a heterogeneous pool of diverse organic compounds 

and, in spite of advances in physical and chemical fractionation of SOC (e.g. Christensen, 

2001; Wang & Hsieh, 2002; Helfrich et al., 2007), quantification of total SOC is the most 

widespread measure of SOC used to inform management and rehabilitation.  

Recurrent wildfires are a natural phenomenon in most climatic zones. More than 30% of the 

terrestrial surface of the Earth experiences frequent fires (Chuvieco et al., 2008) and, 

therefore, the effect of fires on SOC has been extensively covered in the literature (e.g. 

reviews by Gonzalez-Perez et al., 2004; Knicker, 2007). In the most simplistic view, the effect 

of fires on organic carbon is its oxidation, resulting in the loss of aboveground biomass and 

SOC. In real-world conditions, however, organic compounds are also formed during fires in 

considerable amounts as a result of incomplete oxidation (Gonzalez-Perez et al., 2004). While 

immediate effects of fire on vegetation and soil cannot be unnoticed, as time goes by and the 

site ‘recovers’, long-term consequences of a fire event on soil properties can inadvertently be 

overlooked (if fire ecology is not the point of interest) and not taken into account when 

measuring SOC. With a life-time of millennia, one such long-term consequence of fires is the 

presence of black carbon (Schmidt et al., 2002). 

Black carbon is a generic term for a continuum of inert forms of organic carbon produced in 

the process of incomplete combustion (Goldberg, 1985). Since individual forms of black 

carbon (e.g. partly charred plant tissues, charcoal, graphite, etc.) cannot be clearly separated, 

this paper refers to all black carbon as ‘charcoal’. Charcoal influences biological soil 

properties indirectly, through its effect on a range of physical and chemical soil characteristics 

(Atkinson et al., 2010; Lehmann et al., 2011, and references therein). Although most results 

on the effect of charcoal on soil properties come from laboratory experiments with biochar 

(i.e. pyrolyzed organic carbon produced from a variety of feedstock under controlled 

conditions) or short-term field experiments, the general consensus appears to be that charcoal 

in soil has a positive effect on cation exchange capacity and nutrient availability, as well as 

soil structure and water availability, and thus increases soil productivity. Charcoal also 

stimulates microbial activity and plant-growth through the adsorption of compounds with 
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inhibitory effects. These effects of charcoal vary depending on feedstock and charring 

temperature and can change with time. However, charcoal is biologically inert (Schneider et 

al., 2011; but see also Nguyen et al., 2009), i.e. it does not act as a source of energy for 

heterotrophic biota, which is a key characteristics that distinguishes charcoal from the 

biologically-active fraction of SOC. Considering that charcoal and biologically-active SOC 

affect soil properties in different ways and given that charcoal can account for a large 

proportion of the mass of SOC (Skjemstad et al., 1998), the presence of charcoal in soil might 

have important implications for the assessment of soil condition, unless the method used for 

SOC analysis discriminates between charcoal and the biologically-active SOC.   

Traditional methods of SOC analysis are based on combustion or wet oxidation by chromic 

acid ((Cr2O7)
 2-

). The combustion methods do not discriminate between charcoal and the 

fraction of SOC available to biota. Procedures using chromic acid have been shown to oxidize 

charcoal in some instances (see Skjemstad & Taylor, 1999; Kerven et al., 2000), with the 

proportion of oxidized charcoal being dependent on the size of charcoal particles (Skjemstad 

et al., 1998). This indicates that SOC analyses using either of the traditional methods in areas 

affected by fires might be overestimating the quantity of biologically-active SOC and thus 

coming to incorrect conclusions about soil condition. Yet, examination for the potential 

presence of charcoal does not seem to be a common practice in SOC assessments in regions 

historically experiencing fires.  

Skjemstad et al. (2002) suggested that concentrations of biologically-active fractions of SOC 

in agricultural soils might be largely overestimated using traditional methods of SOC 

quantification because of the presence of charcoal. Since then the vast majority of scientific 

literature concerned with charcoal in soil has focused on questions around the application of 

charcoal as a means to increase agricultural productivity, given its beneficial effects on certain 

soil properties, and simultaneously sequester carbon in soil. The original suggestion that the 

presence of charcoal may result in an incorrect measurement of biologically-active SOC, 

appears to have received limited/no attention. Here, we follow up on the suggestion of 

Skjemstad et al. (2002) and provide further insight on the topic. 

The presented study explores the question of the dominant factors controlling the 

concentration of SOC in the catchment of the Paddys River in south-eastern Australia on two 
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datasets: one consisting of data on total SOC (t-SOC), i.e. including charcoal, and the other 

one consisting of data for the same samples but analysed for ‘biologically-active’ SOC (a-

SOC), i.e. excluding charcoal. The concentration of both forms of SOC is seen as a product of 

abiotic (slope, aspect, elevation and soil texture), and biotic (land-use and vegetation structure) 

factors of the site, with the abiotic factors setting the limits for the biotic ones to operate 

within. The question of abiotic vs. biotic control of SOC concentration is important from the 

management perspective: control of SOC concentration predominantly by abiotic factors 

suggests that current soil condition in managed land (using SOC as an indicator) is comparable 

to natural conditions, given the abiotic constraints of the site. In contrast, dominant control by 

land use indicates a departure from a ‘natural’ state and a possibility of degradation. 

Comparing the results obtained from the two datasets, in this study we demonstrate how 

missing the presence of charcoal can lead to erroneous conclusions regarding the relationship 

between land-use, abiotic environmental factors and SOC concentration. Given that 1) SOC 

concentration is a routinely examined soil component but the two fractions (charcoal and 

biologically-active SOC) have different effects on soil properties; 2) fires occur on a large 

proportion of land; 3) charcoal is present long after other visual signs of fire have disappeared; 

4) charcoal can account for a large proportion of SOC and yet be unnoticed during routine 

sample preparation, the point this study makes has important and wide implications. 

2.1.3 Methods 

Study area 

The presented study was conducted in the catchment of the Paddys River (~250 km
2
) in the 

Australian Capital Territory (ACT), Australia (Figure 2.1). The catchment is classified as an 

upland catchment with a range of elevations of 470-1610 m and landform types ranging from 

steep hills (60-80%) and closed river valleys to low undulating hills and moderately wide open 

valleys. 



Chapter 2 – Organic carbon in soil 

 

14 

 

 

Figure 2.1 Location of the Paddys River catchment (PRC) within Australia (circle) and location of the 

sampling sites within the PRC and within the three major types of land-use present in the PRC. Spatial 

data supplied by Parks, Conservation and Lands, part of the ACT Government and the Department of 

Territory and Municipal Services. 

The catchment has a temperate climate with mild/warm summers and cold winters, with mean 

maximum and mean minimum temperatures of 27.2 ˚C and 12.4 ˚C for January and 10.9 ˚C 

and 0.2 ˚C for July. Rainfall in the catchment is distributed uniformly throughout the year, 

with an annual mean of 924.7 mm (Bureau of Meteorology, Australian Government 2012). 

The most recent major wildfire in the area occurred in 2003 when 165 000 ha of land in the 

ACT was burnt, including almost all of the catchment of the Paddys River (Office of the 

Commissioner for Sustainability and the Environment, c. 2004). 
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Geology of the catchment is dominated by granitic rocks (adamellite, granodiorite and 

leucogranite; ca. 80%). Mountain ranges on the western and eastern boundaries of the 

catchment are formed of siltstone (< 20%). Detailed soil characteristics of the study area are 

described in Eldridge (1997). Steep slopes of granitic hills are dominated by Tenosols with 

minor Chromosols, whereas Chromosols with minor Tenosols are associated with low hills of 

the catchment. Areas of siltstone are dominated by Kandosols and Rudosols.  

There are three dominant land-use types in the catchment: conservation (dominated by 

montane tableland forest), grazing and pine-plantation (Pinus radiata) covering ca. 60%, 30% 

and 10% of the area respectively (Office of the Commissioner for Sustainability and the 

Environment, c. 2004). While the pine-plantations are clearly a human artefact, the reports on 

the vegetation of the catchment do not agree on the extent of the deforestation for grazing. 

However, groups of large eucalypt trees growing scattered in the areas of the grazing land-use 

suggest that (open) forest would be present in a large proportion of the grazing area under 

natural conditions.     

Study design 

A stratified sampling was designed with sample size and sample allocation calculated 

according to Krebs (1989). The idea underlying the sampling design was to split the catchment 

into abiotically ‘uniform’ strata and compare concentrations of SOC across the three types of 

land-use (above). Abiotically ‘uniform’ strata were selected based on topography (slope 

inclination) and microclimate (slope aspect). Sampling sites were proportionally allocated into 

8 slope-aspect strata with cut-off values of 10, 32 and 56% for slope (modified from 

McDonald et al., 1990) and of 67.5 and 247.5˚ for aspect, using Hawth's Analysis Tools for 

ArcGIS 9.x. for random sampling. Soil texture was used, instead of geology per se, to account 

for the effect of parent material on soil properties. Sampling was limited to elevations 470-

1000 m because of the distribution of land-use types in the catchment.  

Field data collection 

Soil sampling took place in August 2011. Approximate site location was identified using a 

GPS and the exact location was modified according to field conditions. Site locations were 

changed to reflect real slope inclination and aspect (the sampling map was based on a 10 m 
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resolution DEM created from 10 m contours), to ensure that sites were located uphill from a 

road (if possible) to avoid any potential effect of roads on soil processes, and to ensure safe 

and time effective access. In addition, sites were selected so that they were topographically 

isolated. Sampling sites of the category ‘slope inclination < 10%’ were sampled on the top of a 

hill not in depressions. Five sampling points were selected within each site (ca. 5*5 m) using 

the ‘throw method’ or taking a certain number of steps in a random direction within the site if 

vegetation structure prevented the use of the ‘throw method’ (throwing a small object with 

one’s eyes shut and sampling where it landed). Composite soil samples (n=100) comprising 

the top 7 cm of soil were placed in plastic bags and stored in a cooler with ice during transport. 

Information on slope inclination and aspect, and estimates of vegetation structure (% tree 

cover, shrub cover, groundcover, plant litter and bare ground) and GPS coordinates were 

recorded. Aspect was later converted into a continuous variable using the conversion formula 

ά = cos (αmax-α) + 1, where ά = transformed aspect value; α = original aspect value in degrees; 

and αmax = aspect which is to be assigned maximum value after the transformation (Beers et 

al., 1966), in this case αmax = 0˚.     

Laboratory analyses  

Sample preparation and laboratory analyses were carried out in the Freshwater and 

Ecochemistry Laboratories of the Institute for Applied Ecology, University of Canberra and at 

the Fenner School of Environment and Society, Australian National University. Soil samples 

were homogenized through 2 mm sieves on the day of sampling and stored at -18˚C until 

analysis.  

Soil texture was determined by wet-sieving: 10-15 g of soil homogenised through 2 mm sieves 

and dried at 40˚C were wet-sieved through a set of sieves of 500, 250 and 63 μm. Each 

fraction was dried overnight at 40˚C and their mass proportion in the original sample was 

calculated. The proportion of the smallest-size fraction (i.e. < 63 μm), hereafter referred to as 

‘ClaySilt’, was used in data analyses.  

Two subsamples of each soil sample were analysed, one for t-SOC and one for a-SOC. 

Samples were examined for the presences of carbonates using 5% HCl before the analyses. 

For logistical reasons, t-SOC concentration was determined using the loss on ignition (LOI) 
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method. The principle of LOI is well known but because general consensus on the time and 

temperature of combustion has not been reached, we briefly summarize the steps of our 

analysis: 2.00 g of field-moist soil were dried at 105˚C for 3 hours (after which a constant 

weight was achieved) and then combusted at 550˚C for 5 hours. Although this procedure 

yielded the concentration of organic matter (SOM) and not SOC, the two variables are closely 

related and have often been used interchangeably (e.g. Guo & Gilford, 2002; Dexter et al., 

2008; Don et al., 2011; Poeplau et al., 2011). The comparison of LOI results, obtained as 

described above, with results of SOC concentrations, obtained using the Vario Max CNS 

Analyser, performed on 13 samples for each land-use, showed that LOI results represented 

SOC concentrations well across the whole range of concentrations (overall R
2
=0.95). Since 

conversion factors for the three land-use types were very similar (2.25, 2.47 and 2.29 for pine-

plantation, conservation and grazing land-use respectively) (Figure 2.2), LOI results in this 

study were not converted to SOC concentrations.  

 

Figure 2.2 The relationship between SOC (% dry weight), determined using an elemental analyser, and 

LOI (% dry weight) used in this study for each land-use type (letters P, C, G in the legend refer to ‘pine 

plantation’, ‘conservation’ and ‘grazing’; n = 13 for each land-use type. 

Analysis of a-SOC was performed on the second subsample using persulfate-oxidation 

(described below) followed by combustion (as described above). Oxidation with persulfate 

removed a-SOC, i.e. these steps yielded the concentration of inert-SOC, from which the 

concentration of a-SOC was determined by subtracting inert-SOC from t-SOC (determined as 

LOI on the first subsample). Oxidation with persulfate was found to be one of the most 
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efficient methods of isolating stable SOM. In addition, its oxidative effect is consistent across 

different types of land-use (Helfrich et al., 2007).   

Oxidation by persulfate (K2S2O8, AnalaR grade) was as described briefly in Cuypers et al. 

(2002). However, since negligible proportion of SOC was oxidized using the original method, 

the method was modified as follows: a mixture of 1.00 g of oven-dried sample (105˚C for 3 

hours), 3.00 g of K2S2O8 and 25 ml of deionized water was shaken in a preheated bath-shaker 

(80 revs/min., 80˚C) for 4 hours. Any remaining K2S2O8 was washed off in a two-step 

procedure, each consisting of adding 20 ml of MilliQ water to the sample, shaking it well and 

centrifuging it for 5 min. at 5000 revs/min. for soil particles to settle, after which the dissolved 

K2S2O8 was poured out. Before pouring out the K2S2O8 solution, any floating OM was 

collected from each centrifuge tube so that it could be combusted with the sample and 

included in the result. Afterwards, oxidized and washed samples were transferred to pre-

weighed crucibles and dried at 105˚C for 4 hours (after which a constant weight was 

achieved). Finally, oxidized samples were combusted in a furnace at 550˚C for 5 hours.  

The analytical precision of the LOI method for the analysis of t-SOC concentration, 

determined from 8 separate analyses of one composite soil sample, was 3%. (coefficient of 

variation, CV) The analytical precision of the combined K2S2O8-oxidation-LOI method for the 

analysis of a-SOC concentration, determined from 9 separate analyses of one composite 

sample, was 8% (CV). The performance of the K2S2O8-oxidation method was tested in three 

experiments: 1) oxidation of a soil sample at various concentrations of K2S2O8 to determine 

the most appropriate concentration of K2S2O8 to be used for the analyses; 2) oxidation of 

charcoal (i.e. no soil) by K2S2O8 of selected concentration and 3) oxidation of soil samples 

after having added known amounts of charcoal by K2S2O8 of selected concentration to verify 

that charcoal is not oxidized using this method. First, soil samples (1 – 2 g dry weight) were 

subjected to oxidation with K2S2O8 using a range of K2S2O8 concentrations (0.13 –

 1.77 mol/l), bath-temperatures (60 – 80˚C) and digestion times (2 – 7 hours). The proportion 

of t-SOC oxidized was determined by comparing the LOI of a particular sample after K2S2O8-

oxidation to the average LOI of 8 replicates that had not been subjected to K2S2O8-oxidation. 

Time and bath-temperature appeared to have no effect on the proportion of t-SOC oxidized by 

K2S2O8, but the proportion of t-SOC oxidized increased with K2S2O8 concentration as shown 
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in Figure 2.3. The concentration of K2S2O8 of 0.44 mol/l (i.e. 3 g of K2S2O8 in 0.25 ml of 

water) was selected to be used in subsequent analyses, as a compromise between ‘large 

enough proportion of t-SOC oxidized to provide a good resolution’ and ‘not too high 

K2S2O8:soil mass ratio’. 

 

Figure 2.3 The relationship between persulfate concentration and the proportion of t-SOC (determined as 

LOI) oxidized in a bath (4 hours at 80˚C) for two different soil samples indicated by grey and empty circles 

respectively. A concentration of persulfate of 0.44 mol/l was used in analyses (9 grey circles indicating the 

variance). See Methods for the explanation on the negative value of % t-SOC oxidized at the concentration 

of persulfate of 1.78 mol/l. 

Second, oxidation of 1.00-1.01 g of charcoal (n = 6) by K2S2O8 at the selected concentration 

of 0.44 mol/l resulted in 101.11% (CV=0.41) recovery of charcoal mass. Charcoal used in this 

experiment was cut or scraped from a burned (charred) standing tree-trunk near the study area. 

Charcoal was ‘grated’ through a 0.5 mm sieve and dried at 105˚C for 3 hours before the 

analysis (i.e. the same treatment as soil samples). Third, adding relevant amounts of charcoal 

(1 – 7% soil dry weight) to soil samples (n = 24) and using the K2S2O8-oxidation-LOI method 

and the selected concentration of K2S2O8 led to a systematic over-estimation of charcoal mass 

by a factor of ca. 1.28 (R
2 

= 0.98, n = 24) (Figure 2.4). Our results were not corrected for this 

error, as only relative differences between treatments were of interest.  

Further experiments have shown that the LOI of K2S2O8 is 34% (CV = 5%). Given the initial 

soil: K2S2O8 mass ratio (1:3) and the fact that K2S2O8 might have precipitated from the 

solution while the oxidized soil samples were being centrifuged (and thus cooled), there is a 

possibility that a small amount of K2S2O8 remained in the soil samples after washing. The 
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systematic overestimation of charcoal mass might have been a result of the LOI of residual 

K2S2O8 in the samples. This assumption was supported by the results of the testing of the 

proportion of t-SOC-oxidized at various concentrations of K2S2O8 (Figure 2.3): residual 

K2S2O8 was observed (and could not be removed with washing) in the ‘grey’ sample when the 

concentration of persulfate of 1.78 mol/l was used, and the LOI of this sample increased after 

K2S2O8 oxidation by ca. 20%, compared to the average LOI of 8 replicates that had not been 

subjected to K2S2O8-oxidation. 

 

Figure 2.4 The relationship between the mass of added charcoal to soil (% soil dry weight) and the 

difference between LOI before the addition of charcoal and after the addition of charcoal to the soil 

sample. 

Statistical analyses 

Data analyses were performed using R software (R Development Core Team, 2008). 

Preliminary data exploration followed the protocol of Zuur et al. (2010). Observations 

identified as outliers were reanalysed, if possible, or removed from the dataset. In the end, 97 

data points (out of 100) were included in the analyses. The importance of explanatory 

variables (Elevation, Slope, Aspect, LandUse, ClaySilt, Litter, Trees, Shrubs, Groundcover 

and BareGround) in the determination of t-SOC and a-SOC concentrations was examined 

using one novel and one traditional modelling approach, i.e. boosted regression trees (BRT) 

and the linear regression (LR), respectively.   
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Briefly, BRT is a modelling technique which combines regression trees and boosting and 

incorporates the advantages of both approaches. Advantages of the BRT include: handling 

different types of variables and missing data, with no need for data transformation, the ability 

to model complex relationships and automatic modelling of interactions between predictors. 

Boosted RT models have a certain level of stochasticity, determined by the bag fraction 

parameter which sets the proportion of observations randomly selected at each step of model 

construction. Consequently, the results vary slightly each time the model is run. The model is 

tested by cross-validation on a withheld proportion of data (Elith et al., 2008). Boosted RT 

were generated using the ‘gbm.step()’ function of the ‘gbm’ package (R Development Core 

Team, 2008). Parameter selection (family = "gaussian", tree.complexity = 2, 

learning.rate = 0.005, bag.fraction = 0.5) and model selection was performed according to 

Elith et al. (2008). The relative importance of a predictor in BRT models is determined based 

on the number of times that predictor is used for splitting and subsequent improvement to the 

model (Elith et al., 2008).  

Most influential predictors and most important interactions identified by the BRT were used in 

the LR. LR-modelling was guided by procedures described in Zuur et al. (2009). The most 

optimal LR model was selected using the Akaike information criterion, after which the 

significance of predictors was examined using the summary() and anova() functions, and R
2
 

values of alternate models were compared. The most optimal model was subsequently 

examined for homogeneity of variances and normal distribution of residuals. Finally, the 

relative importance of predictors in the LR was assessed using the calc.relimp(,type = ”lmg”) 

function of the relaimpo package (R Development Core Team, 2008). 

2.1.4 Results 

Boosted regression trees: response variable = t-SOC 

The BRT model identified the proportion of particles < 63 μm (ClaySilt) as the most important 

predictor of t-SOC concentration, explaining nearly 27.8% of the variability of the response 

variable. Elevation, slope inclination and land-use type explained 18.4%, 16.1% and 13.8% of 

the variability of t-SOC concentration. All the other predictors explained between 3-5% of the 

variability in t-SOC concentration (results not shown). The simplified model for t-SOC 
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concentration contained four variables in order of importance: ClaySilt (36.0%) > Elevation 

(25.8%) > Slope (20.8%) > LandUse (17.4%). Partial dependence plots suggested that soils 

with higher concentration of t-SOC were associated with higher proportion of fine soil 

particles in the sample, higher elevations and steeper slopes. Samples from the pine-plantation 

land-use had the lowest t-SOC concentration whereas t-SOC concentrations in conservation 

and grazing land-use were similar (Figure 2.5). The original and simplified model explained ~ 

80 and 79% of the variability in t-SOC concentration (calculated in a similar way to the R
2
 

value, as ‘(1-residual deviance/total deviance)*100’) (Table 2.1). 

 

Figure 2.5 Partial dependence plots for simplified BRT-models for the concentration of t-SOC (top) and a-

SOC (bottom). Values in brackets show the relative importance of a variable in the response. The 

unlabelled land-use type in t-SOC is grazing. 
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Boosted regression trees: response variable = a-SOC 

Land-use type was the most influential predictor of the concentration of a-SOC, explaining 

26.5% of its variability. ClaySilt, Elevation and Slope were also identified as important 

predictors (19.8%, 15.5% and 12.2% of variability, respectively). Other predictors, which 

explained >5% of variability, were Groundcover and BareGround (results not shown). The 

simplified model for a-SOC concentration contained six variables – LandUse, ClaySilt, 

Elevation, Slope, Groundcover and BareGround – with a relative influence of 26.0%, 23.5%, 

18.7%, 15.8%, 9.4% and 6.6% in determining the concentration of a-SOC. The model 

indicated that higher concentrations of a-SOC were found in samples with higher proportion 

of fine soil particles (<63 μm), in samples collected at higher elevations, on steeper slopes 

with higher proportion of the soil surface covered by groundcovers and lower proportion of 

bare ground. In the three land-use types, a-SOC concentration decreased in the following order 

grazing > conservation > pine-plantation (Figure 2.5). Both the original and the simplified 

model explained ~ 88% of the variability of a-SOC concentration (calculated as above) (Table 

2.1). The most important interaction between predictors in models for both a-SOC and t-SOC 

were the interactions between ClaySilt and Slope, and ClaySilt and Elevation (results not 

shown). 

Table 2.1 Comparison of the performance of original and simplified BRT-models for the concentration of 

t-SOC and a-SOC (se = standard error). 

 
Model for t-SOC 

Original               Simplified 

Model for a-SOC 

Original               Simplified 

Number of predictors 10 4 10 6 

Number of trees 2000 2600 2900 3300 

Mean total deviance 9.111 9.111 1.544 1.544 

Mean residual deviance 1.842 1.922 0.181 0.182 

Cross-validation correlation 

(se) 

0.779  

(0.066) 

0.797  

(0.063) 

0.783  

(0.053) 

0.771  

(0.068) 
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Linear regression: response variable = t-SOC 

The most optimal LR model for the concentration of t-SOC explained 54% of the variability 

of the response variable (R
2
=0.54, F (7, 89) = 14.9, p <0.05) and contained all the variables of 

the simplified BRT model for t-SOC and the two most important interactions identified by the 

BRT model, namely ClaySilt:Slope and ClaySilt:Elevation. The most influential predictors in 

this LR model were LandUse and ClaySilt, both accounting for over 31% of the variability of 

t-SOC concentration explained by the LR model. Elevation and Slope explained more than 15 

and 10% of the variability of t-SOC concentration explained by the model and the interactions 

explained 5-6% of the variability each (Table 2.2).  

Table 2.2 Predictors of the concentration of t-SOC in the most optimal LR-model. The last column 

contains information on the relative importance of predictors. Note, the relative importance is scaled to 

sum to 1, not the R
2
-value of the model.  

Linear regression: response variable = a-SOC 

Unlike the LR for t-SOC, the final LR model for a-SOC did not include all the most influential 

variables identified by the BRT model – the predictor Slope was excluded during model 

selection since it was not a significant predictor and did not improve the performance of the 

model. On the other hand, Groundcover, the fifth most important predictor in the BRT was 

included in the LR model and explained more than 9% of the variability of a-SOC 

concentration explained by the LR model. The importance of the remaining predictors 

Variable df Sum of squares Mean squares F-value p-value Relative 

importance 

LandUse  2 190.85 95.426 20.869 3.697e-08 0.319 

ClaySilt  1 149.76 149.762 32.753 1.390e-07 0.312 

Elevation  1 49.45 49.453 10.815 0.001 0.155 

Slope  1 30.57 30.566 6.685 0.011 0.102 

ClaySilt:Slope  1 36.17 36.174 7.911 0.006 0.060 

ClaySilt:Elevation  1 20.06 20.057 4.386 0.039 0.052 

Residuals  89 406.95 4.572    
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included in the LR model increased in the order: Elevation (12.8%) < ClaySilt (18.3%) < 

LandUse (59.6%) ( 

Table 2.3). The model explained 59% of the variability of a-SOC concentration (R
2
=0.59, 

F (5, 91) = 26.33, p <0.05). 

Table 2.3 Predictors of the concentration of a-SOC in the most optimal LR-model. The last column 

contains information on the relative importance of predictors. Note, the relative importance is scaled to 

sum to 1 and not the R
2
-value of the model.  

Relationships between different fractions of SOC and land-use 

Analyses revealed strong correlations between both t-SOC and a-SOC (rs=0.89, p<0.05) and t-

SOC and inert-SOC (rs=0.92, p<0.05) (Figure 2.6). The concentration of t-SOC decreased in 

the order (mean ± SD) conservation (7.72 ± 2.96% dry weight) = grazing (7.71 ± 3.08% dry 

weight) > pine-plantation (4.70 ± 2.07% dry weight), whereas the concentration of a-SOC in 

the order grazing (4.13 ± 1.00% dry weight) > conservation (3.36 ± 1.00% dry weight) > pine-

plantation (2.16 ± 0.88% dry weight). The concentration of inert SOC in soil decreased in the 

order: conservation (4.36 ± 2.27% dry weight) > grazing (3.58 ± 2.20% dry weight) > pine-

plantation (2.54 ± 1.34% dry weight). The mass proportion of inert SOC in t-SOC decreased 

in the order: conservation (54.87 ± 8.75% t-SOC) ≥ pine-plantation (53.00 ± 8.75% t-SOC) > 

grazing (43.84 ± 8.43% t-SOC) (Figure 2.7). 

Variable df Sum of squares Mean squares F-value p-value Relative 

importance 

LandUse  2 59.539 29.769 44.249 3.773e-14 0.596 

ClaySilt  1 17.502 17.502 26.015 1.836e-06 0.183 

Elevation  1 8.507 8.507 12.645 5.999e-04 0.128 

Groundcover  1 3.035 3.035 4.511 0.036 0.093 

Residuals  91 61.222 0.673    
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Figure 2.6 Correlations between the examined fractions of SOC (r = Spearman correlation coefficient, DW 

= dry weight)  

2.1.5 Discussion 

BRT models of t-SOC- and a-SOC concentration identified similar suites of influential 

predictors. A major difference between the t-SOC and a-SOC models was the relative 

importance of land-use as a predictor. The presence and uneven distribution of charcoal across 

the three types of land-use masked the importance of land-use as a predictor. The exclusion of 

inert SOC increased the differences in SOC between the conservation and grazing land-use, 

which became reflected as a higher relative importance of land-use type in models for a-SOC 

(Figure 2.5 and Figure 2.7). Consequently, our models have led to contrasting conclusions 

regarding the importance of abiotic vs. biotic influences as the principal control of SOC 

concentration in the catchment - the proportion of fine particles in the samples or type of land-

use was found to be the dominant controlling factor depending whether t-SOC or a-SOC was 

used as a response variable. LR models identified a set of significant predictors similar to 

those identified as influential predictors with BRT. In accordance with the results of the BRT 

models, the relative importance of land use as a predictor was much greater with LR for a-

SOC than t-SOC.  
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activity, and thus belonging to the pool of stable SOC (Krull et al., 2003). Accordingly, it 

could be argued that SOC fraction associated with fine particles should be, similarly to 

biologically inert charcoal, excluded from models of biologically-active SOC. However, 

adsorption of SOC onto fine particles does not provide permanent protection from biological 

cycling; it only temporarily reduces decomposition rates for readily decomposable SOC, thus 

leaving chemical recalcitrance as the only mechanism of a long-term protection of SOC (Krull 

et al., 2003).   

Charcoal was reported to constitute a considerable proportion of SOC, e.g. 10-35% in 

agricultural soils (Skjemstad et al., 2002), ≤ 45% in soils from a variety of land-use types 

(Schmidt et al., 1999), ≤ 50% (Skjemstad et al., 1998) and 0-82% in soils from a variety of 

land-use types along landscape transects (Lehmann et al., 2008). All of these studies used 

high-energy UV photo-oxidation and 
13

C nuclear magnetic resonance spectroscopy for 

charcoal quantification. Ponomarenko & Anderson (2001) found charcoal to account for 25–

65% of SOC in agricultural and non-cultivated forest/shrubland soils using UV photo-

oxidation and a carbon analyser. Dai et al.(2005), who used benzenepolycarboxylic acids as 

molecular markers and gas chromatography for charcoal determination, found proportions of 

charcoal in SOC in a temperate savanna between 5-13%, with no significant difference 

between treatments and controls after  > 30 years of fire exclusion. Our results of proportions 

of inert-SOC are among the highest reported (Figure 2.7), although the proportion of charcoal 

in SOC reported varies greatly depending on the analytical method (Schmidt et al., 2001; 

Hammes et al., 2013). While charcoal in our samples could be observed with a naked eye, and 

therefore it presumably accounted for a large proportion of SOC, it is possible that inert-SOC 

reported in this study may have also included non-black SOC resistant to persulfate-oxidation. 

Although the charcoal in our samples could be observed with a naked eye, and therefore 

presumably accounted for a large proportion of SOC, the testing of the persulfate method 

indicated that the ‘inert-SOC’ fraction might have included some fractions of SOC that was 

not charcoal but resistant to persulfate-oxidation at concentration that we used. The testing of 

the persulfate-oxidation-LOI method showed that a greater proportion of t-SOC oxidized 

could be achieved if a persulfate solution of greater concentration was used (Figure 2.3). 

However, given 1) the difficulties with washing and removal of the persulfate at large 

concentrations, 2) our intention not to reduce the mass of soil samples used for analysis (which 
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would increase the persulfate:soil mass ratio but which might also reduce the 

representativeness of our results) and 3) the fact that there is no ‘correct’ concentration of 

persulfate to achieve 100% oxidation of non-charcoal-SOC, we decided to use a concentration 

of persulafate of0.44 mol/l. Helfrich et al. (2007) used a persulfate concentration of 

0.30 mol/l, a persulfate:soil mass ratio of 20:0.5 (compared to the present 3:1), the same bath 

temperature (80˚ C) but a duration of 48 hours (compared with four hours). The proportion of 

inert-SOC isolated by persulfate in their study ranged between 4–20% of total SOC 

(calculated from results in Figure 1 and Tables 1 and 2 in Helfrich et al., 2007). The 

proportion of BC in their study, quantified using benzene polycarboxylic acids as markers, 

ranged between 3–7% of total SOC (calculated from results in Tables 1 and 2 in Helfrich et 

al., 2007). However, the aim of our study, to compare environmental predictors of two SOC 

fractions occupying different positions in the continuum of decomposability, was achieved by 

measuring a more-readily-decomposable fraction (a-SOC) and t-SOC without specifying 

where exactly these fractions are positioned in the continuum of decomposability.  

A common pattern associated with the presence of charcoal in soils can be an increase of its 

relative proportion in the pool of SOC in areas of cultivation. Agricultural cultivation leads to 

a decrease in SOC, with a higher decrease in the fraction of SOC more readily used by biota, 

which directly results in the relative increase in charcoal mass (Skjemstad et al., 2001). The 

same pattern is expected to be found in forestry/plantation areas, as traditional management of 

these areas leads to a decrease in SOC over time (Turner & Lambert, 2000). Our study did not 

confirm such trend. Although pine-plantation soils had much lower a-SOC concentrations than 

the other two land-use types, the proportion of inert SOC in t-SOC in pine-plantation soils was 

similar to that in conservation land-use (Figure 2.7). This may reflect the fact that woody 

plant communities produce more charcoal during a fire event than herbaceous ones, the 

recentness of the fire event and/or the effect of subsequent land management practices. 

Although our study is concerned with the relationship between biologically-available fraction 

of SOC and land-use conversion for ecological assessment of soil condition, the topic has been 

mainly explored from the perspectives of agricultural production and attempts for climate 

change mitigation. Land-use conversion which in a long-term reduces the amount of SOC in 

soil negatively affects soil fertility and increases the amount of CO2 in the atmosphere. 
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Conversely, land-use conversion which increases the SOC storage in the soil creates a 

potential for the sequestration of atmospheric carbon. While some land-use conversions have a 

well documented consistent direction of change in SOC content and concentration, contrasting 

responses and magnitudes of change have been reported for the conversion from forest to 

pasture (Guo & Gifford, 2002; Don et al., 2011; Poeplau et al., 2011; Powers et al., 2011), 

with various factors discussed as acting as confounding variables (see Don et al., 2011; 

Powers et al., 2011 and references therein). Given that fire is the main tool used to convert 

forest to a pasture and also as an important tool in pasture management in some parts of the 

world, our study suggests that the presence of charcoal might be another factor contributing to 

the contrasting results on the direction of change in SOC after land-use conversion.  

Considering the importance of the question and resources invested into finding out ‘which 

land-use conversion is more carbon-sequestration-friendly’, disregarding the presence of 

charcoal may lead to a large overestimation of the carbon sequestration potential of a 

secondary land-use, when, in reality, a large proportion of organic carbon in soils of the 

secondary land-use is just inert remnants of organic carbon ‘originally’ sequestered in the 

biomass of primary plant communities. On the other hand, because carbon emissions from soil 

have been predicted to increase with increasing air temperatures (as a result of increased SOC 

oxidation), overestimating concentrations of biologically-active SOC may lead to an 

overestimation of carbon emission from soil (Lehmann et al., 2008). In spite of the strong 

correlation between t-SOC and inert-SOC (Figure 2.6), the wide range of proportions of inert 

SOC in t-SOC (Figure 2.7) would prevent reasonably accurate estimations of the 

concentration of inert SOC from the concentration of t-SOC in our study. The same 

conclusion but on a large dataset of inert and t-SOC of Australian soils was found before 

(Lehmann et al., 2008) and it is likely to be applicable for the rest of the world (see references 

on the variability of proportion of charcoal in SOC above). This indicates that analyses of both 

SOC fractions are essential. However, since SOC represents a continuum of decomposability, 

the question remains, which forms of SOC are to be included in the ‘biologically-available’ vs. 

‘inert’ fraction so that the categories are ecologically meaningful but, at the same time, the 

analytical methods are feasible for routine assessment. 
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2.1.6 Conclusions 

The exclusion of charcoal from SOC has led to a different conclusion regarding the relative 

importance of the effect of human activity on the concentration of biologically-active SOC in 

the study catchment. A wide range in the proportion of inert SOC in total SOC confirmed in 

this study prevents reliable estimates of charcoal in SOC and suggest that analyses of both 

(inert and biologically-active) fractions of SOC have to be conducted if information on SOC 

as a prime energy source is required. Both charcoal and the biologically-active fraction of 

SOC have properties beneficial for soil fertility; however, biologically-active SOC and 

charcoal occupy the opposite ends of the continuum of SOC decomposability. Their presence 

has a different ecological meaning and therefore their separate quantification is vital for both 

meaningful ecological assessment of soil condition and soil carbon emission/sequestration 

modelling. 
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2.2 What are the dominant controls of the concentration of 

organic carbon in soil in the Paddys River catchment – is land-use 

one of them? 

2.2.1 Introduction 

Soil organic matter (OM) is a key component of soil, playing a crucial role in fundamental soil 

properties, such as aggregate stability, water retention, cation exchange capacity and 

productivity (Baldock et al., 1992). This makes soil organic carbon (SOC)
1
, a dominant 

component of soil OM, an important indicator of soil condition. 

