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“The soil you see is not ordinary soil – it is the dust of the blood, the flesh, and the 

bones of our ancestors….The land, as it is, is my blood and my dead; it is 

consecrated…”   

Shes-his (late 19
th

 century), Reno Crow   
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Summary 

_______________________________________________ 

 

The fluxes of sediment, carbon and nutrients in rivers and consequently entering 

estuaries and the ocean, have been drastically altered by humans.  Erosion is known to be one of 

the major causes of sediment flow disruption by the transfer of large quantities of soil from the 

terrestrial to the aquatic environment.   It is also known to transport in association with 

sediment, a large amount of carbon and nutrients to the marine environment.  Carbon and 

nutrient fluxes are influenced by other point and non-point sources which have been largely 

studied, particularly the effects of industrialized agriculture on nutrient fluxes.   However, few 

studies have looked at the interrelation between the sediment, carbon, and nitrogen cycle 

disruption in eroding catchments.   

Gully and channel erosion are widespread across Australia as a result of land clearing 

and/or the introduction of livestock post-European settlement.  This is a particular problem in 

subtropical Australia, where subsoil erosion is known to be the dominant source of sediment.  

The implications of gully and channel erosion for sediment budgets have been studied in detail, 

but its implications for carbon and nitrogen budgets remain an open question.  Nitrogen is of 

particular importance, because it is considered to be the limiting nutrient in streams and rivers 

of the region and in most estuaries and coastal areas.  

The objective of this research was to investigate the effects of gully and channel erosion 

on carbon and nitrogen storage, mineralization and export in a pilot study area in subtropical 

Australia.  Research was carried out in two nested catchments affected by gully and channel 

erosion in South East Queensland:  the Logan River catchment (3076 km
2
) and the Knapp Creek 

catchment (75 km
2
).  Most of the catchments have been extensively cleared of forest vegetation 

and their primary land use is cattle grazing.    

The effects of gully erosion on carbon and nitrogen storage and mineralization were 

studied in the Knapp Creek headwater catchment.  Carbon and nitrogen storage and potential 

mineralization in surface soil/sediment and storage in vegetation were compared between an 

‘intact’ valley (without erosion), an actively eroding gully and a stabilizing gully.  A significant 

reduction in carbon and nitrogen storage was found in the surface soil/sediment of the eroding 

gully, as well as significantly lower carbon and nitrogen mineralization rates, as compared to the 

intact valley.  The stabilizing gully had intermediate values.  Carbon lability appeared to be a 

limiting factor in the mineralization process.  Vegetation was not a significant carbon and 

nitrogen store in itself.   
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The effects of gully and channel erosion on carbon and nitrogen export during high-

flow events, and the influence of flow magnitude, wet season rainfall, catchment size and source 

sediment characteristics were also explored.  The rising stage of high-flow events was sampled 

in a gullied headwater catchment and existing water quality data from event-sampling stations 

in the Knapp Creek and Logan River were analyzed.  Nitrogen specific yield for the wettest year 

was around five times the largest continental specific yield in the world, making erosion a major 

source of nitrogen in this region.  Nitrogen was exported mainly in particulate organic form, 

whereas carbon was mainly exported in dissolved form.  There was evidence of fractionation 

during transport into richer and poorer fractions for carbon and nitrogen, with differentiated 

travel distances ultimately determining the average carbon and nitrogen content of transported 

sediment for different flow magnitudes.  Carbon and nitrogen particle size distribution and 

solubility in gully bank subsoils and gully sediments, which are the most probable sediment 

sources, explain these results, as well as the presence of vegetation litter.  The increase in 

sediment delivery caused by gully and channel erosion would have caused lower sediment C 

and N content, a larger fraction of soluble C, a reduced fraction of soluble and mineral N and 

larger C:N ratios of the soluble fraction exported during high-flow events, compared to non-

eroded grassland valleys. 

The main sources of fine sediment and its associated carbon and nitrogen exported 

during high-flow events were traced in the same catchments, using carbon and nitrogen stable 

isotopes and elemental composition.  Potential sources included subsoil, intact valley surface 

soil, and C3 and C4 vegetation litter.  Differences in source contribution with sampling site, 

climatic conditions, sampling method and flow stage during a high-flow event were also 

analyzed.  The sources of sediment, carbon and nitrogen exported during high-flow events were 

different.   Subsoil was the main source of sediment under all conditions.  The source of 

nitrogen varied with catchment and flow.  Subsoil was the main source in the two smaller 

catchments in which subsoil erosion is highly concentrated but its contribution varied with flow 

in the largest catchment, being the highest just after the peak of the hydrograph.  Surface soil 

was the dominant nitrogen source in this catchment.  C3 litter was the main source of organic 

carbon export in the two larger catchments, despite the dominance of C4 grasses in vegetation 

cover.  The litter contribution was larger in the dry year, most likely due to an increase in tree 

leaf abscission, and also at the beginning of flow events where the majority of tree litter is 

mobilized.    

Controls on the mineralization of organic matter exported during a high-flow event in 

the Knapp Creek were also investigated.  The role of carbon and nitrogen lability in controlling 

their mineralization was explored by incubating water sampled during the falling limb of the 
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hydrograph. Four treatments were incubated in the laboratory: control, glucose enriched, glycine 

enriched and glucose + glycine enriched.  Mineralization was limited by labile carbon and not 

nitrogen or phosphorus availability. Extremely low mineralization rates of carbon were found 

and the mineralization of nitrogen and carbon were increasingly decoupled, with increasingly 

larger relative rates of the former with respect to the latter towards the end of the incubation.  

This would be related to the intrinsic quality of organic matter due to its origin, microbial 

enzymatic activity and/or community ecology. Regardless of the cause, this implies an 

increased availability of mineralized nitrogen associated with organic matter exported from 

gully erosion to downstream ecosystems. 

Overall, this research found that gully and channel erosion have significant effects on 

the cycling of carbon and nitrogen, not only in headwater catchments with the reduction of 

storage and mineralization, but in the whole stream system with a large amount of carbon and 

nitrogen transferred from the terrestrial to the aquatic environment and changes in quality of 

organic matter to mineralization and nitrogen cycling.  Implications of these findings include a 

reduced availability of nitrogen for primary production, and of carbon and nitrogen for humus 

formation in headwater catchments affected by gully erosion.  Gully erosion would act as a 

feedback to the degradation process, because it slows down soil formation.  Implications for the 

river ecosystem include changes on structure and function like C and N turnover rates, primary 

productivity and respiration, and consequent effects on energy and nutrient pathways for all the 

trophic food chain.  Low mineralization rates and N solubility and the absence of depositional 

environments in the freshwater system would cause most of this carbon and nitrogen to end up 

in the coastal zone, where it is most likely to be processed.  This highlights the importance of 

understanding the fate of these particulate organic inputs in estuaries and the marine 

environment. 

Carbon and nitrogen storage in non-eroded valley surface soil is the most important 

“biogeochemical asset” to be protected in eroding catchments as this soil may take decades to 

form and is the larger contributor by unit mass to C and N export in sediment.  The protection of 

this part of the landscape should be a high priority for managers.  Through all this research, 

vegetation litter was highlighted as an important potential element in mitigating the effects of 

gully and channel erosion.  In eroded headwater areas, vegetation litter would increase organic 

matter input and contribute to nitrogen immobilization and thus to the formation of soil and 

stabilization of gullies.  In streams receiving eroded material, vegetation litter would have the 

potential to reduce the net production of mineralized nitrogen and its export downstream.  The 

restoration of gullies and stream networks affected by gully and channel erosion should include 

strategies to increase tree litter supply and reduce its export downstream.       
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Chapter 1:  General Introduction 

_____________________________________________________ 

 

 

 

 

 

 

 

 

 

 

Figure 1-0 Gully erosion in the mid-Knapp Creek catchment – Logan River catchment, subtropical South 

East Queensland, Australia. 

 



2 
 

1.1.   Thesis Background 

Changes in land use associated with human settlement and development have 

drastically altered the fluxes of carbon (C) (Scott et al., 2006), nutrients (e.g. (Bennett et al., 

2001; Green et al., 2004)) and sediment (Lal, 2003; Syvitski et al., 2005) in many stream 

networks across the world.  These elements can enter waterways from point sources such as 

municipal sewage treatment plants or from nonpoint inputs like runoff from rural lands and 

atmospheric deposition.  Catchment erosion is recognised as a major source of sediment to 

aquatic systems, though export to the ocean has been diminished by the construction and 

consequent retention in reservoirs (Syvitski et al., 2005).  However, erosion can mobilize large 

quantities of C from long-term stores to the ocean, possibly playing a major role in C budgets in 

certain areas of the world (Ludwig and Probst, 1996; Lal, 2003; Scott et al., 2006; Cole et al., 

2007).  There is evidence that particulate N and P export are both related to particulate organic 

C export (Ittekkot and Zhang, 1989; Seitzinger et al., 2002). Agriculture is considered the 

largest source of excess nitrogen (N) and phosphorus (P) to waterways and coastal zones 

worldwide (Carpenter et al., 1998; Bennett et al., 2001). 

It is estimated that between 45% and 53% of the 367 to 380 Tg.yr
-1

 of organic C export 

to the oceans from rivers is particulate (Ludwig and Probst, 1996; Beusen et al., 2005; 

Seitzinger and Harrison, 2005).  The soluble and particulate fractions of N also tend to have 

similar contributions to the riverine global flux of N to oceans, with an estimated 45% of the 

total 66 Tg.yr
-1

of N exported to the ocean in particulate form.  However particulate N dominates 

the N flux in certain areas of the world like Oceania and Australia (69% and 62%, respectively) 

(Seitzinger and Harrison, 2005), where erosion is of importance. The particulate fraction 

dominates the flux of P with an estimated 91% of the total 11 to 22 Tg.yr
-1

 of P discharged to 

the ocean (Howarth et al., 1995; Beusen et al., 2005; Seitzinger and Harrison, 2005).  The 

largest of these estimates is considered to be three times that of preindustrial times, partly due to 

increased erosion but also to an increased P concentration of eroded material caused by 

agricultural fertilization (Bennett et al., 2001).  The largest global anthropogenic increases of 

particulate nutrient loads are the result of crop farming erosion, enhanced by the large-scale 

conversion of forest to cropland (Meade, 1996).     

The source of organic carbon to aquatic systems is considered an important determinant 

of structure and function in these ecosystems (Vannote et al., 1980; Junk et al., 1989; Thorp and 

Delong, 1994).  Similarly, nitrogen is a key nutrient for primary producers in aquatic 

environments (Howarth and Marino, 2006; Elser et al., 2007).  It is the quality and 

bioavailability of organic matter, largely determined by its origin (McKnight et al., 2001), 

which controls mineralization (Maurice and Leff, 2002; Strauss and Lamberti, 2002; Kalbitz et 
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al., 2003) and food web uptake in streams (Thorp and Delong, 1994; Bunn et al., 2003).   

Stream element ratios determine if N is mineralized or immobilized (Elser et al., 1995; Sterner 

and Elser, 2002) and may have a role in controlling the makeup of phytoplankton communities 

(Bulgakov and Levich, 1999; Reynolds, 1999).  In agricultural catchments for example, the use 

of N fertilizers has caused an increase in the more bioavailable mineralized N fraction, 

compared to the organic N fraction more prevalent in forested catchments (Vitousek et al., 

1997).  This has increased the chance of stream and coastal eutrophication (Carpenter et al., 

1998).  Woody litter for example, tends to have the largest C:N ratios compared to other organic 

matter sources and facilitates N retention in streams (Dodds et al., 2004).  Soil organic matter is 

known to be an important source of carbon in some eroding systems (Ludwig and Probst, 1996; 

Olley, 2002).   

In the tropics, particularly Indonesia, human impacts from deforestation have caused a 

large increase in the riverine flux of sediment to the ocean (Syvitski et al., 2005).  High-

standing islands in the south-west Pacific located on the tectonically active Pacific Rim (e.g. 

New Zealand, Taiwan, Papua New Guinea) contribute up to 35% of the global sediment and 

particulate organic C, despite having only 3% of Earth’s land area (Lyons et al., 2002).   Land 

use change, particularly deforestation, is thought to have exacerbated the natural fluxes (Scott et 

al., 2006).   

In Australia, land clearing and/or the introduction of livestock following European 

settlement triggered a major episode of gully
1
 and channel erosion (Prosser and Slade, 1994; 

Olley and Wasson, 2003; Bartley et al., 2006).  As a consequence these sources now dominate 

the supply of sediment in many Australian systems (Brooks et al., 2009; Hughes et al., 2009; 

Caitcheon et al., 2012; Saxton et al., 2012).  South East Queensland (SEQ), a subtropical region 

on Australia’s east coast with a catchment area of ~ 22,600 km
2
, provides an excellent example 

of these legacy issues.  The region’s major river systems discharge into Moreton Bay, a coastal 

embayment of ~ 1500 km
2
 protected legislatively under the Ramsar convention (Leigh et al., 

2013).  A decline in the Bay’s ecosystem health has been indicated by increasing algal bloom 

frequency, disappearance of seagrass beds, and decreasing water quality (Abal and Dennison, 

1996; Watkinson et al., 2005; HWP, 2007; Saeck, 2012).  This decline is largely attributed to 

sediments and nutrients from catchment sources (Abal et al., 2005; Bunn et al., 2007). 

Before European settlement in 1823, there was extensive woody vegetation cover across 

the region (NVIS, 1997), and the catchment is considered to have been in a relatively stable 

                                                           
1
 Gully erosion is the formation of incised channels where previously there was no existing channel.  

Gullies may form on hillslopes or valley floors.    
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condition with low erosion rates (Saxton et al., 2012; Leigh et al., 2013). The catchment was 

extensively cleared following settlement for cropping, grazing of domestic animals, and urban 

settlement.  Timber from riparian zones was also harvested for export (Bolton, 1992).   Since 

settlement, approximately two thirds of the native vegetation has been cleared, and development 

of the catchment led to significant increases in sediment export.  Current sediment discharge 

rates are estimated to be between 50 to 200 times those of pre-European settlement (Olley et al., 

2014), with most of the sediment derived from gully and channel sources in rural areas 

(Wallbrink, 2004; Hancock and Caitcheon, 2010; Olley et al., 2014).   Like sediment, most N 

entering waterways is estimated to come from rural diffuse sources in South East Queensland 

(HWP, 2007).   

Although the potential impact of changes in both the magnitude and the source of the 

sediment load on freshwater biogeochemical cycling has been recognized (Cole et al., 2007; 

Marín-Spiotta et al., 2014), few studies have investigated erosion effects on the coupled cycling 

of C and N in streams.  The quality of organic matter (e.g. element ratios and bioavailability) 

contributed by erosion to streams is likely to be very different to that of other diffuse or point 

sources (Marín-Spiotta et al., 2014).  A recent paradigm shift in the understanding of soil 

organic matter processing in streams states that soil organic matter persistence depends on 

multiple environmental factors that vary spatially and temporally, rather than chemical structure 

alone (aromaticity) (Schmidt et al., 2011; Gleixner, 2013; Marín-Spiotta et al., 2014).   Erosion 

would cause important changes in the quantity of exported organic matter, its origin and 

structure, and in the stream environment in which it is processed.  Gully and channel erosion 

mobilize highly stabilized and aged soil organic matter from subsoil, which may nonetheless 

have high bioavailability in the aquatic environment.    

The relationship between sediment, C and N fluxes in subtropical SEQ streams is not 

well understood, nor is the C and N load attributable to soil erosion and transport, particularly to 

gully and channel erosion. It is likely that soil erosion has a major role on C and N export 

downstream, not only by being a source of sediment bound C and N, but also by changing the 

way in which these materials are processed in upper catchments and in streams receiving the 

sediment. 

There is a key gap in the understanding of the implications of erosion on the sources 

and types of carbon and nutrients to streams, and consequent effects on stream ecosystem 

metabolism.  This research particularly focuses on understanding the effects of gully and 

channel erosion on the storage, mineralization and export of C and N, and of the complex 

interrelation between these cycles and sediment in eroding subtropical catchments.  This is 

crucial to the restoration of these systems and to the protection of Moreton Bay.    
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1.2.   Research questions and hypotheses 

 

Research questions were selected to gain an understanding of the effects of gully and 

channel erosion on the main aspects of the budget of C and N in subtropical catchments.  One of 

the main elements of this budget is the storage of C and N in headwater catchments, where gully 

erosion mainly occurs.  Understanding changes in C and N storage in headwater catchments 

would give a longer term insight into the magnitude and sources of exported C and N to the 

stream system, as a consequence of gully and channel erosion in these catchments.   