Carter et al. (1997) defined soil quality as a complex attribute consisting of inherent quality, 

which is a function of land and physical attributes of the site and is rather resistant to change, 

and dynamic quality, which can be affected by human activity. In this chapter, the 

concentration of SOC is seen as a product of abiotic factors of the site (slope, aspect, elevation 

and soil texture), roughly representing inherent soil quality of Carter et al. (1997); and biotic 

factors (land-use and vegetation structure) which represent the dynamic soil quality. Abiotic 

factors set limits within which the biotic factors operate. Therefore, abiotic factors determine 

the ‘best possible condition’ of soil, here determined using SOC concentration as an indicator 

(Figure 2.8). This chapter focuses on the ‘starting point’ of OC movement in an upland 

catchment described in the conceptual model (Figure 1.1), i.e. it explores the relationship 

between land-use and the concentration of SOC in soils of the Paddys River catchment (PRC).  

                                                 
1
 Although the thesis focuses on OC, the analytical method used for the quantification of soil OC (loss on 

ignition, LOI) in reality gives results for OM. Inter-calibration of LOI- results and OC concentration determined 

by an elemental analyser was conducted and results are shown in Figure 2.2. 
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Figure 2.8 Abiotic and biotic control of the concentration of soil organic carbon (SOC). 

The principal question of Chapter 2 is “What are the dominant factors determining the 

concentration of SOC in soils of the Paddys River catchment (PRC)?” which is explored 

from two viewpoints (Figure 2.9)  

 

Figure 2.9 The rationale for Chapter 2.1 – dominant factors controlling SOC concentration in the Paddys 

River catchment (PRC) from the perspectives of ‘inherent’ and ‘dynamic’ soil quality. 

Given that the concentration of SOC is a crucial indicator of soil condition, knowing whether 

the concentration of SOC in the PRC is controlled predominantly by abiotic factors (in which 
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to a major extent, determined by land-use (in which case there is a potential for improvement), 

has practical implications and this information will be made available to the community and 

land managers. 

2.2.2 Literature review – Land-use conversion and SOC concentration/stocks 

A structured literature review using Eco Evidence 

The relationship between land-use and OC in soils has received considerable attention in 

scientific literature with a number of review articles on this topic published in the past decade 

(see e.g. Guo & Gifford, 2002; Don et al., 2011; Poeplau et al., 2011; Powers et al., 2011). 

Overall, there is considerable support for the hypothesis that land-use, in general, does affect 

SOC
2
. However, the vast majority of relevant studies investigated changes in SOC after the 

conversion of land-use from ‘any natural ecosystem’ to cropland. Since the three types of 

land-use in the PRC are conservation (native eucalypt forest), grazing and pine-plantation, the 

literature review was confined to literature examining the conversion from native forest to 

pasture and from native forest to pine-plantation. It was predicted that both changes would 

lead to a decrease in SOC stocks. Moreover, it was hypothesized that the change in SOC 

would be larger when conversion was from native forest to pine-plantation (see conceptual 

models below). 

The literature review was structured and findings from the literature were synthesized using 

the Eco Evidence software (Webb et al., 2012). In brief, Eco Evidence is an evidence-

weighting method which facilitates the evaluation of published literature and increases its 

transparency and reduces its subjectivity. It was developed from the causal criteria approach 

originally designed in epidemiology, to be used for the evaluation of causal relationships in 

ecology. In an 8-step process, Eco Evidence assesses the level of empirical support for a 

                                                 
2
 There are several ways of reporting “organic carbon in soil”, the most common of them being “concentration” 

(% weight of dried soil) and “stock” (= concentration* soil bulk density). The latter has been largely used as a 

correction for soil compaction which may occur after land-use conversion (Fearnside and Barbosa, 1998). The 

vast majority of studies on the relationship between SOC and land-use were concerned with climate change and 

the potential of various land-use conversions for carbon sequestration, i.e. their objective was to compare 

different land-use types in terms of their storage of carbon per unit of land-surface. Therefore, the literature 

review had to focus on the comparison of SOC stock across land-use types, as opposed to SOC concentration, 

which is the variable investigated in Chapter 2.  
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particular ecological response (its presence, strength and consistency). It weights published 

literature according to the quality of their study design.  

Two separate Eco Evidence analyses were conducted for the two land-use conversions of 

interest. The sections below only contain the results of the two analyses. For detailed 

information on selection criteria for the inclusion of published literature in the literature 

review and on the weighting of published literature, which had to be modified from default 

settings see Appendix B. 

The response of SOC stocks to the forest-to-pasture land-use conversion 

Although my hypothesis was that land-use change from forest to pasture would decrease OC 

stock in soil (hypothesis A-forest-to-pasture (A-FTP) below), the Eco Evidence software 

examined all three possible responses of SOC stocks to the forest-to-pasture land-use 

conversion simultaneously (‘∆’ below refers to a ‘change’): 

Hypothesis A-FTP: ∆ forest to pasture → ↓ SOC stock  

Hypothesis B-FTP: ∆ forest to pasture → ↑ SOC stock 

Hypothesis C-FTP: ∆ forest to pasture → no ∆ SOC stock 

The hypothesis A-FTP was developed from the following conceptual model: SOC is primarily 

of plant origin (decaying litter and root exudates). Forest and grassland ecosystems differ in 

their inputs of OC into soil. While the relative below-ground translocation of SOC assimilated 

in photosynthesis is higher in grasses, the absolute input of OC into soil is higher in trees, as a 

result of their higher productivity compared to grasses (Kuzyakov & Domanski, 2000). 

Therefore, I expected the conversion of a forest to a pasture to lead to a decrease in SOC 

stocks.  

Around 370 articles in total were examined, of which 18  met all the relevance criteria (see 

Appendix B) and were used in the analysis (Table 2.4).  
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Table 2.4 Summary of published literature used in the Eco Evidence analysis of the response of SOC stock 

to ‘forest to pasture’ conversion. 

The result of the analysis showed HIGH strength of RESPONSE for each of the three possible 

responses of SOC stocks to forest-to-pasture land-use conversion, although hypothesis A-FTP 

scored highest. However, HIGH scores for the strength of RESPONSE for each scenario 

resulted in LOW scores for the CONSISTENCY of responses for each of them and, therefore, 

lack of support for any of the three scenarios (Table 2.5).  

Table 2.5 Summary of Eco Evidence analysis of the response of SOC stocks to ‘forest to pasture’ land-use 

from conversion (modified from the Eco Evidence report). 

The conceptual model describing the mechanism of a decrease in SOC stocks after the forest-

to-pasture conversion (i.e. hypothesis A-FTP above) was only based on one mechanism – 

reduced SOC-input by vegetation after land-use conversion. However, an additional 

Direction of the relationship Supporting evidence 

∆ forest to pasture → ↓ SOC stock Wilson et al. (2011); Wilson et al. (2008); Gol (2009); Paul et 

al. (2008); Fujisaka (1998) 

∆ forest to pasture → ↑ SOC stock Maquere et al. (2008), Yimer et al. (2007); Shrestha et al. (2004); 

Osher et al.(2003); de Moraes et al. (1996); Puget and Lal (2005); 

Beets et al. (2002) 

∆ forest to pasture →  no ∆ SOC stock Araujo et al. (2004); Ross et al. (1999); Desjardins et al. (1994); 

García-Oliva (1994); Reiners et al. (1994); Sparling et al. (1994)  

Direction of the relationship Response 

(score) 

Consistency 

(score) 

Verdict 

∆ forest to pasture → ↓ SOC stock High 

(40) 

Low 

(48) 

Inconsistent evidence 

 

∆ forest to pasture → ↑ SOC stock High 

(30) 

Low 

(58) 

Inconsistent evidence 

 

∆ forest to pasture → no ∆ SOC stock High 

(26) 

Low 

(62) 

Inconsistent evidence 
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mechanism can be triggered by an increase in soil temperature following vegetation clearing. 

Higher soil temperature, after the forest-to-pasture conversion, shifts the equilibrium between 

the formation and oxidation of SOC to lower SOC concentrations (Fearnside & Barbosa, 

1998). In spite of this, the results of the Eco Evidence analysis did not show any clear support 

for a decrease in SOC stocks after the forest-to-pasture conversion. The result of the Eco 

Evidence analysis, i.e. evidence inconsistency, is consistent with findings from published 

literature reviews. While some land-use conversions have a consistent and well documented 

effect on SOC stocks, results are conflicting when the change from a forest to pasture is 

concerned (Fearnside & Barbosa, 1998; Batlle-Aguilar et al., 2011) (Figure 2.10 and Figure 

2.11). Review articles found the following changes in SOC content following land-use 

conversion: an increase by 28±11% (100 years) after the conversion from pasture to forest 

(Poeplau et al., 2011), an increase by 8% when a conversion from forest to pasture took place 

(Guo & Gifford, 2002), decrease by 12.1±2.3% following a conversion from forest to pasture 

and an increase by 17.5±8.0% when land-use changed from pasture to secondary forest (Don 

et al., 2011), or an increase (by ca. 8%) when forest was cleared and converted to pasture and 

also (by ca. 12%) when pasture was converted to secondary forest (Powers et al., 2011). 

Various factors were discussed as confounding variables leading to contrasting results, such as 

time since conversion, temperature and precipitation, soil sampling depth, clay content and 

clay mineralogy, seasonal changes in SOC stocks and management of pastures (see Fearnside 

& Barbosa, 1998; Don et al., 2011; Powers et al., 2011 and references therein). Given that 1) 

there appears to be a large body of literature on the topic (with no “conclusion” reached) and 

that 2) the objective of Chapter 2 is not to identify mechanisms behind the contrasting results 

on the direction of change in SOC stocks (concentration) after a forets-to-pasture concersion, a 

more extensive discussion of mechanisms in question is beyond the scope of this Chapter.  
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Figure 2.10 Changes in soil organic carbon stocks (% change) for different depths and land-use 

conversions in the tropical region (from Don et al., 2011). 

 

Figure 2.11 Changes in soil organic carbon stocks (% change) for different land-use conversions in the 

tropical region (mean and 95% confidence interval). In brackets, the number of observations followed by 

the number of studies (from Powers et al., 2011). 
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The response of SOC stocks to the forest-to-pine-plantation land-use conversion 

Although my hypothesis was that land-use conversion from a forest to a pine-plantation would 

lead to a decrease in SOC stocks (hypothesis A-forest-to-pine-plantation (A-FTPP) below), all 

three possible responses of SOC stocks to this land-use conversion were explored 

simultaneously (‘∆’ below refers to a ‘change’): 

Hypothesis A-FTPP: ∆ forest to pine plantation → ↓ SOC stock 

Hypothesis B-FTPP: ∆ forest to pine plantation → ↑ SOC stock 

Hypothesis C-FTPP: ∆ forest to pine plantation → no ∆ SOC stock 

The hypothesis A-FTPP was developed from the following conceptual model: SOC is 

primarily of plant origin (decaying litter and root exudates). Any major disturbance involving 

vegetation removal, which would expose the soil surface to ‘sun and air’ would increase the 

oxidation of SOC. Establishment of pine-plantations tends to be associated with a major 

disturbance (removal of original vegetation and/or mechanical preparation of the site). 

Moreover, competition with other vegetation tends to be suppressed in plantations using 

herbicides, and less above-ground biomass (compared with the original vegetation 

community) might result in lower inputs of OC into soil. As trees in the plantation grow, the 

stocks of SOC increase. However, tree-plantations are on a short rotation period (compared to 

cycles occurring in natural forests) and SOC stocks might not reach pre-plantation levels 

before the end of the rotation (Turner et al., 2005). Therefore, I expected the forest-to-pine-

plantation conversion to lead to a decrease in SOC stocks.  

Table 2.6 Summary of published literature used in the Eco Evidence analysis of the response of SOC 

stocks to the forest-to-pine-plantation land-use conversion. 

Direction of the relationship Supporting evidence 

∆ forest to pine plantation → ↓ SOC stock  Turner et al. (2005); Burton et al. (2010) 

∆ forest to pine plantation → ↑ SOC stock  Sparling et al. (2000)  

∆ forest to pine plantation → no ∆ SOC stock  Kasel and Bennett (2007); Kasel et al. (2008); Sparling et al. 

(2000); Beets et al. (2002)      
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Around 90 articles in total were examined, six of which met all the relevance criteria (see 

Appendix B) and were used in the Eco Evidence analysis (Table 2.6).  

Table 2.7 Summary of Eco Evidence analysis of the response of SOC stocks to the forest-to-pine-plantation 

land-use conversion (modified from the Eco Evidence report). 

The results of the Eco Evidence analysis did not support hypothesis A-FTPP developed from 

the presented conceptual model. The results of the Eco Evidence analysis were not consistent 

with the findings of Don et al., (2011) (Figure 2.10; plantations are included in the category 

‘primary forest to secondary forest’) or Powers et al. (2011) (Figure 2.11), whose findings 

were consistent with my conceptual model and hypothesis A-FTPP. 

2.2.3 Methods (see 2.1.3 Methods) 

2.2.4 Results 

Preliminary findings 

The modified persulfate-oxidation method used for the analysis of biologically-active SOC (a-

SOC) did not oxidize charcoal (inert-SOC); however, it systematically overestimated the 

concentration of charcoal across the analysed range of concentrations (see 2.1.3 Methods and 

Figure 2.4). 

Preliminary data analysis has indicated that sampling elevation, originally not considered in 

the study design, was an important predictor of a-SOC concentration. Because elevation was 

Direction of the relationship Response 

(score) 

Consistency 

(score) 

Verdict 

∆ forest to pine plantation → ↓ SOC stock  Low 

(12) 

Low 

(24) 

Support for alternate 

hypothesis 

∆ forest to pine plantation → ↑ SOC stock  Low 

(8) 

Low 

(28) 

Support for alternate 

hypothesis 

∆ forest to pine plantation → 0∆ SOC stock High 

(24) 

High 

(12) 

Support for the hypothesis 
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not represented across the three compared land-use types evenly, data from 20 sampling-

points located at elevations > 1000 m were removed from the dataset (Appendix D).        

Importance of biotic vs. abiotic control over the concentration of a-SOC – boosted regression 

trees (BRT) 

According to the BRT model, land-use type was the most influential predictor of the 

concentration of a-SOC, explaining 26.5% of its variability. The proportion of fine soil 

particles (ClaySilt), Elevation and Slope were also identified as important predictors (19.8%, 

15.5% and 12.2% of variability explained, respectively). Other predictors, which explained 

> 5% of the variability of a-SOC concentration, were Groundcover and BareGround. Shrubs 

were found to be the least influential predictor for the concentration of a-SOC (Appendix E). 

Model simplification removed up to 8 predictors (leaving Elevation and Land Use in the 

model), however this model was inferior (as judged by the cross-validation correlation 

coefficient and mean residual deviance) to the one including the six most important predictors 

of the original model – LandUse, ClaySilt, Elevation, Slope, Groundcover and BareGround – 

with a relative importance of 26.0%, 23.5%, 18.7%, 15.8%, 9.4% and 6.6%, respectively, in 

determining the concentration of a-SOC (Figure 2.5). Both original and simplified models 

explained ~ 88% of the variability of a-SOC concentration (Table 2.1). The BRT model 

indicated that higher concentrations of a-SOC were found in samples with higher content of 

fine soil particles (<63 μm), in samples collected at higher elevations, on steeper slopes, at 

sites with higher proportion of the soil surface covered by groundcovers and lower proportion 

of bare ground. The concentration of a-SOC decreased in the order 

grazing > conservation > pine-plantation. 

Importance of biotic vs. abiotic control over the concentration of a-SOC – linear regression 

(LR) 

The most optimal LR model explained 59% of the variability of a-SOC concentration 

(R
2
=0.59, F (5, 91) = 26.33, p < 0.05). TheLR model for a-SOC did not include all the most 

influential variables identified by the BRT model – the predictor Slope was excluded in the 

process of model selection since it was not a significant predictor (α = 0.05) and did not 

improve the performance of the model. On the other hand, Groundcover, the fifth most 
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important predictor in the BRT model was included in the LR model and explained more than 

9% of the variability in a-SOC concentration explained by the LR model. The importance of 

the remaining predictors increased in order: Elevation (12.8%) < ClaySilt (18.3%) < LandUse 

(59.6%) ( 

Table 2.3). Model testing showed that the most optimal model met the assumptions of 

normality and homogeneity of residuals (Figure 2.12). 

 

Figure 2.12 Validation of the linear regression (LR) for a-SOC concentration - histogram of residuals (left) 

and scatter-plot of fitted values vs. residuals. 

Differences in a-SOC concentration between land-use types 

The concentration of a-SOC decreased in order grazing (4.13 ± 1.00% dry weight) > 

conservation (3.36 ± 1.00% dry weight) > pine-plantation (2.16 ± 0.88% dry weight). 

Comparisons on log-transformed data have shown significant differences in a-SOC 

concentrations between the three land-use types (F (2, 97) = 37.361, p < 0.05). Tukey HSD 

test showed that there was a significant difference in a-SOC concentrations between all pairs 

of land-use types (p < 0.05). The mass proportion of biologically-active SOC in total SOC (a-

SOC in t-SOC) increased in order: conservation (45.13 ± 8.75% t-SOC) ≤ pine-plantation 

(47.00 ± 8.75% t-SOC) < grazing (56.16 ± 8.43% t-SOC). There was a significant difference 

in the proportion of t-SOC oxidized by persulfate between land-use types (F (2, 94) = 13, 095; 

p < 0.05). Tukey HSD test showed that grazing land-use was significantly different from the 

other two groups at α = 0.05 (Figure 2.7).  

ID 

"' 
0 

"' >, 

" ID C 
Q) 
:, 
(J" 
Q) 

u: 0 

ID 

0 

-2 -1 0 2 

Residuals 

3 

"' ro 
:, 
"O 
·;;; 
Q) 

(l'. 

"' 

0 

Residuals vs Fitted 

0 20 
570 

0 0 
0 

0 0 
0 0 

0 

Oo 

o o oo o ~o ;, o a 
oO <l> 

0 0 

~o 8d~ o oo.9'
00 

0 

2 3 4 

Fitted values 

0 
0 0 
0 

0 

5 



Chapter 2 – Organic carbon in soil 

 

43 

 

2.2.5 Discussion 

The persulfate-oxidation-LOI method  

The discovery of charcoal in soil samples required development of a method for the 

quantification of the biologically-active fraction of SOC (i.e. a-SOC). A number of methods 

has been used for charcoal quantification, with large differences in the results depending on 

the method used (Hammes et al., 2013). Concentrations of SOC reported in this chapter 

represent SOC oxidizable by persulfate using a method described in 2.1.3 Methods. Although 

persulfate of the concentration used in this study probably did not oxidize all non-charcoal 

SOC (Figure 2.3), this concentration was selected for logistical reasons (see 2.1.3 Methods) 

and it was appropriate for addressing the objective of Chapter 2 (to compare a fraction of SOC 

positioned at the biologically-available end of the continuum of biological availability across 

the three land-use types present in the PRC). The use of a non-standard method, however, 

limited the possibility of quantitative comparison of my results with previous work on SOC 

concentration in different types of land-use.  

The importance of biotic and abiotic factors in the determination of a-SOC concentration  

The BRT model explained 88% of the variability of a-SOC concentration using land-use, 

proportion of fine soil particles, elevation, slope, proportion of bare ground and proportion of 

groundcover as predictors (Table 2.1 and Figure 2.5). The LR model explained 59% of the 

variability of a-SOC concentration using land-use, proportion of fine soil particles, elevation 

and groundcover as predictors ( 

Table 2.3). Hontoria et al. (1999) found that 47% of the variability in SOC stocks was 

explained by climatic variables (precipitation and air temperature), land-use, soil moisture 

regime, altitude, texture and slope gradient, with climatic variables and land-use being the 

most influential predictors. Kasel and Bennett (2007) explained 83-95% of the variability of 

both SOC stocks and concentration using conductivity, texture, elevation, pH and land-use 

(age of current stand of vegetation and land-use history) as predictors. Topographic variables 

(elevation, slope and heat load index) appeared to be weak predictors of SOC concentration in 

their models. Site and soil characteristics (soil taxon and texture, drainage class, slope gradient 
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and elevation) explained 50.7% and 30.3% of the variability of SOC concentration in 

grassland and forest, respectively (Tan et al., 2004). 

The proportion of fine particles in the samples was among the most important predictors of a-

SOC concentration in both BRT and LR model. A positive relationship between the proportion 

of fine particles and SOC concentration has been well established in the literature (e.g. 

Homann et al., 1995; Jobbagy & Jackson, 2000; Kasel & Bennett, 2007; Wilson et al., 2011), 

although results contradicting such findings have also been reported (Silver et al., 2000). 

Including clay mineralogy, in addition to clay proportion in the sample, as suggested by Torn 

et al. (1997) and Powers et al. (2011), might have improved the performance of my models. 

SOC concentration can also be affected by geology (Wilson et al., 2011). While information 

on geology might have improved the performance of my models, laboratory analysis of soil 

texture showed that the spatial resolution of best available information on geology was 

insufficient, i.e. geology shown on the map did not agree with recorded soil texture in some 

samples (texture of soils from areas shown in map as ‘siltstone’ vs. texture of soils from areas 

shown as ‘granite’), and therefore geology was not included in my models.  

SOC bound to fine soil particles has often been considered as physically protected from 

microbial activity, and thus belonging to the pool of stable SOC (Krull et al., 2003) just like 

charcoal. However, it has been suggested that adsorption of SOC to fine particles does not 

provide permanent protection from biological cycling; it only temporarily reduces 

decomposition rates for readily decomposable SOC (Krull et al., 2003). This makes SOC 

attached to fine soil particles different, in terms of biological-availability, from chemically 

recalcitrant SOC compounds (e.g. charcoal).  

Topographic variables were generally found to be weaker predictors of SOC than land-use or 

soil characteristics (Tan et al., 2004; Kasel & Bennett, 2007). In our models, elevation was the 

third most influential predictor of a-SOC concentration. The effect of elevation appears to be 

indirect – globally, SOC concentration decreased with temperature and increased with 

precipitation (Jobbagy & Jackson, 2000), both of which are factors strongly affected by 

elevation. These climatic factors were less important than vegetation type, which is consistent 

with our findings, since land-use type was a more influential predictor than elevation. The 

same relationship between elevation, rainfall and SOC concentration was found in a national-
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scale study (Ireland) (McGrath & Zhang, 2003). Although our study was conducted on a much 

smaller scale (250 km
2
), and the range of elevations was reduced to ca. 500 m, it is possible 

that the effect of elevation on SOC-concentration reflected the effect of precipitation (and 

temperature) in the PRC.  

Slope was identified as the fourth most important predictor of SOC concentration by the BRT 

and it appeared to have a threshold-like effect on a-SOC concentration. However, slope was 

not a significant predictor in the LR model. Contrary to the established theory on processes of 

SOC-movement in a hilly landscape (erosion and leaching), our results indicate higher SOC-

concentrations on steeper slopes. Higher concentrations of SOC are expected to be found on 

lower gradient slopes as opposed to steeper slopes, which was supported by the findings of 

Homann et al. (1995) and Ritchie et al. (2007). Including slope position (lower slope vs. upper 

slope), might have increased the importance of slope as a predictor in my models.  

Variables representing vegetation structure (% cover by trees, shrubs, groundcovers, litter and 

bare ground) were weak predictors of a-SOC concentration. Of these, variables physically 

closer to the soil surface, i.e. groundcovers, litter and bare ground, were more influential than 

the distant ones. This observation can be explained by the fact that tree cover estimated as the 

% of surface covered by canopy does not necessarily accurately reflect the % of surface 

‘covered’ by roots or litter, and roots and litter are parts of a tree that directly contribute to the 

SOC pool.  

Relationships between examined fractions of SOC and land-use 

Based on the conceptual models described earlier in section 2.2.2 it was hypothesized, that the 

concentration of a-SOC would decrease in the order conservation > grazing > pine-plantation. 

However, my results indicated a different order: grazing > conservation > pine-plantation, 

with significant differences in a-SOC concentration between all three groups (Figure 2.7). 

Studies on the change in SOC stocks/concentration after the forest-to-pasture land-use 

conversion have led to contrasting results with a suite of factors potentially acting as 

confounding variables (see Fearnside and Barbosa, 1998; Don et al., 2011; Powers et al., 2011 

and references therein). My results regarding the conversion of a forest to a pine-plantation 
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showed support for the conceptual model presented in the section 2.2.2 Literature review – 

Land-use conversion and SOC concentration/stocks. 

The quantity of SOC stored in soil can be expressed as stocks (mass of SOC /unit of land 

surface within a certain depth) or concentration (mass of SOC/mass of soil). Given that ‘SOC 

stocks = SOC concentration * bulk density’, soils with the same SOC concentrations but 

different bulk densities store different amounts of SOC per unit of land. Bulk density can be 

affected by land-use and top-soils from pastures were reported to have higher bulk densities 

than forest soils (Fearnside & Barbosa, 1998 and references therein; Wilson et al., 2011). 

Although soils from conservation land-use had significantly lower bulk density than soils from 

the other two land-use types, the observed pattern in a-SOC concentration across land-use 

types (i.e. grazing > conservation > pine-plantation, Figure 2.7) was also found in a-SOC 

stocks (Appendix F). 

Results reported here represented a-SOC concentrations from a depth of 0 – 7 cm. It has been 

suggested that higher SOC concentration in top-soils of converted pasture (compared to native 

forest top-soils) might be attributed to differences in the depths of root-zone in the soil profile 

between the two land-use types (Guo & Gifford, 2002). Wilson et al. (2011) reported the 

greatest difference in SOC concentration between forest and converted pasture in the top 0 –

 5 cm layer and virtually no difference at a depth of 20 – 30 cm; however, their study reported 

significantly higher SOC concentration in forest soils. This suggests that a comparison of soils 

from greater depths would have probably not led to different conclusions regarding the 

concentrations of a-SOC in grazing vs. conservation soils in the PRC.  

Findings of our study suggest that soils under grazing land are in a better condition than soils 

of the conservation land-use, if a-SOC concentration is used as an indicator (Figure 2.7). This 

finding is inconsistent with the basic principle of the assessment of ecosystem condition, i.e. 

native communities providing reference values for the indicator (which in case of SOC are 

thought to be the highest concentrations) and the departure from these values (decrease, in the 

case of SOC) indicating condition impairment. However, it has been suggested that ecological 

constrains experienced by natural plant communities might prevent SOC concentrations in 

natural areas from reaching maximum levels, whereas this can be facilitated in managed 

systems (Six et al., 2002). For the purposes of ecological assessment, which focuses on the 
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indicator of interest (in this case SOC) but should also consider other ecological values 

provided by the native ecosystem, a more practical way to interpret the results of my models is 

that ‘conversion from native forest to pasture did not negatively affect soil condition in the 

PRC whereas conversion to pine-plantation did’.  

2.2.6 Conclusions 

Although severe bushfires of 2003 and the presence of charcoal in soil prevented the use of 

traditional methods of SOC quantification, the use of a weak oxidizer (K2S2O8) indirectly 

quantified a fraction of SOC presumably occupying the ‘biologically-available end’ of the 

‘continuum of biological availability’ of SOC. Validation of my method of charcoal isolation 

showed consistent results, indicating that the method was successful in excluding the 

‘biologically-more-inert’ fraction of SOC.  

The fraction of SOC oxidizable by persulfate (a-SOC) was best predicted by land-use and the 

content of clay and silt (when land use, vegetation structure, soil texture, elevation, slope 

inclination, aspect and land-use were considered as predictors). Therefore, my results suggest 

that land-use conversion did have an effect on the ability of the catchment to support 

heterotrophic soil organisms and this ability decreased in the order grazing > conservation > 

pine-plantation.  

Physical properties of the site were less influential predictors of a-SOC concentration than soil 

properties. In addition, aspect, as one of physical site properties, had no effect on a-SOC 

concentration. This suggests that aspect might not be a crucial factor to be included in study 

designs of future studies exploring SOC and associated soil properties in the PRC. On the 

other hand, elevation, originally not considered in the study design, was shown to be an 

important predictor of a-SOC concentration and needs to be considered in future study 

designs.
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Chapter 3 Land-use conversion and the 

leaching of organic carbon from soil 

 

 

Background: 

Chapter 3 explores the effect of land-use on the leaching of organic carbon (OC) and total 

nitrogen (TN) from topsoil, using soil cores and a desktop rainfall simulator. In addition, it 

also explores the effect of land-use on microbial biomass and microbial community 

composition, and the relationships between microbial biomass and microbial community 

composition and the leaching of OC and TN. The chapter contains a manuscript in preparation 

for submission for publication. 
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3.1 Direct and indirect effects of land-use on organic carbon 

leaching from soil 

3.1.1 Abstract 

Organic carbon (OC) leaching from soil is a phenomenon associated with the movement of 

water through the catchment, linking catchment vegetation (primary source of OC), soil 

(stocks of OC potentially available for leaching) and the aquatic environment. Catchments 

worldwide have been subjected to major changes in vegetation, which might have affected the 

other components of this link. Differences in carbon/nutrient leaching from soil between some 

types of land-use had been investigated previously; however, the effect of soil properties has 

rarely been considered along with land-use, preventing the assessment of the relative 

importance of these variables. I collected soil cores from an upland catchment in SE Australia 

(n = 39) to assess the effect of land-use (conservation, grazing and pine-plantation) on the 

leaching of OC and total nitrogen (TN) from topsoil, considering potential effects of soil 

texture, pH, soil moisture, bulk density and microbial community. I used boosted regression 

trees as a modelling method that is relatively insensitive to collinearity, which is characteristic 

for many soil properties. I found that pine-plantation soils produced leachate with the lowest 

concentration of OC and grazing soils produced leachate with the higher concentration of TN, 

when corrected for the effect of other soil properties. However, land-use might have also 

affected OC and TN leaching indirectly, through its effect on the stocks of soil OC and TN, 

and microbial biomass and community composition. Contrary to my predictions, soil texture 

had a low direct effect on OC or TN leaching, whereas bulk density was an influential 

predictor of both OC and TN leaching and microbial biomass. 

3.1.2 Introduction 

Transport of organic carbon (OC) from soil to an upland stream is a crucial link between the 

terrestrial and aquatic environment. Input of OC from soil to a stream comprises two 

processes: soil erosion, which involves translocation of OC along with soil particles from 

locations unprotected by vegetative cover; and leaching, which involves the movement of 

water-soluble OC through interstitial spaces in soil along the flow-path (Dawson & Smith, 
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2007). Considering that OC is a prime energy source for most organisms, the transport of OC 

from soil to streams can be viewed as a ‘loss’ of an essential resource for soil and a ‘gain’ for 

the stream. This is of higher relevance in upland catchments, which are often characterized by 

a strong physical gradient and associated intensive transport of resources downhill and out of 

the catchment.  

Rainfall is the main driver of the transport of OC from soil to the stream and out of the 

catchment (Alvarez-Cobelas et al., 2012). However, the quantity and composition of OC 

leached from soils is also affected by a suite of other factors, such as topography, vegetation 

community, as well as abiotic and biotic soil characteristics and processes. The concentration 

and composition of the solid phase of soil OC determines the initial OC stock potentially 

available for leaching. Soil pH affects the solubility of soil organic compounds, and soil 

texture and clay mineralogy affect soil’s adsorption capacity (Nelson et al., 1993; Kalbitz et 

al., 2000; Andersson & Nilsson, 2001 and references therein). Decomposition of organic 

matter, further affected by climate and biological soil properties, determines the quality and 

quantity of water-soluble OC available for leaching (Currie & Aber, 1997; Kalbitz et al., 

2000; Dawson & Smith, 2007 and references therein).  

OC transported through the soil profile in a solution originates from three main sources. First, 

OC is leached from plant litter and decomposing organic matter by rainwater. Second, OC 

previously physically protected within soil aggregates is released as soil aggregates are 

mechanically disrupted by raindrops. Third, OC is released from microbial cells following 

rapid changes in soil water potential. Sudden increase in soil water potential at the start of a 

rainfall event results in an osmotic stress experienced by microorganisms. As a response, 

microbial cells either 1) rapidly release osmoregulatory compounds (taken up during the drier 

period to prevent the loss of water from their cells) into the environment or 2) microbial cells 

lyse if they fail to adjust to new environmental conditions (Fierer & Schimel, 2003; Gordon et 

al., 2008 and references therein). Both processes lead to a release of organic compounds into 

the soil solution, and thus contribute to the pool of OC leached from soil. As leached OC 

moves through the soil profile, it can be re-immobilized into microbial cells, decomposed to 

CO2 or adsorbed to soil particles. Since microorganisms differ in their tolerance and 

physiological adaptations to sudden changes in osmotic pressure (Schimel et al., 2007 and 
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references therein), and different communities of soil microorganisms might be associated 

with OC re-immobilization of varying efficiencies (Gordon et al., 2008), the composition of 

microbial community might affect the pool of OC leached from soil. 

Land management practices and land-use conversion can affect the leaching of OC from soil 

and its movement along the flow-path at several levels: changes in vegetation, resulting in 

changes in OC inputs and differences in OC stocks (e.g. Guo & Gifford, 2002; Don et al., 

2011 and references therein); changes in microbial communities (Bossio et al., 2005; Gordon 

et al., 2008) and microbial processes (Chantigny, 2003; Nsabimana et al., 2004), resulting in 

changes in OC processing.  

A number of different fractions of OC transported from soil along the flow-path has been 

defined, based either on the size of OC particles (e.g. dissolved OC < 0.45 μm) or their 

association with soil pores of different sizes (macropores, mesopores or micropores), the latter 

determining their extractability by different methods and using different levels of soil 

disruption (Zsolnay, 1996). Here, I compared leaching of OC from soils from three types of 

land-use in an upland catchment to determine whether land-use conversion has led to changes 

in the leaching process. The aim was to determine 1) the proportion of soil OC (SOC) leached 

from soil during a high rainfall event; 2) the amount of OC provided to the stream (or 

heterotrophic systems along the flow-path); and 3) the relative importance of land-use in these 

processes, compared to soil properties (soil texture, bulk density, pH, soil moisture, SOC, soil 

nitrogen (SN) and C:N ratio). In addition, since microbial biomass is a fundamental 

component of SOC and the activity of microorganisms underpins soil functioning (Six et al., 

2006), I also 4) examined the effect of land-use and above mentioned soil properties on 

microbial biomass and microbial community composition, and their effect on leaching. 

I intended to simulate leaching of OC from topsoil following a high rainfall event. To reduce 

soil disturbance, and thus reduce erroneous overestimation of OC leached from soil after rain, 

the experiments were conducted on soil cores rather than homogenized soil samples. The 

fraction of OC quantified in my study roughly represented dissolved OC and water-soluble 

OC located in soil macropores (Zsolnay, 1996). This OC fraction can be subject to transport 

by water through interstitial spaces and plays an important role in soil biological and chemical 

processes (Chantigny, 2003 and references therein). Since the processing of carbon and 
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nitrogen in soil are tightly coupled (Booth et al., 2005; Cookson et al., 2007), the relative 

effect of land-use on nitrogen leaching was studied along with OC. 

3.1.3 Methods 

Study area 

The study area was described in 2.1.3 Methods. 

Study design 

The idea underlying the sampling design was to select sampling locations which are 

abiotically ‘uniform’ with respect to landscape characteristics that have been shown to affect 

SOC concentration in the study catchment, and compare leached OC from soils across the 

three types of land-use present in the catchment. In Chapter 2, I have shown that elevation and 

slope inclination were important landscape controls of SOC concentration in the catchment. 

Sampling in this study was, therefore, limited to elevations raging between 600 and 850 m and 

slope inclination of < 10%. Thirteen sampling sites per land-use were allocated into ArcGIS 

shapefiles of selected characteristics for elevation and slope, considering walking distance 

from the nearest road (as heavy equipment needed to be carried) and topographic isolation of 

sites. The distribution of sampling sites is shown in Figure 3.1. Low slope inclination 

facilitated coring and also reduced the potential effect of slope aspect, even though aspect was 

not found to be an important control of SOC concentration in the study catchment in Chapter 

2. Soil texture, shown to be the most important abiotic control of SOC concentration in 

Chapter 2, was used, instead of geology per se, to account for the effect of parent material on 

soil properties. 



Chapter 3 – Organic carbon leached from soil 

 

54 

 

 

Figure 3.1 The location of the Paddys River catchment (PRC) within Australia (circle, small map) and the 

location of sampling sites within the PRC and within the three major types of land-use present in the PRC. 

Sampling was limited to elevations of 600-850 m and slope inclinations of <10%. Spatial data supplied by 

Parks, Conservation and Lands, part of the ACT Government and the Department of Territory and 

Municipal Services. 

Field data collection 

Data collection in the field took place in August 2012 (i.e. southern-hemisphere winter). 