 

Question 1:  What are the effects of gully erosion on C and N storage in headwater catchments?   

 

Hypothesis:   

Gully erosion has caused a decrease in C and N storage in headwater catchments.   

 

Higher runoff rates and lower water detention times in gullied systems causes an increase in 

C and N transport downstream with a consequent decrease in storage of C and N.  This is 

compounded by reduced vegetation cover within incising gullies.  As gullies stabilize or are 

rehabilitated, C and N storage in sediments, litter and vegetation gradually increases.  

 

This hypothesis is examined in Chapter 2:  Gully erosion reduces carbon and nitrogen 

storage and mineralization fluxes in a headwater catchment of south-eastern Queensland, 

Australia.  The effect of gully erosion on C and N storage is analyzed by quantifying and 

comparing storage in surface soil/sediments, standing herbaceous vegetation and vegetation 

litter, between an un-eroded intact valley, an incising gully and a stabilizing gully.  The role of 

environmental factors including soil/sediment particle size and vegetation biomass density are 

also explored.   The selection of the catchment areas for the study sites was limited by the 

widespread erosion in the study catchment, as it was not possible to find larger size intact 

valleys.  It would have been ideal to have replicates of the erosional area types, but it was 

decided to compromise this and have a larger amount of samples within each area type to gain 

an understanding of local variability, and focus on the mechanistic aspects of C and N storage.  

The sampling season was also limited to the end of the dry season due to budget and time 

constrains. Litter C and N storage may be higher at this time, considering vegetation litter 

accumulates during the dry season and is washed out during the rainy season.   
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Changes in the sources and types of C and N to streams would have effects on 

mineralization which is a key driver of stream metabolism.  Other aspects of C and N cycling, 

which may also be affected by gully and channel erosion, are of importance to stream 

metabolism, including carbon fixation, nitrification, denitrification, trophic chain transfers, 

among others.  The study of C and N mineralization was selected for this research considering 

erosion mobilizes large amounts of terrestrial organic matter to the stream system during high-

flow events and that most of the exported N is in organic form.  Most likely this flow would 

dominate C and N inputs in streams affected by erosion.  The bioavailability of this organic 

matter to mineralization by microorganisms would have a role in controlling other important 

processes of stream metabolism like nitrification, denitrification and trophic chain transfers, 

which were not directly explored.  It would also have a role in the carbon and nitrogen 

catchment budget by determining how much of the exported carbon is emitted to the 

atmosphere and how much of the nitrogen has the potential to be lost from the system through 

denitrification. 

 

Question 2:  What are the effects of gully and channel erosion on C and N mineralization in 

headwater catchments? 

 

Hypotheses 

i. With increased runoff rates, decreased detention times and lower C and N content in 

headwater gullied systems, there would be less labile organic matter to mineralize as 

compared to un-eroded valleys.   

ii. The mineralization of sediment associated C and N in streams affected by gully and channel 

erosion would be limited by the quality of exported organic matter and its susceptibility to 

mineralization. 

 

Labile organic C and N from incising gullies (a minor part) will be mineralized very quickly 

or exported downstream, and the most recalcitrant fractions would be left within the 

systems.   As gullies stabilize or are rehabilitated, an increase in water detention times and 

labile organic matter presence would increase mineralization within the system and 

consequently primary producer uptake and N retention.  Streams affected by gully and 

channel erosion would receive large sediment derived loads of C and N, including soluble 

and particulate fractions with different propensity to mineralization.   
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These hypotheses are addressed in Chapter 2 and Chapter 5, respectively.  In Chapter 2, the 

effects of gully erosion on C and N mineralization in headwater catchments are explored 

through potential mineralization assays in the laboratory on soils/sediments from different 

erosional areas and different C and N content.  Erosional areas included an un-eroded intact 

valley, an incising gully and a stabilizing gully.  Potential mineralization under laboratory 

conditions was the selected method to explore mineralization, to allow for the control of insitu 

variables like soil water content and temperature.  The use of laboratory incubations instead of 

insitu methods also allowed studying the role of incubated soil C and N content on 

mineralization potential.       

In Chapter 5:  Labile carbon limits stream mineralization processes in a  headwater 

catchment affected by gully and channel erosion, the controls on the mineralization of C and N 

exported in association with fine sediment during high-flow events in a gully and channel 

eroding catchment are explored using incubation experiments in the laboratory.   

 

Another important element of the effects of gully and channel erosion on the C and N 

budgets in subtropical catchments is their effect on C and N export.    

 

Question 3:  What controls C and N export in gully and channel eroding catchments? 

 

Hypotheses 

i. Gully and channel erosion would be the main control on C and N export in these 

catchments.  Other factors of importance would include magnitude of flow, wet season 

rainfall and catchment size.   

ii. In-stream processes including mineralization would also have a role in determining the 

amount and forms of C and N exported downstream.  

In gully and channel eroding catchments, most of the C and N would be exported in 

association with eroded sediment.  A major fraction would be exported directly in sediment 

(particulate form), but soluble fractions would also be contributed from sediment or other 

sources.  The magnitude of flow and wet season rainfall would have a direct effect on the 

magnitude of erosion and on soluble export.  Catchment size may have a role in determining 

export because different factors may have a different relative importance as catchment size 

increases.  For example, headwater streams may have a disproportionate effect on C and N 

mineralization further controlling export downstream.  Also, the relative importance of 

erosion and other C and N sources may vary with catchment size.   
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These hypotheses are addressed in Chapters 3, 4 and 5.  In Chapter 3:  Controls on carbon 

and nitrogen export in an eroding catchment of south-eastern Queensland, Australia, the role of 

different factors, including flow magnitude, wet season rainfall, catchment size and flow stage 

in explaining C and N export in headwater and larger gully and channel eroding catchments, is 

analyzed.  Links between C and N fractionation in different particle sizes and between 

particulate and soluble fractions at the source and exported C and N fractions are also explored.   

Quantifying direct exports of C and N to the stream system was only feasible for a few 

years that count with an existing record of flow and water quality parameters.   C and N export 

in smaller headwater catchments affected by gully erosion had not been explored before, and 

was explored in this study for one rainy season due to budget and time constraints.  The ideal 

approach would have been to compare export between different erosional areas as was done to 

research effects of gully erosion on C and N storage in Chapter 2.  Stage samplers were installed 

to do so, but the catchment size limitation which was already discussed, did not allow for 

sufficiently high water levels to be sampled.  Considering this, a nested type catchment study 

was the selected approach to explore what controls C and N export in gully and channel eroding 

catchments. 

In Chapter 4 entitled “Sources of sediment, carbon and nitrogen in an eroding subtropical 

catchment”, the origin of exported organic C and N associated with sediment during flow events 

in three nested gully and channel eroding catchments is investigated, using C and N stable 

isotopes and elemental composition.  Contributions from different sources are analyzed for 

different catchments, climatic conditions, sampling methods and flow stage.  The main 

objective of this chapter is to deepen the understanding gained with Chapter 3 of organic C and 

N export dynamics in gully and channel eroding catchments.  In Chapter 5, controls on the 

mineralization of C and N exported during high-flow events in a headwater stream were 

explored by incubation experiments in the laboratory.  This chapter also contributes to the 

understanding of the role of in-stream processes in controlling the export of organic C and 

mineral N downstream in gully and channel eroding catchments.  

 

1.3.   Study area 

The research was carried out in South East Queensland (SEQ) (Figure 1-1), a 

subtropical region of the east coast of Australia with a peak elevation of 1360 m along its 

western edge (Abal et al., 2005; Bunn et al., 2007). This region has one of the fastest growing 

populations within Australia with approximately 2.73 million people and expected to grow to 4 

million by 2026 (Abal et al., 2005).  The mean maximum monthly temperature ranges between 

21ºC and 29ºC and the total annual rainfall ranges between 900 and 1800 mm with the majority 
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falling during summer (Abal et al., 2005).  Large seasonal and inter-annual variability in rainfall 

and stream flow characterize the region (Kennard et al., 2010).  Long-term alternation between 

wet and dry periods occurs, with dry periods lasting on average 15 years and wet periods 6 

years (Saxton et al., 2012).    

This study was carried out in three nested catchments in SEQ (Figure 1-1), where gully 

and bank erosion dominate the source of sediment (Olley et al., 2009; Hancock and Caitcheon, 

2010; Hancock and Revill, 2012):  the Logan River catchment (3076 km
2
), the Knapp Creek 

catchment (75 km
2
) and the Tilley Gully catchment (2.45 km

2
).   

The Logan River is one of the five major river systems discharging into Moreton Bay 

and one of the region’s most significant sources of sediment (HWP, 2007).  The Logan River 

catchment is mainly rural with cattle grazing, native forest, cropping and rural residential as the 

dominant land-uses (Hancock and Revill, 2012).  Some headwaters are in conservation zones, 

covered in native forest, but most of the catchment has been extensively cleared of forest 

vegetation for grazing.  Total annual rainfall is highly variable and ranges between 500 and 

1400 mm (data for 10 years from the Australian Government Bureau of Meteorology for 

Kooralbyn, Knapp Creek, Round Mountain and Yarrahappini stations), with the majority falling 

during the warm summer wet season.  Mean annual maximum monthly temperatures range 

between 25.9 and 27.1ºC.  The Logan River catchment geology consists mainly of arenite-

mudrock (19%), arenite (17%), basalt (32%) and alluvium (12%) (DME, 2008). 

 Most of the research was carried out in the Knapp Creek catchment (Figure 1-1, 1-2), a 

headwater subcatchment of the Logan River, where the primary land use is grazing.   Less than 

22% of the original forest cover remains in this catchment and it has characteristics typical of 

gullied catchments in the Logan River, including similar pasture grasses and riparian trees, and 

contributing areas of different degrees of incision co-existing with ‘intact’ un-incised valleys.  

The geology of Knapp Creek primarily consists of arenite sandstone (81%) (DME, 2008).  Soils 

are described as sandy and loamy solodics,  soloths, yellow and red podzolics, non-calcic brown 

soils and lithosols (Stace et al., 1972).  These soils are strongly sodic and have dispersive 

subsoils that are prone to tunnelling erosion processes.  There is extensive gully and hillslope 

erosion throughout Knapp Creek that is most abundant in the mid-catchment reaches where the 

gullies are well connected to the main channel (Olley et al., 2009).    
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The Tilley Gully catchment, located in the mid-reaches of Knapp Creek (Figure 1-1),  is 

one of the top three sediment-yielding catchments in Knapp Creek, with an estimated 

production of more than 1000 T/y of the almost 6000 T/y produced by gully erosion in the 

whole catchment (Olley et al., 2009).  The catchment has been cleared for cattle grazing with 

less than 20% of the original forest cover remaining, mainly along the banks of headwater 

gullies.  Soils in the catchment are the same as in Knapp Creek underlain by arenite sandstone. 

Figure 1-1 The Logan – Albert River catchment, the Knapp Creek catchment (Inset A) and the Tilley 

Gully catchment (Inset B), subtropical South East Queensland, Australia. 

 

Research presented in Chapter 2, Gully erosion reduces carbon and nitrogen storage and 

mineralization fluxes in a headwater catchment of south-eastern Queensland, Australia, was 

carried out in the Tilley Gully catchment.  Research presented in Chapter 3, Controls on carbon 

and nitrogen export in an eroding catchment of south-eastern Queensland, Australia and 

Chapter 4, Sources of sediment, carbon and nitrogen in an eroding subtropical catchment, was 

carried out in the three nested catchments.  Research presented in Chapter 5, Labile carbon 

limits stream mineralization processes in a headwater catchment affected by gully and channel 
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erosion, is a laboratory experiment in which water samples from the Knapp Creek catchment 

are incubated.    

 

  

 

Figure 1-2 The Knapp Creek – Logan River catchment, subtropical South East Queensland, Australia. 
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Chapter 2:  Gully erosion reduces carbon and nitrogen 

storage and mineralization fluxes in a headwater catchment of 

south-eastern Queensland, Australia 

_____________________________________________________ 

Foreword: In this chapter the effects of gully erosion on carbon and nitrogen storage and 

mineralization in headwater catchments are explored by comparing storage and potential 

carbon and nitrogen mineralization in soil and sediment of a non-eroded “intact” valley, an 

incising gully and a stabilizing gully.  Storage in herbaceous vegetation is also analyzed.  

 

 

 

 

 

 

 

 

  

 

 

Figure 2-0 Sampling herbaceous vegetation, surface soil and sediment in a non-eroded valley and an 

incising gully in the Knapp Creek catchment, subtropical South East Queensland, Australia. 
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Abstract:

Increased erosion associated with land use change often alters the flux of sediments and nutrients, but few studies have looked at
the interaction between these disrupted cycles. We studied the effects of gully erosion on carbon and nitrogen storage in surface
soil/sediment and herbaceous vegetation and on C and N mineralization in a headwater catchment used for cattle grazing. We
found significantly lower C and N stored in an incising gully compared with an intact valley. This storage was significantly
higher in an adjacent stabilizing gully, although not to the levels found in the intact valley. The intact valley had two to four times
higher soil/sediment concentrations of total organic C, total N and Colwell extractable P than the incising gully. Lower storage
was not explained by differences in vegetation biomass density or silt and clay content. Vegetation accounted for only 8% of C
and 2% of N storage. Although not a significant store in itself, vegetation has an important indirect role in restoring and
maintaining soil/sediment C and N stocks in eroding areas. We found significant linear relationships between C and N
mineralization rates and soil/sediment C and N content, with lower rates occurring in the eroded sediment. These findings
support our initial hypothesis that gully erosion reduces C and N storage and mineralization rates in eroding catchments. The
implications of this study include a change to the quality of eroded sediments in headwater catchments, causing C-poorer and
N-poorer sediments to be exported but overall loads to increase. Copyright © 2013 John Wiley & Sons, Ltd.

KEY WORDS sediment; carbon; nitrogen; nutrient cycling; riparian; streams; cattle grazing

Received 14 March 2013; Accepted 9 July 2013
INTRODUCTION

It is well known that humans have altered the movement
of sediment (Syvitski et al., 2005) and nitrogen (Green
et al., 2004) to the world oceans, although few studies
have looked at the interactions between these disrupted
cycles (Mayer et al., 1998; Kao and Liu, 2000; Mayer
et al., 2008). Gully† and channel erosion is widespread
across Australia as a consequence of land clearing and/or
the introduction of livestock following European settle-
ment (Prosser and Slade, 1994; Bartley et al., 2006). This
is a particular problem in South-East Queensland (SEQ)
where more than half of the channel network has riparian
zones in poor condition (Saxton et al., 2012). Whereas the
implications of SEQ gully erosion for catchment sediment
orrespondence to: Alexandra Garzon-Garcia, Australian Rivers
titute, Griffith University, 170 Kessels Road, Nathan, Brisbane, QLD
1, Australia
ail: a.garzon@griffith.edu.au

ully erosion is the formation of incised channels where previously there
as no existing channel. Gullies may form on hillslopes or valley floors.

pyright © 2013 John Wiley & Sons, Ltd.