Approximate site location was identified using a GPS and the exact location was chosen 
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according to field conditions.  Site locations were changed to reflect real slope inclination (the 

sampling map was based on a 10 m resolution DEM created from 10 m contours), to ensure 

that sites were located on flat ground or on the top of a ‘hill’ (as opposed to localized 

depressions) and uphill from a road (to avoid any potential effect of roads on soil processes), 

and to ensure safe and time effective access. One soil core and 1) a composite soil sample 

(m ~ 200 g) taken from five sampling points evenly distributed on the outer diameter of the 

core and 2) a separate subsample for the analysis of microbial biomass (m ~ 100 g) from the 

outer diameter of the core, were collected at each site. Cores were collected at sampling points 

covered with grass/forbs or litter (i.e. bare ground was avoided). Vegetation from the coring 

point was cut as low as possible using scissors and loose litter was gently removed from the 

core surface. Metal cores of 10 cm in diameter were used for coring with a thin layer of 100% 

petroleum jelly applied on the inside of each core just before coring to improve sealing 

between the metal core and the soil. Before coring, soil from an area of ca. 20 x 20 cm around 

the core was removed, leaving an intact cylinder of soil slightly larger than the metal core. 

This cylinder of soil was then used for core collection. This approach was used to lower the 

pressure on the soil surface as the core was cutting through it, to avoid a convex-shape 

deformation of the top of the soil core which would force water to run along the edges of the 

core rather than through the soil core during the leaching experiment. The bottom of the core 

was cut off at a depth of ca. 7 cm using a putty knife; i.e. leaching experiments were 

performed on soil cores 10 cm in diameter and ca. 7 cm long. A PVC cap was placed on the 

bottom of the core. The composite soil samples were collected using a ‘gauged’ trowel and 

comprised the top 7 cm of soil. Samples and coil cores were kept insulated in a cooler during 

transport.  

Laboratory analyses  

Soil cores were kept at 20-22˚C for 2-3 days until leaching was performed. During this time 

the cores were moistened by capillary action: a separation funnel with ca 30 – 100 ml of 

deionized water was attached to the bottom of the core through a 0.5 mm hole in the centre of 

the PVC core cap, using plastic tubing. The top of the core was loosely covered with a plastic 

bag to reduce evaporation (Figure 3.2). Water had reached the top of the core before leaching 

took place. Water remaining in the separation funnel (and the tubes connecting the separation 
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funnel with the core) after the entire soil core had been moistened, was added to the leachate, 

as it might have contained dissolved OC and N from the soil core. The leaching was 

performed using a ‘desktop rainfall simulator’ and ‘raining’ 250 ml of deionized water in 

100 min. on each soil core at a constant rate. Several soil cores had been tested beforehand to 

ensure that ponding did not occur at this ‘raining rate’. Given the surface area of the core, the 

rainfall simulation represented a ~32 mm rainfall event with a duration of 100 minutes. 

Leachate was collected in HDPE bottles and stored at -18˚C until analyses. After leaching, 

cores were dried at 105˚C and their volume, weight and bulk density determined. 

 

Figure 3.2 The apparatus for the moistening of soil cores through capillary action. The separation funnel, 

containing deionized water, is connected to the bottom of the core with plastic tubing. The level of water in 

the funnel is shown by a black arrow. The plastic bag loosely covering the top of the core reduces 

evaporation. 

The volume of the leachate was measured and samples of leachate were analysed for leached 

organic carbon (l-OC), leached total nitrogen (l-TN) and leached total phosphorus (l-TP), after 

being centrifuged at 5000 rpm for 5 min. l-TN and l-TP concentrations were measured after 

oxidation with K2S2O8 as described in Maher et al. (2002). The concentration of l-OC was 

determined using the 1010 Total Organic Carbon Analyser (O.I. Analytical) with a non-
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dispersive IR detector. Inorganic carbon in the sample was removed using 0.2 mL of 

5% H3PO4, after which 5 mL of the sample were oxidized with 1 mL of K2S2O8 (200g/L). OC, 

TN and TP concentrations in a blank sample (exposed to all the plastic components that the 

leachate had been exposed to) were < 0.73 mg/L for l-OC, < 0.08 mg/L for l-TN and < 0.01 

mg/L for l-TP.  

Composite soil samples were homogenized through 2 mm sieves on the day of sampling and 

stored at -18˚C until analyses, except for ca. 40 g of each sample, which were stored at -80˚C 

and used for genetic sequencing. Composite soil samples were used to determine soil texture, 

soil moisture and SOC concentration. Soil texture was determined by wet-sieving: 10-15 g of 

soil homogenized through 2 mm sieves and dried at 60˚C were wet-sieved through a set of 

sieves of 500, 250 and 63 μm. Each fraction was dried overnight at 60˚C and their mass 

proportions in the original samples were calculated. The proportion of the smallest-size 

fraction (i.e. < 63 μm), hereafter referred to as ‘clay and silt’, and the proportion of the largest 

size fraction (i.e. 0.5 – 2 mm), hereafter referred to as ‘sand’ were used in data analyses. pH 

was measured using 10 g of soil in a 1:3 (m:V) solution which was hand-shaken and then 

centrifuged at 5000 rpm for 10 min.   

SOC concentration of the composite sample was used to estimate SOC stocks of the core 

(using core dry weight and bulk density), so that the proportion of soil OC leached can be 

estimated. The method of SOC analysis required modifications because of the presence of 

charcoal in soil. Charcoal is generally considered to be biologically inert (Schneider et al., 

2011) and therefore it was excluded from the SOC fraction considered in this study. Two 

fractions of SOC were measured: 1) a fraction determined using an elemental analyzer 

(including charcoal; hereafter referred to as SOC) and 2) a fraction determined by persulfate 

oxidation (excluding charcoal but representing organic matter rather than OC; hereafter 

referred to as a-SOC). SOC concentration, along with soil nitrogen (SN) concentration, was 

determined using Dumas high temperature combustion with thermal conductivity detection 

(Elementar VarioMAX CNS). The ‘soil-min’ method and 1.5 g of air-dried soil was used for 

the analysis. The persulfate-oxidaton method was performed as described in 2.1.3 Methods. 

Before the analyses, samples were examined for the presence of carbonates using 5% HCl 

(V/V). 
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Soil DNA for the analysis of the diversity of microbial community (Automated Ribosomal 

Intergenic Spacer Analysis (ARISA)) and the proportion of fungi:bacteria in soil (quantitative 

PCR (qPCR)) was extracted using the FastDNA® SPIN Kit for Soil (MP Biomedicals) and 

following the manufacturers Instruction Manual. The subsamples for the analysis of the 

microbial biomass were kept as intact as possible and stored at 4˚C until analysis, which was 

carried out within five days of sample collection. The samples were passed through 2 mm 

sieves before the analysis. The analysis was performed using the fumigation-extraction 

method. Microbial biomass OC and N was determined indirectly as a difference between OC 

and N extracted by K2SO4 (i.e. non-microbial OC and N) and OC and N extracted by K2SO4 

following fumigation by chloroform (i.e. sum of non-microbial and microbial OC and N). For 

the fumigated subsample, 10 g of soil (dry weight equivalent) were fumigated with ethanol-

free chloroform for four days, after which OC and N was extracted in a shaker (1 h at 

600 rpm) with 40 ml of 0.5M K2SO4. Extracts were filtered through Whatman 42 filter paper, 

which had been rinsed with 100 ml of MilliQ water. The procedure was the same for the non-

fumigated subsample, with the exception of chloroform fumigation. OC and N concentrations 

were determined as described for the soil leachate analysis. However, because microbial OC 

and N concentrations were measured in K2SO4 extract, K2SO4 standards, in addition to 

aqueous standards, were used for calibration (Gupta Vadakattu, pers. comm.). The values for 

fumigated and non-fumigated subsamples were corrected for the volume of filtrate and dry 

weight of the soil sample. 

Statistical analyses 

Data analyses were performed using R software (R Development Core Team, 2008), except 

for the multivariate analyses of the composition of microbial communities which was 

performed in Primer 6 using MDS plots and Bray-Curtis distance as a measure of 

dissimilarity, followed by  analysis of similarity (ANOSIM). Preliminary data exploration 

followed the protocol of Zuur et al. (2010). Relationships between variables were examined 

using the pairs() function and Spearman correlation coefficient. Differences between land-use 

types were assessed using ANOVA on raw or log-transformed data (following a Shapiro-Wilk 

test for normality), or the Kruskal-Wallis test if the assumption of normality was not met. I 

considered 6 response variables: 1) concentration of OC in soil leachate (l-OC); 2) 
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concentration of TN in soil leachate (l-TN); 3) the proportion of soil OC leached; 4) the 

proportion of soil N leached; 5) the mass of microbial OC; and 6) the mass of microbial N. 

The proportion of OC leached was determined as the ‘mass of leached OC in a leachate of 

0.25 L’/’the mass of a-SOC in a core of 0.55 dm
3
 (i.e. equal surface area and depth, and 

calculated bulk density). The proportion of TN leached was determined analogically, using the 

mass of soil nitrogen (SN). Significant correlations between many predictors required the use 

of a modelling method which can deal with collinearity (Dormann et al., 2012). Therefore, the 

relative importance of land-use and soil properties (pH, soil texture, soil moisture, bulk 

density, a-SOC and SN concentration and microbial OC and N mass) in explaining the 

variability of response variables was assessed using boosted regression trees (BRT). BRT 

were generated using the ‘gbm.step()’ function of the ‘gbm’ package (R Development Core 

Team, 2008) and parameter selection (family = "gaussian", tree.complexity = 2, 

learning.rate = 0.0005, bag.fraction = 0.75) and model selection was performed according to 

Elith et al. (2008). The relative importance of predictors in the BRT model was visualized 

using partial dependence plots. Partial dependence plots show the relative importance of 

variables (scaled so that their sum = 100) after taking into account the effect of all the other 

variables in the model (Elith et al., 2008). Variables that accounted for < 5% of the variability 

explained by the model were excluded and the model was re-run. The following criteria were 

used in model selection: 1) highest variability of the response variable explained, 2) highest 

cross-validation coefficient and 3) all variables explain > 5% of the variability explained by 

the model.  

3.1.4 Results 

Soil characteristics across the three land-use types 

Soils across the three land-use types did not differ significantly in pH, sand content, clay and 

fine silt content and microbial C:N ratio. Pine-plantation soils had the lowest soil moisture and 

a-SOC concentration. Conservation soils had the lowest bulk density and highest SOC 

concentrations and grazing soils had the lowest a-SOC:SN ratio. The concentration of SN 

increased in the order conservation < pine-plantation < grazing soils (Table 3.1). 
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Relationships between normalized and non-normalized variables 

Relative differences between concentrations of examined variables were a good representation 

of the differences between stocks in samples. Concentrations of OC, TN and TP in the 

leachate, and SOC and a-SOC in the core were highly correlated (rs = 0.92 – 1.00) with 

normalized (for the volume of leachates and mass of cores) variables, despite the variability in 

volumes of leachates (0.24 – 0.34 L) and masses of cores (0.50 – 0.91 kg). In addition, there 

was a strong relationship between a-SOC stocks in cores, the volume of which ranged between 

0.52 and 0.70 dm
3
, and a-SOC stocks in cores normalized for volume (rs =  0.97). As a result, 

concentrations or stocks were used in analyses interchangeably (n = 39 and p < 0.05 unless 

stated otherwise).  

Table 3.1 Soil characteristics for the three land-use types. Land-use types with the same letter in 

superscript are not significantly different (α = 0.05). (CV = coefficient of variation; DW = dry weight; a-

SOC = concentration of soil OC oxidizable by persulfate; SN = soil nitrogen) 

Land-use as a predictor of OC leached from soil cores 

The concentration of l-OC was correlated with the concentration of a-SOC (rs = 0.63), 

concentration of TP and TN in soil leachates (rs = 0.35 and rs = 0.78, respectively), the 

 
Pine-plantation 

Mean (CV) 

Conservation 

Mean (CV) 

Grazing 

Mean (CV) 

Sand (%) 32 (37)
a 

31 (38)
a 

26 (38)
a 

Clay and silt (%) 38 (29)
a 

42 (25)
a 

42 (18)
a 

pH 6.1 (8)
a 

6.1 (11)
a 

5.9 (6)
a 

Moisture (%) 7 (67)
b 

18 (39)
a 

20 (28)
a 

Bulk density (g/cm
3
) 1.26 (9)

a 
1.02 (12)

b 
1.19 (9)

a 

SOC (% DW) 1.94 (36)
a 

3.91 (32)
b 

2.84 (33)
a 

a-SOC (% DW) 2.01 (34)
b 

3.78 (18)
a 

3.98 (25)
a 

SN (% DW) 0.37 (105)
ab

 0.21 (45)
a 

0.48 (31)
b 

Soil aSOC:N 24 (86)
a 

21 (45)
a
 9 (22)

b 

Microbial C:N 11.2 (32)
a 

12.9 (53)
a 

14.0 (60)
a 
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concentration of TN in K2SO4 extracts (rs = 0.41) and soil moisture (rs = 0.55; n = 39 and 

p < 0.05 for all of the above). The relationship between l-OC concentration in the leachate and 

1) SOC concentration in cores, 2) OC concentration in K2SO4 extracts, and 3) microbial OC 

mass were marginally not significant (rs = 0.42, p = 0.09;  rs = 0.48, p = 0.05; and rs = 0.45, 

p = 0.09, respectively). l-OC concentration differed significantly among land-use types 

(F (2, 36) = 7.4004, p < 0.05) with lower l-OC concentration found in pine-plantation soils 

(Tukey HSD, p <0.05) (Figure 3.3). 

 

Figure 3.3 Differences among land-use types in microbial OC (MOC), leached OC (l-OC), the proportion 

of soil OC leached (l-OC/a-SOC), microbial N (MN), leached TN (l-TN) and the proportion of soil N 

leached (l-TN/SN) (n = 13 for each land-use type). 

The BRT model for the concentration of l-OC explained 32% of the variability of l-OC 

concentration and contained a-SOC concentration (49%), bulk density (25%), microbial OC 

mass (14%) and land-use (11%) as predictors (relative importance of predictors in brackets). 

The model indicated that higher l-OC concentrations were associated with soils with higher a-

SOC concentrations, lower bulk density and higher microbial OC. l-OC concentrations 

increased in the order pine-plantation < conservation < grazing land-use, after the effect of the 

other predictors had been accounted for (Table 3.2 and Figure 3.4). Variables clay and silt 
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content, sand content and pH explained 0 – 3% of l-OC variability and were removed in the 

process of model selection. 

Table 3.2 Summary for the BRT models for microbial OC (MOC), microbial nitrogen (MN), leached OC 

(l-OC) and total leached nitrogen l-TN. (se = standard error) 

The proportion of a-SOC leached was only associated with the proportion of SN leached 

(rs = 0.43, p <0.05, n = 39) but not with other examined variables. The proportion of a-SOC 

leached did not differ across land-use types (χ
2
 = 2.2615, df = 2, p = 0.3228) (Figure 3.3). 

 

Figure 3.4 Partial dependence plots of the BRT for the concentration of leached OC. Values in brackets 

show the relative importance of the variable. (aSOC = concentration of soil OC oxidizable by persulfate, 

BD = bulk density, MOC = microbial OC mass, LU = land-use; the unlabelled land-use type is ‘grazing’) 

Land-use as a predictor of TN leached from soil cores 

The concentration of l-TN showed a relationship with the concentration of l-OC (rs = 0.78), 

SOC (rs = 0.42, p = 0.05), SN (rs = 0.42), a-SOC (rs = 0.71), microbial OC (rs = 0.46), 

microbial N (rs = 0.33, p = 0.05), a-SOC: SN ratio (rs = -0.29) and soil moisture (rs = 0.67; 

n = 39 and p < 0.05 for all of the above unless otherwise stated). The concentration of l-TN 

 MOC MN l-OC l-TN          

Number of predictors 4 3 4 5 

Number of trees 5350 5450 3000 9350 

Mean total deviance 0.037 2.11E-4 86.136 1.256 

Mean residual deviance 0.017 1.01E-4 58.947 0.398 

Cross-validation correlation 

(se) 

 0.709 

(0.096) 

0.626  

(0.137) 

0.502  

(0.151) 

0.644  

(0.098) 

0.8 0.9 1.0 1.1 1.2 1.3 1.4 

aSOC (49%) BO (25.3%) 

C 
0 

n 
C 
.2 0 

" ~ '7 

-= 'l 

0.2 0.4 0.6 0.8 Conservation Pine-plantation 

MOC (14.3%) LU (11 .4%) 
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differed significantly among land-use types (F (2, 36) = 13.53, p < 0.05), with higher l-TN 

concentrations found in grazing soils than in soils from the other two land-use types (Tukey 

HSD, p <0.05) (Figure 3.3). The BRT model for the concentration of l-TN explained 68% of 

the variability of l-TN concentration (Table 3.2) and contained microbial OC (29%), land-use 

(26%), SN concentration (24%), bulk density (12%) and sand content (9%) as predictors 

(relative importance of predictors in brackets). The model where SN concentration was 

replaced by aSOC:SN or SOC:SN ratio was similar in performance but the relative importance 

of aSOC:SN or SOC:SN ratio in the model was lower than that of SN (~15%; and the 

importance of land-use increased). The model indicated that higher l-TN concentrations were 

associated with soils with higher microbial biomass (OC), higher SN concentration, lower 

bulk density and higher sand content. Soil from the grazing land-use had much higher l-TN 

concentrations than the other two land-use types, when the effect of the other predictors had 

been accounted for (Figure 3.5). Predictors microbial N mass, C:N ratio, pH and clay and silt 

explained < 5% of the variability explained by the model and were excluded in the process of 

model selection. The proportion of SN leached was significantly correlated with the 

proportion of sand in soil (rs = 0.44) and with the proportion of OC (a-SOC) leached (rs = 

0.43). There was no difference in the proportion of SN leached between the three land-use 

types (χ
2
 = 0.4414, df = 2, p = 0.8019) (Figure 3.3).  

 

Figure 3.5 Partial dependence plots of the BRT for the concentration of leached TN. Values in brackets 

show the relative importance of the variable. (MOC = microbial OC mass, LU = land-use, SN = soil 

nitrogen concentration, BD = bulk density, Sand = proportion of soil particles 0.5-2 mm; the unlabelled 

land-use type is ‘grazing’) 

Land-use as a predictor of microbial OC and N mass 

Microbial OC mass showed a positive relationship with the mass of OC and TN extractable by 

K2SO4 (rs = 0.69 and rs = 0.50), the mass of microbial N (rs = 0.65) and soil moisture 

(rs = 0.42) and a negative relationship with bulk density (rs = -0.53). The mass of microbial TN 

0.2 0.4 0.6 0.8 Conservation Pine-plantation 

MOC (29%) LU (25.7%) 
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BO (11 .9%) 
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was also correlated with the concentration of l-TN (rs = 0.33, p = 0.05), soil moisture 

(rs = 0.48), SOC and a-SOC concentration (rs = 0.49 and rs = 0.6, respectively) and bulk 

density (rs = -0.45; n = 39 and p < 0.05 for all of the above unless otherwise stated). The mass 

of microbial OC and N differed significantly between the three land-use types (F (2,36) = 

10.594, p < 0.05; and F (2,36) = 11.127, p <0.05) with pine-plantation soils having 

significantly lower microbial OC and N mass than grazing and conservation soils (Tukey 

HSD, p < 0.05 for both) (Figure 3.3).  

 The BRT model for microbial OC mass explained 54% of the variability in microbial OC 

mass (Table 3.2), containing a-SOC (58%), bulk density (24%), land-use type (7%), pH (7%) 

and clay and silt content (5%) as predictors (relative importance of predictors in brackets). The 

model showed that higher microbial OC mass was found in soils with higher a-SOC 

concentration, lower bulk density, lower pH and higher content of clay and silt. Everything 

else being equal, pine-plantation soils appeared to have lower microbial OC mass than grazing 

and conservation soils (Figure 3.6). Soil moisture and the concentration of SN accounted for 

1 – 3% of the variability of microbial OC mass. Therefore, these variables were excluded from 

the model. The BRT model for microbial N explained 52% of the variability of microbial N 

mass (Table 3.2) and contained a-SOC (84%), land-use (9%) and pH (7%) as predictors. 

According to the model, higher microbial N mass was found in soils with higher a-SOC 

concentration and lower pH and decreased in the order conservation > grazing > pine-

plantation, when the effect of the other two predictors had been taken into account (Figure 

3.7). Variables SN, a-SOC:SN ratio, soil moisture, soil texture and bulk density explained 0 – 

4% of the variability explained by the model and therefore were excluded.  

 

Figure 3.6 Partial dependence plots of the BRT for the mass of microbial OC. Values in brackets show the 

relative importance of the variable. (aSOC = concentration of soil OC oxidizable by persulfate , BD = bulk 

density, LU = land-use, ClaySilt = proportion of soil particles <63 μm; the unlabelled land-use type is 

‘grazing’) 
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Figure 3.7 Partial dependence plots of the BRT for the mass of microbial N. Values in brackets show the 

relative importance of the variable. (aSOC = concentration of soil OC oxidizable by persulfate, LU = land-

use; the unlabelled land-use type is ‘grazing’) 

Soil microbial community composition across the three land-use types 

There were small but significant differences in the composition of soil bacterial community 

between all pairs of land-use type, with smallest difference found between conservation and 

pine-plantation (Figure 3.8 and Table 3.3). There was no significant (at α = 0.05) correlation 

between any of the three axes of the bacterial MDS plot and l-OC concentration or the 

proportion of a-SOC or SN leached. However, the concentration of l-TN was correlated with 

MDS2 (rs = -0.66, p = 0.08). There was also a relationship between MDS1 and a-SOC 

concentration (rs = -0.52, p = 0.06) and soil moisture (rs = 0.76); MDS2 and a-SOC 

concentration (rs = -0.27, p = 0.05), SN concentration (rs = -0.55) and a-SOC:SN ratio 

(rs = 0.54); and MDS3 and bulk density (rs = 0.40, p = 0.07). (n = 18 for all of the above, 

p < 0.05 unless stated otherwise)  

Table 3.3 ANOSIM summary for bacterial, fungal and 'microbial' (i.e. fungal + bacterial) communities 

across the three land-use types. Letters C, G, P refer to 'conservation', 'grazing' and 'pine-plantation' 

land-use respectively. (Global R for each ANOSIM test is in brackets in the top row.) 

 
Bacteria (0.385) 

R statistics     Sign. (%) 

Fungi (0.253) 

R statistics        Sign. (%) 

Bacteria + Fungi (0.378) 

R statistics        Sign. (%) 

C – G  0.441 0.2 0.286 5.7 0.413 1 
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There was a large overlap in the composition of fungal communities across the three land-use 

types, although differences between land-use pairs conservation – pine-plantation and grazing 

– pine-plantation were significant. The difference in fungal communities between the 

conservation and grazing land-use was marginally not significant (Figure 3.8 and Table 3.3). 

There was no significant (at α = 0.05) relationship between any of the three axes of the fungal 

MDS plot and l-OC, l-TN in the leachate or the proportion of SN leached. However, axis 

MDS1 was correlated with the proportion of a-SOC leached (rs = -0.54, p = 0.06). This axis 

was also correlated with soil moisture (rs = -0.46, p = 0.07). Axis MDS2 showed a relationship 

with bulk density (rs = 0.71), SN (rs = 0.45), SOC (rs = -0.39, p = 0.06), sand content        

(rs = -0.62) and the mass of microbial OC (rs = -0.44) and microbial N (rs = -0.48). (n = 16 for 

all of the above; p < 0.05 unless stated otherwise) 

Overall microbial (i.e. bacterial and fungal) communities differed significantly across the three 

land use types (Figure 3.8 and Table 3.3). None of the axes of the ordination plot was 

correlated with l-OC or l-TN concentration or the proportion of SN leached. Axis MDS1 

showed a relationship with the proportion of a-SOC leached (rs = 0.63), soil moisture 

(rs = 0.67), and with soil C:N ratio (rs = -0.41, p = 0.09). MDS3 was correlated with SOC 

(rs = 0.56) and a-SOC (rs = 0.39, p = 0.07), bulk density (rs = -0.54) and microbial OC 

(rs = 0.42, p = 0.06). (n = 16 for all of the above; p < 0.05 unless stated otherwise).  
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Figure 3.8 MDS plots for the composition of microbial communities across the three land-use types. 
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3.1.5 Discussion  

Land-use was an important predictor of l-OC concentrations, although much less influential 

than a-SOC concentration and bulk density. OC concentration in the leachate from 

conservation land-use (eucalypt forest) and grazing land-use did not differ in my study 

(Figure 3.3); however, the partial dependence plots of BRT trees indicated that grazing soils 

had a little higher l-OC concentrations than conservation soils, when the effect of other 

predictors had been accounted for (Figure 3.4). Chantigny (2003) has reported that 

concentrations of dissolved and water soluble OC in general decrease in the order forest > 

grazing > cropland, and are strongly associated with the concentration of soil OC; although 

findings contradicting the latter have also been reported (Brooks et al., 1999; Khomutova et 

al., 2000; Don & Schulze, 2008). The concentration of l-OC in my study was positively 

correlated with the concentration of a-SOC, and therefore similar l-OC concentrations in 

grazing and conservation soils reflected that a-SOC concentrations in conservation areas did 

not differ from a-SOC in grazing land-use (Table 3.1). Pine-plantations had the lowest l-OC 

concentrations. Pine-plantations in my study area can be, in terms of soil management, 

compared to a cropland rather than a forest. Establishment of these pine-plantations was 

associated with major physical disturbance of the soil surface and structure, which is known to 

lead to a decrease in SOC stocks. As the current stand of pine-trees was established after the 

bushfires of 2003, the short time since the establishment might have not allowed for SOC 

stocks to build up (Turner et al., 2005). Lowest a-SOC concentrations in pine-plantations soil 

(Table 3.1) were reflected in the lowest l-OC concentrations (Figure 3.3).  

Khomutova et al. (2000) found that the proportion of SOC leached decreased across land-use 

types in the order deciduous forest > pasture > pine forest. In my study, the proportion of a-

SOC leached did not differ between land-use types (Figure 3.3); however, there was a 

relationship between the proportion of a-SOC leached and the composition of microbial 

community, which differed between land-use types (see below and Figure 3.8). Lack of 

difference in the proportion of a-SOC leached between the three land-use types might  be 

explained as follows: Two mechanisms have been proposed to affect nutrient (including OC) 

retention by soil during a rainfall event – adsorption to mineral particles (Nelson et al., 1993) 

and physiology and activity of microorganisms (Schimel et al., 2007). Regarding the first 
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mechanism, a major decrease in leached OC concentration occurs through adsorption in 

deeper mineral soil horizon (McDowell & Likens, 1988); however, the soil cores in this study 

only comprised the top 7 cm of soil. Regarding the second mechanism, OC retention by 

microbial activity might be more relevant to small rainfall events. However, considering the 

volume of applied water (0.25 L), the surface area of the core (78.5 cm
2
) and the duration of 

the ‘event’ (100 min.), the experiments represented a high rainfall event, which might have led 

to conditions beyond the ‘retentive capacity’ of microbial communities. Therefore, a soil core 

study probably does not provide as good an estimate of the ability of the soil to retain 

nutrients/OC as a field study would. 

Land-use was an important predictor of l-TN concentration with grazing soils having higher 

concentrations of l-TN than the other two land-use types (Figure 3.3 and Figure 3.5). 

Contrary to my prediction, SN concentration was a more influential predictor of l-TN 

concentration than a-SOC:SN or SOC:SN ratio. Soil C:N ratio tends to determine the export of 

N from the system – soils with high C:N ratio are N-limited, which leads to higher N 

immobilization by organisms and lower losses of mobile forms of N (Booth et al., 2005; 

Cookson et al., 2007). However, my results showed that absolute SN values were a more 

important predictor of exported N than soil C:N ratio. Pine-plantation soils had a bimodal 

distribution of SN concentrations (which did not appear to be associated with any other 

variable), and therefore SN concentration increased in the order: seven pine-plantation sites < 

conservation < grazing < six pine-plantation sites and a-SOC:SN ratios increased in the 

reversed order (data not shown); however, l-TN concentrations did not reflect this pattern.  

Microbial OC was an influential predictor of both l-OC and l-TN concentrations (Figure 3.6 

and Figure 3.7). Although microbial OC is a source of OC leached from soil (Schimel et al., 

2007), it is unlikely that  observed relationship would be driven by microbial OC being a 

dominant component of l-OC, since microbial biomass generally accounts for < 5% of SOC 

(Fierer et al., 2009 and references therein). Rather than a direct causal relationship, this result 

most likely reflected the interaction between the two variables and the underlying common 

cause – OC stocks in soil. Dissolved OC (OM) represents a crucial source of energy for 

microorganisms, affecting microbial biomass and activity, which in turn leads to the 
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production of dissolved OC (OM) (Kalbitz et al., 2003; Haynes, 2005), adding to the pool of 

OC available for leaching.  

Studies examining the effect of land-use conversion on microbial biomass have found 

contrasting results. Differences in microbial biomass were reported for forest vs. agricultural 

soils (Bossio et al., 2005) and cropland, experimental forest and pasture (Nsabimana et al., 

2004). In contrast, no difference in microbial biomass was found between a native pasture and 

converted tree plantation (Sicardi et al., 2004), or a native forest, disturbed forest, converted 

pasture and residential land (Groffman et al., 2001). Although pine-plantation soils in this 

study appeared to have lower microbial biomass than grazing and conservation soils (Figure 

3.3), the differences between land-use types decreased after having taken into account the 

effect of all other predictors included in the BRT model. Therefore, land-use did not have a 

major effect on microbial OC and TN mass (Figure 3.6 and Figure 3.7). In agreement with 

my results, microbial biomass appeared to be strongly correlated with SOC at both local scale, 

across several treatments, including cropland, grassland, pasture and eucalypt and pine 

experimental forest (Nsabimana et al., 2004), and global scale, despite differences in soil 

properties and plant communities (Fierer et al., 2009). 

Strong below-ground – above-ground interactions suggest that soils with different plant 

communities might harbour different communities of microorganisms (Wardle et al., 2004). 

This has been found in comparisons of soil bacterial communities between forest and 

converted agricultural land (Bossio et al., 2005) and microbial communities between native 

forest, converted pasture and converted cropland (Burke et al., 2003; Cookson et al., 2007), 

although soil type was often the primary factor (Burke et al., 2003; Bossio et al., 2005). 

Lauber et al. (2008) did not find distinctive microbial communities between cropland, pasture, 

hardwood forest and pine-plantation; however, they found differences driven by soil properties 

– differences in fungal community composition were associated with nutrient concentrations 

and differences in bacterial community composition with pH and clay and silt content. The 

composition of microbial communities in this study formed a continuum of distinctive or 

partially overlapping groups across the three land-use types (Figure 3.8). In terms of nutrient 

leaching, the composition of bacterial communities was associated with the concentration of 

TN in the leachate, and the composition of fungal communities and the overall composition of 
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microbial communities (bacteria + fungi) were associated with the proportion of soil OC (a-

SOC) leached.  

In terms of nutrient leaching, microbial communities dominated by bacteria have traditionally 

been associated with productive soils with low C:N ratio and low nutrient retention, as 

opposed to fungi-dominated soils, which have been associated with unproductive and retentive 

soils with high C:N ratios (e.g. Wardle et al., 2004). However, Strickland & Rousk (2010) 

have shown that general expectations regarding the effect of fungal:bacterial ratio on soil 

functioning were often not confirmed. Although the ratio of fungi:bacteria could not be 

assessed in this study (since the contracted laboratory repeatedly failed to deliver qPCR 

results), the ratio of microbial C:N, which differs between fungi and bacteria (Six et al., 2006), 

did not differ across land-use type in my study (Table 3.1). 

Soil texture, particularly clay content, is considered to be a major factor controlling 

OC/nutrient leaching (Nelson et al., 1993; Don & Schulze, 2008). Clay content can also affect 

microbial biomass: fine textured soils can provide protection from predators for bacteria and 

buffer changes in pH and soil moisture (Six et al., 2006 and references herein), but adsorption 

to clay particles can also make organic matter inaccessible for microbial processing. The 

content of fine soil particles (< 63 μm) in my study was not an influential predictor of l-OC or 

l-TN concentration; however, it explained a small proportion of the variability of microbial 

OC mass.  

Bulk density was among the most important predictors of l-OC, l-TN and microbial OC mass 

and it was also correlated with the composition of microbial community. Bulk density 

incorporates a number of physical soil properties (soil texture, porosity and soil structure, 

further affected by soil organic matter content) (Tranter et al., 2007), and therefore it is likely 

to be associated with soil microbial properties and processes. In spite of this, bulk density 

appears to be included in studies mostly in soil descriptions and only rarely in modelling of 

soil biological properties. However, Lauber et al. (2008) did not find an association between 

bulk density and the composition of microbial community.  

pH is considered to be an important factor controlling the leaching of OC from soil directly, 

through changes in the solubility of organic compounds, and indirectly, through stimulation 
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vs. inhibition of microbial activity (Andersson & Nilsson, 2001). Higher OC concentrations in 

leachates from soils with higher pH have been reported from laboratory (Andersson & 

Nilsson, 2001) and field studies (Brooks et al., 1999). On a larger scale, increase in soil pH, 

following a decrease in industrial acid deposition in Europe and North America, has been 

hypothesized to be the main driver of an observed increase (or recovery) of stream DOC 

concentrations in this part of the world (Evans et al., 2012). In this study, pH did not affect the 

concentration of OC or TN in soil leachates. This might have been an artefact of a relatively 

small range of pH of tested soils (4.6 – 7.1).   

Pine-plantation soils produced leachate with lower OC concentration than the other two land-

use types (Figure 3.3 and Figure 3.4). The importance of OC leached from soil as an OC 

source for the stream depends on the distance of the site to the stream channel and the depth of 

the flow-path. While soil leachate from riparian soils moving along shallow flow-paths can 

deliver considerable amounts of OC to the stream, deeper and longer flow-paths result in 

greater losses of OC via adsorption to soil mineral particles and OC processing. In a study by 

Hinton et al. (1998) dissolved OC leached from catchment hill-slope (as opposed to riparian 

zone) accounted for 16 – 115% of total stream dissolved OC export following a storm, with 

large differences between subcatchments with and without wetlands. Aitkenhead et al. (1999) 

found soil OC to be a good predictor of stream dissolved OC at spatial scales ranging from 

< 5 km
2
 to 150 km

2
 and Nelson et al. (1993) found soil texture to be the main factor 

determining differences in stream dissolved OC concentrations in two adjacent catchments, 

indicating the importance of the role of soil as a path for the movement of OC through the 

catchment. The quantification of the actual input of OC into a stream from soil leaching is 

difficult, since flow path might differ within a single location with different rainfall events 

(Hinton et al., 1998 and references therein). 

It has been suggested that one of the mechanisms of the increase of dissolved OC 

concentration in streams during high rainfall events is a change in the flow-path of the soil 

solution from deeper to shallower layers, which increases the amount of OC leached, since 

shallow layers have higher OC concentrations (McDowell & Likens, 1988). Considering that 

this study involved movement of a large volume of water through the topsoil only, the results 

provide information on  relative differences between land-use types in the amount of OC 
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transported from soils to the river during high rainfall events, which are generally dominated 

by shallow flow path. 

Furthermore, the results of this study have to be viewed in the following context:  

 A major loss of OC from soil, following rapid rewetting, is CO2,  as labile SOC is 

metabolized by microorganisms as their response to stress associated with sudden changes in 

soil water potential (Fierer & Schimel, 2003). This process was not considered in this study as 

it does not represent a connection between soil and the stream. 

 Many variables in the dataset were inter-correlated (e.g. bulk density and a-SOC, a-

SOC and soil moisture, bulk density and clay and silt content, bulk density and soil moisture), 

which might have affected the ability of the models to identify the main drivers behind 

observed patters. However, as many of those correlations are inherent properties of soil, these 

findings are applicable in other geographic locations. 

 The model for l-OC explained a very low proportion of the variability of l-OC 

concentration.  

 Chapter 2 has shown that land-use and the content of clay and silt were the main 

predictors of a-SOC concentration. Since a-SOC was the most important predictor in the 

majority of my models, this suggests an important indirect effect of both land-use and clay and 

silt content.  

3.1.6 Conclusions 

Land-use type was an influential predictor of the concentration of OC and TN leached from 

soil. Pine-plantation soils produced leachate with the lowest OC concentrations and grazing 

soils leachate with higher TN concentration than the other two land-use types. This suggests 

that land-use conversion did affect the amount of OC and TN ‘provided’ by soil to the stream 

(and ecosystems along the flow-path), especially if the results obtained from one rainfall event 

and < 0.1 m
2
 of soil surface were extrapolated across temporal scales and across the 

catchment.  

• 

• 

• 

• 
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The proportion of soil OC and soil TN leached did not differ significantly between land-use 

types. However, the depth of soil cores and the magnitude of the simulated rainfall event have 

probably limited the mechanisms of OC and TN retention by soil.  

The concentration of a-SOC was a major predictor of most examined response variables and, 

since the effect of land-use on a-SOC concentration has been shown in Chapter 2, land-use 

affected OC leaching and microbial biomass indirectly. Bulk density was the most important 

predictor among soil physical properties. Clay and silt content was not an influential predictor 

in my models, however, it has an indirect effect on OC and TN leaching through its effect on 

a-SOC concentration, as shown in Chapter 2.  