20 
budgets have been examined in detail (Wallbrink, 2004;
Olley et al., 2009), the implications for nutrient storage,
processing and fluxes remain an open question. Nitrogen
is of particular importance because it is often the limiting
nutrient in streams and rivers of the region and a major
concern in coastal waterways (Mosisch et al., 2001; Abal
et al., 2005).
The development of a gully network follows a

predictable sequence of channel forms with time (Wasson
et al., 1998; Schumm, 1999). Gully growth is rapid
following the event that triggers initiation, but when
incision processes in gully formation stabilize or gullies
run out of catchment area, a phase of widening may
follow where sediment accumulation increasingly pro-
tects the sidewalls from undercutting. Sidewalls develop
lower slope angles and yield less sediment, whereas
channel beds revegetate, encouraging deposition until a
stabilized state is attained.
Differences between catchment response rate to

channel incision depend on rainfall intensity (Wasson
et al., 1998), catchment size (Hughes et al., 2009),
catchment geology and soil type (Schumm, 1999).
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Riparian and in-stream gully vegetation may play a very
important feedback role in the gully network development
by affecting flow and near-bank hydraulics, bank stability,
gully habitats (Schumm, 1999; Marsh et al., 2004; Marsh
et al., 2005) and possibly nutrient processing and, in turn, be
affected by channel evolution (Wasson et al., 1998;
Schumm, 1999; Zierholz et al., 2001).
About three quarters of the organic C in terrestrial

ecosystems and most of the organic N are found in plant
residues and soil organic matter (Fontaine et al., 2007;
Lal, 2008; Manzoni and Porporato, 2009). The distribu-
tion of soil organic carbon (SOC) and N is closely related
to the evolution of soil profiles with plants supplying
most of the organic inputs (Jobbagy and Jackson, 2001;
Fontaine and Barot, 2005), with higher concentrations in
the topsoil and a reduction with depth that is stronger for
C (Jobbagy and Jackson, 2001).
Organic matter mineralization is a key process for the

recycling of macro-nutrients, among them N, into forms
available to primary producers. Mineralization is con-
trolled by substrate biochemical and physical properties
(Schimel and Bennet, 2004; Chen et al., 2005),
accessibility for decomposer organisms or catalytic
enzymes and/or environmental condition constraints
(Dungait et al., 2012).
This paper examines the effects of gully erosion on

carbon and nitrogen storage in surface soil/sediment and
vegetation and on mineralization in a headwater
subcatchment of SEQ. We hypothesize that gully erosion
Figure 1. Location of the study subcatchment within the Knapp Creek cat

Copyright © 2013 John Wiley & Sons, Ltd.
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has caused a decrease in C and N storage andmineralization
rates in the eroding areas.
METHODS

Study site

Research was carried out in a 245-ha subcatchment of
the Knapp Creek (7529 ha), Logan/Albert catchment in
subtropical SEQ, Australia (Figure 1). The study site is
located in the mid-Knapp Creek catchment, underlain by
Gatton Sandstone of the Marburg subgroup, where gully
erosion is plainly evident and extensive and gullies are
well connected to Knapp Creek (Olley et al., 2009). Soils
in the catchment are described as sandy and loamy
solodics, soloths, yellow and red podzolics, noncalcic
brown soils and lithosols (Stace et al., 1972). They are
strongly sodic and have dispersive subsoils that are prone
to tunnelling erosion processes. Total annual rainfall is
highly variable and ranges between 560 and 1215mm
(data for 10 years from the Australian Government
Bureau of Meteorology), with the majority falling during
the warm summer season, and mean annual maximum
temperatures range between 26 and 27 °C. The study site
has the typical characteristics of gullied catchments in
SEQ and includes areas with different degrees of incision
co-existing with intact unincised valleys. It is one of the
top three sediment-yielding subcatchments in the Knapp
Creek catchment, producing more than 1000 t/year of the
chment and Logan–Albert catchment, South-East Queensland, Australia
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Figure 2. Selected erosional areas: intact valley, stabilizing gully and incising gully. Points denote samples taken within each erosional area for
measuring sediment/soil and vegetation C and N storage, and triangles denote longitudinal sampling points for freshly deposited sediment (points 1–6)

and bank vertical strata (points 1–4)

§
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almost 6000 t/year of sediment generated by gully erosion
in the whole catchment (Olley et al., 2009). The main
activity in this area is cattle grazing, and most of the
vegetation has been altered from forest to grassland. The
study site has a cumulative gully network at least 15 km
long (this study).
Carbon and nitrogen storage in herbaceous vegetation

and soil/sediment was quantified within the study site for
an ‘intact’ valley (IV) floor with no gully erosion, an
actively incising gully (IG) and a stabilizing gully (SG).
Erosional areas were selected on the basis of a
proportional measure of stream power per unit area for
modelled concentrated flow lines in ArcMap, based on a
2.5-m resolution lidar-based digital elevation model.‡ It
was assumed that a 0.6-ha contributing area is necessary
to generate concentrated flow lines, which is enough to
generate the gully network observable in Google Earth
images and recent aerial photographs. We classified
gullies according to stream power as a measure of
potential for erosion. Stream power is proportional to
discharge × slope, but we used the contributing catchment
area as a proxy for discharge and normalized by the bank
full wet perimeter. Classification was carried for channel
segments between 196 cross sections (sections every
50m) covering the complete flow line network homoge-
neously. It was assumed that higher-stream-power areas
would correspond to IG areas and lower-stream-power
‡Source: SEQ Catchments Ltd.
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areas would correspond to IVs. The obtained classification
was verified in the field by observation of geomorphology,
habitat and sediment features in differently classified
segments. High-stream-power segments corresponded to
deeper incised gullies with larger bare ground areas and
lower vegetation cover, medium-stream-power segments
showed signs of stabilization including lower incision
depths and larger vegetation cover, which was mostly
grassland, and lower-stream-power areas corresponded
mostly to valleys not incised. The three different erosional
areas were selected, so they had similar slopes (5–20%),
contributing areas (8–16 ha) and low tree coverage
densities. Erosional areas (Figure 2) were about 200m in
length, between 1.3 and 1.7 ha in size and delimited by the
change in slope between valleys and hills.

Soil/sediment and standing vegetation sampling

Sediment/soil and vegetation C and N storage were
randomly sampled§ during the dry season (July–October
2011) from each of the three erosional areas with similar
effort in areas of concentrated flow (Figure 3) (one sample
every 300m2 in IG, SG and IV middle area IVM) and
areas of nonconcentrated flow [one sample every 800m2

in IG valley (IGV), SG valley (SGV) and IV]. During the
final part of the sampling campaign, some burning of the
Sampling points were selected randomly from a 2.5 × 2.5-m grid covering
each sampling area using the Sampling Design Tool for ArcGIS (10.0).
Coordinates were obtained and located in the field with GPS.

Hydrol. Process. (2013)



Figure 3. Sediment/soil and vegetation C and N storage sampling areas within each of the selected erosional areas. Areas of concentrated flow include
the intact valley middle area (IVM), the incising gully (IG) and the stabilizing gully (SG), and areas of nonconcentrated flow include the intact valley
nonconcentrated flow area (IV), the incising gully valley (IGV) and the stabilizing gully valley (SGV). Symbols and images courtesy of the Integration

and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu)
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grassland occurred, and some samples that were taken
from SGV and SG were not used in the analysis.
At each sampling point, standing herbaceous vegeta-

tion was cut at ground surface level, and leaf and woody
litter were removed from 0.20 × 0.20-m quadrants and
packed separately in paper bags. Following this, the
underlying soil/sediment was sampled for two vertical
strata considered to be the most mobile component of the
surface soil or sediment: the first 2 cm (affected by sheet
erosion) and the subsequent 8 cm (affected by rill
erosion). The first vertical stratum was sampled with a
116-cm2 trowel and the deeper one with an 18-cm2 corer.
Samples were packed in plastic bags and transported on
ice to the laboratory for analysis.

Freshly deposited sediment and soil bank sampling

Freshly deposited sediment was sampled after the end
of the 2010–2011 wet season at five locations (Figure 2)
distributed about every 400m along the main gully line in
four replicates. Samples were taken with an 18-cm2 corer
to a 10-cm depth. At the first four of these locations, gully
bank soil samples were taken from three vertical strata
differentiated by soil colour. Freshly deposited sediment
in Knapp Creek, upstream from the main gully outflow
(point 6), was also taken in four replicates. Samples were
packed in plastic bags and transported on ice to the
laboratory for analysis.

Analytical methods

Vegetation and litter samples were oven dried for at
least 48 h at 65 °C and ground (<0.5mm) to obtain total
C and total N (TN) by the Dumas method (Rayment and
Lyons, 2011). Intact trowel and core samples from each
sampling point were used to obtain bulk density for each
Copyright © 2013 John Wiley & Sons, Ltd.
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stratum sample (Conlon et al., 2004). Different soil/
sediment samples for each sampling point were passed
through an 8-mm sieve to remove large root biomass and
litter and then homogenized by mixing. A subsample was
taken for analysis of moisture content at 40 and 105 °C.
Chemical analyses were based on the following methods
(Rayment and Lyons, 2011): An aqueous suspension
(1 : 5) was analysed for pH, electrical conductivity, nitrate
(NO3-N) and chloride (methods 4A1, 3A1, 7B1a and
5A2a). The rest of the sample was oven dried at 40 °C and
sieved at <2mm to remove large litter fragments
and gravel, subsampled and analysed for Colwell (1963)
extractable P (Colwell-P) (method 9B2). A subsample
was ground to <0.5mm and analysed for total C and TN
using the Dumas method (method 6B2b) and total organic
C (TOC) using the Heanes (1984) method (method 6B1).
Particle size analysis was undertaken on seven IV (IV and
IVM) and eight IG surface (0–2 cm) soil/sediment samples
chosen so that the whole range of TOC andTN values found
was covered, using the routine hydrometer method without
chemical dispersion (Thorburn and Shaw, 1987). Silt and
clay content is reported in per cent content on a dry weight
basis (oven dried for 48 h at 105 °C).

C and N mineralization

Nitrogen mineralization was measured for nine surface
(0–2 cm) soil/sediment samples chosen so that the whole
range of soil/sediment TOC, TN and Colwell-P values
found was covered, as well as all different soil/sediment
source study areas, using the aerobic incubation method
for determination of potentially mineralizable N in soil
samples (Bremner, 1965). This biological method pro-
vides an index of plant-available soil N and involves the
incubation of 40 °C oven-dried soil samples at field
Hydrol. Process. (2013)
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capacity and at 30 °C under aerobic conditions for 0, 7 and
14 days. The amounts of mineral N and dissolved organic C
(DOC) present at each time are measured by 2M KCl
extraction followed by automated colorimetric determina-
tion (method 7C2a, Rayment and Lyons, 2011) and by
automated carbon determination after wet oxidation diges-
tion or combustion at 680 °C over a platinum catalyst
(method 5310D, APHA et al., 2005), respectively.
Potentially mineralizable N (PMN) was calculated as the
difference between the mineral N before and after the
incubation. Similarly, the potentially mineralizable DOC
(PMC) was calculated as the difference between extractable
DOC before and after the incubation. PMN and PMC values
for 14 days are cumulative and were calculated as the
difference in mineral N or DOC present at 14 days with
respect to the 0-day measurements.
Net N mineralization rates (kn) at 7 and 14 days were

calculated, assuming a linear change between incubation
times because microbes for most soil/samples tended to
immobilize N after 7 days. For DOC on the other hand, it
was assumed that an exponential decrease caused by
mineralization and the net DOC mineralization rate (kc)
was obtained from fitted curves for each of the incubated
soil/sediments.

Statistical analysis

Differences in plant C and N and in soil/sediment TOC,
TN and TOC : TN ratios across different areas (IG, IGV,
IV, IVM and SG) and between the surface (0–2 cm) and
deeper strata (2–10 cm) for different areas were deter-
mined using analysis of variance (ANOVA). Some
distributions were not normal according to the Shapiro–
Wilk test, but all were normal according to the
Kolgomorov–Smirnov test. Differences between groups
were confirmed by Kruskal–Wallis nonparametric
ANOVA. Tukey’s post hoc test was used to determine
where significant differences existed between samples. To
understand the influence of erosional area type, vegetation
biomass density and silt and clay soil/sediment content in
explaining TOC and TN storage, analysis of covariance
(ANCOVA) was carried out, and the interaction between
variables was also analysed. The same method was used
to understand the influence of TOC, TN and Colwell-P on
PMN and PMC.
Statistical analyses were performed using R 2.15.1 with

statistical significance determined at the α= 0.05 level.
RESULTS

Carbon and nitrogen storage in soils and sediments

We found significant differences in the TOC (ANOVA:
F=13.408, p< 0.001;Kruskal–Wallis χ2 = 36.63, p< 0.001)
Copyright © 2013 John Wiley & Sons, Ltd.
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and TN concentrations (ANOVA: F=24.13, p< 0.001;
Kruskal–Wallis χ2 = 45.78, p< 0.001) between the surface
soil/sediment of the three studied erosional areas. Signifi-
cantly lower TOC and TN concentrations were found in the
IG, and this content significantly increased in the SG,
although not to the TN levels found in IV and IVM (Table I).
There was no significant difference in TOC concentrations
between the IGV, IV and IVM, but IGV had significantly
lower TN concentration (Table I). Surficial (0–2 cm) and
deeper (2–10 cm) soil/sediment TOC and TN concentra-
tions were significantly different only in IVs, which had
higher TOC, TN and Colwell-P concentrations in the
surficial stratum (Table I) (ANOVA: F=21.99, p< 0.001,
and F=16.14, p< 0.001). Because larger differences were
found in surface soil/sediment (0–2 cm) between studied
areas, most analyses presented in this paper refer to this
stratum unless stated otherwise.
We also found significantly higher TOC : TN ratios in

the surface soil/sediment of the IG than in the IV and
IVM (ANOVA: F = 7.30, p< 0.001). TOC : TN ratios in
the SG were not significantly different from ratios in other
areas.
Surface soil/sediment of the IV and IVM had two to

four times higher concentrations of TOC, TN and
Colwell-P than the IG (Table I). It is estimated that,
compared with the IG, the IV and IVM store an average
of 14.2 t/ha more TOC, 1.78 t/ha more N and 0.009 t/ha
more Colwell-P in the first 0–10 cm of soil/sediment. This
was calculated using average measured bulk density
values of 1.2 gm/cm3 (SE = 0.041) and 1.4 gm/cm3

(SE = 0.07) for the IV and IG, respectively (Table II).
Analysis of covariance for TOC with erosional area

type and vegetation biomass density showed that area
type is the main variable explaining differences in TOC
concentrations between the IV and IG soil/sediment
(ANCOVA: F = 9.92, p< 0.001). Vegetation biomass
density was not as significant in explaining the variance
(ANCOVA: F = 2.59, p = 0.043), and no interaction was
found between these two factors. For TN, erosional area
type was the only significant variable explaining the
variance (ANCOVA: F = 22.00, p< 0.001), and there was
no interaction between factors. Similar analyses were
conducted using sediment silt and clay content as an
explanatory variable, but this was not significant in
explaining TOC and TN variances. Soil/sediment TOC
variance within the IG was successfully explained by the
presence or absence of vegetation (log-transformed
ANOVA: F = 9.09, p< 0.05), but TN variance was not.
There was a clear difference between the IV and the IG

when searching for a correlation between TOC and TN
soil/sediment content and vegetation biomass density or
silt and clay content (Figure 4). The IV had higher values
for TOC and TN for similar vegetation biomass density or
silt and clay content.
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Table II. Estimates of TOC, N and Colwell-P storage (t/ha oven-
dry weight) for different study areas

Soil/sediment

Total
organic
C (t/ha) N (t/ha)

Colwell
extractable
P (t/ha)

Incising gully 18.08 1.05 0.008
Standard error 2.45 0.18 0.0017
Incising gully valley 31.16 1.74 0.013
Standard error 2.36 0.15 0.0012
Intact valley 30.03 2.54 0.015
Standard error 2.23 0.22 0.0019
Intact valley middle area 34.91 3.12 0.018
Standard error 2.13 0.19 0.0024
Stabilizing gully 24.56 1.66 0.015
Standard error 1.48 0.14 0.0025

Estimateswere calculated from soil dry weight per cent content for the surface
0- to 10-cm strata using the soil bulk density measured in this study.