All continuous predictors appeared to have a threshold-like effect on both OC and TN 

leaching and microbial biomass. This finding requires further investigation given the limited 

spatial extent of my study and a relatively small sample size, but the shape of the response 

curve has implications for land management and assessment of soil condition.  
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Chapter 4 Land-use conversion and riverine 

reservoirs of organic carbon 

 

 

Background: 

Chapter 4 explores the effect of land-use conversion on five types of reservoirs of organic 

carbon (OC) in the Paddys River. It contains a submitted manuscript and one added 

(Appendix H Flow conditions of four study rivers during the assessment of OC 

reservoirs) and one modified (4.1.3 Conceptual model) section. The conceptual model 

explains in more detail the rationale behind the study design of Chapter 4 (and Chapter 5). 

Unlike the manuscript, which was written for publication as a comparison among five rivers 

(‘equally important’ for the study), the modified conceptual model focuses on the Paddys 

River as the focus of the thesis, and the other four river are used as references. Data in 

Appendix H have been included in Chapter 4 to address concerns regarding the dynamic 

nature of streams and associated high variability in riverine OC reservoirs.  

The manuscript has been submitted for publication in the journal Marine and Freshwater 

Research as: 

Vyšná, V., Dyer, F., Maher, W. and Norris, R. Similarities and differences in organic 

carbon reservoirs within and between five small upland rivers 
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4.1 Similarities and differences in organic carbon reservoirs 

within and between five small upland rivers 

4.1.1 Abstract 

Organic carbon (OC) inputs, stores and processing underpin the diversity and functioning of 

rivers. We examined longitudinal patterns in OC reservoirs (total organic carbon (TOC)), 

suspended OC, drifting coarse particulate OC (drift OC), organic debris and the biomass of in-

stream primary producers in five small rivers in SE Australia during base-flow conditions. 

Sites represented a range of geomorphologies and a gradient of land-use. Riparian canopy 

cover was correlated with the mass of organic debris but not with other OC reservoirs. Our 

predictions regarding longitudinal patterns in rivers were not confirmed. Rivers draining 

catchments with conservation land-use did not show consistent patterns that would differ from 

rivers draining a combination of conservation and grazing land. Greater variability in land-use 

was not necessarily associated with greater longitudinal variability in OC reservoirs. Sites in 

the ordination plot were grouped by the factor ‘river’ but not by the proportion of riparian 

canopy cover, with TOC being the main determinant of groups. Our results suggest strong 

within-catchment controls of TOC concentration which might be maintained despite 

catchment impairment. Our findings have implications for river rehabilitation, when using a 

reference river as a ‘guiding image’. 

4.1.2 Introduction 

Organic carbon (OC) is the main source of energy for riverine biota. Riverine food webs are 

fuelled by OC inputs from riparian vegetation, soil and in-stream primary production. In a 

traditional view, OC in headwaters is strongly influenced by riparian vegetation (shading, litter 

input); in middle reaches, autochthonous production dominates over riparian input and 

transport of OC from upstream; and in lower reaches, transported fine-OC supports riverine 

food-webs, as the contribution of local riparian litter is negligible and lack of light in deep 

turbid waters limits primary production (The River Continuum Concept (RCC)) (Vannote et 

al. 1980).  
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Riverine food-webs have received considerable attention in last decades, with one of the 

questions of interest being ‘the relative importance of terrestrial vs. aquatic OC as a basal 

source for metazoan food-webs’. Although it excludes microorganisms, such an approach is 

purported to better reflect ‘issues of great importance to the general public and many 

government agencies’ (Thorp and Delong 2002). Results from food-web studies have 

challenged the validity of the RCC in lower reaches and evidence has shown that it is the in-

stream production that fuels metazoan heterotrophic organisms in large rivers worldwide (see 

Roach 2013 for review), in accordance with the Riverine Productivity Model (Thorp and 

Delong 1994; Thorp and Delong 2002). However, the relative importance of particular OC-

sources for many taxa can vary greatly both seasonally and spatially within one river (Hladyz 

et al. 2012; Pingram et al. 2012), which suggests that generalization across large spatial and 

temporal scales might not be useful for management.  

Although no widely accepted alternatives to the RCC have been proposed for the upper 

reaches of rivers, real-world small streams are much more diverse than proposed by the RCC. 

Firstly, it has been shown that in-stream primary production can be a crucial source of OC for 

riverine metazoan food-webs even in shaded low order streams (e.g. Bunn et al. 1999; 

Hadwen et al. 2010). Secondly, it has been shown that in grassland upland streams, which had 

been unaccounted for by the RCC, terrestrial OC can be a dominant energy source for 

consumers and its importance varies seasonally (e.g. Huryn et al. 2001). Thirdly, there are 

reports showing that proportionally much greater availability of allochthonous OC in rivers is 

not necessarily associated with its dominance as OC-source for metazoan consumers (Brito et 

al. 2006) but also reports of stream consumers ‘adapting’ their diet (autochthonous OC-

dominated vs. allochthonous OC-dominated) to the relative availability of OC of a particular 

origin (England and Rosemond 2004; Lester et al. 1995). All of the above suggests a high 

diversity in metazoan OC sources and processing pathways in small streams. 

In forested areas, riparian zones are a crucial source of OC for small rivers when one considers 

all organisms (Cummins 2002). In spite of differences in the annual distribution and peaks of 

riparian inputs the estimates of the quantity of OC delivered to rivers from forested riparian 

zones in various geographic locations appear to be consistent, ranging in the order of hundreds 

of g DW/ m2/year (Stewart and Davies 1990; Richardson 1992; Weigelhofer and Waringer 
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1994; Abelho and Graça 1998). Consequently, the removal or modification of the riparian 

zone can lead to substantial changes in one of the major sources of OC for the river. Campbell 

et al. (1992) quantified riparian inputs from an open forest in SE Australia as 600 – 700 g 

DW/ m
2
/year, which was 100-times larger than riparian inputs from adjacent pasture. Delong 

and Brusven (1994) quantified actual annual inputs of riparian litter along a 3 to 5
th

 order 

stream to be 19-80% of potential annual input and the difference was attributed to the 

modification of the riparian zone. 

The extent of land providing OC for upland streams is not limited to the riparian zone only, 

since streams also receive OC from catchment soil (Aitkenhead et. al. 1999) and groundwater 

(Fiebig and Lock 1991). All OC in soil and groundwater is primarily of plant origin which 

suggests that catchment clearing for pasture might affect OC inputs from land to the river. 

However, the conversion of a native forest to a pasture affects soil OC in a complex way and 

currently there appears to be no consensus on the direction of change (increase vs. decrease) in 

soil OC content after a forest-to-pasture land-use conversion (see reviews by Don et el. 2011 

and Powers et al. 2011). The connection between land and the stream in terms of OC inputs is 

highly variable throughout time and strongly associated with the movement of water. High-

flow events, which represent conditions occurring during a fraction of the year (~20%), are 

responsible for the majority (> 80%) of annual OC export from a catchment (Dalzell et al. 

2007).  

We investigated patterns in reservoirs of OC along five small rivers covering an area of ca. 

1000 km
2
 and the effect that land-use conversion might have had on these patterns at base-

flow conditions. We considered five reservoirs of OC in the river (1) the concentration of total 

organic carbon (TOC) in the water column, 2) the concentration of OC attached to suspended 

solids (suspended OC), 3) the mass of drifting organic carbon (drift OC), 4) the mass of 

benthic organic debris and 5) the biomass of in-stream primary producers (predominantly 

macroscopic algae and macrophytes)). These reservoirs included inputs from the three major 

sources of OC in rivers (riparian vegetation, soil and in-stream production) and reflected two 

different spatial scales of influences (riparian and catchment). Studied rivers represented a 

range of geomorphologies both within and between rivers and a gradient of forest-to-pasture 

conversion with associated riparian cover modification.  
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We examined patterns in OC reservoirs from three perspectives – 1) longitudinal patterns, 

2) within-river variability and 3) similarities and differences in the size of OC reservoirs (i.e. 

mass or concentration) between rivers – asking the following questions: 

1) Can longitudinal patterns in riparian canopy cover (as a driver) and OC reservoirs (as 

response variables) be found on a small scale (ca. 50 km of length)? Are longitudinal patterns 

in rivers draining catchments with only native cover similar to each other and different from 

patterns in rivers draining a combination of grazing and conservation land-use? Thus, can the 

effect of land-use conversion on longitudinal patterns of OC reservoirs in rivers be determined 

as a difference between the ‘native cover longitudinal pattern’ and the ‘combined land-use 

longitudinal pattern’? 

We expected OC reservoirs of smaller unit size, i.e. TOC and suspended OC, to exhibit more 

spatial autocorrelation than OC of larger unit size, i.e. the biomass of in-stream producers and 

organic debris. We hypothesized that rivers draining native cover would exhibit similar 

patterns and these would differ from rivers draining a combination of the two land-use types. 

For rivers draining native cover only, we hypothesized that TOC concentrations will increase 

with the distance from source and the mass of drift OC and organic debris will decrease with 

distance. Overall we expected TOC to have a stronger relationship with catchment land-use 

(distant driver) than with riparian canopy cover, and suspended OC, drift OC, organic debris 

and the biomass of in-stream producers  to be more strongly associated with riparian canopy 

cover (proximate driver) than with catchment land-use. 

2) Is higher variability in catchment land-use associated with higher variability in OC 

reservoirs along the river? Do rivers draining land with a single land-use have more consistent 

size of OC reservoirs than rivers draining a combination of conservation and grazing areas? 

Given the predicted effect of land-use conversion on OC reservoirs we hypothesized that 

rivers draining a combination of native cover and converted pasture along their length  would 

show higher variability in OC reservoirs than rivers draining catchments with 100% native 

cover where in the size (concentration or mass) of OC reservoirs would be more consistent 

along the river length.  
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3) Is similarity in OC reservoirs higher within one river (regardless of geomorphology 

and land-use) than between rivers? We hypothesized that both the effect of ‘river’ and ‘land-

use’ will be an important determinant of the size of OC reservoirs. 

Although input and mobilization of OC in streams is driven by high-flow events, large 

sections of small rivers in the study area are inaccessible during high-flows; therefore it was 

not possible to conduct a study on longitudinal patterns during high-flow conditions. In 

addition, our aim was not to compare exports of OC from upland catchments across a land-use 

gradient, but to compare conditions (in terms of OC reservoirs). Although high-flows 

represent conditions when most OC is mobilized in catchments, base-flow conditions 

represent conditions that occur most of the time. 

4.1.3 Conceptual model 

Physical characteristics of rivers change from source to mouth and this change is consequently 

reflected in biological characteristics of rivers (Vannote et al. 1980). Reservoirs of OC (OC 

being of biogenic origin) are therefore expected to exhibit longitudinal trends, reflecting 

changing physical characteristics of rivers. However, riverine reservoirs of OC can be affected 

by human-induced changes in catchment vegetation (e.g. Campbell et al. 1992). In the 

catchment of the Paddys River, the proportion of native cover converted to pasture changes 

longitudinally, with headwaters draining land with 100% native cover and downstream 

reaches draining land with varying proportions of native cover and land converted to pasture 

(Figure 4.3). To examine the effect of land-use on OC reservoirs along the Paddys River, the 

potential effect of the natural longitudinal change in OC reservoirs along small upland rivers 

and the change attributable to land-use had to be separated.  

According to the conceptual model used in this chapter, the effect of land-use on OC 

reservoirs in the Paddy River can be determined by comparing the longitudinal change in an 

OC reservoir in a river draining land with native cover (forest) along its length and the 

longitudinal change in an OC reservoir in the Paddys River (Figure 4.1). In this example, the 

magnitude (concentration/mass) of a particular OC reservoir naturally increases linearly with 

the distance from source and the effect of land-use conversion magnifies this increase. The 

natural longitudinal change is represented by the slope of the line ‘connecting’ the most 
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upstream location and the most downstream location on the river draining land with native 

cover along its length (reference river, solid line). The slope of the line ‘connecting’ the most 

upstream section on the Paddys River (dashed line), which drains land with native cover only, 

with the most downstream section on the Paddys River, represent the sum of natural 

longitudinal change in the OC reservoir and the effect of land-use conversion on the OC 

reservoir. The effect of land-use is then represented by the difference between the slopes of the 

two lines for the two longitudinal changes (grey dotted arrows). This model assumes 1) a 

‘continuous’ natural change in OC reservoirs along the river, 2) selection of ‘abiotically 

similar’ rivers and 3) a uniform magnitude of natural between-river variability in the OC 

reservoir along the rivers. The magnitude of natural variability can be estimated from the 

difference in the OC reservoir between the most upstream sections of the two rivers (i.e. where 

both rivers drain land with native cover, black arrows). The Paddys River (draining a 

combination of land-use types) was expected to exhibit larger longitudinal variability in the 

size (concentration or mass) of OC reservoirs as a result of the effect of land-use (grey dashed 

arrows). Several rivers were compared in this study, so that the findings are not limited to a 

two-river comparison. 

 

Figure 4.1 Conceptual model of the longitudinal change in an OC reservoir and the effect of land-use 

conversion along a small upland river. The solid line represents a longitudinal change in an OC reservoir 

(mass or concentration) in a river draining native cover along its length. The dashed line represents a 

longitudinal change in a river draining native cover in upper reaches and land with various proportions of 

modified vegetation in lower reaches (the Paddys River). The black arrows represent natural between-

river variability in an OC reservoir and the grey dotted arrows represent the effect of land-use conversion.  
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Longitudinal trends in OC processing are an often conceptualized but rarely examined topic in 

freshwater ecology (Hadwen et al. 2010). Naiman et al. (1987) studied OC stocks and 

processes along five 1
st
 to 9

th
 order streams. They found an increase in water column DOC and 

POC stocks and in GPP and respiration; whereas a decrease in wood-, CPOM and,FPOM 

stocks and  in total allochthonous inputs from upland to lowland reaches. McTammany et al. 

(2003) found a 3-fold increase in GPP but no change in respiration along a 36 km-reach of a 

4
th

 to 6
th

 order stream. However, their results might have been confounded by land-use – the 

catchment of the examined reach included forested and agricultural land and a reservoir. 

Hadwen et al. (2010) found longitudinal increase in DOC concentrations (on two of three 

rivers) and in water column chlorophyll-a concentration in river sections covering headwaters 

to lowland reaches and a range of land-use conversions. 

In addition, we have synthesised the relationships between the three main sources of OC for 

upland rivers and the examined OC reservoirs (Figure 4.2). According to this conceptual 

model, suspended OC, drift OC, benthic debris and the biomass of in-stream primary 

producers are more strongly associated with the riparian zone (proximate driver) than with 

catchment land-use (distant driver). The relationship between riparian vegetation and drift OC 

and benthic debris is direct (input of riparian litter), whereas the between riparian vegetation 

and suspended OC and the biomass of in-stream primary producers is indirect (erosion 

protection and light limitation respectively). We expected TOC to be affected by both 

catchment land-use and riparian canopy cover. Consequently, the effect of the modification of 

catchment vegetation on OC reservoirs in streams would differ depending on the pathways of 

delivery of these OC reservoirs from land to stream. 
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Figure 4.2 Relationships between the examined OC reservoirs and the influence of the proximity of OC 

source. Dark boxes represent the three main sources of OC for an upland river (soil, riparian vegetation 

and in-stream biomass) whereas white boxes with solid lines represent the five examined OC reservoirs. 

The influence of the proximity of the source (i.e. catchment vs. riparian) is shown by rectangles with 

dashed vs. dotted line. (Note: In-stream biomass as a main source of OC is identical with the in-stream 

biomass as one of examined OC reservoirs.) 

4.1.4 Methods 

Study area 

Data were collected from catchments of five 2
nd

 to 6
th

 order rivers in the Australian Capital 

Territory (ACT) and adjacent areas of New South Wales (NSW) in south-eastern Australia 

(Figure 4.3). The study region is a part of the Southern Tablelands of NSW and has a 

temperate climate with mild/warm summers and cold winters, with mean maximum and mean 

minimum temperatures of 27.2 ˚C and 12.4 ˚C for January and 10.9 ˚C and 0.2 ˚C for July. 

The rainfall is distributed uniformly throughout the year, with an annual mean of 924.7 mm 

(data for the Tidbinbilla Nature Reserve meteorological station, Australian Government, 

Bureau of Meteorology, 2013). The study was conducted during/towards the end of a period 
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with above-average rainfall (2010-2012) which was preceded by a severe drought (ca. 1997-

2009) (Australian Government, Bureau of Meteorology, 2013). The most recent major wildfire 

in the area occurred in January 2003 when more than 200 000 ha in the ACT and bordering 

NSW were burnt, including most of the Paddys River catchment and a large proportion of 

Goodradigbee and Naas catchments (Carey et al. 2003). The most recent high flow event, the 

magnitude of which represented a 28.5-year flow event, in the area occurred in March 2012. 

At the time of data collection, riparian shrubs had not fully recovered from the flood event at 

some sites. 

Study design and catchment description 

Sampled rivers/sections would ideally be similar in geomorphology, catchment geology and 

size; with natural longitudinal connectivity (i.e. no large dam present upstream of any of the 

sites) and accessible so that 5-6 evenly distributed sites can be selected along each river. 

However, considering real-world limitations, the rivers Naas, Yass, Paddys, Goodradigbee 

(upstream of Burrinjuck dam) and Queanbeyan (upstream of Googong dam) were selected for 

this study. We accounted for the effect of climatic variables by collecting data from all rivers 

in as short a time period as possible and by collecting data from one river on the same day. 

Our goal was to collect data during the growing season when biological processes are more 

active and litter input in SE Australia is higher (Campbell et al. 1992).  

Study sites covered the entire length of the river only in the case of the Paddys River. For the 

remaining four rivers, only the upper section of the river was included in the study. For these, 

the studied proportion of the catchment will be referred to as ‘study subcatchment’. 

Approximate site location was identified from a map and selected as ‘the first riffle we found’ 

(or run if no riffle could be found) of a depth of ca. 10-40 cm and a length of at least 4-5 m (on 

the day of sampling) located upstream of a river crossing. Selected sites represented a variety 

of abiotic characteristics of small rivers of the region and a gradient of land-use conversion 

(Table G-1, Table G-2, Table G-3, Figure 4.3). 

The Naas River is a high-gradient upland river with all of the study subcatchment lying in the 

Namadgi National Park (NP). The River is readily accessible and six evenly distributed sites 

could be selected.   
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The Yass River is a low-gradient river. The majority of its catchment has been modified, 

exhibiting common negative effects of rural settlement in SE Australia (e.g. excessive clearing 

of native woody vegetation for pasture, replacement of riparian trees with non-native willows, 

increased salinity, bank erosion and increased sediment load as a result of stock access to the 

river, etc.) (Scown 2000). Longitudinal connectivity on the River is impaired by small farm 

dams and river crossings. Most land within the study subcatchment is privately owned which 

complicated access to the River (i.e. land-owners could not be contacted, did not respond or 

did not permit land-access). Only four sites could be accessed on the Yass River, with long 

distances between the two upstream site (Y1 and Y2) and the two downstream sites (Y3 and 

Y4).  

The Paddys River catchment is classified as an upland catchment. The most upstream site (P1) 

is located in the Namadgi NP, sites P2-P5 in grazing area and the most downstream site (P6) 

in the Bullen Range Nature Reserve. In addition to the two major land-use types (conservation 

and grazing), ca. 10% of the catchment is used as a pine-plantation (Pinus radiata).  

The Goodradigbee River is a high gradient upland river. The entire studied subcatchment is a 

part of the Kosciuszko NP or Bimberi Nature Reserve, except for a small proportion in the 

lowest section (sites G4 and G5) where more open valley enabled rural settlement and grazing. 

Access to the middle section of the Goodradigbee River (within the study subcatchment) is 

difficult and therefore only five sites were selected on the Goodradigbee, with a long distance 

between the two upstream sites (G1 and G2) and the three downstream ones (G3-G5). Data 

from sites G1 and G2 had to be collected separately from data from sites G3-G5, because of 

driving distance.   

The Queanbeyan River is a low gradient tableland river. Site access in the middle sections of 

the subcatchment is difficult, and therefore the three upstream sites (Q1-Q3), located in the 

flatter part of the subcatchment, were separated by a longer river distance from the three 

downstream sites (Q4-Q6). A large proportion of the subcatchment has been cleared for 

grazing; however, re-growth of native vegetation has been taking place in the lower sections 

of the subcatchment (Q4 and Q6). Data from site Q6 had to be collected separately from data 

from Q1-Q5, because of driving distance. 
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Figure 4.3 Study area within Australia (circle, small map) and location of study catchments and study sites 

within the region. Sites are labelled with the first letter of the name of the river and a number (1-6) in the 

downstream direction. Only land-use for study subcatchments is shown. The majority of the area shown as 

grazing is used for pasture but it also includes a small proportion of land (≤ 10%) used as residential area 

or pine-plantation in some catchments. Spatial data supplied by Parks, Conservation and Lands, part of 

the ACT Government and the Department of Territory and Municipal Services. 
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Data collection and laboratory analyses 

The study was conducted in Oct 30
th

 – Dec 15
th

 2012, and the rivers were sampled during 

baseflow conditions in order: Naas, Yass, Paddys, Goodradigbee and Queanbeyan. We 

collected data on four different reservoirs of OC transported by water: total organic carbon 

(TOC) in the water column, OC attached to suspended solids in the water column (suspended-

OC), coarse particulate organic matter collected into a drift-net (drift-OC) and benthic organic 

debris. Most studies report concentrations of DOC in the water column rather than TOC, since 

DOC is considered to be a readily-available form of OC and thus the ecologically more 

‘meaningful’ OC-fraction. However, e.g. Hadwen et al. (2010) found a large proportion of 

DOC to be ‘not labile’. Therefore, there does not appear to be an advantage (in terms of 

providing information on ecological functioning) in measuring DOC rather than TOC 

concentration. On the contrary, the former is more laborious and the added step of filtration 

might potentially increase the risk of contamination. In addition, TOC and DOC were strongly 

correlated (r
2
 = 0.95, n = 96) in a global dataset of OC export from catchments (Alvarez-

Cobelas et al. 2012). Therefore, we considered TOC to be an appropriate fraction to measure 

in this study.  

All sites were visited twice – on sampling day 1, drift-nets were deployed and on sampling 

day 2 (7 days later for each site) drift-nets were retrieved. Specific conductivity, turbidity and 

pH were determined on both sampling days (Hydrolab
® 

DS5 or MS5). Water samples for the 

analysis of TOC (~ 0.7 L), total nitrogen and total phosphorus (TN and TP; ~ 0.2 L), total 

suspended solids (TSS) and OC attached to suspended solids (suspended-OC; 0.5-1 L) were 

collected on both sampling days. Bottles with water samples were kept in the river during data 

collection and on ice in a dark place during transport. Means of the two values (i.e. sampling 

day 1 and sampling day 2) for each physicochemical variable were used in analyses. In 

addition, the following site characteristics were recorded on either sampling day 1 or 2: 

riparian canopy cover, substrate-size composition of the riffle, benthic organic debris in the 

riffle, the biomass of in-stream primary producers and GPS coordinates. Water temperature 

was  measured at hourly intervals (HOBO Pendant Temp/Light) during the 7-day period of 

drift-net deployment. 
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We considered two spatial scales of vegetation modification in the catchment – 1) an area 

immediately adjacent to the river channel and extending 100 m upstream from the site, 

hereafter referred to as ‘riparian canopy cover’ and 2) an area more distant from the site – 

extending to 1 km laterally from the channel and ca. 5 km upstream from the site, hereafter 

referred to as ‘catchment land-use’. Riparian canopy cover was measured at the site and at 

four measuring points located 25, 50, 75 and 100 m upstream of the site, with each 

measurement taken in the middle of the channel and the sum of the five measurements being 

used in data analyses. The distance between points was measured using a tape or a range-

finder and the canopy-cover was measured using a densiometer at the height of ca. 1.2 m. The 

proportion of the river channel covered by riparian canopy was calculated as the mean of the 

numbers of dark (i.e. shaded by vegetation) squares counted at each measuring point in 4 

directions (upstream, downstream, left and right), multiplied by 4.16 (modified from the 

directions supplied with the densiometer). ArcGIS tools were used to determine the proportion 

of native forest/conservation area within the shapefiles covering the area extending to 1 km 

laterally from the channel and ca. 5 km upstream from the site (catchment land-use). 

Substrate size composition within the riffle of drift-net deployment was determined at five 

randomly chosen measuring points as a proportion of silt, sand, gravel, pebble, cobble, boulder 

and bedrock within 1 m
2
. The average of the five measuring points was used in site 

descriptions (Table G-3). The mass of organic debris was measured as the total dry weight 

(60˚C) of benthic organic matter of terrestrial origin, distinguishable as debris with a naked 

eye, collected from 10 points of 1 m
2
 evenly distributed along a transect in the riffle of drift-

net deployment.  

We estimated the biomass of in-stream primary producers by collecting bulk autotrophic in-

stream biomass on a cross-sectional transect within a set time limit. Five collection points of 

1 m
2
 each were evenly distributed along a transect, which was selected so that it represented a 

variety of depths ( ≤ 1 m) and flow velocities (ranging from riffles to still water) of the 

channel at the site. Biomass at each of the five points was collected for 1 min. by hand using a 

transparent perspex to improve visibility. Biomass was rinsed from sediment and dry-weight 

(60˚C) was recorded. In addition, sestonic chlorophyll was extracted from filtered samples 

(1.2 μm-pore glass-fiber filter), using the ethanol method (90% ethanol, AnalaR grade; 
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extraction in a 75˚C bath for 5 min.), and measured using absorption spectrophotemetry 

(DR 5000, HACH). However, the sample volume (1 L) was probably insufficient as even 

samples from sites where the water appeared to be ‘green’, yielded results close to zero. 

Sestonic chlorophyll results were not used in the analyses since they did not provide enough 

resolution between sites. Periphyton was not collected since the heterogeneity of periphyton 

distribution observed at most sites, the size of the sampling area (9 cm
2
) and the number of 

samples that would be feasible to collect at each site would not allow for a representative 

estimate of periphyton biomass. Therefore, our measurement of the biomass of in-stream 

primary producers  included primarily macrophytes and macroalgae. 

A drift-net of a pyramidal shape (cross-sectional area = 0.5 m
2
, ‘depth’ ~ 0.8 m and mesh size 

= 250 μm) was deployed at each site in homogenous flow, just below the surface for 7 days. 

The 7-day deployment period was selected as a compromise between ‘not too long for drift-

nets’ and ‘long enough for cotton-strip decomposition’, since the same field-work period was 

used for collecting data for Chapter 4 and a part of Chapter 5 (the comparison of 

decomposition rates between five rivers). I did not observe drift-nets to be blocked with 

material upon retrieval (i.e. water appeared to be flowing through the nets). The exact duration 

of drift-net deployment was recorded in hours and flow velocity was measured in the middle 

of the cross-sectional area of the drift-net at the time of both deployment and retrieval. The 

mean of the two values was used for the correction of the mass of drift material for the total 

volume of water filtered through the net. After the retrieval, drift-nets were kept on ice during 

transport and stored at 4˚C until cleaning. Some proportion of unicellular/small algae was 

observed being lost during the cleaning procedure, and therefore their contribution to the mass 

of drift OC was probably underestimated. Larger macroinvertebrates were removed for drift 

OC in the process of cleaning. Material from drift-nets was dried at 60˚C, weighed and then 

homogenized using a ring-mill. If the volume of drift-net content was too large (relatively to 

the size of ring-mill bowls) and its homogenization would be time-consuming, representative 

subsamples, accounting for at least ½ of the volume of the drift-net content, were 

homogenized instead. Ca. 5.00 g of homogenized drift-net content were used to determine the 

proportion of inorganic vs. organic material in the drift-net content using the loss on ignition 

method (LOI) – the sample was dried at 105˚C and combusted in the furnace at 550˚C for 5 

hours. Although LOI determines organic matter not OC per se, an investigation of the 
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relationship between LOI and OC concentration (determined using an elemental analyzer 

Elementar VarioMAX CNS) has shown that the ratio OC:LOI across the drift-nets ranged 

between 0.43 and 0.55, except for site P2 (associated with high sediment input from bank 

erosion) where OC:LOI = 0.29. Therefore, we considered the LOI data to be appropriate for a 

comparative study where relative mass is the focus.  

Suspended OC was determined from 0.5-1 L water sample by filtering the sample through a 

1.2 μm-pore glass-fiber filter, drying the filter with suspended solids at 105˚C to a constant 

weight and measuring the LOI (as described above) from which the average LOI of glass-fiber 

filters, determined on three blank filters, was subtracted. TN and TP were analyzed using 

oxidation with K2S2O8 and low-pressure microwave digestion as described in Maher et al. 

(2002). TOC was determined using the 1010 Total Organic Carbon Analyser (O.I. Analytical) 

with a non-dispersive IR detector in three replicates: 5 mL of sample were oxidized with 1 mL 

of K2S2O8 (c=200g/L) after inorganic carbon had been removed with 0.2 mL of 5% H3PO4. 

TOC, TN and TP concentrations in a blank sample were 0.19 mg/L, 0.02 and 0.00 mg/L 

respectively. The representativeness (of longer-term conditions) of our measurements taken in 

November on five rivers was estimated from the variability of data on TOC, suspended OC 

and drift OC collected along the Paddys River in the period of March-December 2012 (i.e. the 

November sampling on the Paddys River was included in the estimate). In addition, flow 

conditions (probability of exceedance) for four study rivers during the sampling period and 

flow data for these four rivers for 2012 included in Appendix H indicate the frequency of 

occurrence of flow conditions similar to the conditions during sampling. This provides further 

information on the representativeness of our results. 

Statistical analyses 

General patterns and relationship between physicochemical variables, riparian canopy cover, 

land-use and OC reservoirs across all sites and rivers were examined and visualized using the 

pairs() function with Spearman correlation coefficient (rs) , after the assumption of normal 

distribution was tested (Shapiro-Wilk) using the R software (R Development Core Team, 

2008). Correlations were examined on raw, square-root- or ln-transformed data (depending on 

data distribution). Sites P2 and Q3 were excluded from this initial analysis, since they were 

outliers in one or more variables (after data transformation) and were strongly affecting the 
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correlation. Bank erosion was affecting site P2 and a willow mass-leaf-shed affected site Q3. 

These two sites were included in all the other analyses. The longitudinal patterns of OC 

reservoirs were visualized using SigmaPlot 12.5 software. The relationships between the  

variability of OC reservoirs along the river and the variability of land-use proportion was 

examined using linear functions  and visualized using the R software (R Development Core 

Team, 2008). The similarity in OC reservoirs between rivers was examined using the Primer 6 

software. Two MDS plots, based on a dissimilarity matrix derived from normalized and 

transformed data for five OC reservoirs (square-root transformation of TOC and suspended 

OC, and ln-transformation of drift OC, organic debris and the biomass of in-stream primary 

producers) using Euclidean distance, were constructed. One MDS plot showed the similarity 

of sites in OC reservoirs across rivers and one across a gradient of riparian canopy cover. 

Analysis of Similarity (ANOSIM) was used to test the statistical significance of the 

differences between rivers and Similarity Percentages (SIMPER) was used to identify OC 

variables driving within river similarities and between river differences. 

4.1.5 Results 

Representativeness of measurement 

The sampling for the estimation of the representativeness of our November measurements of 

longer-term conditions was associated with a range of flow conditions that represented 

probabilities of exceedance of 15.5 – 77.2% (using record period of 1956 – 2013 as a baseline 

(Figure 4.4 and Figure H-2). TOC concentrations along the Paddys River measured on 8 

occasions throughout March-December 2012. The range of TOC concentrations was 1.80-

6.15 mg/L, site-specific coefficients of variation (CV) of TOC concentrations varied from 20-

35% and a similar longitudinal pattern as presented in results below (i.e. lowest concentration 

at site P1, concentrations increasing in the downstream direction and leveling off at P3-P6) 

was found on every sampling occasion. Suspended OC concentration along the Paddys River 

was measured on 8 occasions. Although, the range of suspended OC concentrations was 1.4-

35.6 mg/L and the site-specific CV of concentrations of suspended OC along the river varied 

from 27-70%, the longitudinal patterns were identical with the one presented in results below, 

except for concentrations at sites P2-P3 being an order of magnitude higher than at other sites 
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on some sampling occasions. Drift OC was determined on six occasions. The longitudinal 

pattern in drift OC was different on every occasion, but, in general, lower values for drift OC 

were recorded at downstream sites. The mass of drift OC (g DW corrected for flow velocity 

and the duration of drift-net deployment) varied longitudinally from 12.6-144.5 in March, 

from 4.0-30.7 in May, from 5.9 to 28.7 in July, from 11.2 to 82.7 in September, from 1.7-20.5 

in November and between 2.6 and 28,5 in December. The variability of the mass of drift OC at 

a site, determined from three drift-nets deployed at the same time at sites P1 and P6, was 

11.7% and 31.1% respectively (results not shown). The above suggested a very consistent 

longitudinal pattern of TOC concentration (excluding condition during and immediately after 

rainfall events when we did not sample) ; relatively large within-site variability in suspended 

OC concentrations but little variability in the overall longitudinal patterns of suspended OC; 

and  a large within-site variability in drift OC mass and the longitudinal pattern in drift OC 

throughout the year (Figure 4.4).  
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Figure 4.4 Temporal variability of the longitudinal pattern in organic and inorganic fractions of the drift-

net content (top), fractions of suspended solids (middle) and water column TOC concentration (bottom) in 

the Paddys River throughout 2012. The mass of drift-net content was normalized for flow and the duration 

of deployment. Percentages on the x-axis represent the probability of exceedance of the flow magnitude 

during the sampling period. Data for TOC concentration for November represent data for sampling day 1 

(i.e. drift-net deployment). 
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General patterns across the five rivers (excluding sites P2 and Q3 (see 4.1.4 Methods)  

Land-use and riparian canopy cover were highly correlated (rs = 0.74, p < 0.05, n = 25; rs = 

Spearman correlation coefficient). Land-use also showed a significant (p < 0.05, n = 25) 

relationship with specific conductivity (rs = -0.50), turbidity (rs = -0.50), alkalinity (rs = -0.40), 

average minimum daily temperature (rs = -0.65), the proportion of OC in TSS (rs = 0.41) and 

benthic organic debris (rs = 0.43). Riparian canopy cover showed a significant (p < 0.05, 

n = 25) relationship with specific conductivity (rs =  -0.40), turbidity (rs =  -0.51), average 

minimum daily temperature (r = -0.63) and organic debris (rs=0. 63). Suspended OC was very 

strongly associated with TSS (rs=0.90) and TOC with TN (r = 0.95) and TN:TP ratio (rs= 

0.96). The biomass of in-stream primary producers   showed a strong relationship with TN (rs= 

0.71) and TN:TP ratio (rs= 0.70) (all p<0.05, n = 25; data not shown).  

The correlation matrix showed only a few significant (p<0.05, n=25) relationships between 

OC reservoirs. TOC and biomass of in-stream primary producers showed a strong positive 

relationship (rs= 0.69). The three different OC reservoirs transported by water (TOC, 

suspended OC and drift OC) did not show any associations. The weak relationships between 

drift OC and TOC or drift OC and suspended OC were not significant at α=0.05 (rs= -0.29, 

p=0.13 and rs= -0.35, p=0.09, respectively) (Figure 4.5). 
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Figure 4.5 Relationships between land-use (Land Use), riparian canopy cover (RipVeg) and examined OC 

reservoirs (excluding sites P2 and Q3). The boxes above the diagonal line are scatter-plots of the pairs of 

variables and the boxes below the diagonal line show p-values and Spearman correlation coefficients (rs in 

text). ‘SQRT’ and ‘ln’ refer to the type of transformation (square-root and natural logarithm, 

respectively). 

Longitudinal patterns in OC reservoirs 

Riparian canopy cover did not show any longitudinal pattern. Riparian canopy cover along the 

Naas River was relatively consistent, except for site N2 where one bank was dominated by 

herbaceous vegetation. On the Paddys River, site P1 (conservation land-use) had the highest 

riparian canopy cover of all sites on all rivers and sites P2-P6 belonged amongst the least 

shaded sites. While sites P2-P5 were located in grazing areas, dominant riparian trees of P6 

(located in a conservation area) – Casuarina cunninghamiana – were affected by the 2003 

bushfires. On the Goodradigbee River, sites G4 and G5 located on the boundary of 

conservation areas had slightly lower canopy cover than sites G1-G3 located within the 

conservation area. Although the channel width at G3 was very similar to the width at G4-G5, 

riparian canopy cover appeared to be more similar to the ones at G1-G2, where the channel 
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was ca. 5-times narrower. Riparian canopy cover on the Queanbeyan River was relatively 

consistent along the length of the river and did not show any regular pattern. Longitudinal 

patterns in benthic organic debris and biomass of in-stream primary producers were more 

disjunct than patterns in TOC and suspended OC, and did not show any regular pattern 

(Figure 4.6 and Figure 4.7). 