Table I. TOC, TN and Colwell-P per cent content (%) of soil/sediment (40 °C oven dried) from different study areas and depths and
corresponding TOC : TN and TOC : Colwell-P ratios

Soil/sediment Stratum n TOC TN Colwell-P TOC : TN TOC :Colwell-P

IG 0–2 cm 13 1.39 0.079 0.0006 21.9 2941.1
Standard error 0.23 0.017 0.0001 3.1 406.5
2–10 cm 13 1.47 0.093 0.0006 18.9 2933.5
Standard error 0.23 0.018 0.0002 2.6 331.8

IGV 0–2 cm 15 3.76 0.233 0.0014 16.9 3155.6
Standard error 0.24 0.022 0.0002 0.8 436.4
2–10 cm 15 2.36 0.129 0.0010 18.9 2561.0
Standard error 0.19 0.011 0.0001 0.9 173.2

IV 0–2 cm 12 4.02 0.345 0.0019 11.7 2395.2
Standard error 0.52 0.038 0.0003 0.8 291.3
2–10 cm 12 2.19 0.183 0.0011 12.9 2427.3
Standard error 0.16 0.017 0.0001 1.4 347.6

IVM 0–2 cm 12 4.17 0.338 0.0025 12.2 1979.6
Standard error 0.52 0.029 0.0004 0.8 244.6
2–10 cm 12 2.57 0.232 0.0012 11.3 2476.1
Standard error 0.19 0.012 0.0002 1.0 244.9

SG 0–2 cm 6 3.02 0.190 0.0011 16.1 3287.3
Standard error 0.29 0.020 0.0003 0.8 640.0
2–10 cm 6 1.70 0.115 0.0012 14.8 1557.2
Standard error 0.17 0.006 0.0002 1.2 249.9

Colwell-P, Colwell extractable P; IG, incising gully; IGV, incising gully valley; IV, intact valley; IVM, intact valley middle area; SG, stabilizing gully;
TN, total N; TOC, total organic C.
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Carbon and nitrogen storage in vegetation

Sampled vegetation consisted mainly of grasses. There
was no significant difference between herbaceous vege-
tation dry biomass density (kg/m2) between study areas,
which was on average 0.63 kg/m2 dry weight (n = 58,
SE = 0.12). Despite no significant difference, occurrences
of bare soil/sediment were found only in the SG head and
in the IG. Wood and leaf litter were mainly found within
the IG at six sampling points and only at one point in the
IV. Vegetation C concentration was on average 4.9%
Copyright © 2013 John Wiley & Sons, Ltd.
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higher in IV and IVM than in IG vegetation (ANOVA:
F= 8.28, p< 0.05). Mean C and N concentrations in
vegetation for all areas were 41.2% (n= 58, SE = 0.58)
and 0.85% (n = 58, SE = 0.04), respectively. Litter C and
N contents were variable and ranged from 20.5% to
43.6% and from 0.42% to 1.32%, respectively. Mean
vegetation C :N ratio was 52.7 (n = 58, SE = 2.3), and the
mean litter C : N ratio was 40.6 (n = 7, SE = 4.1) with no
significant difference found between study areas.
It is estimated that above-ground vegetative biomass

stores about 2.5 /ha C and 0.053 t/ha N, which corre-
sponds roughly to 8% and 2% of what the IV stores in
surface soil/sediment (0–2 cm).

Carbon and nitrogen in gully banks and freshly deposited
sediment

Soil samples from gully banks had higher TOC, TN
and Colwell-P concentrations in the organic surface
horizon (0–0.45m) than in the subsoils (0.45–5m) as
expected, although differences were not significant
(Figure 5). Average TOC, TN and total P contents were
1.1% (n = 6, SE = 0.22), 0.06% (n = 6, SE = 0.015) and
0.0005% (n = 6, SE = 0.00006), respectively, in the
organic surface horizon and 0.31% (n= 9, SE = 0.05),
0.02% (n= 9, SE = 0) and 0.0003% (n= 6, SE = 0.00002),
respectively, in subsoils. Bank soil/subsoil TOC, TN and
P contents were not significantly different from gully
sediment/soil, although values were lower for subsoils
Hydrol. Process. (2013)

 



Figure 4. Per cent surface soil/sediment TOC as a function of vegetation biomass dry weight density (a) and undispersed silt and clay per cent content
(oven dried at 105 °C) (c) and per cent TN as a function of vegetation biomass dry weight density (b) and undispersed silt and clay per cent content (oven

dried at 105 °C) (d) in the intact valley (squares) and incising gully (open circles)

Figure 5. Per cent total organic C (TOC) (a), total nitrogen (TN) (b), Colwell extractable P (Colwell-P) (c) and undispersed silt and clay (d) (% oven-dry
weight) in freshly deposited soil/sediment (DEP), soil/sediment from the incising gully (IG), intact valley (IV and IVM), bank subsoils (SUB) and bank
organic A horizon (VH1). Significant differences between sources are denoted by letters above boxes (analysis of variance, p< 0.001). Boxes are
intersected by median values and enclose data between the first and third quartiles, with lines extending to maximum and minimum values excluding
outliers (values above and below 1.5 times the inner quartile range from the third and first quartiles, respectively). Box width is proportional to the square

root of n for each group
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(Figure 5). Freshly deposited sediment had the lowest
concentrations of TOC and TN among all analysed soil/
sediment types, 0.21% (n = 24, SE = 0.02) and 0.02%
(n= 24, SE = 0), respectively. These values were not
significantly different from bank soil/subsoil but signif-
icantly lower than IG soil/sediment for TOC (ANOVA:
F = 46.06, p< 0.001; Tukey honestly significant differ-
ence (HSD): p = 0.017; Kruskal–Wallis: χ2 = 68.8,
p< 0.001). Undispersed silt and clay content was
significantly lower in the freshly deposited sediment with
respect to the other types of soil/sediment samples
(ANOVA: F= 16.92, p< 0.001; Tukey HSD: p< 0.01;
Kruskal–Wallis: χ2 = 39.58, p< 0.001).
N mineralization

Nitrogen mineralization measured as PMN at 7 and
14 days was coupled with DOC mineralization as inferred
from good linear correlations between PMC and PMN for
both incubation times (R2 = 0.62, p = 0.011; R2 = 0.90,
p< 0.001). PMN (mgN/kg oven-dried soil) was linearly
Table III. Potentially mineralizable N (PMN) and potentially minera
soil) and net mineralization rates for N [kn7, kn14; mg/kg (40 °C ove

different TOC, TN and Colwell-P per ce

Soil/
sediment
origin TOC TN P

TOC :
TN

TOC :
P

DOC
0 da

M
N

DEP 0.24 0.03 0.0002 8.0 1200 4.1
SG 0.98 0.07 0.0006 14.0 1633 22.9
IG 1.6 0.12 0.0008 13.3 2000 36.5 1
IG 1.66 0.06 0.0003 27.7 5533 17.2 1
SG 2.25 0.12 0.0008 18.8 2813 52.7 1
IGV 3.23 0.21 0.0009 15.4 3589 86.9 6
IV 3.62 0.35 0.0022 10.3 1645 70.4 2
IGV 4.64 0.26 0.0016 17.8 2900 20.9 1
IV 5.76 0.34 0.0017 16.9 3388 223.5 1

Negative mineralization rates imply immobilization for N and DOC product
Colwell-P, Colwell extractable P; IG, incising gully; IGV, incising gully vall
TN, total N; TOC, total organic C.
a 2M KCl extractable DOC and mineral N at day 0 (mg/kg 40 °C oven-dried

Figure 6. Potentially mineralizable N (PMN; mg/kg oven-dried soil) versus so
regression line is dotted for the 7-day incubation period (PMN=18.14TOC�

and continuous for the 14-day incubation (PMN=14.34TOC� 5.93,
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correlated with TOC, TN and Colwell-P content of
incubated soil/sediment for 7 days (R2 = 0.71, p= 0.004;
R2 = 0.83, p< 0.001; R2 = 0.72, p = 0.004) and for 14 days
(R2 = 0.59, p = 0.02; R2 = 0.65, p = 0.009; R2 = 0.47,
p= 0.04) with higher PMN in soil/sediment with higher
initial TOC, TN and Colwell-P concentrations (Table III
and Figure 6). ANCOVA indicated TOC as the only
significant variable explaining PMN variance for 7 and
14 days. No interaction between variables was found for
these correlations.
Potentially mineralizable DOC was linearly correlated

with the initial TOC content of incubated soil/sediment
for 7 days (R2 = 0.53, p = 0.026). Most DOC was
consumed during the first 7 days of incubation, compris-
ing 98% of total consumed DOC on average (SE = 1.44),
and 81% of initial DOC was consumed during all the
incubation period (SE= 5.86). For eight of the nine
incubated soil/sediment samples, mineral N was produced
during the first 7 days of incubation, but six of the
samples then immobilized N (Table III); only in two of
these samples did N mineralization continue after the
lizable DOC (PMC) for 7 and 14 days (mg/kg; 40 °C oven-dried
n-dried soil)/day] and C (kc; 1/day) for soil/sediment sources with
nt content on a 40 °C oven-dry basis

ineral
0da

PMN
7d

PMN
14d

PMC
7d

PMC
14d kn7 kn14 kc

4.1 1.5 3.3 1.5 1.5 0.22 0.25 0.04
2.6 12.5 8.3 20.3 20.3 1.78 –0.59 0.19
1.5 –3.7 17.0 31.3 32.9 –0.52 2.95 0.19
1.0 15.7 12.0 14.6 14.6 2.24 –0.52 0.16
9.0 29.5 25.8 50.1 50.1 4.22 –0.53 0.26
3.6 42.4 45.6 75.2 72.6 6.06 0.45 0.16
8.0 92.6 63.0 55.5 59.3 13.23 –4.23 0.15
7.7 37.5 10.2 13.4 15.0 5.36 –3.90 0.10
5.7 106.4 105.3 202.5 206.3 15.20 –0.15 0.21

ion for C.
ey; IV, intact valley; IVM, intact valley middle area; SG, stabilizing gully;

soil).