Drift OC on the Naas River was lower at the upstream sites but the % of OC in the drifting 

material was consistent along the River. On the Yass River, the most downstream site (Y4) 

had the lowest mass of OC and the downstream sites appeared to have a lower % of OC in the 

drift-net content. Likewise, the most downstream site on the Paddys River (P6) had the lowest 

drift OC mass, although the results on this river were affected by accidental events. Firstly, the 

vast majority of drift OC at sites P2 and P3 probably came from bank erosion (i.e. OC 

particles attached to soil and sand), since a lot of sand and no/very little plant biomass could 

be seen in drift-nets from these sites. Secondly, high mass of OC at P4 was a result of a larger 

piece of wood being caught in the net. Similarly, a larger piece of wood contributed to the 

higher value of drift OC mass at G5, although the proportion of OC in the drift-net was 

relatively consistent along all Goodradigbee sites. Drift-net results on the Queanbeyan River 

were affected by willows shedding leaves during the 7-day period of drift-net deployment at 

site Q3. Otherwise, drift OC mass did not show a linear longitudinal pattern on Q – Q6 sites, 

but the % of OC in the drift-net content appeared to be consistent across sites (Figure 4.7).  

As predicted, suspended OC and TOC showed more spatial autocorrelation than other OC 

reservoirs. Taking averages of the two measurements (sampling 1 and sampling 2), suspended 

OC slightly decreased along the Naas River and increased along the Yass. On the Paddys 

River, suspended OC peaked at P2, as a result of extreme bank erosion, from where it 

decreased and at sites P5 and P6, the values were similar to P1. On the Goodradigbee River, 

suspended OC was higher at G1 than at other sites, however, 1 measurement at site G4 was 

affected by a high suspended solid load.  On the Queanbeyan River, sites Q2 and Q3 had 

slightly higher suspended OC concentrations than sites Q1 and Q4 – Q6 (Figure 4.7). TOC 

concentrations were very consistent within each river and did not show a change with 

downstream distance, except for an increase along the Paddys River and a little higher 

concentrations of TOC at Q2 (on both sampling events) compared to other Q sites (Figure 
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4.7). The two rivers draining catchments with predominantly native cover (Naas and 

Goodradigbee Rivers) did not show consistent patterns that would be different from the two 

rivers draining a combination of grazing and conservation land-use (Paddys and Queanbeyan 

Rivers). In general, rather than longitudinal pattern, our results suggested differences in OC 

reservoir between rivers with some rivers having consistently higher or lower values in a 

particular OC variables that others.  

Variability of OC reservoirs along rivers 

Variability of land-use (i.e. % cover by native vegetation) along the river increased in order 

Naas (0.0%), Goodradigbee (25.5%), Yass (66.7%), Queanbeyan (76.3%) and Paddys River 

(133.3%). Variability of riparian canopy cover increased in order Goodradigbee (30.9%), Naas 

(33.7%), Queanbeyan (41.5%), Yass (100.0%) and Paddys River (192.2%). In general, results 

did not show a consistent support for our hypothesis – larger variability in land-use or riparian 

vegetation cover was not necessarily associated with larger variability in OC reservoirs along 

the river. However, variability of land-use showed a weak positive relationship with variability 

in TOC (R
2 

= 0.44), suspended OC (R
2 

= 0.47) and biomass of primary producers (R
2 

= 0.45), 

and a strong relationship with the proportion of OC in suspended solids (R
2 

= 0.77) and the 

proportion of OC in drift-net contents (R
2
= 0.70). The variability in riparian canopy cover 

showed a strong positive relationship with the proportion of OC in suspended solids 

(R
2 

= 0.80) and the proportion of OC in drift-net contents (R
2 

= 0.94) (Figure 4.8). 

The relationship between land-use variability and TOC variability showed a very similar 

pattern to the relationship between land-use variability and suspended OC variability, although 

TOC and suspended OC were not correlated. Likewise, the relationship between land-use 

variability and organic debris variability showed a similar pattern to the relationship between 

variability in land-use and variability in drift OC, and the same was observed for the 

relationships between the riparian canopy cover and these two OC reservoirs (Figure 4.8). 

Overall, rather than linear relationships between land-use/riparian canopy cover variability and 

the variability of OC reservoirs, our results suggested differences between rivers: the Naas 

River showed low longitudinal variability in all OC reservoirs, the Yass and the Goodradigbee 

Rivers showed low-intermediate variability, whereas the Paddys River showed high 

longitudinal variability in most OC reservoirs.  
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Figure 4.6 Longitudinal patterns in riparian canopy cover (sums for five points along a 100 m transect 

upstream of each site), benthic organic debris and the biomass of in-stream primary producers in the five 

rivers. Site numbers increase in the downstream direction.   
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Figure 4.7 Longitudinal patterns in TOC concentration, organic and inorganic fractions of suspended 

solids and organic and inorganic fractions of drift-net contents in the five rivers. The ‘organic fraction’ 

represents ‘suspended OC’ (middle graph) and ‘drift-OC’ (top graph). For suspended solids (middle 

graph), the left bar at each sites represents sampling 1 and the right bar sampling 2 (7 days later). Sites are 

labelled in the downstream direction.  
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Figure 4.8 Relationships between the variability in sizes of OC reservoirs and the variability in catchment 

land use (i.e. % conservation land-use in the catchment) (top 7 plots), and the variability in riparian 

canopy cover (RipVeg) (bottom 7 plots) along the five rivers. CV = coefficient of variation. 

Similarity between rivers - the importance of the ‘river’ vs. ‘riparian canopy cover’   

The ordination plot (based on five variables: TOC, suspended OC, drift OC, organic debris 

and the biomass of in-stream primary producers) indicated both large similarities within rivers 

(i.e. sites from one river were grouped together) and between rivers (i.e. sites from one river 

did not form discrete clusters spatially separated from clusters from other rivers). The overall 

pattern was best explained by TOC concentration, the biomass of in-stream primary producers 

(the two variables being highly correlated) and suspended OC (Figure 4.9). The Analysis of 
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Similarity (ANOSIM) has confirmed no overlap between the Yass and the Goodradigbee sites 

(R = 1, p<0.05). In addition, ANOSIM has shown large differences between the Naas and the 

Goodradigbee sites (R = 0.931, p < 0.05) and the Yass and the Paddys site (R = 0.817, 

p < 0.05). Moderately large differences were found between all the other pairs of rivers, except 

for the pairs Naas-Yass River and Paddys- Goodradigbee River, differences between which 

were not significant (Table 4.1).  

Table 4.1 Summary of the ANOSIM test for the significance of groups using ‘river’ as a factor in the MDS 

plot based on OC reservoirs. Global R = 0.562, p<0.05 

The average within group squared distance increased in order Yass (1.43) < Goodradigbee 

(1.66) < Naas (1.69) < Paddys (2.99) < Queanbeyan River (5.88), although this was largely 

affected by high organic debris and drift OC at site Q3 (‘willow event’). Within all rivers, 

TOC was the variable that contributed least to overall distance between sites (i.e. contributed 

most to within river similarity) only ca. 1-2% of the overall distance. The contribution of the 

other OC reservoirs to within-river similarity varied greatly among rivers and so did the 

contribution of variables to the discrimination between rivers. However, the Paddys River sites 

were discriminated from other river sites by suspended OC in most cases and the 

Goodradigbee River by the TOC concentration. Riparian canopy cover did not appear to be 

correlated with the overall ordination based on the five OC reservoirs across all rivers (Figure 

4.9).   

Pairwise Test 

Groups 

R 

Statistic 

Sig. level (%) Pairwise Test Groups R 

Statistic 

Sig. level (%) 

Naas, Yass 0.274          6.7 Yass, Goodradigbee 1          0.8 

Naas, Paddys 0.511          0.2 Yass, Queanbeyan 0.54          0.5 

Naas, Goodradigbee 0.931          0.2 Paddys, Goodradigbee 0.16         13.2 

Naas, Queanbeyan 0.483          0.2 Paddys, Queanbeyan 0.448          0.4 

Yass, Paddys 0.817          0.5 Goodradigbee, 

Queanbeyan 

0.627          0.2 
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Figure 4.9 Ordination plots of sites based on the same dissimilarity matrix of OC reservoirs using ‘river’ 

(top plot) and ‘riparian canopy cover’ (bottom plot) as factors. The size of the circles (bottom plot) is 

proportional to the sum of riparian canopy cover at five measuring points along a 100 m transect upstream 

of each site. Sites are indicated by codes consisting of the first letter of the river (N = Naas, Y = Yass, 

P = Paddys, G = Goodradigbee and Q = Queanbeyan) and number indicating position of the site in the 

downstream direction.     

□ cP • 
□ Drift O~ 

•• ■ □ ~bris(;>◊ 

P2 

Y4 

Normalise 
Resemblance: D1 Eudidean distance 

2D Stress: 0.13 

• 

River 
A Vass 

Paddys 

e Queanbeyan 

◊ Naas 
□ Goodradigbee 

2D Stress: 0.13 

~ 



Chapter 4 – Organic carbon reservoirs in an upland river 

 

103 

 

4.1.6 Discussion 

Longitudinal patterns in OC reservoirs 

We did not find any longitudinal patterns that could be described as an ’increase’ or ‘decrease’ 

in OC reservoirs with downstream distance. The lack of linear longitudinal patterns  found for 

drift OC, organic debris and the biomass of in-stream primary producers (Figure 4.6) might 

have been a result of a natural ‘patchy’ distribution of these OC reservoirs or a result of the 

differences in channel geomorphology between sites within one river. Although linear patterns 

were found for the concentration of TOC and suspended OC, these in most cases indicated no 

change with downstream distance (Figure 4.7). The RCC which introduced the concept of 

longitudinal changes in river was developed as a conceptual model for large-scale river 

systems, whereas our study was carried out along 2
nd

 to 6
th

 order streams, covering a distance 

of ca. 50 km which might have contributed to the observed lack of longitudinal change in 

TOC concentration. However, Hadwen et al. (2010) also reported small (ca. 2-3 mg/L) ranges 

in DOC concentrations along river lengths of ca. 80- >300 km, spanning from upland to 

lowland reaches. On a global scale, DOC concentrations do not appear to differ significantly 

across stream orders, but headwaters tend to show higher variability in DOC concentrations 

than higher order streams (Alvarez-Cobelas, Angeler et al. 2012).  

Rivers are dynamic systems, therefore any confirmed longitudinal pattern (or confirmed lack 

of longitudinal pattern) needs to be examined throughout a longer period. Our examination of 

the representativeness of measurements suggests that the consistency of longitudinal patterns 

throughout time decreased in the order TOC concentration > concentration of suspended OC > 

mass of drift OC (during base-flow conditions). In a longitudinal study on a small river 

(catchment area = 144 km
2
), González and Pozo (1996) reported high temporal variability in 

benthic coarse particulate organic matter throughout the year but no regular longitudinal 

patterns. Delong and Brusven (1994) found a very consistent annual longitudinal pattern in 

riparian input in a 3 to 5
th

 order river; however, their data also indicated large inter-annual 

variability in riparian litter mass at some sites. 
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Catchment land-use and riparian canopy cover as predictors 

The predictors – catchment land-use and riparian canopy cover – did not show many 

associations with OC reservoirs. There was no relationship between catchment land-use and 

TOC concentration and organic debris was the only one of OC reservoirs showing a 

significant correlation with riparian canopy cover (Figure 4.5). While our spatial boundaries 

for the effect of the riparian canopy cover (i.e. more proximate source; extending to 100 m 

upstream from the site and laterally covering only land within the immediate proximity of the 

channel) and catchment land-use (i.e. more distant source; extending to 5 km upstream from 

the site and 1 km laterally from the channel) were arbitrary, they were based on previous 

knowledge of OC movement in small rivers. The width of the lateral boundary for the effect of 

catchment land-use (1 km) was not crucial since the proportion of conservation:grazing land-

use would not change if a narrower buffer had been used. The upstream boundary of 5 km was 

based on our observations along the Paddys River throughout 2012, which have shown that at 

site P2, located only 2 km downstream of a continuous forest, hardly any drifting plant litter 

could be seen. In addition, Campbell et al. (1992) established their pasture sites 3 km 

downstream of their forest sites and found two fold decrease of riparian litter. Therefore, we 

assumed that it was justified to consider land beyond 5 km upstream of the site to have near 

zero effect on OC at the site. Although landscape-effect models based on equal influence of 

landscape regardless of the distance have been found inferior in performance to inverse-

distance-weighted approaches (Peterson et al. 2011), considering the quality of map data 

available to us at the time of this study, extra effort put into sophisticated distances-weighting 

would not lead to outputs of superior quality. 

Riparian canopy cover was correlated with organic debris, despite high temporal and spatial 

heterogeneity of organic debris inputs (Webster et al. 1999), but not with drift OC, despite 

continuous measurement of drift OC for 7 days presumably being a representative 

measurement of drifting OC (Figure 4.5). Measuring canopy cover at the height of 1.2 m 

(although with a convex mirror) might have underestimated potential lateral inputs of litter 

and litter from shrubs, which were important components of riparian vegetation at many sites. 

In addition, visual assessment of drift-net contents suggested a larger amount of algae caught 

in the nets at some sites than originally expected. High algal content in drift-nets was also 
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supported by the low C:N ratio of the drift-net content (data not shown). Sediment particles 

were only a minor source of OC in drift-nets, given the low proportion of inorganic drifting 

material in most drift-nets content (Figure 4.8) and the low OC content of the inorganic 

drifting material (calculated from the drift-net content at site P2, where the vast majority of 

drifting material was fine sediment). All of the above might explain the lack of association 

between riparian canopy cover and drift OC. 

The importance of the ‘river’ vs. ‘riparian canopy cover’ 

Our study sites were grouped by ‘rivers’ but not by ‘riparian canopy cover’ in MDS plots 

(Figure 4.9). Riparian canopy cover at most of our forested sites was low (except for P1) 

(Figure 4.6) and therefore natural riparian input at our forested sites might have been lower 

than reported in other studies and not much higher than at our grazing sites. On the other hand, 

some grazing sites were surrounded by low intensity grazing with partly recovered riparian 

vegetation. It is possible that naturally low riparian canopy cover at forested sites in our study 

in combination with sites with low intensity grazing and the introduction of willows at some 

grazing sites as a ‘surrogate’ for native riparian vegetation did not allow for differences in OC 

reservoirs to occur.  

Differences in inputs of OC into rivers across a weak gradient of riparian canopy cover might 

be difficult to detect. In a comparison of a forest, light agriculture, moderate agriculture and 

heavy agriculture, Hagen (2004) found an annual allochthonous input ranging from 6 to 530 g 

AFDM/m
2
/year with no differences between the forest, light and moderate agriculture. 

Contrary to their findings, it has also been observed that even a small reduction in forest cover 

(change from 96 to 82%) might have led to a reduction in resident CPOM (England and 

Rosemond 2004) (although the correlation appears to be strongly determined by one data point 

of low canopy cover). However, inconsistent results have also been reported when comparing 

two endpoints of the gradient. Reed et al. (1994) found no difference in the mass of benthic 

POM and in-stream primary production between forested and pasture (i.e. cleared forest) sites 

on three SE Australian upland streams. Similarly, riparian vegetation in narrow agricultural 

streams composed entirely of herbs and grasses was found to provide comparable quantities of 

coarse particulate organic matter than deciduous riparian forests of the region (and this OC-

source was readily used by detritivores) (Menninger and Palmer 2007). On the other hand, a 
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100-times lower riparian input has been found in cleared pasture as compared to an adjacent 

open forest (Campbell et al. 1992).  

As shown by SIMPER, TOC concentration was the most influential variable determining 

within river similarity in our study. In accordance with our results, a longitudinal study by 

Hadwen et al. (2010), conducted on longer river sections and also covering a range of land-use 

types and geomorphologic conditions, has indicated that differences in nutrient and DOC 

concentrations between the studied rivers were more obvious than longitudinal trends in 

nutrient and DOC concentrations. In addition, the range of TOC concentration across small 

rivers in our small-scale study was very similar to the range of DOC concentration reported by 

Hadwen et al. (2010) in a study where the distance between study catchments was 7˚ of 

latitude and river lengths ranged between ca. 80 and  >300 km. This suggests that there might 

be strong within catchment controls of TOC (DOC) concentration in rivers that are, to a large 

extent, independent of geographic distance within and between rivers.  

However, it might be objected that a strong correlation between the biomass of in-stream 

primary producers and TOC (the main driver of within-river similarities and between river 

differences) in our study and the fact that our study was conducted during the growing season 

suggest that differences in TOC (and therefore rivers) might only be an ‘artifact’ of the 

growing season. A strong relationship between the biomass of primary producers and TOC 

concentration (Figure 4.5) suggested an in-stream origin of the large proportion of TOC at the 

time of sampling. While it has been well established that most DOC export from catchments 

occurs following a rainfall event and that this is dominated by OC of terrestrial origin (e.g. 

Vidon et al. 2008), in-stream production can be an influential factor controlling stream DOC 

concentrations at base-flow conditions during the growing season (Mulholland and Hill 1997). 

Longer-term data collection on several rivers simultaneously is required to address this 

objection but also to account for the dynamic nature of rivers. 

Given the dynamic nature of rivers, the difference between high-flow and base-flow 

conditions is a crucial consideration. High-flows, in addition to being responsible for the 

mobilization of the majority of bulk OC in streams, they also differ from base-flow conditions 

in the relative contribution of various OC sources to the pool of mobilized OC (Dalzell et al. 

2005). Therefore, it is possible that while our results suggest that small rivers representing a 
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gradient of land-use conversion do not differ in OC reservoirs during base-flow conditions, a 

different conclusion might have been reached if the study was conducted during high-flow 

conditions. 

4.1.7 Conclusion 

Small, geographically proximate rivers covering a range of geomorphologies and a gradient of 

forest-to-pasture conversion, from most pristine to most impaired in the region, formed a 

continuum of distinctive or only partially overlapping groups in a multidimensional space 

based on OC reservoirs. Sites and rivers draining similar catchments in terms of vegetation 

cover and/or the extent of land-use conversion were located in clearly different positions in the 

continuum and, vice versa, sites representing different ends of the continuum of catchment 

vegetation modification overlapped in the OC continuum to a large extent. TOC concentration 

was the most influential variable in terms of grouping sites within one river together. TOC 

concentration may be viewed as an integration of inputs of OC from in-stream primary 

producers, riparian vegetation and soil into the river/water, diluted and diffused in space and 

time – and therefore an integration of all explanatory variables along the river. A comparison 

of our results with other studies indicates that differences in TOC concentration between rivers 

at a local-scale can be as large as continental-scale differences, making any predictions or 

generalizations about OC properties of rivers problematic. Our results are not to be interpreted 

as land-use or riparian modification did not have an effect on OC reservoirs. Our results show 

that even with some disjunct longitudinal patterns, event-driven inputs of OC and differences 

in channel geomorphologies across sites, ‘river’ was a more influential factor than ‘land-use’ 

or ‘riparian canopy cover’ during base-flow conditions. Our findings suggest strong within-

catchment controls of TOC concentration, which might be maintained despite catchment 

impairment. These findings have implications for river management or rehabilitation, when 

using the condition of a reference river as a ‘guiding image’ for river rehabilitation. 
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Chapter 5 Land-use conversion and the 

processing of organic carbon in an upland river 

 

 

Background: 

Chapter 5 contains two subchapters.  

Cotton-strip decomposition has been proposed to be used as a functional indicator of the river 

condition. Preliminary data analyses have suggested that our understanding of the effects of 

time (the length of deployment period) and temperature might be insufficient and limit the 

successful use of the cotton-strip assay as a standardized indicator of the river condition. 

Subchapter 5.1 explores the effect of time, temperature and temperature oscillations on the 

assessment using cotton-strips. The first subchapter has been submitted for publication in the 

journal Ecological Indicators as: 

Vyšná, V., Dyer, F., Maher, W. and Norris, R. Cotton-strip decomposition rate as a river 

condition indicator – diel temperature range and deployment season and length also 

matter  

The second subchapter explores the effect of land-use conversion on the processing of organic 

carbon (OC) in the Paddys River, using cotton-strip decomposition rates as a measure of OC 

processing. Using a suite of reference rivers with differing proportion of native cover in their 

catchment, I intended to differentiate between the effect of land-use and the natural change in 

physical and biological processes along rivers. 
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5.1 Cotton-strip decomposition rate as a river condition 

indicator – diel temperature range and deployment season and 

length also matter (submitted manuscript) 

5.1.1 Abstract  

Decomposition of organic matter, a fundamental ecological process, has been proposed to be 

used as a functional indicator of stream condition. A recently published protocol for the use of 

the cotton-strip assay as a standardized measure of decomposition rates provided a basis for 

the use of decomposition as an indicator. However, some factors that may influence the 

application of the cotton-strip assay, such as the deployment season, remain largely 

unexplored. To further establish the technique, we studied temporal and spatial variability in 

cotton-strip decomposition rates along small upland rivers in SE Australia. We found a 

consistent longitudinal pattern in decomposition rates throughout the year, in spite of large 

within-site and temporal variability. Results from the models of temporal variability in 

decomposition rates indicate that differences in the duration of incubation might have been a 

confounding variable. Models of spatial variability in decomposition rates explained 45% and 

52% of the variability in decomposition rates across five rivers, with diel temperature range 

being the most important predictor, accounting for ca 20% of the variability in decomposition 

rates. We have shown that additional considerations are needed, if decomposition rates are to 

be compared across spatial and temporal scales. First, large within-site variability in 

decomposition rates, found in our and other studies, might prevent comparisons with reference 

conditions.  Second, the length (and therefore the season) of cotton-strip deployment needs to 

be specified, since the exponential decomposition coefficient appears not to be a constant 

throughout time. Third, diel temperature range needs to be considered when establishing 

sampling protocols, since the exponential decay coefficient appears to change non-linearly 

with changing temperature, and therefore, using only daily mean temperatures does not 

realistically reflect the effect of temperature. The importance of temperature range also has 

implications for stream rehabilitation, showing that restoring the temperature regime 

contributes to the restoration of a fundamental ecosystem process. 
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5.1.2 Introduction 

Decomposition of organic matter, a fundamental ecosystem process, has been proposed as a 

suitable functional indicator, to complement traditional methods of stream condition 

assessment (e.g. Gessner and Chauvet, 2002; Young et al., 2008). Traditional assessment 

methods in freshwater ecology rely on structural components of ecosystems, such as water 

physicochemical properties and macroinvertebrate assemblages (Norris and Thoms, 1999). 

However, it has been recommended that functional components (i.e. ecosystem processes) are 

included in the assessment (e.g. Bunn et al., 1999; Young et al., 2008), given that human 

activities affect natural systems at all levels (i.e. not only structural). Decomposition in 

streams is a well studied component of stream ecology (Tank et al., 2010), therefore there is a 

large body of background knowledge to build on when developing assessment protocols. In 

addition decomposition meets most of the requirements for an ecological indicator of choice 

(Bonada et al., 2006). 

Traditionally, decomposition rate was measured using leaf-litter as a substrate. To overcome 

problems with differences in leaf palatability (Campbell et al., 1992 and references therein; 

Tank et al., 2010), the use of cotton, as a chemically ‘homogeneous’ alternative substrate, has 

been proposed and explored (Boulton and Quinn, 2000; Claret et al., 2001; Tiegs et al., 2007). 

The use of cotton also eliminates other sources of bias associated with the chemical 

heterogeneity of leaves, such as differences in the effect of leaf leachate on decomposition 

(Friberg and Winterbourn, 1996), the increase in the proportion of recalcitrant material with 

decomposition (Berg, 2000) or the interaction between the sensitivity of decomposition to 

temperature and litter quality (Fierer et al., 2005). 

The cotton strips (CS) assay of decomposition rate involves measuring the loss of tensile 

strength (TSL) of CS following their deployment in streams (or sediment, soil, etc.) (Boulton 

and Quinn, 2000; Tiegs et al., 2007; Tiegs et al., 2013 and references therein). Since the CS 

assay does not measure the same attributes of decomposition as leaf-litter (see above), it is not 

a surrogate for leaf-litter decomposition but a standardized alternative measuring the cellulose 

decomposition potential (Tiegs et al., 2007), hereafter referred to as CS decomposition. 

Recently, a standardized protocol for measuring organic matter processing using the CS assay 
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was presented in Tiegs et al. (2013), which is an essential requirement if the cotton-strip assay 

is to become a widely used technique with results comparable across temporal and spatial 

scales. The protocol specified 1) CS preparation, 2) CS deployment in the stream, 3) CS 

retrieval and 4) tensile strength determination.  Although the protocol, along with earlier 

studies which had proposed frameworks for result interpretation (Gessner and Chauvet, 2002; 

Young et al., 2008), provides a solid basis for the establishment of the CS assay as a standard 

method, additional factors, that may affect the application of the CS assay, need to be 

considered.  

The rate of organic matter decomposition is influenced by a number of biotic and abiotic 

factors (Webster and Benfield, 1986; Young et al., 2008; Tank et al., 2010 and references 

therein), many of which are also known to be affected by human activity. In general, leaf-litter 

breakdown rates are higher in streams with higher temperatures, higher nutrient 

concentrations, and larger proportions of coarse sediment (i.e. more stable riverbed), and 

lower in streams affected by acidity, heavy metals or high sediment inputs. One of the rarely 

reported/considered factors is diel water temperature oscillation. 

Temperature oscillations are integral characteristics of all ecosystems directly affected by 

solar activity, and even short term (e.g. daily) oscillations are known to affect biological 

processes (Araki and Washitani, 2000; Chen et al., 2009). Ignoring temperature oscillations 

might have implications for the estimation of decomposition rates, if decomposition rates 

change with changing temperature in a non-linear way (‘Jensen’s inequality’; Ruel and Ayres, 

1999). If the change is non-linear negative, ignoring oscillations can largely overestimate 

decomposition rates (compared to rates measured at mean temperatures), and vice versa 

(Bärlocher et al., 2013). Although there is evidence of a non-linear relationship between 

temperature change and changes in decomposition rates in terrestrial systems (Kirschbaum, 

2000; Zhao et al., 2013), diel temperature range does not appear to be considered in aquatic 

studies modelling decomposition rates. Interestingly, one of the very first studies on 

decomposition in aquatic systems using CS (Hildrew et al., 1984) considered temperature 

oscillations in their models and found annual temperature range a significant predictor of TSL 

in all seasons. Since then, it appears that diel temperature oscillation has received limited 

attention as a predictor of decomposition, even though diel temperature range can vary 
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considerably in small streams both between streams (ca. 0.3 – 10˚C; Marsh et al., 2005) and 

within streams on a small scale.  

 Rates of ecological processes vary seasonally as a result of long-term variability in abiotic 

conditions (temperature, water availability) which limit the activity of biota. A long-term 

study by Clapcott and Barmuta (2010) conducted on 7 streams throughout a year indicated no 

difference in cotton-strip TSL between deployment seasons. However, their TSL 

measurements do not appear to be corrected for temperature, which is believed to be a major 

controlling factor of decomposition. In addition, data for all streams were reported pooled 

together (distinguishing sites with coarse vs. depositional sediment), which prevented the 

determination of the variability of decomposition rates throughout the year for each site. 

Collier et al. (2012) reported higher decomposition rates of CS in autumn than spring, 

indicating that temporal differences may exist. A standardized assessment protocol should, 

therefore, specify the timing of data collection. 

This manuscript combines results from two complementary field studies on temporal and 

spatial variability in CS decomposition in small rivers in SE Australia. In the first study, we 

examined the temporal variability in longitudinal patterns of CS decomposition rates along a 

small upland river (Paddys River, length of ~50 km) throughout mid-2011-2012. The aim of 

determining temporal variability in CS decomposition rates was to provide information on the 

importance of timing of data collection when using CS decomposition for assessment. 

Longitudinal patterns in a small river were studied to give insight into the importance of site 

selection on a small scale.  

In the second study, we examined longitudinal patterns in CS decomposition rates in five 

geographically proximate small rivers representing a gradient of land-use from an (open) 

forest to pasture. The aim of the second study was to determine the variability of CS 

decomposition rates on a small scale and the effect of land-use conversion on this variability. 

In both studies, we examined the role of stream physicochemical and habitat variables in 

observed patterns. 
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5.1.3 Methods 

Study area 

General description of the study area was provided in the section 4.1.4 Methods.  

Study design and catchment description – study of temporal variability in CS decomposition  

The study of the temporal variability of CS decomposition rates along a small river was 

conducted on the upland Paddys River (Figure 4.3). CS on the Paddys River were deployed at 

14 sites on two occasions in 2011 (June 28
th

 – August 20
th

 and August 23
rd

 – September 13
th

, 

hereafter referred to as ‘Jun 2001’ and ‘Aug 2011’, respectively) and at six sites (P1-P6, 

labelled in the downstream direction) on six occasions in 2012 (March 26
th

 – April 10
th

; May 

23
rd

 – June 12
th

, July 27
th

 – August 20
th

; September 24
th

 – October 10
th 

;  November 12
th

 – 

19
th

; and December 28
th

 – January 4
th

), hereafter referred to as ‘Mar 2012’, ‘May 2012’, ‘Jul 

2012’, ‘Sep 2012’, ‘Nov 2012’ and ‘Dec 2012’, respectively. In addition to the two major 

land-use types (conservation and grazing), ca. 10% of the catchment is used as a pine-

plantation (Pinus radiata). The results of the study of temporal variability of decomposition 

rates were also used to show how representative of a long(er)-term longitudinal pattern results 

obtained from the second study (below) were. In addition, an extreme-flow event that occurred 

in March 2012 has provided an opportunity to report on the effect of such event on both the 

temporal variability and longitudinal pattern in CS decomposition rates. 

Study design and catchment description – comparison of CS decomposition in five rivers 

This study aimed to compare longitudinal patterns in CS decomposition in small, 

geographically proximate rivers which drain catchments with different proportions of land 

used for conservation (i.e. native forest) and land cleared for pasture. Compared 

rivers/sections would ideally be similar in geomorphology, catchment geology and size to the 

Paddys River; with natural longitudinal connectivity (i.e. no large dam present upstream of 

any of the sites) and accessible so that 6 evenly distributed sites can be selected along each 

river. However, considering real-world limitations, the rivers Naas, Yass, Goodradigbee 

(upstream of Burrinjuck dam) and Queanbeyan (upstream of Googong dam) were selected to 

be studied along with the Paddys River (Figure 4.3). We accounted for the effect of climatic 
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variables by collecting data from all rivers in as short a period as possible and by collecting 

data from one river on the same day. CS in these rivers were deployed in southern-hemisphere 

spring/summer in 2012 in order: Naas (Oct 30
th

 – Nov 6
th

), Yass (Nov 1
st
 – Nov 7

th
), 

Goodradigbee Nov (16/18
th

 – Nov 23/25
th

) and Queanbeyan (Dec 7/8
th

 – Dec 14/15
th

) and data 

from the Nov (12
th 

– 19
th

) data collection on the Paddy River were included in the comparison. 

Study catchments and rivers are described in section 4.1.4 Methods and Table G-1, and 

further characteristics on study sites are provided in Table G-2 and Table G-3. 

Data collection and laboratory analyses 

Fifteen CS (ca. 6 x 25 cm) made of unbleached calico were deployed at each site in a 

riffle/run. A strong positive relationship between the decomposition of unbleached calico and 

Shirley soil burial test material (which was originally proposed as the standard cotton 

decomposition substrate but is no longer available (Tiegs et al., 2013)), suggests that 

unbleached calico can be an appropriate substitute for Shirley material (Imberger et al., 2010). 

CS were attached to a rope at both ends of the strip using a plastic wire. The rope with 

attached CS and the temperature logger was tied to a tree or a pole hammered into the bank of 

the river. The rope was kept in the channel and near the river-bed (i.e. not floating on the 

surface) by a combination of sinkers, metal poles and tent pegs hammered into the channel 

substrate. After the retrieval, the rope with CS was transported to the laboratory on ice and 

stored at 4˚C until further processing. CS were gently rinsed to remove sediment, and left 

drying at cool temperatures (ca. 15˚C) until analysis. Two variables of cotton decomposition 

were used as response variables in our models – tensile-strength-loss (TSL, not corrected for 

the duration of the deployment and water temperature) and the exponential decay coefficient 

(k, corrected for the duration of deployment and water temperature) Before measuring the 

TSL, the width of each cotton-strip was reduced to 120 threads under a microscope. Tensile-

strength (TS) measurements were performed using Instron tensiometer with 5kN loading cell 

and with CS being stretched at the rated of 20 mm/min. Two pieces of bicycle tube were used 

to protect the ends of the CS from being damaged by the grips of the tensiometer. The TS of 

each cotton-strip was determined as a maximum load during stretching and TSL was 

determined as 1-TSx/TSB, where TSx = tensile-strength of a particular cotton-strip and TSB = 

the mean tensile-strength of blanks. TSB was determined on 10-15 blanks (untreated CS with a 
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width reduced to 120 threads) at the beginning of each set (i.e. day) of measurements. The 

variability of the TS of blank CS was 6-8.8%. Decay rates were corrected for time and 

temperature using the exponential decay formula: k = (ln(TSx/TSB))/(-∑t), where k = 

exponential decay coefficient (1/degreeday), and ∑t is the sum of mean daily temperatures 

(degreedays), hereafter referred to as ‘temperature sum’. Another temperature variable 

considered in the models was the mean of daily temperature ranges, hereafter referred to as 

‘temperature range’. Temperature was measured at hourly intervals (HOBO
®
 Pendant 

Temp/Light, Onset) throughout the CS deployment period. 

We considered two spatial scales of vegetation modification in the catchment – 1) an area 

immediately adjacent to the river channel and extending 100 m upstream from the site, 

hereafter referred to as ‘riparian canopy cover’ and 2) an area more distant from the site – 

extending to 1 km laterally from the channel and ca. 5 km upstream from the site, hereafter 

referred to as ‘catchment land-use’ (determined using ArcGIS tools). Riparian canopy cover 

was measured at the site and at four measuring points located 25, 50, 75 and 100 m upstream 

of the site, using a densiometer. Each measurement was taken in the middle of the channel and 

the sum of the five measurements was used in data analyses. The proportion of the river 

channel covered by riparian canopy was calculated as the mean number of dark (i.e. shaded by 

vegetation) squares counted at each measuring point in 4 directions (upstream, downstream, 

left and right), multiplied by 4.16 (modified from the directions supplied with the 

densiometer). Substrate size composition within the riffle of CS deployment was determined 

at five randomly chosen measuring points as a proportion of silt, sand, gravel, pebble, cobble, 

boulder and bedrock within 1 m
2
. The mean of the five measuring points was used in site 

descriptions (Table G-3).  

Two types of background organic matter (OM) available for decomposition in these rivers 

were considered – benthic organic debris and drifting organic matter (Drift OM). The mass of 

benthic organic debris was measured as the total dry weight (60˚C) of benthic organic matter 

of terrestrial origin, distinguishable as debris with a naked eye, collected by hand from 10 

points of 1 m
2
 evenly distributed along a transect in the riffle of CS deployment. A drift-net 

(cross-sectional area = 0.5 m
2
, mesh size 250 μm) was deployed at each site in homogenous 

flow, just below the surface. The duration of drift-net deployment was recorded in hours and 
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flow velocity was measured in the middle of the cross-sectional area of the drift-net at the time 

of both deployment and retrieval. The mean of the two values was used for the correction of 

the mass of drift material for the total volume of water filtered through the net. After the 

retrieval, drift-nets were kept on ice during transport and stored at 4˚C until cleaning. Material 

from drift-nets was dried at 60˚C, weighed and then homogenized using a ring-mill. If the 

volume of drift-net content was too large and its homogenization would be time-consuming, 

representative subsamples, accounting for at least half of the volume of the drift-net content, 

were homogenized instead. Ca. 5.00 g of homogenized drift-net content were used to 

determine the proportion of organic material in the drift-net content using loss on ignition 

(LOI) measurements, with samples dried to a constant weight at 105˚C and combusted in the 

furnace at 550˚C for 5 hours. 

Data on water physicochemical characteristics were collected and chemical analyses were 

conducted as described in 4.1.4 Methods. All laboratory analyses were carried out in the 

Freshwater and Ecochemistry laboratories of the Institute for Applied Ecology, University of 

Canberra, except for TS measurements, which were carried out at the Research School of 

Engineering, Australian National University. 

Statistical analyses 

Data analyses were performed using R software (R Development Core Team, 2008) and 

preliminary data exploration followed the protocol of Zuur et al. (2010). General patterns and 

relationship between decomposition rates (using both TSL and k as response variables), 

riparian canopy cover, land-use and water and site properties across all sites and rivers were 

examined and visualized using the pairs() function with Spearman correlation coefficient, 

after the assumption of normal distribution was tested (Shapiro-Wilk). Correlations were 

examined on raw, square-root- or ln-transformed data (depending on data distribution). Site 

Q3, identified as an outlier in Drift OM and organic debris, was removed from the models. 

This site was affected by a mass willow leaf fall during the study. The following predictors of 

TSL and k were considered in our models: catchment land-use, riparian canopy cover, 

temperature sum (T-Sum; not considered for k, since k is a variable corrected for time and 

temperature), temperature range (T-Range), the proportion of silt, sand and gravel in the 

sediment at the site (Sediment), TN, TP and TOC concentrations and the mass of drifting 
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organic matter (Drift-OM). Predictors ‘Site’ and deployment period (‘Month’) were also 

considered in the temporal study. The importance of predictors in explaining the variability in 

TSL and k was determined using linear regression (LR) modelling, as described in Zuur et 

al. (2009). The most optimal LR model was selected using the results of the correlation matrix 

(see ‘pairs()’, above) and the function step(), which uses the Akaike information criterion to 

eliminate redundant variables from the model. After this, the significance of predictors was 

examined using the summary() and anova() functions, and R
2
 values of alternate models were 

compared. The most optimal model was subsequently examined for homogeneity of variances 

and normal distribution of model residuals. Data for response variables were transformed (sqrt 

or log) if the scatter plot of residuals vs. fitted values suggested a transformation was 

appropriate. Marginally non-significant (α = 0.05) variables were kept in the model if they 

improved the performance and validation outputs of the model. Finally, the relative 

importance of predictors in the LR was assessed using the calc.relimp(,type = ‘lmg’) function 

of the relaimpo package (R Development Core Team, 2008). The longitudinal patterns in 

decomposition and their temporal (on the Paddys River) and spatial (across the five study 

rivers) variability was visualized using SigmaPlot 12.5 software. 

5.1.4 Results 

Temporal variability in CS decomposition rates 

CS decomposition rates along the Paddys River showed large within-site, among-site and 

temporal variability throughout the study period (Figure 5.1 and Table I-1). In general, CS 

decomposition rates were lowest at the most upstream and most downstream sites and highest 

in the middle reaches when expressed as TSL. A similar ‘bell-shaped’ longitudinal pattern was 

found when CS decomposition rates were expressed as k (i.e. decomposition rates corrected 

for time and temperature), except that differences in decomposition rates among sites were 

much lower with short deployment periods (7 days). Shorter deployment periods in warm 

seasons, with temperature sums comparable to longer deployment periods in cold season (e.g. 

Nov 2012 and Dec 2012 vs. May 2012 and Jul 2012), showed a ‘bell-shaped’ pattern but with 

a much lower amplitude. The overall longitudinal pattern did not change after the high-flow 

event of March 2012, only the position of the highest decomposition rates along the River. 
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Before the high-flow event, the highest decomposition rates had been observed at site P3. 

(Data for Jul 2011 are not shown in Figure 5.1 since CS at site P3 decomposed almost 

completely in the field and therefore their TSL and decomposition rates could not be 

determined.) After the high flow event, which caused a substantial deposition of sediment in 

the river channel and completely changed the character of site P3, the highest rates were 

recorded at sites P4 and P5 throughout 2012.  

There was a significant effect of site (F (5, 461) = 245.05, p < 0.05), deployment period 

(F (5,461) = 149.20, p < 0.05) and their interaction (F (24, 461) = 17.14, p < 0.05) on 

decomposition rates in 2012 (i.e. excluding pre-high flow-event data) (Table 5.1). Post-hoc 

comparisons using the Tukey HSD test revealed that all pairs of sites, except for the pairs P1-

P2 and P3-P6, and all pairs of sampling occasions, except for Nov-Dec, May-Jul and May-

Sep, differed significantly in decomposition rates at α = 0.05. TSL was positively correlated 

with k (rs = 0.95) and T-sum (rs = 0.56), but no other significant relationships between any of 

the predictors and TSL or k were found (all at n = 35, p < 0.05; the significant relationship 

between k and T-sum is not reported, as k is a variable corrected for T-sum).  

Table 5.1. ANOVA table for the effect significance of the effect of site and sampling time (‘Month’) on k 

along the Paddys River 

Variable  Df Sum Sq Mean Sq F value Pr(>F) 

Site  5 14.971 2.994 245.05 < 2x10
-16 

Month  5 9.116 1.823 149.20 < 2x10
-16

 

Site*Month interaction 24 5.026 0.209 17.14 < 2x10
-16

 

Residuals  461 5.633 0.012 
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Figure 5.1 Within-site, longitudinal and temporal variability in CS decomposition rates in the Paddys 

River with associated sums of average daily temperatures throughout deployment periods (grey plots). 

Lengths of deployment periods indicated in the corner of each decomposition-rate plot. The plot for 

August 2011 shows longitudinal pattern before the 1/28-year flood and it was consistent with the pattern 

found in July 2011 (data not shown). 
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Two significant alternative LR models explaining 86% of the variability of TSL were found. 

The first one contained variables site, TOC concentration, temperature sum and fine sediment 

as significant predictors. The second one contained site, temperature range, temperature sum, 

sediment and the interaction between sediment and temperature range as significant predictors 

(Table J-1). Three alternative models for k, which explained a considerable proportion of the 

variability of k, were found. The first model explained 75% of k variability and contained site 

and TOC concentration as predictors. The second model explained 72% of k variability, with 

site, temperature range and TN concentration as predictors. The third model explained 75% of 

the variability of k and contained site, temperature range, sediment and the interaction 

between temperature range and sediment as predictors (Table J-2). The relationship between 

decomposition rates and TOC, temperature range and sediment was negative, whereas the 

relationship between decomposition rates and TN and temperature sum was positive.  

 

Figure 5.2 The relationship between tensile strength loss (TSL) and the average of daily temperature 

ranges along the Paddys River by deployment period. ‘2011’ refers to the deployment period of Aug 2011, 

all the other deployment periods are respective months of 2012 (ordered alphabetically). 

However, because of the unclear effect of the length of the deployment period and highly 

variable lengths of deployment periods in this study, these results may be confounded (see 

5.1.5 Discussion – Time and timing as factor). A support for this assumption was shown when 

the relationship between decomposition rates and temperature range (one of the significant 

predictors) was examined separately for each deployment period (Figure 5.2). In contrast with 

the results above, but in accordance with the results from the second study which were not 
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confounded by deployment periods of differing lengths (below), a positive relationship 

between decomposition rates and temperature range was found for Aug 2011, May 2012, Jul 

2012, Nov 2012 and Dec 2012 (see also 5.1.5 Discussion – Temperature and temperature 

range as factor).  

Comparison of CS decomposition rates in five rivers 

The five study rivers differed in physicochemical or site variables: The Naas and 

Goodradigbee River had higher proportion of land covered by native vegetation and higher 

riparian canopy cover than the other rivers. Unlike sites on other rivers, sites P2 and P3 on the 

Paddys River had 100% of riverbed covered with fine sediment and associated higher 

turbidity. The Yass River had higher specific conductivity than all other rivers (600 – 800 

μS/cm compared to 10 – 105 μS/cm). The Naas and Yass River had higher TOC and TN 

concentrations (8 – 12 mg/L and 0.34 – 0.51 mg/L respectively), whereas the Goodradigbee 

River had the lowest TOC and TN concentrations (~2 mg/L and 0.05-0.11 mg/L respectively) 

(Table G-3).  

CS decomposition rates in the five rivers showed high within-site and within-river variability 

(Figure 5.3 and Table I-2). There were significant relationships between TSL and k 

(rs = 0.94), TSL and land-use (rs = -0.45), TSL and ln drift OM (rs = 0.43), and TSL and 

temperature range (rs = 0.24) across all rivers (all at n = 27, p < 0.05).  The relationship 

between TSL and the sum of average daily temperatures (T-sum) was not significant at 

α = 0.05 across rives (rs = 0.41, n = 27, p = 0.11). The exponential decay coefficient k was 

weakly correlated with temperature range (rs = 0.32) and ln drift OM (rs = 0.35) (all at n = 27, 

p < 0.05). The relationship between k and land-use was marginally not significant (p = 0.07).  
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Figure 5.3 Within-site and longitudinal variability in CS decomposition rates in the Naas, Yass, Paddys, 

Goodradigbee and Queanbeyan River with associated sums of average daily temperatures throughout 

deployment period of 7 days (grey plots). 
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Table 5.2. Summary ANOVA table for the linear model for TSL across the five rivers (R
2 
= 0.5296, 

F (3, 22) = 8.256, p < 0.05). The last column contains information on the relative importance of predictors 

in the model (i.e. sum = R
2
) 

Table 5.3. Summary ANOVA table for the linear model for k across the five rivers (R
2 
= 0.4456, F (3, 22) = 

5.894, p < 0.05). The last column contains information on the relative importance of predictors in the 

model (i.e. sum = R
2
) 

The best LR model (evaluated by the R
2
-value, significance of predictors and the distribution 

of model residuals) for TSL explained 53% of TSL variability (R
2 

= 0.53, F (3, 22) = 8.26, 

p < 0.05) and contained catchment land-use, ln drift OM and temperature range as significant 

predictors. These explained 16%, 16% and 20% of the variability of TSL, respectively (Table 

5.2). The model for k contained the same predictors as the model for TSL and it explained 

45% of the variability in k (R
2 

= 0.45, F (3, 22) = 5.89, p < 0.05). Temperature range was the 

most important predictor explaining 22% of the variability of k, and ln drift OM and land-use 

explained 14% and 8%, respectively (Table 5.3). In both models the relationship between 

decomposition rates and temperature range and the mass of drift OM was positive, whereas 

Variable  df  Sum of 

squares  

Mean 

squares  

F-value  p-value  Relative 

importance  

LU.Proportion 1 554.76 554.76 9.26 5.96x10
-3 

0.16 

Trange 1 590.30 590.30 9.88 4.76x10
-3

 0.20 

ln.Drift.OM 1 338.11 338.11 5.66 0.03 0.16 

Residuals 22 1317.46 59.88 
   

Variable  df  Sum of 

squares  

Mean 

squares  

F-value  p-value  Relative 

importance  

LU.Proportion 1 2.38x10
-6

 2.38x10
-6

 4.28 0.05 0.08 

Trange 1 5.04x10
-6

 5.04x10
-6

 9.08 6.40x10
-3 

0.22 

ln.Drift.OM 1 2.40x10
-6

 2.40x10
-6

 4.32 4.96x10
-2 

0.14 

Residuals 22 1.22x10
-5

 5.55x10
-7
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the relationship between the proportion of native cover (i.e. land-use) and decomposition rates 

was negative. 

5.1.5 Discussion 

Temperature and temperature range as factors in CS decomposition rates 

A positive relationship between temperature and decomposition rate has been well cited in the 

literature and a variety of models have been applied to incorporate the effect of temperature 

throughout the duration of the decomposition experiment (Webster and Benfield, 1986; 

Boulton and Boon, 1991). Of these, the ‘degreeday negative exponential model’ (used in our 

study) appears to be most commonly used to correct TSL of CS for temperature and time. This 

model assumes a linear effect of temperature changes on decomposition rates. However, it has 

been shown for terrestrial ecosystems that this relationship is not linear and the sensitivity of 

decomposition rates to temperature decreases with increasing temperature (Kirschbaum, 

1995). These findings suggest that the representation of the effect of temperature throughout 

the deployment using degreedays might not be ecologically appropriate (although it is 

practical and simple to use).  

In our models, the sum of average daily temperatures was an important predictor of TSL in the 

study of  temporal variability, where variable lengths of deployment periods did not allow for 

the effect of time and temperature to be distinguished ( i.e. 5 days of 20˚C = 100 degreedays = 

20 days of 5˚C). In contrast, the sum of average daily temperatures was not a significant 

predictor in the comparison of five rivers, where the length of the deployment period was the 

same (7 days) in each river. Equal lengths of deployment periods in the second study made the 

sum of average daily temperatures a more ecologically meaningful variable, and therefore a 

relationship between TSL and temperature sum was expected to be found in the second study 

rather than in the first study. 

The effect of temperature should be of greater concern when using CS than leaf-litter, as 

microbial activity appears to be more affected by temperature than the activity of 

macroinvertebrates (Webster and Benfield, 1986 and references therein). Although it is 

feasible to obtain ‘continuous’ (e.g. hourly) data for temperature for the entire deployment 
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period (as opposed to e.g. single-point-in-time measurements of nutrient concentrations), it 

does not seem to be a common practice to explore other ways of including temperature into 

models for decomposition rates than sum of degreedays. Boulton and Boon (1991) suggested 

measuring diel temperature range as supplementary information to data on degreedays. In our 

study, mean temperature range was the only significant predictor in each of the models for 

both TSL and k, and for both, the temporal study and the comparison among five rivers, 

explaining 7-22% of the variability in decomposition rates (Table 5.2, Table 5.3, Table J-1 

and Table J-2). The effect of temperature range on decomposition rates was negative in the 

study on temporal variability of decomposition rates and positive in the study comparing 

decomposition rates along the five rivers.  

However, the effect of temperature range in the temporal study is believed to have been 

confounded by 1) the length of the deployment period which differed throughout the year and 

2) high sediment load at sites with highest temperature ranges. First, larger temperature ranges 

for all sites were recorded in warmer months, which also coincided with short deployment 

periods. Short deployment periods were associated with lower than expected decomposition 

rates, and this resulted in a ‘negative’ relationship between temperature range and 

decomposition rates (see below Time and timing as factor). Second, the largest temperature 

ranges on the Paddys River throughout 2012 were recorded at sites P2 and P3, which also had 

unstable riverbed with 100% fine sediment cover and high suspended solid concentrations 

(data not shown), indicating intensive transport of sediment particles. High loads of fine 

sediment can limit decomposition rates if decomposition substrate becomes covered by 

sediment (Benfield et al., 2001), which was observed at sites P2 and P3. Data on CS 

decomposition rates and temperature ranges from the Paddys River for the entire study period 

2011-2012 but split by ‘Month’ (to control for variable lengths of the deployment period) and 

excluding sites P2 and P3 dominated by fine sediment (to exclude the effect of sediment) 

show a strong positive relationship between temperature range and decomposition rates 

(Figure 5.2).  

The effect of temperature range has been documented previously: Dang et al. (2009) found 

that temperature oscillations ranging between 7˚C-12˚C and 6˚C-15˚C led to an increase in 

decomposition rates (attributed to changes in fungi species composition) by 18% and 31% 
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respectively, compared to a constant temperature of 8˚C, even though temperature sums were 

identical. The effect of oscillations was not observed when temperature was oscillating 

between 2˚C-7˚C, suggesting that the effect of temperature oscillations also depends on mean 

temperature. 

Time and timing as factors in CS decomposition rates  

CS decomposition rates along the Paddys River differed throughout the year significantly 

(Table 5.1) although the longitudinal pattern was reasonably consistent (Figure 5.1). Our 

results show that the choice of cotton-strip deployment season is important and should be 

specified in the protocol for the use of the cotton-strip assay. It has been proposed that the 

duration of cotton-strip deployment is adjusted so that 30-50% TSL is achieved (Boulton and 

Quinn, 2000 and references therein), and therefore deployment season would directly affect 

the length of the deployment time (shorter in warm months). Similar (~50%) loss of mass has 

been proposed for leaf-litter (Young et al., 2008), as much higher or lower proportion of mass 

loss might not provide enough resolution to detect differences among sites. 

Our results suggest that even with a pilot study, optimal deployment period might be difficult 

to estimate because decomposition rates (corrected for temperature) can vary considerably at a 

site throughout the year (Figure 5.1 and Table I-1). In addition, short deployment periods 

appeared to be associated with lower than predicted k for sites with high k found during longer 

deployment periods (sites P4 and P5). This has affected our study design – the deployment 

period of 7 days used in the comparison of five rivers (conducted in Nov 2012) was chosen 

based on our experience from the Paddys River (deployments Mar-Sep 2012). However, 

although the sum of average daily temperatures in the Nov 2012 deployment on the Paddys 

River was comparable with the sum of temperatures in the May deployment, sites P4 and P5 

had lower than expected TSL and consequently a much lower k in Nov 2012 than in May 

2012. Likewise, k was low and TSL lower than recommended on most sites across the other 

four rivers. Furthermore, since results from the Paddys River indicate that short deployment 

periods affect TSL (and k) more at sites with potentially higher k (determined from 

deployments of longer duration), short deployment period used in the study comparing 

differences among the five rivers might have prevented clear differentiation of sites into those 

with higher vs. lower decomposition rates. Another explanation for lower than expected 
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decomposition rates in the warmer season might be a ‘concave relationship’ between 

temperature and the activity of decomposers (Pietikåinen et al., 2005; Bärlocher et al., 2013), 

reflecting species temperature tolerance range, below and above which their activity is 

suppressed. For example, optimal temperature for the growth of temperate aquatic 

hyphomycetes lies between 15 – 20˚C (Bärlocher et al., 2013), although bacterial 

decomposers might have higher growth optimums (Pietikåinen et al., 2005). Maximum daily 

temperatures in the five study rivers in Nov 2012 were 20 – 27˚C and daily maximums along 

the Paddy River in Dec 2012 were 28 – 33˚C (data not shown) which might have been outside 

the thermal optimum for some decomposers. However, this does not explain low k at the 

Goodradigbee sites and site P1, where maximum daily temperatures were about 19˚C. 

Regardless of the mechanism involved, cooler seasons and associated longer deployment 

periods in spring/autumn seem to be more appropriate for the assessment.  

Young and Collier (2009) used a 7-day deployment period and found high TSL at one location 

but much lower decomposition rates (k < 0.005 1/degreeday, comparable to our rates when 

deployment time was 7 days) at the other location. In addition to abiotic factors, differences 

found in their study might have been caused by different type of cotton material used at the 

two locations in their study.  

Our results suggest that k throughout the deployment time is not constant although treated as a 

constant in the exponential decay formula. It has been acknowledged that k changes with time 

as a result of the decrease of the proportion of labile compounds in the substrate as leaf 

substrate decomposes, leaving more recalcitrant compounds (Webster and Benfield, 1986). 

However, this should not occur when using CS, since they are chemically homogenous and 

therefore k should be more constant than in leaf-litter experiments. In addition, if this 

mechanism was involved, k should be the highest at the beginning of the deployment period 

(and therefore high during short deployment periods), when labile compounds are available 

for decomposition. 

Since k varied throughout the year, a standardized protocol for the use of CS decomposition as 

an indicator of the river condition should include information on the season recommended for 

data collection. Longer deployment periods (although with a sum of temperatures comparable 

to shorter deployment periods in warm season) in our study allowed differences between sites 
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to become more apparent, which is vital considering commonly-reported high within-site 

variability in decomposition rates (see below). Another advantage of longer deployment 

periods is integration of conditions over a longer period; however, longer deployment also 

increases the chance of a high flow event/flood to occur during the deployment time. 

Small- and very-small scale variability in CS decomposition rates 

Site was consistently the most influential predictor in all models in the study of temporal 

variability, explaining 49-63% of the variability in decomposition rates (Table J-1 and Table 

J-2), although the results of the temporal study might have been confounded (see above). This 

suggests either an important site-specific control over decomposition rates, not associated with 

any other variable examined in our study, or site-specific interactions among examined 

factors. The reasonable consistency of the longitudinal pattern in decomposition rates along 

the Paddys River throughout the year indicated that this small-scale effect was not a random 

effect but a long(er)-term phenomenon. However, the driver of this pattern remains 

unexplained and greatly limits the interpretation of the results on decomposition rates along 

the Paddys River with respect to river condition.  

Within-site coefficient of variation (CV) along the Paddys River throughout the year varied 

between 1.5-119.5% for TSL and between 7.3-121.0% for k (Table I-1). Within-site 

variability was even larger in the study comparing five rivers (CV ranged between 20.7 -

 366.9 for TSL and between 25.5 - 330.7 for k) (Table I-2). In most reviewed studies, data 

from a number of sites were pooled by treatments, which prevented the determination of 

within-site variability in TSL or k. However, large within-site variability was reported by 

Tiegs et al. (2013) and Claret et al. (2001). In contrast, Imberger et al. (2010) reported within-

site variability (CV) in TSL of 8.5% for Shirley and 5.3% for calico textile. The effect of very-

small-scale factors controlling CS decomposition rates resulting in a large-within site 

variability might be a significant disadvantage of the use of the CS assay as an assessment 

tool.   

Large within-site variability might complicate comparisons of results with reference 

conditions. Gessner and Chauvet (2002) proposed a tentative framework for the use of 

decomposition rates for ecological assessment, using the reference condition approach. Their 
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framework was based on studies using leaf-litter and k calculated as a function of time only 

(i.e. excluding temperature), and therefore, their proposed cut-off values might not be 

applicable in our case. However, they proposed that sites exhibiting decomposition rates 

between 75% and 133% of the mean of rates at reference sites are considered to be in a good 

condition and those with decomposition rates outside the range of 50 - 200% of the mean of 

the rates at reference sites to be classified as severely impaired. Just to compare proposed 

ranges with our results: k on site P1 (considered to be a reference site) within one deployment 

occasion (March 2012) varied within 16% - 238% of the mean for that site, which shows that 

within-site variability similar to those found in our study would prevent severely impaired 

sites from being distinguished from reference sites.  

Land-use as a factor in CS decomposition rates  

Catchment land-use (representing the more distant land-use characteristics) was a significant 

predictor of both TSL and k in the comparison among five rivers, whereas riparian canopy 

cover (representing more proximate land-use characteristics) did not show a relationship with 

decomposition rates. This contradicts our suggestion of CS decomposition being site or small-

scale specific and also the suggestion of Young et al., (2008) thatthat decomposition rates 

reflect conditions at a particular location rather than integrate reach or larger-scale conditions.   

In general, there does not seem to be a clear response of CS decomposition rates to land-use. 

On one hand, there have been studies that failed to show a response of CS decomposition to 

the effect of acid mine effluents (Niyogi et al., 2013), urbanization (Imberger et al., 2010) and 

land-cover (Tiegs et al., 2013). One the other hand, some studies did find the CS assay to be 

sensitive to human-induced impairment. Clapcott et al. (2010) found a weak (R
2
 = 0.39) 

relationship between CS decomposition and % native vegetation cover. Land-use variables 

explained 43% of the variability of cotton-strip TSL in their models, of which vegetation 

cover and impervious surface explained 37% and 22% respectively. Collier et al. (2012) found 

higher CS decomposition rates in areas of industrial than urban pollution. A wedge-shaped 

relationship between CS decomposition and land-cover was found by Collier et al. (2013), 

with low decomposition rates at > 60% of native cover and a wide range of decomposition 

rates at low % native cover. Their results thus suggested a limitation by native land-cover at 

high land-cover values and an increase of influence of other factors, once the proportion of 
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native land-cover was < 60%. In a study by Young and Collier (2009), CS decomposition did 

not show a response to land-use gradient (expressed as land-use stress scores) across the less 

disturbed sites, whereas it showed a strong response to highest level of impairment considered. 

However, as the authors have pointed out, geographic factors might have been a confounding 

variable in their study. 

Background organic matter (OM) as a factor in CS decomposition rates  

In our study, drift OM was an influential predictor of CS decomposition, showing a positive 

relationship with decomposition rates. Drift OM in our study represented the background pool 

of OM which can affect the decomposition of deployed experimental substrate in a number of 

ways (Tiegs et al., 2008 and references therein). Low background levels of OM might lead to 

higher decomposition rates when substrate is deployed in the river, if OM was a limiting 

resource and the ecosystem was depauperate in organic carbon. Large amount of background 

OM might also lead to higher decomposition rates through a ‘healthy’ community of 

decomposers already existing at the site and using newly added substrate as new available 

surface for microbial colonization. On the other hand, adding decomposition substrate to 

streams with low background nutrient levels might increase competition for nutrients and limit 

decomposition of added substrate. This effect would be even more pronounced when using 

CS, as it is a substrate more depleted in nutrients, compared to leaf-litter.  

Experimental removal of leaf packs resulted in higher aggregation of macroinvertebrates and 

accelerated decomposition rates of the remaining leaf-packs (Rowe and Richardson, 2001), a 

finding reported in the majority of studies looking at the response of macroinvertebrates to 

food source limitation. However, studies looking at the response of microorganisms have led 

to more contrasting results. Enzyme activity of microorganisms was higher on wood added 

into a stream from which leaf-litter had been excluded (Tank et al., 1998), suggesting a 

limitation by food sources. On the other hand, Tiegs et al. (2008) found no difference in 

microbial decomposition rates between litter-enriched, litter-depleted and control reaches 

across streams, suggesting that more available substrate does not necessarily lead to a larger 

recruitment of microorganisms-decomposers and resource depletion does not necessarily 

increase competition. In our study, higher mass of drift OM might have facilitated the 

colonization of CS by microorganisms and/or provided nutrients and easier decomposable 
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organic compounds to the system, which subsequently stimulated the decomposition of CS 

(which almost exclusively contain cellulose).   

Nutrient concentrations as predictors in CS decomposition rates 

There appears to be a general consensus that nutrients (N, P) are amongst the most important 

predictors of decomposition rates (Tank et al., 2010 and references therein), although a 

number of field and laboratory studies found no effect of nutrients on decomposition rates 

(Webster and Benfield, 1986 and references therein). However, nutrient concentrations 

reported here were at the lower end of nutrient concentrations reported for small rivers across 

a range of impairment (Table G-3), which might have been a reason for the observed lack of 

effect.  

5.1.6 Conclusions 

In spite of large within-site variability in CS decomposition rates, recorded at most sites and 

most deployment periods, the overall longitudinal pattern throughout the year was consistent, 

suggesting a systematic response of decomposition rates to site-specific controls. These need 

to be better understood before the CS assay can become a useful and a widely used ecological 

indicator. A large within-site variability, found also in other studies, might be a serious 

limitation to the assessment using the reference condition approach.  

Exponential decay coefficients (corrected for time and temperature) calculated from data 

obtained during colder seasons (and associated longer deployment periods) were large 

overestimations of k found during short deployment periods in warmer seasons for sites with 

higher potential k. Our results suggest, or provide further evidence, that the relationships 

between k, temperature and time are more complex than accounted for by the ‘degreeday 

exponential decay’ formula: 1) k might not be constant during the deployment period; 2) k 

might not change linearly with changing temperature and 3) the effect of one unit of time 

might not be comparable with the effect of one unit of temperature. While any formula 

developed to describe ecological processes is a simplification of the real-world, it should 

provide a reasonable compromise between ‘easy to use’ and ‘does it actually predict 

anything?’. While further discussion on the above is beyond the scope of this manuscript, we 
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suggest that an agreement on deployment time/season is required, if results are to be 

comparable across large spatial and temporal scales. Based on our findings, we recommend 

considering spring or autumn for the use of the CS assay. 

Our results have shown further support for temperature range being an important predictor of 

decomposition rates. In spite of being a variable which is being measured, it appears to be 

largely ignored in decomposition studies. Ignoring diel temperature oscillations in site 

selection and result interpretation, especially on small rivers, might lead to comparisons with 

inappropriate reference conditions and incorrect assessment of the river condition. This 

finding also has implications for stream restoration, indicating that restoring the temperature 

regime partly restores one of the crucial ecosystem functions. 



Chapter 5 – Processing of organic carbon in an upland river 

 

134 

 

5.2 How does land-use affect longitudinal patterns in the 

processing of organic carbon in the Paddy River? 

5.2.1 Introduction 

Organic matter processing is a fundamental ecosystem function and one of the most studied 

components of freshwater ecosystems (Tank et al., 2010). Traditionally, decomposition was 

studied using leaf-litter as a substrate, with leaf-mass-loss used as a measure of decomposition 

rates. Given chemical heterogeneity of leaf-litter, which limited comparisons among 

treatments, cotton has been proposed as a standardized alternative substrate to leaves (Boulton 

& Quinn, 2000; Tiegs et al., 2007). The loss of tensile strength (TSL) of cotton-strips (CS), 

rather than mass loss of CS, has been used as a measure of decomposition rates because the 

latter has been  shown to be less sensitive to environmental variables (Tiegs et al., 2007). 

Considering the practical advantages of the use of cotton as a decomposition substrate 

(Boulton & Boon, 1991; Boulton & Quinn, 2000), I used CS for the study described in 

Chapter 5. 

The rate of organic matter processing is influenced by a suite of biotic and abiotic factors 

(Webster & Benfield, 1986; Young et al., 2008; Tank et al., 2010 and references therein) 

many of which are also known to be affected by land-use. While the effect of land-use on each 

of these environmental variables might be straightforward to predict, the relationship between 

land-use and decomposition rates is a result of the combined effects of all these variables, 

which makes its prediction difficult..  Similar rates of decomposition can be recorded at sites 

occupying different positions on the gradient of impairment (determined using 

physicochemical variables) just by chance, as a result of combined effects of all environmental 

variables affecting decomposition (Hagen et al., 2006).  

In cases of agriculture being the cause of degradation, the highest rates of decomposition are 

expected to be found at intermediate levels of impairment, as a result of a slight increase in 

temperature and nutrient concentrations, which stimulate the activity of decomposers. Further 

increase in the intensity of agriculture, generally accompanied by further increase in 

temperature and nutrients, leads to anoxic conditions, a decrease in biotic activity and thus a 
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decrease in decomposition rates (Hagen et al., 2006).  

Land conversion to agriculture can also affect decomposition rates through the modification of 

the riparian zone. Riparian litter is a crucial source of organic carbon (OC) for small forested 

streams (Cummins, 2002). Despite the importance of riparian inputs in the river, vegetation 

clearing has accompanied human settlement in catchments worldwide, leaving the majority of 

riparian zones and forests in the USA and Europe substantially modified (Johnson & Covich, 

1997 and references therein). This represents a major change, in most cases presumably a 

decrease, in one of the sources of OC for rivers. The addition of leaf-litter or CS as a 

decomposition substrate into a stream is supposed to imitate the inputs of riparian litter. In the 

most simple scenario, the addition of experimental substrate in cleared, OC-depleted stream 

would lead to a rapid response by decomposers, resulting in higher-than-predicted 

decomposition rates (but see also Background organic matter (OM) as a factor in CS 

decomposition rates in 5.1.5 Discussion section) . Therefore, the above described response of 

higher decomposition rates at intermediate intensity of agriculture, resulting from higher 

temperatures and nutrient concentrations, might be even more pronounced if combined with a 

reduction of riparian inputs in the stream.  

In Chapter 5, I examined the relationship between land-use and OC processing in the PRC, 

using CS decomposition rates as a measure of OC processing. Because of the potential 

confounding effect of physical river characteristics changing along the river length (Vannote 

et al., 1980), the objective was to separate the effect of land-use in the same way as described 

in Figure 4.1. I aimed to assess the effect of land-use on OC processing by comparing 

longitudinal patterns in CS decomposition rates in ‘abiotically similar’ rivers, but unlike the 

Paddys River, draining land with one land-use type only. This chapter combines results from 

two field studies complementing each other to address further considerations as outlined in 

Figure 5.4 and to determine whether land-use in the Paddys River catchment has had an effect 

on CS decomposition rates.  
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Figure 5.4 The rationale for the study design of Chapter 5 

Longitudinally, leaf decomposition is faster in smaller headwater streams than in larger 

streams (Young et al., 2008 and references therein); however, higher decomposition rates have 

been reported for large rivers than for small ones when CS were used as a substrate (Collier et 

al., 2013). Graça et al. (2001) hypothesized an increase in the importance of microbial 

decomposition and a decrease in macroinvertebrate-mediated decomposition with increasing 

stream order, which would explain the findings of Collier et al.(2013); however, the data of 

Graça et al. (2001) did not show a clear support for their hypothesis.  

Temporarily, Collier et al. (2012) reported higher decomposition rates of CS in autumn than 

spring, indicating that temporal differences exist. However, absolute values are not necessarily 

important in this study, since temporal changes in the overall longitudinal patterns are of 

interest.  
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The study design also enabled me to examine the relative contribution of environmental 

factors in the determination of CS decomposition rates. The choice of rivers – from the most 

pristine ones, through rivers with intermediate levels of catchment impairment (in terms of 

conversion to pasture), to the most impaired river in the region – provided an opportunity to 

test whether the bell-shaped relationship between agricultural disturbance and decomposition 

rates, found in a leaf-litter study by Hagen et al. (2006) can be found when using CS as a 

decomposition substrate.  

Furthermore, a high-flow event of March 2012 provided an opportunity to examine the effect 

of such event on CS decomposition rates in a small upland river. Here, I focused on the effect 

of sediment on CS decomposition rates, because ‘substrate/sediment characteristics’ was the 

most obvious visual change in the river channel after the high flow event.   

5.2.2 Methods  

The description of the study area, data collection, statistical analyses and addition details on 

the study design are given in 5.1.3 Methods.  

Study design – the effect of fine sediment on CS decomposition rates 

The high flow event of March 2012 had a large effect on riparian shrubs and on the riverbed 

substrate in the Paddys River. Large quantities of fine sediment entering the river from bank 

erosion in the upper reaches (site P2) were moved several km downstream, covering site P3, 

previously dominated by boulders, with a layer of sand >1m deep. This sediment 

redistribution and a slow recovery of site P3 throughout 2012 enabled the examination of the 

effect of substrate size on CS decomposition rates at a small scale. For this purpose, an extra 

set of cotton strips, located 50-80 m from sites used regularly for the temporal study 

throughout 2012, was added at sites P2, P3 and P4 during the deployment in December 2012. 

This resulted in two sets of cotton strips being deployed at site P2 (set P2a and set P2b; both at 

locations with fine  substrate), at P3 (one location dominated by coarse substrate (set P3a) and 

one dominated by fine substrate (set P3b)) and at P4 (sets P4a and P4b; both dominated by 

coarse substrate) ( set ‘b’ from each pair was located at sites used throughout 2012). The small 

distance between the two sets of CS (within each pair) was expected to lessen the difference in 
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environmental conditions the two sets of CS at each location were exposed to, so that 

differences in CS decomposition rates could be presumably attributed to sediment size. 

5.2.3 Results 

Temporal variability in CS decomposition rates along the Paddys River 

CS decomposition rates along the Paddys River showed large within-site, among-site and 

temporal variability (Figure 5.1 and Table I-1). However, the longitudinal pattern in CS 

decomposition rates was very consistent throughout 2012, with the lowest CS decomposition 

rates found in the most upstream and most downstream sections and the highest rates in the 

middle reaches (Figure 5.1). The amplitude of this pattern appeared to depend on the length of 

the deployment period (see 5.1.4 Results and 5.1.5 Discussion) and this prevented a reliable 

examination of the effect of environmental variables on CS decomposition rates along the 

Paddys River throughout the year.      

The high flow event of March 2012 did not change the overall bell-shaped longitudinal pattern 

in CS decomposition rates. However, before the high flow event , the highest decomposition 

rates were observed at site P3. After the high flow event (which completely changed substrate 

composition at site P3), the highest rates were recorded at sites P4 and P5. Before the high 

flow event, substrate size composition at site P3 was 40% fine sediment (sand and gravel) and 

60% boulder (observation from August 2011 and Sept 2011). During the high flow event, the 

channel at site P3 was covered by a layer of sand ca. 1 m in depth. Sediment size at other sites 

did not change substantially during the high flow event.      

Effect of sediment size-class on CS decomposition rates 

Sums of average daily temperatures within the pairs of locations used for the examination of 

the effect of sediment size were similar (175.4 and 182.3 degreedays for P2a and P2b; 181.0 

and 181.2 degreedays for P3a and P3b; and 189.8 and 190.6 degreedays for P4a and P4b). In 

addition, as sets of CS did not differ in the length of deployment period (7 days), TSL (%) of 

CS did not have to be corrected for time and temperature. There was a significant difference in 

TSL between locations P2a (fine sediment) and P2b (fine sediment) (t = -3.085, df = 22.796, 

p < 0.05); significant difference in TSL between locations P3a (coarse sediment) and P3b (fine 
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sediment) (t = 2.6822, df = 27.645, p-value < 0.05) but the difference between locations P4a 

(coarse sediment) and P4b (coarse sediment) was marginally not significant (W = 69, p-value 

= 0.074). CS at location P2a were found covered in sediment, which, with a high probability, 

has led to low TSL (Figure 5.5)   

 

Figure 5.5 Small-scale comparisons of tensile strength loss (TSL) between two sets of CS at sites with 

similar (pairs P2a and P2b and P4a and P4b) vs. different (pair P3a and P3b) substrate size-class. 

Comparison of CS decomposition rates in five rivers 

CS decomposition rates along the five study rivers showed high within-site and within-river 

variability (Figure 5.3 and Table I-2). There were significant relationships between TSL and 

the exponential decay coefficient k (rs = 0.93), TSL and land-use (rs = -0.45), TSL and ln drift 

OC
3
 (rs = 0.37), and TSL and temperature range (rs = 0.33) across all rivers. The exponential 

decay coefficient k was correlated with temperature range (rs = 0.41) and ln drift OC (rs = 0.28) 

(n = 26, p < 0.05 for all of the above unless otherwise stated). The relationship between k and 

land-use was marginally not significant (rs = -0.26, p = 0.1) (Figure 5.6). CS decomposition 

rates along the two rivers with 100% native cover did not show a consistent longitudinal 

pattern (Figure 5.3). CS decomposition rates did not show a bell-shaped pattern with the 

lowest values at the lowest and the highest levels of land-use conversion and the highest CS 

decomposition rates at intermediate levels of land-use conversion (Figure 5.6). 

                                                 
3
 Terms ‘drift OC’ and ‘drift OM’ (organic matter) are used to express the same variable in Subchapters 5.2 and 

5.1, since I was concerned with relative differences between sites, not absolute values. 
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Figure 5.6 Relationships between significant predictors of CS decomposition rates across the five study 

rivers and the exponential decay coefficient k. Land-use refers to the proportion of native cover in the 

catchment (100% = 100% native cover). (Site Q3 was an outlier in drift OC and therefore it was excluded 

from analyses.) 

The LR model for TSL across the five study rivers explained 53% of TSL variability (R
2 

= 

0.5296, F (3, 22) = 8.256, p < 0.05) and contained catchment land-use (16%), ln drift OC 

(16%) and temperature range (20%) as significant predictors (relative importance in brackets) 

(Table 5.2). The model for k contained the same predictor as the model for TSL and it 

explained 45% of the variability in k (R
2 

= 0.4456, F (3, 22) = 5.894, p < 0.05). Temperature 

range was the most important predictor explaining 22% of the variability of k, and ln drift OC 

and land-use explained 14% and 8%, respectively (Table 5.3). 

5.2.4 Discussion 

The results from the study on temporal variability in CS decomposition rates suggested that 

the variable ‘time’ (i.e. duration of the deployment) might affect decomposition rate in a non-

linear way, although a linear response is used in calculations and data standardization. In 

addition, the effect of temperature change appears to be related to decomposition rate in a non-
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linear way, too. Both of the above might have affected CS decomposition rates measured in 

this study and both are discussed in 5.1.5 Discussion. Here, the discussion will focus on the 

effect of land-use on CS decomposition rates. 

Land-use as a predictor of CS decomposition  

Catchment land-use (representing the more distant land-use characteristics) was a significant 

predictor of both TSL and k in the comparison among five rivers, whereas riparian canopy 

cover (representing the more proximate land-use characteristics) showed a weaker (non 

significant at α = 0.05) relationship with CS decomposition rates. This contradicts suggestion 

of Young et al.(2008)  of decomposition rates reflecting conditions at a particular location 

rather than integrating reach conditions. On the other hand, large within-site variability 

suggests a very-small-scale control of CS decomposition rates.  

In general, CS decomposition rates do not appear to show a clear response to land-use 

(Clapcott et al., 2010; Imberger et al., 2010; Collier et al., 2012; Niyogi et al., 2013; Tiegs et 

al., 2013 and references therein). A wedge-shaped relationship between CS decomposition 

rates and land-cover was found by Collier et al. (2013), with low decomposition rates at 

> 60% of native cover and a wide range of decomposition rates at low % native cover. Their 

results suggested limitation by native cover at high levels of native cover and an increase of 

the influence of other factors, once the proportion of native cover was below ca. 60%. The 

relationship between land-use (native cover) and CS decomposition rates was unclear in my 

study, in spite of land-use being a significant predictor of CS decomposition rates. My 

findings are in agreement with the findings of Collier et al. (2013), suggesting that sites with 

higher % of native cover were associated with low – medium rates of CS decomposition, 

whereas sites with low % of native cover exhibited a wider range of decomposition rates. 

However, this pattern might have been driven by only a few sites in the Paddy River with high 

decomposition rates (Figure 5.6).  

Nutrient concentrations as predictors of CS decomposition rates 

There appears to be a general consensus that nutrients (N, P) are amongst the most important 

predictors of decomposition rates (Tank et al., 2010 and references therein), although a 

number of field and laboratory studies found no effect of nutrient concentrations on 



Chapter 5 – Processing of organic carbon in an upland river 

 

142 

 

decomposition rates (Webster & Benfield, 1986 and references therein). Nutrient 

concentrations were not predictors of CS decomposition rates in this study. However, nutrient 

concentrations presented here were at the lower end of  nutrient concentrations reported for 

small rivers across the range of impairment (Table G-3), which might have been a reason for 

the observed lack of effect. No significant relationship between nutrient concentration and CS 

decomposition was found in Clapcott & Barmuta (2010) (although their data appear to be not 

corrected for temperature). In Tiegs et al. (2013), NH4
+ 

and soluble reactive phosphorus (SRP) 

concentrations explained 11% and 8% of the variability of CS decomposition. A relationship 

between SRP concentration and CS decomposition rates was found in Niyogi et al. (2013) 

(r = 0.40, p = 0.09) whereas Clapcott et al.(2010) found a relationship between nitrogen 

concentration and CS decomposition rates (R
2
 = 0.41). Imberger et al. (2010) found strong 

positive relationships (r
2 
= 0.71-0.86) between CS decomposition rates and filterable RP, 

NH4
+
, TP and TN concentrations.  

Fine sediment as a predictor of CS decomposition rates  

Changes in the river channel observed in the Paddys River after the major flow event of March 

2012 (major sediment deposition at site P3) have led me to explore the importance of fine 

sediment as a predictor of CS decomposition rates. Fine sediment might affect decomposition 

rates in several ways. ‘Constant’ movement of fine sediment might cause abrasion of CS but it 

might also be a cause of instability of the environment which might inhibit the development of 

microbial communities or their activity. Deployed CS might be covered by sediment during 

the deployment for an unknown period as a result of the movement of the riverbed. In contrast, 

fine sediment can result in higher available nutrient concentrations and a higher relative 

surface area for biofilm to develop on. Decomposition rates might thus be higher in fine 

sediment compared to coarse sediment, through the effect of nutrient enrichment. Claret et al. 

(2001) and Clapcott and Barmuta (2010) found faster CS decomposition in fine sediments 

than in coarse sediment (with only a marginal difference). CS decomposition did not show a 

relationship with sediment fine fraction in Imberger et al. (2010), although the text and figure 

appear to contain contradictory information. Tiegs et al. (2013) did not find differences in CS 

decomposition rates between fine vs. coarse sediment; however, the effect of sediment size 
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class was examined separately from other predictors in their analyses, and therefore this result 

might have been confounded by other variables. 

Fine sediment was not a significant predictor of CS decomposition rates in the model for the 

five rivers in my study. The comparison between the pairs of sites P2a-P2b, P3a-P3b and P4a-

P4b did not give convincing results of the limiting effect of fine sediment on CS 

decomposition rates. On one hand, the coarse substrate set of CS at site P3 had higher 

decomposition rates than the fine substrate set of CS at site P3, whereas the two coarse 

substrate sets of CS at site P4 did not differ. These findings support my hypothesis of fine 

sediment limiting decomposition rates along the Paddys River. However,the difference 

between P3a and P3b was very small and the result at site P4 was only marginally  not 

significant. In addition, although CS decomposition rates at fine substrate locations P2a and 

P2b were much lower than CS decomposition rates at any of the coarse substrate sets (P3a, 

P4a and P4b), the CS decomposition rates at a fine sediment location P3b were similar to CS 

decomposition rates at coarse substrate locations P4a and P4b, suggesting an effect of both site 

and sediment size (Figure 5.5). This experiment was conducted during low flow conditions 

(Dec 2012) when sites/locations with fine sediment had relatively stable riverbeds. If site 

instability is the mechanism limiting CS decomposition rates at fine-sediment sites as 

suggested above, the limiting effect of substrate instability would have been inhibited while 

this experiment was deployed (as a result of low flow conditions) which might have been a 

reason for lack of observed effect.   

OC as a predictor of CS decomposition rates  

In my study, drift OC was an influential predictor of CS decomposition, showing a positive 

relationship with CS decomposition rates (Figure 5.6). Drift OC in this study represented the 

pool of background organic matter (OM), including both riparian litter and drifting in-stream 

primary biomass. Background OM can affect the decomposition of deployed experimental 

substrate in a number of ways (Tank et al., 1998; Tiegs et al., 2008 and references therein). 

Low levels of background OM might lead to higher decomposition rates of experimental 

substrate, if OM was a limiting resource and the ecosystem was depauperate in OC. Large 

amount of background OM might also lead to higher decomposition rates of experimental 

substrate by acting as a source of a ‘healthy’ resident community of decomposers. On the 
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other hand, adding decomposition substrate to streams with low background nutrient 

concentrations might increase competition for nutrients and limit decomposition of added 

substrate. This effect would be even more pronounced when using CS, as CS are depleted in 

nutrients, compared to leaf-litter.  

In this study, higher mass of drift OC might have facilitated the colonization of CS by 

microorganisms and/or provided nutrients and easier decomposable organic compounds to the 

system, which might have subsequently stimulated the decomposition of CS (containing 

almost exclusively cellulose). Since nutrient concentrations in this study only represented 

discrete measurements, they might have not reflected water chemical composition throughout 

the CS deployment period.  

Model of  factors controlling CS decomposition rates along the Paddys River 

CS decomposition rates along the Paddys River appeared to be controlled by the combined 

effects of fine sediment inputs and the magnitude of diel temperature range (Figure 5.7). The 

proposed model produces a response of decomposition rates to an agricultural degradation 

gradient of a similar shape to the one proposed by Hagen et al. (2006). They proposed low 

decomposition rates at low levels of degradation, as a result of limitation by nutrients and low 

temperatures; high levels of decomposition at intermediate levels of degradation, as a result of 

intermediate nutrient concentrations and higher temperature, but still sufficient oxygen 

concentrations; and low decomposition rates at high levels of degradation, as a result of anoxic 

conditions and high sediment input. According to my model, low CS decomposition rates at 

sites with low levels of degradation (sites P1 and P6) are a result of small diel temperature 

range (no limitation by fine sediment); high CS decomposition rates at intermediate level of 

degradation (sites P4 P5) are a result of large diel temperature range caused by low shading, 

which is a consequence of partial removal of riparian vegetation (i.e. banks are still protected 

and prevent excessive fine sediment input); and low CS decomposition rates at high levels of 

degradation (sites P2 and P3) are a result of the limitation by fine sediment input, which is a 

consequence of the near complete removal of riparian vegetation (or in case of P3, high 

sediment transport from upstream reaches). These sites have low decomposition rates despite 

large diel temperature ranges, because of the limitation by fine sediment (Figure 5.7).  
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Figure 5.7 Proposed model for the interaction of channel sedimentation and diel temperature range in 

determining the upper boundary for CS decomposition rates along the Paddys River. The x-axis 

represents the distance from source (sites P1-P6), dashed line and dotted line represent changes in 

temperature range and sediment size class (expressed as coarse sediment, the inverse value of fine 

sediment) along the river. Black arrows represent ranges of potential CS decomposition rates, as limited 

by one of the two variables. 

Diel temperature range was small at site P6 (and much smaller than at site P5), in spite of 1) 

low level of shading at- and upstream of the site P6 (as a result of a relatively wide channel); 

and 2) the absence of any major tributary inflow between sites P5 and P6. Small diel 

temperature range might have been a consequence of channel geomorphology – the Paddys 

River flows through a gorge between sites P5 and P6, which might lead to lower insolation in 

the most downstream reach and consequently smaller diel temperature range. As shown by 

this example, my model does not consider the effect of a natural decrease in riparian shading 

with downstream distance on diel temperature oscillations and the potential effects of channel 

geomorphology on diel temperature range; regardless of the degradation gradient. 

Accordingly, it is possible that diel temperature range at sites P4 and P5 would not differ 

much from current range if the riparian vegetation upstream of them had not been modified by 

land-use. 
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General model of factors controlling CS decomposition rates  

Organic matter processing is one of the most studied topics in freshwater ecology (Tank et al., 

2010) and there appears to be a solid understanding of the main drivers of decomposition and 

the ways that human activities affect them. Yet, there are considerable differences between the 

conceptual model of decomposition I have synthesized from literature (Webster & Benfield, 

1986; Hagen et al., 2006; Young et al., 2008) before my field studies were conducted (‘model 

from literature’) and the model I have synthesized based on  my findings from Chapter 5 

(‘model from the field’) (Figure 5.8): 

1) Only a subset of factors known to control decomposition was important in my study 

2) The ‘model from the field’ does not contain temperature sum and nutrient 

concentrations, the factors traditionally considered to be major drivers of decomposition  

3) Temperature range (rarely considered in decomposition studies) was an important 

predictor of CS decomposition rates (showing a positive relationship) 

4) The ‘model from the field ’contains  factor ‘sedimentation’ instead of ‘substrate’ 

(although the two are closely related) because my observations indicate that substrate size 

composition might have a threshold-like effect, limiting decomposition at 100% or near 100% 

fine-sediment cover.  

5) Background OC stocks (rarely considered in decomposition studies; showing 

inconsistent effect) was an important predictor of CS decomposition rates (showing a positive 

relationship) 

6) Riparian vegetation has been included in the ‘model from the field’ since all predictors 

of CS decomposition rates in my study are known to be directly affected by riparian 

vegetation (in small rivers).  
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Figure 5.8 The conceptual model for the effect of land-use on decomposition synthesized from the 

literature (top) and the model proposed based on my findings from Chapter 5 (bottom). Factors 

considered to be more influential (and directly affecting decomposition) are in bold font in light grey 

boxes. (Interactions between factors (e.g. temperature and dissolved oxygen) are not considered in the 

model) 

5.2.5 Conclusion 

Longitudinal patterns in CS decomposition rates in the Paddys River were very consistent 

throughout 2012, suggesting that the longitudinal patterns in CS decomposition rates in the 

four reference rivers recorded in Nov 2012 were a good representation of a long(er)-term 

pattern in CS decomposition along these rivers. However, the longitudinal patterns in CS 

decomposition along the two reference rivers draining land with conservation land-use only 
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(Goodradigbee and Naas) were not similar. Therefore, the idea of using the CS decomposition 

pattern along a river draining conservation land-use only as a baseline to which the 

longitudinal pattern in CS decomposition along the Paddys River could be compared, could 

not be applied. In addition, the examination of longitudinal patterns in CS decomposition rates 

might have been affected by the non-linear relationship between the length of the deployment 

period and  decomposition rates (see 5.1.5 Discussion). 

Daily temperature oscillations and the mass of background organic matter were significant 

predictors of CS decomposition rates, both positively correlated with TSL and k across the 

five study rivers. The proportion of native forest cover was also a significant predictor, 

however, the direction of the response of CS decomposition rates to this variable was not 

clear.  

CS decomposition rates along the Paddys River appeared to be controlled by the combined 

effects of fine sediment input and diel temperature range. CS decomposition rates were low at 

sites with small diel temperature range and at sites with high sediment input. CS 

decomposition rates were high at sites with high temperature range if the substrate was 

dominated by coarse sediment.  

Results of this study suggest that land-use might affect OC processing in rivers indirectly 

through the modification of the riparian zone, further affecting sediment inputs, diel 

temperature range and inputs of riparian litter.
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Chapter 6 Synthesis – organic carbon in an 

upland catchment 

6.1.1 Overview  

In Chapter 1, I broadly introduced an approach to a catchment-based assessment of ecological 

condition, based on OC as a crucial link between organisms and ecosystems. The approach 

intended to follow the direction of the flow of OC in an upland catchment from vegetation 

(representing the source of OC), to soil and the river, recognizing that a change in any of the 

OC components might result in changes in OC components further along the OC flow-path. 

Examining the long-term responses of the components of OC movement to land-use 

conversion in the Paddys River catchment, I aimed to: 

1) examine the theory underpinning this approach; 

2) assess the condition of soil and the river of the Paddys River catchment; 

3) determine the feasibility of the use of this approach (or its components) for the 

assessment of the condition of upland catchments.  

6.1.2 OC stores in soil 

Soil OC concentration/stocks can be, in terms of conceptual models developed by Ludwig et 

al. (1997) and Whisenant (1999), thought of as the measure of the ability of the system to 

capture and store resources.   

Land-use conversion to grazing did not change (Chapter 3) or increased (Chapter 2) the 

concentration of biologically active soil OC (a-SOC). Using the above-mentioned conceptual 

models as a framework, this would suggest a better condition of soils in converted pasture than 

soils under native plant communities. However, a more practical way of using the framework 

of resource capture, retention and recycling, would be to consider the departure (i.e. both the 

magnitude and direction of change) from the ‘original ‘state in assessments. 
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My result for the forest-to –pine-plantation conversion showed support for my conceptual 

model of SOC change, introduced in section 2.2.2 Literature review – Land-use conversion 

and SOC concentration/stocks. My results were also consistent with previous literature 

reviews (Don et al., 2011; Powers et al., 2011), indicating that the observed change in SOC 

concentration (stocks) has been commonly reported. Although, my results were not consistent 

with my literature review performed using the EcoEvidence software. However, this might 

have been caused by a small number of studies meeting the criteria to be included in my 

review. My findings suggest that the idea of the assessment of system’s condition based on its 

ability to capture and retain resources can be applied to the conversion of a forest to a pine 

(tree)-plantation. Land-use conversion to pine-plantation decreased the concentration of a-

SOC and therefore reduced the ability of soil to support heterotrophic organisms. 

Considering that fires are a natural part of the landscape in SE Australia, and reported 

beneficial effects of charcoal on soil properties (Atkinson et al., 2010; Lehmann et al., 2011), 

it might be argued that the removal of woody vegetation following the conversion of land to 

pasture might have led to a decline in soil properties associated with charcoal, as converted 

herbaceous communities produce less charcoal than the original forest communities would 

have produced. In this respect, given that pine-plantation soils had the lowest concentrations 

of both a-SOC and inert-SOC (Figure 2.7), this might indicate that establishment of pine-

plantations and current pine-plantation practices in the Paddys River catchment have led to an 

impairment of soil condition in terms of beneficial qualities provided by both, the biologically-

active and inert fractions of SOC. 

Soil OC is one of the well-established indicators of soil condition. In addition to its role as a 

prime energy source, which was a property focused on in this thesis, OC ‘plays a role in 

almost every soil function’ (Schoenholtz et al., 2000), which makes its use as an indicator very 

practical. Despite the wide use of soil OC as an indicator, the extent of land where fires occur 

and the differences in the effects of charcoal and non-charcoal OC on soil properties, there 

does not appear to be an established method for the separation of charcoal (biologically inert 

fraction) from non-charcoal OC in soil. It has not been established either, which forms of soil 

OC are to be included in the ‘biologically-available’ vs. ‘inert’ fraction so that the categories 

are ecologically meaningful but, at the same time, the analytical methods are feasible for 
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routine assessment. Currently, lack of consideration of the potential presence of inert-OC in 

soil samples might lead to erroneous result interpretation. 

6.1.3 Leaching of OC from soil 

The leaching of OC from soil can be, in terms of conceptual models developed by Ludwig et 

al. (1997) and Whisenant (1999), thought of as the measure of the ability of the system to 

retain resources. However, since my study system was an upland catchment, whereas these 

conceptual models were developed in terrestrial systems, I intended to consider resource 

retention from the perspective of both the terrestrial and aquatic subsystems of an upland 

catchment. Therefore, the aim of the leaching experiment was to examine two processes – the 

retention of OC by soil and the gain of OC by the river. 

The amount of OC leached from soil and transported to the river during a high rainfall event 

was found to be primarily determined by a-SOC concentration (Figure 3.4), although the 

model explained only 32% of the variability of leached OC. Since land-use and the content of 

clay and fine silt were the two major predictors of a-SOC, land-use affected the amount of OC 

transported from soil to the river indirectly. Combining the results from Chapter 2 and 3, land-

use conversion to pine-plantation resulted in smaller loads of OC transported from soil to the 

river during high rainfall events, if the majority of the transport of leached OC during these 

events is via shallow subsurface flow. Land-use conversion to grazing did not seem to change 

the loads of OC transported from soil to the river through the process of leaching.  

The proportion of a-SOC leached from soil cores, i.e. the ability of soil to retain OC during a 

rainfall event, did not differ between land-use types. The soil core experiment represented a 

large rainfall event, which tends to be associated with a rapid movement of the soil solution 

through a shallow flow-path (McDowell & Likens, 1988) and might prevent or limit the two 

main mechanisms of OC retention by soil –  adsorption to mineral particles (Nelson et al., 

1993) and physiological adaptation of microorganisms (Schimel et al., 2007). Therefore, the 

leaching experiment was probably a more appropriate way to compare the loads of OC 

transported from soil to river during a large rainfall event than to compare OC retention by soil 

across the three land-use types.  
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The raining rate, even though the lowest possible setting was used for the leaching experiment, 

might have represented a rainfall event of a magnitude that by far exceeded the capacity of 

soil’s retentive mechanisms. As a result, OC concentration in the leachate might have been 

only limited (and was best predicted) by the stocks of OC in soil, potentially available for 

leaching. In this respect, it is questionable whether measuring OC transport in overland flow, a 

process which represents a major link between the land and the river but which was for 

logistical reasons not included in the thesis, would have been a relevant way of examining the 

ability of the soil to retain resources (OC). Overland flow requires rainfall events of high 

magnitude, and therefore, similar limitations to those applicable to the ‘high raining-rate of the 

leaching experiment’ discussed in Chapter 3, might apply to measuring OC concentrations in 

overland flow and using them as a measure of the soil’s retentive ability. 

Nutrient (including OC) retention has been recognized as a fundamental soil function, 

although its importance appears to be emphasized more in agriculture than in ecological 

studies. However, it appears that OC leaching during a high rainfall event is largely 

determined by the total pool of soil OC available for leaching, and therefore information on 

soil OC stocks might be an appropriate and easily measurable surrogate. The differences in the 

ability of soils from different land-use types to retain resources probably need to be examined 

in experiments with low rainfall intensities. The transport of OC from soil to the river is a 

complex issue involving a number of factors such as topography, vegetation cover, infiltration, 

residence time, flow-path, etc. (Chittleborough et al., 1992; Mayor et al., 2009). While I 

acknowledge the complexity of the process, a large-scale study was beyond the possibilities of 

this project.  

6.1.4 Stores of OC in rivers 

The conceptual models presented in by Ludwig et al. (1997) and Whisenant (1999) suggested 

using the ability of the system to capture, retain and recycle resources as a relative measure of 

its condition. However, the movement of resources in upland rivers is much faster than in 

terrestrial ecosystems. Consequently, the sampling of OC reservoirs in upland rivers, the way 

it was preformed, gave information primarily on transported OC rather than retained. 
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Therefore the design in Chapter 4 aimed to compare river draining land with different land-use 

in their ability to provide resources for heterotrophic organisms.  

Land-use was not an important predictor of OC reservoirs in small rivers during base-flow 

conditions, since benthic debris was the only OC reservoir showing a relationship with land-

use and riparian cover (Figure 4.5). OC reservoirs in these rivers were more strongly affected 

by catchment-specific controlling factors, despite the fact that study sites represented a range 

of geomorphologies and wide range of forest-to-pasture land-use conversion both within and 

between rivers. The concentration of TOC was the most influential variable in terms of 

grouping sites within one river together. This finding shows support for the conceptual model 

in Figure 4.2, according to which the concentration of TOC in the water column integrates the 

effects of other OC reservoirs and the effect of different spatial scales within the catchment. 

My results suggests that strong within-catchment mechanisms control the concentration of 

TOC in rivers during base-flow conditions and these mechanisms are maintained regardless of 

the extent of land-use conversion from (open) forest to pasture.  

However, the nature of the modification of the riparian zone of pasture streams (abundance of 

willows), which differed from the hypothesized modification (removal or reduction of woody 

riparian vegetation), have led to larger than predicted riparian stocks of OC (and therefore 

larger than predicted potential sources of OC for rivers draining grazing land). Conversely, the 

riparian zone of large sections of forested streams (i.e. streams  with natural riparian zone) in 

the study region are dominated by shrubs as opposed to trees, which have led to lower than 

predicted riparian stocks of OC (and therefore smaller than predicted potential sources of OC 

for rivers draining conservation land). These two facts might have contributed to the lack of 

observed effect of land-use conversion on some OC reservoirs. 

The vast majority of OC transported from terrestrial environment to upland rivers enters the 

rivers during rainfall events and high flows (Dalzell et al., 2005), suggesting that the 

connection between the terrestrial and aquatic environment is ‘the strongest’ during these 

events. However, fieldwork during rainfall events and high-flow conditions, to capture the 

moments of OC mobilization in the catchment, is difficult because of the timing of those 

events and associated issues of site accessibility and safety. Therefore, I did not attempt to 

capture these events. Sampling during base-flow conditions was supposed to provide 
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information about conditions which , with respect to OC reservoirs in rivers, exist ‘most of the 

time’(see Appendix H). My results suggest that, ‘most of the time, land-use has a smaller 

effect on OC reservoirs in small rivers than catchment-specific controlling factors.  

6.1.5 OC processing in rivers 

The decomposition of OC in upland rivers can be, in terms of conceptual models developed by 

Ludwig et al. (1997) and Whisenant (1999), thought of as the measure of the ability of the 

system to recycle resources.  

Cotton strip (CS) decomposition rates in the Paddys River appeared to be controlled by fine-

sediment input and diel temperature range. CS decomposition rates across the five rivers were 

positively related to diel temperature range and the mass of drifting OC (Chapter 5). All three 

of these predictors are known to be affected by land-use conversion (riparian clearing), 

although in my study neither of these predictors were correlated with land-use or riparian 

canopy cover. Except for high levels of sediment input in the Paddys River, it is not possible 

to conclude to what extent the other two controlling factors (diel temperature range and the 

mass of drifting OC) were affected by the modification of the riparian zone. Natural 

longitudinal changes in the channel width presumably affect riparian shading, and associated 

water temperature oscillations and riparian OC input, regardless of human-induced riparian 

modification. CS decomposition rates did not show a clear response to forest-to-pasture land-

use conversion or riparian canopy cover along the Paddys River (although differences in the 

length of CS incubation might have confounded the results). 

I have shown that CS decomposition rates can be driven by factors largely neglected in 

decomposition studies (above). In addition, my results suggest that our understanding of some 

fundamental factors (the relationship between decomposition rates and the length of the 

deployment period; the relationship between changes in temperature and decomposition rates) 

might be insufficient, and that large within-site variability might complicate the research on 

decomposition and its use as an indicator. 

The processing of OC is a fundamental ecosystem function. It integrates the effects of a 

number of environmental factors and yet is simple to monitor, which is one of the 
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requirements for a useful ecological indicators (see Dale & Beyeler, 2001). However, as it had 

been pointed out before, values of decomposition rates, without any knowledge about the 

drivers of decomposition (e.g. nutrients, sediment) cannot be used for the assessment of stream 

condition because of the non-linear relationship between decomposition rates and the gradient 

of degradation (Hagen et al., 2006) and the wide range of factors affecting decomposition 

rates (Young et al., 2008). Therefore, while having information on the rates of OC processing 

by the system is important (since it is a crucial process), decomposition rate on its own does 

not ‘indicate anything else than itself’ (or ‘indicates too many things at the time’), i.e. no other 

property of the ecosystem appears to be predictable from the rate of decomposition.  

6.1.6 Conclusions 

Although the conceptual models presented in the thesis were based on reviews of scientific 

evidence, most of my predictions, outlined in Chapter 1 and developed in more detail in 

Chapters 2 – 5, were not confirmed. However, a large number of studies on the effect of land-

use on OC stores and processing have reported findings that were not in accordance with 

theoretical concepts. In this respect, my findings are in accordance with findings from 

previous studies and suggest that generalization might not be possible and a site-to-site 

approach might be needed to determine certain effects of some land-use conversions on OC 

stores and processing in upland catchments. Some of the reasons for the observed lack of 

effect (or unclear direction of the effect) of land-use conversion on OC stores and processing 

found during this project included overlooking the effect of a confounding variable (e.g. the 

presence of charcoal in soil, Chapter 2) and the complexity of intermediate factors and 

interactions (e.g. factors potentially affecting OC decomposition rates, Chapter 5).  
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KeyPoints 

 Ecosystem/river condition assessment approaches have traditionally relied on data on 

structural ecosystem components (water quality, animal and plant taxa), but structure does not 

necessarily say anything about function. Yet processes (i.e. function) are the services provided 

by ecosystems. 

 Organic carbon is a life-limiting resource. Human activities often affect the input, 

movement and retention of organic carbon in a catchment, but traditional assessment methods 

based on structural components are not necessarily designed to detect such changes. 

 The approach described here recognizes the importance of organic carbon by 

developing a model of the movement of organic carbon in an upland catchment and 

identifying crucial processes which control its movement and retention in the system but 

which can be affected by human activities. 

 Preliminary results from measuring the stores in the soil and processing of organic 

carbon in an upland river show a functional response to change in land-use.  Such measures 

may ultimately be included in an index of functional impairment. 

Abstract 

The need to include a whole-catchment perspective in river management and river condition 

assessment has been recognized for decades. Recently, the focus of river condition assessment 

has shifted from approaches using only structural components (e.g. water quality, biodiversity, 

etc.), to approaches that combine structural components with assessment of ecosystem 

processes. Here we introduce an innovative approach to investigate the relationship between 

land-use and the condition of an upland river and its catchment. This holistic approach is 

• 

• 

• 

• 
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based on organic carbon (Corg), the source of energy for biota, and uses a suite of ecosystem 

processes which reflect the direction of flow of Corg in the catchment. The flow of Corg in the 

catchment - from vegetation through soil into the river – can be quantified by measuring: 1, 

decomposition in soil and water as a measure of biological activity and nutrient cycling; 2, 

Corg-leaching from soil and Corg-transport in surface runoff as a measure of the soil’s ability to 

retain resources and the delivery of essential resources from land to river; 3, riparian litter 

input to the river and periphyton production as a measure of Corg for heterotrophic aquatic 

biota; and 4, benthic respiration as a measure of Corg readily available for heterotrophic biota 

in the river. Preliminary data suggests that the differences between impaired and reference 

sites in Corg-storage and processing within/between soil and streams may be able to be used to 

provide information about functional changes.   

Keywords 

Organic carbon, ecosystem processes, catchment condition, upland river  

Introduction: from structural to functional indicators  

The assessment of river condition is a common practice in large parts of the world.  

Traditionally, assessment methods focused on structural components of the ecosystem, mostly 

chemical and physical properties of the water and macroinvertebrate assemblages (Norris and 

Thoms, 1999). It has been recognized that catchment condition determines the condition of a 

river (Hynes, 1975) and therefore it is vital to integrate an assessment of the condition of the 

surrounding terrestrial ecosystem into river studies (e. g. Bond and Lake, 2003; Norris et al., 

2007; Roni et al., 2008). Additionally, it has been recommended that functional components 

(processes) are included in the assessment of the river condition (e.g. Bunn et al., 1999, Roni 

et al., 2008; Young et al. 2008) because data on structural components (e.g. water quality, 

animal taxa) do not necessarily provide information on how the system functions.  

The condition of a system can be assessed by its ability to retain and recycle essential 

resources (water, soil and nutrients) (Ludwig et al. 1997; Whisenant, 1999): a site in a better 

condition has higher retention and recycling of resources than a degraded site, from which 

these resources are lost as a result of physical processes (e.g. erosion). Their models can be 

seen as a landscape-scale analogy to the comparison of living systems and non-living/non-
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functioning ones: the essence of living systems is their ability to capture, store and use energy 

and thus maintain themselves away from the thermodynamic equilibrium (Ho and Ulanowicz, 

2005). Therefore understanding of the ability of a system to retain and recycle resources 

provides information about its condition. 

The conceptual models of Ludwig et al. (1997) and Whisenant (1999) were developed 

studying autotrophic terrestrial systems. When applied to a catchment of an upland river, as a 

unit to be studied, the idea of “the more retention the better condition” does not seem to be 

fully applicable. The catchment of an upland river consists of an autotrophic terrestrial 

subsystem and a heterotrophic aquatic subsystem - upland stream. The main source of energy 

for a heterotrophic upland stream is Corg-input (i.e. loss) from land, and so more resource 

retention by the terrestrial subsystem, would suggest better condition of the terrestrial 

subsystem but fewer resources available for the aquatic subsystem. Therefore, while 

recognizing that Corg-retention is necessary for ecosystem functioning, the presented approach 

considers Corg from the perspective of both the land and the upland river.  

This paper examines the theory underpinning the use of Corg-retention and recycling for the 

assessment of the condition of upland rivers and their catchments. It reflects the fact that the 

condition of the catchment is likely to determine the condition of the river. It links ecosystem 

components through the use of Corg and follows the direction of the flow of energy and 

material in the catchment. The paper does not suggest that traditional (structure-based) 

assessment approaches should be replaced by assessment based on Corg-processes. Instead, we 

propose an approach that evaluates a different aspect of ecosystem condition and adds to the 

suite of assessment approaches that may be selected, depending on management objectives. 

The conceptual model: organic carbon in upland catchments 

Organic carbon (Corg) was selected for the assessment of the system’s retention and recycling 

ability, for the following reasons: 

1)  Corg is the main source and storage of energy, which enables organisms to keep away 

from the thermodynamic equilibrium (“death”); 
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2)  Corg is primarily a product of living systems therefore it is an important link between 

individual organisms and ecosystems; 

3)  the movement of Corg in the ecosystem is primarily controlled by physical (e.g. 

gravity) and chemical/photochemical (Howitt et al., 2004) factors, i.e. the retention and 

recycling of this resource is vital; 

4)  Corg (unless specific organic compounds are of interest) is relatively easy to study and 

quantify compared to most other resources. 

We have synthesised the processes associated with the movement of Corg in upland catchments 

(Figure A-1). The catchment of an upland river is characterized by a strong physical gradient 

(depending on slope and channel gradient) and a transport of resources from the catchment 

(Figure A-1). There are three primary input pathways/sources of Corg to an upland river: 1, 

riparian litter (Wallace et al., 1999); 2, Corg (DOC, POC) input from soil and soil surface 

(Aitkenhead et al., 1999; Wang et al., 2010); and 3, Corg from groundwater (Fiebig and Lock, 

1991). The typically very low production-to-respiration ratio of upland streams (Bunn et al., 

1999) indicates that the dominant source of Corg is terrestrial.  

Although the terrestrial subsystem of a catchment of an upland river is often referred to as 

being autotrophic, not all its components are autotrophic. The soil ecosystem is dependent on 

an external source of energy with all its Corg being primarily of plant origin (root exudates and 

decaying plant material). Clearly, vegetation drives the flow of Corg in the catchment. 

However, plant species composition and cover are usually the first ecosystem components that 

change with the introduction of human activities. Since different plant communities can differ 

in their soil Corg-input into soil, changes in land-use can result in changes in the stores of soil 

Corg (Guo and Gifford, 2002). This change is likely to result in a cascade of effects and might 

alter processes occurring downhill/downstream. 

The soil represents a connection between the source of Corg (vegetation) and the upland river 

(Figure A-1). Therefore soil condition, in addition to having an intrinsic value, also plays a 

role in determining the functioning and condition of the river. In a study by Aitkenhead et al. 

(1999), the content of Corg in soil was the most important predictor of dissolved organic carbon 

(DOC) in steams at different spatial scales. Brooks et al. (1999), however, found no 
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relationship between soil Corg and DOC either in streams or in soil leachate, and soil pH and 

soil heterotrophic activity (CO2 flux) were the best predictors of a mobile DOC pool from soil.  

 

Figure A-1 Conceptual model of the movement of organic carbon on a hill-slope in a catchment of an 

upland river (cross-section). (OM = organic matter, POM = particulate OM, DOM = dissolved OM). 

Processes of Corg-movement in more detail 

To determine whether it is possible to use the approach of Corg-retention and recycling for 

condition assessment in an upland catchment, the differences in the following components of 

our conceptual model (Figure A-1) are being studied and compared between impaired and 

reference sites: 1, decomposition in soil and water as a measure of biological activity and 

nutrient cycling; 2, Corg-leaching from soil and Corg-transport in surface runoff as a measure of 

the soil’s ability to retain resources and the delivery of essential resources from land to river; 

3, riparian litter input to the river and periphyton production as a measure of Corg for 

heterotrophic aquatic biota; and 4, benthic respiration as a measure of Corg readily available for 

heterotrophic biota in the river.  
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The presented approach is being trialed in an investigation of the relationship between land-

use and the condition of the upland Paddys River and its catchment. The Paddys River 

catchment (~250 km
2
) is located in the Southern Tablelands of NSW, southwest of Canberra, 

ACT, Australia. There are 3 major types of land-use in the catchment – conservation (native 

forest), sheep and cattle grazing and non-native pine plantation (Office of the Commissioner 

for Sustainability and the Environment, c. 2004).  

Organic carbon from plants to soil  

The starting point of the conceptual model (Figure A-1) is the relationship between vegetation 

and Corg-content in soil. In the Paddys River catchment, soil texture and land-use are the most 

important of abiotic (slope, aspect, geology and soil texture) and biotic (vegetation, land-use 

and litter) factors considered in the model for determining the amount of Corg in soil (Vyšná et 

al., unpubl. data, 2011).  

From soil to the river – surface runoff and leaching 

Corg input from soil is a measure of 1, loss of Corg for soil heterotrophic biota; and 2, gain of 

Corg for aquatic heterotrophic biota. Two processes are considered in our approach: surface 

runoff (overland flow) and leaching from soil (Corg leached from soil in water moving below 

the soil surface). Corg -input from soil and soil surface to the river is controlled by the physical 

properties of the site (topography), physical and chemical properties of the soil, e.g. texture 

(Nelson et al., 1993) or Corg content, and biological properties of the soil e.g. plant cover 

(Fierer and Gabet, 2002) or composition of soil microbial communities (Gordon et al., 2008). 

Surface runoff is an important source of nutrients for the river (Vidon et al., 2008) and Corg-

transport via surface runoff has received much attention (e.g. Fierer and Gabet 2002; Vidon et 

al., 2008; Wang et al., 2010). Corg-input from soil leaching in upland river catchment has 

received limited attention.   

Human activity in the catchment can affect the amount of Corg leached from the soil (Figure 

A-2): Land-use affects Corg-concentration in the soil (Guo and Gifford, 2002) as well as the 

composition of soil microbial communities (Gordon et al., 2008). Sudden changes in soil 

moisture, a common phenomenon, cause osmotic stress to soil microorganisms. Different taxa 

of soil microorganisms differ in their resistance and response to osmotic stress (Schimel et al., 
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2007). Gordon et al. (2008) hypothesized that the amount of Corg in leachate is not only a 

result of Corg-release after microbial-cell rupture or active Corg-release from cells as a means of 

osmotic regulation to prevent cell-rupture, but depends on the ability of the microbial 

community to re-immobilize released resources. Therefore if land-use affects soil microbial 

communities it might affect the ability of the soil to retain Corg during a rainfall event. 

 

Figure A-2 Conceptual model of the effect of land-use on the amount of Corg in leachate. Black lines show 

the effect of land-use and sudden increase in soil moisture on soil components and processes. White dashed 

lines indicate the movement of nutrients through the soil core in a leaching experiment. 

Recycling within the soil and within the river  

Decomposition of organic matter has been widely used as an indicator of ecosystem condition 

reflecting the rate of nutrient cycling and biological activity (Young et al., 2008). Since 

decomposition is affected by a suite of factors both in streams (Young et al., 2008) and soil 

(Bridgham et al., 1991; Cortez, 1998; Bradford et al., 2002), using this process as an indicator 

gives a picture of overall ecosystem condition. It also means that sites with a different position 

on a degradation gradient (represented by physical and chemical indicators) can have similar 

rates of decomposition. In cases of agriculture being the cause of stream degradation, the 

highest rates of decomposition are expected to be found at intermediate levels of degradation, 

as a result of a slight increase in water temperature and nutrient concentration, but still 

providing favorable conditions for a variety of decomposers. Further disturbance, generally 

LEACHING 
EXPERIMENT 
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accompanied by further increase in temperature and nutrients, leads to anoxic conditions, 

decrease in biota and thus decrease in rates of decomposition (Hagen et al., 2006). Combining 

data of decomposition rates with the measurements of structural components known to affect 

decomposition rates (e.g. temperature, nutrient concentration) is essential for result 

interpretation (Young et al., 2008) and an interpretative framework for using rates of leaf 

breakdown as an indicator of river condition was proposed by Gessner and Chauvet (2002). 

Longitudinal changes in decomposition in the Paddys River (13 sites along 40 km of length) 

were examined in August 2011. Based on our knowledge of changes in temperature and 

nutrients (P, N) along the River and our understanding of how these factors affect 

decomposition, we expected an increase in the rates of decomposition (with some natural 

variability) along the River (solid line, Figure 3a). Surprisingly, the results showed that 

average decay coefficient λ was considerably higher in the middle section than in the upstream 

and downstream sections respectively (dots, Figure 3a). Changes in decomposition rates were 

best explained by phosphorus concentrations in the water column (Figure 3b).  

Significantly higher decomposition rates at higher concentrations of nutrients suggest Corg-

limitation. If associated with lower Corg-input from the riparian zone upstream, this might 

suggest that the section of the river with high decomposition rates is Corg-depleted and 

microorganisms are using an alternative resource (Corg-rich substrate deployed during the 
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study). Exclusion of leaf litter input from riparian zones increases wood decomposition and 

the enzymatic activity of wood biofilms (Tank et al., 1998). Moreover, decomposition of 

organic matter also plays a role in immobilization of nutrients (P, N) from the water column 

(Tank et al., 1998) which suggests that reduction in retention and recycling of one resource (in 

this case Corg) can reduce the retention of other resources (in this case phosphorus).  

From plants directly to the river 

The relative importance of Corg- source for riverine heterotrophic biota changes along a river 

continuum, with riparian leaf litter being a dominant source in headwaters, and in-stream 

primary production dominating in mid-sized streams (Vannote et al., 1980). Contrary to these 

traditional views, recent findings indicate that riparian litter is not an important food source for 

metazoan biota in Australian rivers in small, shaded streams (Hadwen et al., 2010). However, 

the experiments investigating the effect of litter exclusion on stream microbial activity showed 

that riparian litter is an important food source for non-metazoan stream biota (fungi, bacteria) 

(Tank et al., 1998) and this most likely applies to Australian streams. Widespread 

modification or removal of riparian vegetation has probably decreased the ability of streams to 

support heterotrophic life and therefore riparian litter input should be evaluated as part of the 

assessment. In addition, as noted above, knowledge of riparian litter inputs is needed to 

interpret the results of decomposition studies.  

The river producing its own organic carbon 

In-stream primary production is one of the sources of Corg for stream heterotrophic biota. Its 

relative importance in small Australian streams might be higher than proposed by traditional 

conceptual models. Hadwen et al.  (2010) found that 81-97% of carbon in the tissues of 

metazoan primary consumers was of algal origin. The principal factors limiting primary 

production are riparian shading, nutrients, substrate type and river-bed disturbance during high 

flow events (Biggs, 2000; Mosisch et al., 2001; Clapcott and Barmuta, 2010).  

How much organic carbon is available for stream biota? 

Respiration is a measure of Corg-availability for the food web. It is affected by a suite of 

factors (Young et al., 2008) which suggests that it can be seen as an integrated measure of 
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ecosystem condition. In the presented model, respiration represents the last process in the 

movement of Corg in the catchment of an upland river and therefore it might be affected by a 

change in any of the uphill processes. In terms of the assessment of river condition, criteria for 

the interpretation of the measurements of both respiration and production were proposed by 

Young et al. (2008). 

Conclusions: the use of Corg in river (catchment) condition assessment 

Methods for the assessment of ecosystem condition were developed as a response to 

recognition that human activities can alter natural systems at all levels from species (or even 

genetic) to ecosystem processes. Vast majority of assessment methods uses only one of these 

levels - structural ecosystem components (water quality, species). Focus on the structure does 

not necessarily provide information on whether and where a change in a process occurred, and 

management steps taken based on the assessment of the structure are unlikely to fix the 

process. Here we have shown that measurements of some Corg-related ecosystem processes 

provide information about the functional response of the ecosystem to changes in land-use in a 

catchment of an upland river.  We therefore propose that condition assessments consider the 

retention and loss of Corg, from the system. From an ecological point of view, this may be vital 

in systems where physical factors play an important role in controlling the movement of 

resources (water, soil, nutrients). The level of acceptable deviation from the reference 

condition will depend on management objectives and social considerations.  These are 

preliminary findings from an initial investigation and on-going research will clarify the 

approach.  
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Appendix B Details of the Eco Evidence literature review  

The Eco Evidence analysis is based on 3 causal criteria: the strength of Response, Dose-

response and Consistency of response. The Dose-response criterion was not relevant for the 

literature review presented here. The minimum requirement for a demonstration of a 

relationship is to reach HIGH Response score (i.e. Response > 20) and HIGH Consistency 

score (i.e. Consistency < 20). These two values are default evidence thresholds and they were 

not modified in the presented literature review.  

Eco Evidence assigns scores for the Response based on the type of the study design and the 

number of control and impact locations (e-Water, 2012). The software contains default scoring 

settings for study design (Table B-1) and for the number of treatment and control locations 

(Table B–2). Default Eco Evidence settings were based predominantly on experience with the 

assessment of aquatic systems. However, default criteria did not seem to be all 

appropriate/relevant for the analysis of published literature on the response of SOC to land-use 

conversion. Therefore I have modified the default setting (see below).  

Table B-1. Summary table of Eco Evidence scoring for the type of the study design (from e-Water, 2012).  

Before vs. after studies appear to be rare in the field of soil science and therefore the Eco 

Evidence study design criteria could not be applied. However, it was considered of critical 

importance that compared sites are abiotically comparable and this requirement was reflected 

in my weighting criteria. Therefore, instead of values in Table B-1, the evaluated paper was 

given a score if compared sites (i.e. forest vs. pasture or forest vs. pine-plantation) had similar 

1) aspect, 2) slope or topography and 3) texture or clay content at a site-scale, or if these 

variables were considered in the model (one score for each variable). The fourth point was 

given for ‘replication’. However, true replication, i.e. with respect to all treatments (i.e. not 

Eco Evidence default study type Score Eco Evidence default study type Score 

After impact only 1 Gradient response model 3 

Before (B) vs. After (A) or Control (C) 

vs. Impact (I) 

2 Multiple BACI (or beyond) 4 
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only land-use, but also soil type, depth, etc.) seemed to be very rare in reviewed studies, and 

therefore a score for replication was given to each study with at least 2 control sites and 2 

impact sites, all of which were topographically isolated and therefore presumably 

‘independent’ with respect to the flow of OC. 

There were two main reasons for the modifications described above: 1) every study which 

explores the relationship between land-use conversion and SOC automatically has at least one 

control and at least one impact site, i.e. giving a score for only one impact and only one 

control site is pointless; 2) as mentioned above, before-impact studies appeared to be 

extremely rare in soil studies, i.e. space-for-time substitution was almost always used. On the 

other hand, small-scale variability is much more pronounced in soil than in rivers and the 

above mentioned three abiotic factors presumably cover the most important abiotic conditions 

limiting OC in soil (provided that the control and impact sites are located in the same climatic 

zone).  

Table B-2 Summary table of Eco Evidence scoring for the number of control and impact locations and 

modifications of these scores used in the literature review for Chapter 2. 

Literature review – the response of SOC stocks to the forest-to-pasture land-use conversion 

Studies exploring the relationship between SOC stocks and the forest-to-pasture land-use 

conversion were included in the Eco Evidence analysis if the following criteria were met:  

Weighting of control locations Weighting of impact locations 

Eco Evidence default Modification Eco Evidence default Modification 

Number Score Number Score Number Score Number Score 

0 0 1 0 0 0 1 0 

1 2 2 1 1 2 2 1 

≥ 2 3 >2 2 ≥ 2 3 >2 2 
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1) Only primary literature was used. (Review articles found during literature search were 

examined for relevant primary sources.)  

2) Studies had to report results on changes in SOC as a direct (i.e. without any transitional 

land-use) response to land-use conversion from a native forest (not necessarily a primary 

forest) to pasture, which has been used for grazing for >10 years.  

3) Paddys River catchment is an upland catchment with a temperate climate and a 

geology dominated by granitic rocks, but these attributes were not a requirement for the 

published studies to be included in the literature review. Instead, since the concentration of OC 

in soil is primarily affected by abiotic condition, only studies that considered at least one 

abiotic factor (known to have an effect on SOC) or those that compared land-use effect on 

SOC across abiotically similar sites were included in the literature review.  

4) Only studies which reported SOC stocks or both SOC concentration and bulk density 

were included (so that SOC stocks could be calculated). 

The literature search for the Eco Evidence analysis was conducted using the following 

databases and search terms: 

1) Web of Knowledge: Title=("land-use") AND Title=(soil carbon) AND Topic=(forest) 

AND Topic=(grazing) AND Topic=(pasture); Title=("land-use") AND Title=(soil carbon) 

AND Topic=(forest) AND Topic=(grazing); Title=("land-use") AND Title=(soil carbon) AND 

Topic=(forest) AND Topic=(pasture);  

These searches showed that the vast majority of relevant studies were carried out in Brazil/in 

the tropical region. To avoid a potential geographical bias, tropical studies were excluded from 

all the remaining searches:   

2) Web of Knowledge: Topic=("land use") AND Topic=(soil carbon) AND 

Topic=("forest to pasture") AND Topic=(Australia); Topic=("land use") AND Topic=(soil 

carbon) AND Title=("forest to pasture"); Topic=("land use") AND Topic=(soil carbon) AND 

Title=(forest) AND Topic=(pasture) AND Topic=(Australia) 
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3) Google scholar: carbon soil Australia "forest to pasture" "land use" -review -"meta-

analysis" 

Literature review – the response of SOC stocks to the forest-to-pine-plantation land-use 

conversion 

Criteria for the relevance of published literature to explore the relationship between SOC 

stocks and the forest-to-pine-plantation land-use conversion were the same as above, except 

for criterion 2), which was modified as follows: 

2) The age of the plantation had to be at least 20 years so that the recovery of SOC after 

the disturbance (i.e. industrial planting) could have occurred. The conversion from forest to 

pine-plantation did not have to be direct (e.g. grazing as a transitional intermediate land-use 

was common) but the study had to indicate that forest was a climax ecosystem on the site. 

However, the transitional land-use could not be a cropland since it is known to reduce OC 

levels in soil significantly.  

The literature search for the Eco Evidence analysis was conducted using the following 

databases and search terms: 

1) Web of Knowledge: Title=("land use") AND Title=(soil carbon) AND Topic=("forest 

to pine"); Topic=("land use") AND Topic=(soil carbon) AND Topic=("forest to pine 

plantation"); Topic=("land use") AND Topic=(soil carbon) AND Topic=("pine plantation") 

AND Topic=(forest)    

2) Google scholar: soil carbon "forest to pine plantation"; soil carbon "forest to pine"  
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Appendix C Results: a-SOC concentration in the PRC 

 

Figure C-1  a-SOC concentration in the Paddys River catchment (PRC, all 120 samples included). 
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Appendix D Including elevation as a predictor of a-SOC 

concentration 

Preliminary data analysis suggested that elevation may be an important predictor of a-SOC 

concentration (r = 0.68, n = 120) and, therefore, elevation was additionally included into 

models. However, since elevation was originally not considered in the study design, it was not 

evenly represented across the three land-use types (Figure D-1). Consequently, only samples 

collected at elevations < 1000 m were included in models, i.e. 20 datapoints were removed 

from the dataset, leaving n = 100. 

 

Figure D-1 Distribution of sampling-site elevations across the three land-use types and associated a-SOC 

concentrations. 

Given : LandUse 

I Pine plantation I 
I Grazing I 

I Conservation I 

600 800 1000 1400 600 800 1000 1400 

z- ., 
.s:::. 
0) .... .Q) 
~ "' 
c:' .,, 
-c, 

~ 
.,. 

~ 
0 

M 

0 "' (f) 

' ro 

' ' ' ' ' ' ' ' ' ' 0 0 

- 00 

00 
0 0 0 - 0 0 0 

0 "o 00 0 - 00 0 0 0o 
0 0 

- 0 
OcP o8 O 

o 0 o 0 oood'\ 0 0 0 
0 0 

ff'~~ 
0 

0 oo
0

o9:, - 0 0 0 o 9" 0 
0 0 ., 00 

/, oc?&0 -
0 0 - 9:,8 00 0 

' ' ' ' ' 
600 800 1000 1400 

Elevation 



Appendix E - Chapter 2  

 

193 

 

Appendix E The original BRT model for a-SOC concentration 

 

Figure E-1 Partial dependence plots for all explanatory variables in the boosted regression trees (BRT) 

model for the concentration of a-SOC. Values in brackets show the relative importance of a variable in the 

response. The unlabelled land-use type is grazing. The simplified model is shown in Figure 2.8. 
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Appendix F Differences in a-SOC stocks between land-use 

types 

Concentrations of a-SOC were corrected for bulk density to determined a-SOC stocks and 

compare them between land-use types. Bulk density was only determined in soil samples used 

in analyses in Chapter 3, but not in samples used in Chapter 2. Stocks of a-SOC for samples 

from Chapter 2 were therefore calculated as a-SOC concentrations for samples from Chapter 2 

(n = 100) multiplied by the mean bulk density for each land-use determined on soil cores used 

in Chapter 3 (n = 13 per land-use).  

There was a significant difference in bulk densities between land-use types (F (2, 36) = 

12.975, p<0.05), with soils from the conservation land-use having significantly lower bulk 

density than soils from the other two land-use types (Tukey HSD, p<0.05). A comparison 

performed on log-transformed data has shown that there was a significant difference in a-SOC 

stocks between the three land-use types (F (2, 94) = 30.209, p < 0.05) and a-SOC stock 

decreased in order grazing > conservation > pine-plantation (Tukey HSD, p<0.05) (Figure 

F-1). 

 

Figure F-1 The comparison of bulk density of soils used in Chapter 3 (n = 13 per land-use) and a-SOC 

stocks of samples used in Chapter 2. The right graph should be interpreted as relative differences in 

stocks, not stocks per se, since the method of a-SOC analysis was persulfate oxidation followed by LOI (see 

2.1.3 Methods) 
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Appendix G Characteristics of study catchments, rivers and sites (Chapter 4 and 5) 

Table G-1 Characteristics of study subcatchments 

 

 

River Dominant landforms Elevation range Dominant native vegetation 

Naas moderately steep (10-32%) and steep (32-56%) hills 
ca. 680 – 1800 m 

dry grass/shrub forest (lower section), montane 

tableland forest (upper section) 

Yass plains (<10%) and undulating hills (10-32%) ca. 520-950 m dry grass/shrub forest 

Paddys moderately steep (10-32%) and steep (32-56%) hills (upper 

section), plains (<10%) and low undulating (10-32%) hills 

(lower section) 

ca. 470-1600 m montane tableland forest and dry grass/shrub 

forest 

Goodradigbee moderately steep (10-32%) and steep (32-56%) hills ca. 570-1900 m montane tableland forest and sub-alpine low 

forest (upper section), montane tableland forest, 

wet sclerophyll forest and dry grass/shrub forests 

(lower section) 

Queanbeyan plains and gently (<10%) undulating hills (upper section), 

moderately steep (10-32%) hills 

ca. 680-1600 m montane tableland forest (upper section), dry 

grass/shrub forest (lower section) 
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Table G-2 Site characteristics. The number in the site code indicates the position of the site in the downstream direction. ‘% conservation land-use’ 

refers to an area of 1km laterally from the river channel and 5 km upstream from a site. 

River Site Elevation 

(m) 

Catchment area 

(km2) 

Geomorphology Dominant 

lithology 

% conservation 

 land-use 

Naas N1 1090 82.9 moderately open valley adamellite 100.0 

 N2 1058 121.5 moderately open valley adamellite, 

sandstone 

100.0 

 N3 900 141.7 narrow valley granodiorite 100.0 

 N4 844 165.8 narrow valley granodiorite 100.0 

 N5 748 196.4 narrow valley granodiorite 100.0 

 N6 679 229.3 narrow valley granodiorite 100.0 

Yass Y1 641 89.9 open valley sandstone 5.0 

 Y2 586 258.8 open valley  sandstone 0.0 

 Y3 543 351.4 plain sandstone 5.0 

 Y4 527 679.1 plain sandstone 5.0 

Paddys P1 841 30.2 narrow valley adamellite, 

leucogranite 

100.0 

 P2 758 54.7 moderately open valley adamellite, 

leucogranite 

50.0 

 P3 692 81.9 moderately open valley adamellite, 

leucogranite 

0.0 

 P4 635 124.9 moderately open valley adamellite 0.0 
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River Site Elevation 

(m) 

Catchment area 

(km2) 

Geomorphology Dominant 

lithology 

% conservation 

 land-use 

 P5 617 226.7 gorge adamellite, siltsone 0.0 

 P6 493 246.3 gorge adamellite, siltsone 30.0 

Goodradigbee G1 1242 15.0 moderately open valley adamellite 100.0 

 G2 1095 36.5 narrow valley dacite, sandstone 100.0 

 G3 681 292.7 narrow valley dacite, 

conglomerate 

100.0 

 G4 608 368.7 moderately open valley  dacite, 

conglomerate 

80 

 G5 571 464.5 moderately open valley  dacite, 

conglomerate 

50 

Queanbeyan Q1 999 80.1 open valley granodiorite 10.0 

 Q2 912 173.4 gorge adamellite, 

sandstone 

10.0 

 Q3 888 343.9 open valley granodiorite, 

adamellite 

20.0 

 Q4 790 580.5 gorge sandstone 80.0 

 Q5 756 629.3 narrow valley shale, sandstone 60.0 

 Q6 688 694.9 gorge sandstone, granite, 

shale 

50.0 
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Table G-3 Site physicochemical characteristics. The number in the site code indicates the position of the site in the downstream direction. 

River Site Dominant substrate 

type 

Daily min. 

temperature 

(˚C) 

Daily 

temperature 

range (˚C) 

EC 

(μS/cm) 

Turbidity 

(NTU) 

pH Total 

nitrogen 

(mg/L) 

Total 

phosphorus 

(mg/L) 

Naas N1 cobble 11.2 7.8 40 5.6 7.7 0.43 0.04 

 N2 cobble 12.7 5.3 50 7.1 8.1 0.42 0.04 

 N3 cobble, pebble, gravel 13.7 6.9 57 3.1 7.9 0.35 0.04 

 N4 cobble, pebble, gravel 13.1 8.7 73 4.1 8.2 0.37 0.04 

 N5 pebble 14.0 5.9 85 2.6 8.2 0.37 0.04 

 N6 cobble, boulder, 

gravel 

14.1 6.9 91 5.7 7.5 0.34 0.04 

Yass Y1 bedrock, pebble, 

cobble 

17.7 7.0 800 3.2 7.7 0.38 0.02 

 Y2 bedrock 18.1 4.5 641 6.8 7.6 0.44 0.02 

 Y3 silt,  pebble 18.9 5.6 497 12.8 7.5 0.44 0.03 

 Y4 silt 18.6 2.8 604 22.8 7.4 0.51 0.04 

Paddys P1 cobble 11.9 6.5 39 0.0 7.3 0.08 0.02 

 P2 gravel, sand 12.7 11.3 42 55.2 7.2 0.21 0.04 

 P3 gravel, pebble 13.7 12.9 51 41.2 7.6 0.21 0.05 

 P4 cobble, pebble 15.5 9.1 63 22.3 7.9 0.21 0.04 

 P5 pebble 15.6 12.7 76 8.9 7.9 0.17 0.04 

 P6 cobble, boulder, 17.6 6.6 78 10 8.5 0.18 0.04 
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River Site Dominant substrate 

type 

Daily min. 

temperature 

(˚C) 

Daily 

temperature 

range (˚C) 

EC 

(μS/cm) 

Turbidity 

(NTU) 

pH Total 

nitrogen 

(mg/L) 

Total 

phosphorus 

(mg/L) 

pebble 

Goodradigbee G1 cobble, boulder, 

pebble 

7.6 4.6 10 8.0 6.4 0.11 0.04 

 G2 boulder, cobble, 

pebble 

8.1 7.5 18 8.0 7.4 0.10 0.03 

 G3 cobble, pebble 12.6 5.8 89 1.4 7.9 0.07 0.02 

 G4 cobble, pebble, 

boulder 

13.5 9.2 85 1.1 7.6 0.07 0.02 

 G5 boulder, cobble, 

pebble 

15.1 4.7 85 2.1 7.7 0.05 0.02 

Queanbeyan Q1 bedrock, gravel, sand 16.2 4.2 92 9.0 7.6 0.28 0.04 

 Q2 bedrock, gravel, 

cobble 

16.6 3.4 104 3.4 7.9 0.35 0.05 

 Q3 pebble, boulder, 

gravel 

16.7 4.1 90 6.0 7.6 0.23 0.04 

 Q4 cobble, pebble, gravel 18.6 3.9 100 4.1 8.0 0.19 0.03 

 Q5 cobble, bedrock, 

pebble 

19.2 3.7 102 2.0 7.9 0.19 0.03 

 Q6 cobble, bedrock, 

pebble 

18.5 6.3 105 2.0 7.8 0.20 0.03 
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Appendix H Flow conditions of four study rivers during the 

assessment of OC reservoirs (longer-term context) 

Table H-1 Flow conditions on study rivers during data collection on organic carbon reservoirs, including 

discharge and probability of exceedance (P exceed). P exceed was calculated as 100*(Rank/(N+1)), where 

‘Rank’ is the rank of the flow event from largest to smallest and N is the number of observations in the 

record. The number of observations was included because of a large number of missing data. 
A
 = data 

provided by Department of Primary Industries, Office of Water, NSW Government; 
B
 = data provided by 

ACTEW Water. (Note: data on the Naas River for the study period could not be obtained.) 

 

A
Goodradigbee River (at Brindabella), record 

period = 1944-2013, N = 21209 

B
Queanbeyan River (upstream Googong), record 

period = 1990-2013, N = 8661 

Date Discharge (Ml) P exceed (%) Date Discharge (Ml) P exceed (%) 

16/11/2012 486.59 28.9 7/12/2014 29.59 54.5 

17/11/2012 476.85 29.5 8/12/2014 28.59 55.4 

18/11/2012 468.63 30.1 9/12/2014 27.67 56.3 

19/11/2012 461.99 30.5 10/12/2014 26.89 57.3 

20/11/2012 457.96 30.8 11/12/2014 27.73 56.3 

21/11/2012 442.82 31.9 12/12/2014 28.72 55.3 

22/11/2012 434.21 32.6 13/12/2014 31.66 52.7 

23/11/2012 425.43 33.2 14/12/2014 29.97 54.0 

A
River Yass (at Gundaroo), record period = 1965-

2013, N = 9807 

B
Paddys River (at Riverlea), record period = 1957-

2013, N = 20608 

Date Discharge (Ml) P exceed (%) Date Discharge (Ml) P exceed (%) 

31/10/2012 5.18 29.1 12/11/2012 43.25 42.7 

1/11/2012 4.94 30.1 13/11/2012 40.52 44.8 

2/11/2012 4.55 31.9 14/11/2012 38.33 46.7 

3/11/2012 4.24 32.9 15/11/2012 37.45 47.4 

4/11/2012 4.24 32.9 16/11/2012 36.56 48.1 

5/11/2012 3.98 33.7 17/11/2012 35.56 49.0 

6/11/2012 3.84 34.4 18/11/2012 39.44 45.6 

7/11/2012 5.05 29.7 19/11/2012 35.77 48.8 
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A
Goodradigbee River (at Brindabella), record 

period = 1944-2013, N = 21209 

B
Queanbeyan River (upstream Googong), record 

period = 1990-2013, N = 8661 

Date Discharge (Ml) P exceed (%) Date Discharge (Ml) P exceed (%) 

24/11/2012 414.93 34.0 15/12/2012 29.74 54.2 

25/11/2012 402.51 34.8    

 

 

Figure H-1 Histograms of relative frequencies of flows for four study rivers (Note: the relative frequency 

for each flow class (axis y) has to be multiplied by bin-width to obtain the probability of occurrence  of a 

flow of a particular class; bin width = 1, 5, 20 and 5 for the Yass, Paddys, Goodradigbee and Yass Rivers 

respectively; the x-axes do not show the maximum extent of recorded flows). 

Vass River Paddys River 

"' <T 0 
ci 

>. >. 0 
u u 
C: ('") C: 

0 Q) Q) 
::, 0 ::, 0 er er 
~ ~ 0 

Q) "! Q) 

·"' 
0 

·"' "' '" '" 0 

-.; -.; 0 

Q'. ci Q'. 0 

0 
0 0 
0 0 

0 

0 20 40 60 80 100 0 50 100 150 200 250 300 

Discharge (Ml/day) Discharge (Ml/day) 

Goodradigbee River Queanbeyan River 

0 
('") 
0 0 

>. 0 >. "' u 0 u 0 
C: C: 
Q) Q) 0 
::, ::, 
er er 
~ "' ~ 
Q) 0 Q) 0 

·"' 0 ·"' 0 

'" 0 '" 0 
-.; -.; 
Q'. Q'. 

0 0 0 0 0 0 0 
0 0 

0 500 1000 1500 0 50 100 150 200 

Discharge (Ml/day) Discharge (Ml/day) 



Appendix H- Chapter 4  

202 

 

 

Figure H-2 Flow data for 2012 (period of 01/01/2012 – 04/01/2013; the same gauging stations as in Table 

H-1) for four study rivers (grey data points) and flow conditions during data collection for Chapter 4 

(black data points). The series of black data points for the Paddys River refer to the March, April, May, 

June, July, September, November and December sampling, respectively (used for the estimation of the 

representativeness of measurements, Figure 4.4). Data for the Paddys and Queanbeyan Rivers were 

provided by ACTEW Water, data for the Yass and Goodradigbee Rivers provided by Department of 

Primary Industries, Office of Water, NSW Government; data for the Naas could not be obtained on time. 
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Appendix I Results: Cotton-strip decomposition rates and 

temperature characteristic of study sites 

Table I-1 CS decomposition rates expressed as tensile strength loss (TSL) and exponential decay coefficient 

(k) at six sites along the Paddys River throughout mid-2011-2012 and associated water temperature 

characteristics (T-sum = sum of average daily temperatures, T-range = average daily range of 

temperatures) during cotton-strip deployment period (CV = coefficient of variation). 

Month Site TSL (%) (CV(%)) k (1/degreedays) (CV(%)) T-sum (˚C) T-range (˚C) 

Aug (’11) P1 14 (73) 0.0015 (81) 111 3.6 

 P3 93 (5) 0.0128 (18) 216 7.4 

 P4 64 (18) 0.0051 (36) 206 7.6 

 P5 55 (22) 0.0038 (34) 217 6.7 

 P6 23 (68) 0.0013 (83) 220 3.8 

March P1 27 (51) 0.0017 (61) 197 2.3 

 P2 48 (24) 0.0029 (32) 232 8.4 

 P3 45 (20) 0.0026 (27) 233 6.8 

 P4 90 (7) 0.0094 (23) 256 4.2 

 P5 94 (2) 0.0111 (8) 249 6.3 

 P6 89 (4) 0.0089 (14) 256 2.9 

May P1 11 (120) 0.0012 (121) 107 1.5 

 P2 19 (63) 0.0017 (67) 132 5.5 

 P3 44 (15) 0.0040 (20) 144 5.5 

 P4 59 (19) 0.0065 (28) 143 3.3 

 P5 78 (6) 0.0101 (13) 153 4.5 

 P6 23 (56) 0.0018 (66) 154 2 

July P1 28 (68) 0.0035 (82) 104 2.3 

 P2 31 (66) 0.0029 (66) 140 7.7 

 P3 44 (20) 0.0036 (29) 166 6.8 

 P4 67 (9) 0.0068 (18) 167 4.7 

 P5 83 (3) 0.0094 (7) 190 6.8 

 P6 21 (60) 0.0013 (66) 192 2.6 
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Sept P1 11 (84) 0.0008 (88) 138 7 

 P2 48 (21) 0.0035 (27) 186 12.6 

 P3 47 (29) 0.0032 (46) 206 11.3 

 P4 69 (7) 0.0056 (13) 211 7.3 

 P6 39 (24) 0.0022 (30) 226 6.2 

Nov P1 16 (74) 0.0017 (81) 113 6.5 

 P2 15 (61) 0.0012 (66) 134 11.3 

 P3 28 (50) 0.0022 (60) 147 12.9 

 P4 45 (21) 0.0042 (27) 149 9.1 

 P5 42 (21) 0.0035 (28) 159 12.7 

 P6 12 (85) 0.0009 (89) 162 6.6 

Dec P1 21 (86) 0.0017 (100) 157 9.8 

 P2 17 (84) 0.0011 (85) 182 18.1 

 P3 29 (32) 0.0019 (37) 181 16.1 

 P4 33 (27) 0.0022 (36) 191 13.8 

 P5 55 (20) 0.0041 (28) 198 17.1 

 P6 17 (70) 0.0010 (82) 201 9 
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Table I-2 CS decomposition rates expressed as tensile strength loss (TSL) and exponential decay coefficient 

(k) along the five study rivers and associated water temperature characteristics (see caption at Table I-1 

for details on table variables.) 

River Site TSL (%) (CV(%)) k (1/degreedays) (CV(%)) T-sum (˚C) T-range (˚C) 

Naas N1 8 (114) 0.0008 (116) 122 7.8 

 N2 2 (367) 0.0002 (331) 126 5.3 

 N3 15 (94) 0.0014 (97) 131 6.9 

 N4 9 (120) 0.0008 (126) 135 8.7 

 N5 5 (273) 0.0005 (262) 136 5.9 

 N6 30 (22) 0.0025 (26) 142 6.9 

Yass Y1 13 (95) 0.0009 (109) 164 7.0 

 Y2 16 (56) 0.0011 (60) 159 4.5 

 Y3 18 (73) 0.0013 (77) 167 5.6 

 Y4 6 (163) 0.0004 (163) 157 2.8 

Paddys P1 16 (74) 0.0017 (81) 113 6.5 

 P2 15 (61) 0.0012 (66) 134 11.3 

 P3 28 (50) 0.0022 (60) 147 12.9 

 P4 45 (21) 0.0042 (27) 149 9.1 

 P5 42 (21) 0.0035 (28) 159 12.7 

 P6 12 (85) 0.0009 (89) 162 6.6 

Goodradigbee G1 11 (94) 0.0015 (98) 79 4.6 

 G2 12 (131) 0.0016 (149) 91 7.5 

 G3 10 (75) 0.0008 (78) 125 5.8 

 G4 20 (68) 0.0017 (77) 141 9.2 

 G5 10 (57) 0.0008 (59) 140 4.7 

Queanbeyan Q1 8 (142) 0.0006 (141) 148 4.2 

 Q2 29 (47) 0.0024 (59) 149 3.4 

 Q3 36 (23) 0.0030 (29) 150 4.1 

 Q4 14 (75) 0.0010 (82) 160 3.9 

 Q5 16 (93) 0.0011 (101) 168 3.7 

 Q6 26 (56) 0.0019 (64) 168 6.3 
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Appendix J ANOVA tables for models for temporal changes in 

decomposition rates along the Paddys River 

Table J-1 Combined summary ANOVA table for the two alternative linear models for TSL along the 

Paddys River. Model characteristics contain information on the transformation of the response variable, 

R
2
-value, F-value and overall model significance. The last column contains information on the relative 

importance of predictors in the model (i.e. sum = R
2
) 

Model 

characteristics 

Variable df Sum of 

squares 

Mean 

squares 

F p Relative 

importance 

logTSL 

R2=0.86 

F (8, 26) = 20.27 

p = 2.49x10-9 

Site  5 0.095 0.019 20.17 3.33x10-8 0.53 

T-sum  1 0.007 0.007 6.94 0.01 0.10 

TOC  1 0.047 0.047 49.55 1.78x10-7 0.21 

ln Sediment  1 0.004 0.004 4.80 0.04 0.01 

Residuals  26 0.025 0.000947    

TSL 

R2=0.86 

F (9, 25) = 17.77 

p = 9.02x10-9 

Site 5 1.057 0.211 19.22 7.60x10-8 0.49 

TT 1 0.359 0.359 32.65 5.95x10-6 0.27 

Trange 1 0.268 0.268 24.41 4.35x10-5 0.07 

ln.Sed 1 0.030 0.030 2.74 0.11 0.01 

Trange:ln.Sed 1 0.044 0.044 4.05 0.05 0.02 

Residuals 25 0.275 0.011 
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Table J-2 Combined summary ANOVA table for the three alternative linear models for k along the 

Paddys River. Model characteristics contain information on the transformation of the response variable, 

R
2
-value, F-value and overall model significance. The last column contains information on the relative 

importance of predictors in the model (i.e. sum = R
2
) 

 

Model 

characteristics 

Variable df Sum of 

squares 

Mean 

squares 

F p Relative 

importance 

SQRTk 

R2= 0.75 

F (6, 28) = 14.26 

p = 2.18x10-7 

Site 5 0.0086 0.0017 11.91 3.09x10-6 0.63 

TOC 1 0.0038 0.0038 26.05 2.09x10-5 0.13 

Residuals 28 0.0041 0.0001 

   SQRTk 

R2=0.75 

F (8, 25) = 10.03 

p =2.92x10-6 

Site 5 0.0086 0.0017 11.14 8.23x10-6 0.61 

Trange 1 0.0029 0.0029 18.78 1.95x10-4 0.10 

ln.Sed 1 0.0002 0.0002 1.22 0.28 0.01 

Trange:ln.Sed 1 0.0007 0.0007 4.55 0.04 0.03 

Residuals 26 0.0040 0.0002 

  

 

Logk 

R2= 0.72 

F (7, 27) = 9.73 

p =5.24x10-6  

Site 5 2.75x10-5 5.50x10-6 9.61 2.34x10-5 0.54 

Trange 1 9.81x10-6 9.81x10-6 17.14 3.05x10-4 0.15 

TN 1 1.68x10-6 1.68x10-6 2.93 0.10 0.03 

Residuals 27 1.54x10-5 5.72x10-7 
   