il/sediment total organic C (TOC) (a) and total N (TN) (b) per cent. Linear
11.18, R2 = 0.71, p= 0.004; PMN=291.12TN� 13.3, R2 = 0.83, p< 0.001)
R2 = 0.59, p= 0.02; PMN=223.32TN� 6.43, R2 = 0.65, p= 0.009)
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Figure 7. Net C mineralization rate (a) and net N mineralization rate (b) for the first seven incubation days as a function of soil extractable DOC at the
start of the incubation (log kc= 0.36logDOC� 1.4; R2 = 0.57, p= 0.019; kn7= 0.067DOC+1.33, R2 = 0.66, p= 0.008)
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7-day incubation period. For the remaining sample,
mineral N was immobilized during the first 7 days and
then mineralized after 7 days of incubation. The ratio
between available DOC and mineral N went from an
average of 4.1 (SE = 1.5) at the start of the incubation to
0.2 (SE = 0.3) after 7 days and did not change much for
the last 7 days of incubation with an average at 14 days of
0.3 (SE = 0.1). Net DOC mineralization rates, kc (1/day),
and net N mineralization rates for the first 7 days of
incubation, kn7 (mg/kg/day), were linearly correlated with
DOC extracted at day 0 (R2 = 0.57, p= 0.019; R2 = 0.66,
p = 0.008) (Figure 7).
DISCUSSION

Effects of gully erosion on carbon and nitrogen storage in
soil/sediment

Lower C and N storage in surface soil/sediment of the
IG compared with the IV is most likely explained by the
origin of this material from eroding bank subsoil, which
we found to have similar C and N concentrations. In
gully development, the bulk of the sediment generated
from the new channel network comes from the gully
walls (Blong et al., 1982). Significantly higher C : N
ratios in the IG sediment would be explained by a larger
contribution of C and N by vegetation litter in this soil/
sediment contributed by the dense vegetation present on
deposited sediment. The C : N ratios of vegetation litter
and woody litter are known to be higher than soil organic
matter and soil microbial biomass (Solins et al., 1985;
Manzoni et al., 2010; Kirkby et al., 2011). Soil/sediment
enrichment with vegetation litter within the IG would
also explain why this sediment has higher C and N
concentrations than its most probable source, bank
subsoils.
High variability in soil/sediment C and N concentra-

tions and C : N ratios within the IG could be due to the
various states of decomposition of vegetation litter known
to affect C : N ratios (Manzoni et al., 2010), as was seen
in our results for litter C and N concentrations, but also to
Copyright © 2013 John Wiley & Sons, Ltd.
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a nonhomogenous distribution of litter within the gully.
The presence of different geomorphologic features (bars,
benches, pools, etc.), translated into different degrees of
erosion or deposition, could affect vegetation density and
composition (Guerrero-Campo and Montserrat-Martí,
2000; Burylo et al., 2007) and, in turn, sediment litter
content (Jenny, 1994).
We believe that increased surface soil/sediment C and

N concentrations in the SG are related to the gradual
restoration of the soil organic and nutrient content as
gullies stabilize. Levels were relatively higher for C,
which could be explained by the C fixation capacity of
plants and consequent re-introduction to the soil as litter
and humus compared with a limited external N input from
atmospheric N fixation, dependant on the existence of
capable plant symbionts, and from atmospheric N
deposition, which is predicted to be low in Australia
(Holland et al., 1997). The availability of soil N may be
slowing down soil C sequestration by limiting plant
biomass and the consequent supply of litter, which is the
primary input to soil carbon stocks (Garten and Ashwood,
2002). In fact, SG vegetation tended to have lower N
concentrations than IV vegetation. Larger relative N
outputs compared with those of C are plausible and
depend on soil C : N ratios, which would control N
leaching rates (Manzoni et al., 2010) by determining
whether N is mineralized to highly mobile nitrate or
immobilized; nitrate leaching and/or runoff loss may
occur below a C/N threshold value (Evans et al., 2006).
The role of vegetation in carbon and nitrogen storage in
gullied catchments

Herbaceous vegetation did not have a major role in
directly storing C and N when compared with surface
soil/sediment. However, vegetation has an indirect role
evident in the significance of biomass density in
explaining surface soil/sediment TOC variance between
the IV and the IG, and TOC variance within the latter.
Vegetation increases the supply of litter and sediment
settling and reduces soil erosion risk (Guerrero-Campo
Hydrol. Process. (2013)
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and Montserrat-Martí, 2000; Zierholz et al., 2001; Rey,
2003; Burylo et al., 2007) and consequent mobilization of
C and N stock. Vegetation also increases inorganic N
turnover rates in the soil through its transformation to
organic forms as biomass.
The quality of vegetation litter for mineralization

would depend directly on the type of vegetation present
(Garten and Ashwood, 2002; Manzoni et al., 2010),
which is quite homogeneous in the area with the
predominance of pasture except along the main gully
where most of the trees were concentrated. Soils under
pasture have been found to have higher N availability and
lower C : N ratios than soils under forests, along with
higher surface mineral soil N stocks, which favour
organic matter decomposition (Garten and Ashwood,
2002). Although we did not include sampling sites with
forest cover, C : N ratios found in grass-covered IVs were
similar to those found by Garten and Ashwood.
Implications of gully erosion in the carbon and nitrogen
content of exported sediment

The subsoils and gully-deposited sediment in the
incised valley had significantly lower C and N concen-
trations than IV soils. Before this recent phase of gully
erosion, valley erosion is thought to have been very low,
with the absence of deep defined channels and the
presence of swampy meadows (Eyles, 1977; Prosser and
Slade, 1994; Prosser et al., 1994; Mactaggart et al., 2008;
Saxton et al., 2012). Sediments were produced from very
rich organic soils, most likely richer than current IV soils
because of the former swampy environment surrounded
by forests (Eyles, 1977; Prosser et al., 1994; Mactaggart
et al., 2008).
Changes in exported sediment load and stoichiometry

would have an effect on exported C and N loads from
gully-eroding headwater catchments. An increase in
sediment yield associated with gully erosion has been
well documented in South-Eastern Australia (Eyles, 1977;
Prosser and Slade, 1994; Wasson et al., 1998; Olley and
Wasson, 2003). Sediment loads in South-East Queensland
have been estimated to be 30 times the pre-European rates
to Moreton Bay (NLWRA, 2001) and more recently
between 50 and 200 times when comparing catchments
with no remnant vegetation and that of a fully vegetated
channel network (Olley et al., 2013). Sediments produced
in the studied, actively eroding gully are from 3 to13
times lower in TOC concentration and from 4 to 17 times
lower in TN concentration than IV surface soils,
depending on whether the sediments are sourced directly
from the bank subsoils or from gully-deposited sediment
that has been enriched with vegetation litter during dry
periods. Exported C and N loads are deemed to be larger
if the increase in sediment yield compensates for the
Copyright © 2013 John Wiley & Sons, Ltd.
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decrease in sediment C and N contents. Although we did
not sample sediment export as part of this study, if we
assumed an increase in sediment yield with gully erosion
similar to findings for South-East Queensland, C and N
exported loads would be larger in gully-eroding catch-
ments.
We believe freshly deposited sediment had lower C, N

and silt and clay contents than its possible sources partly
as a consequence of particle size fractionation during
transport, a process in which heavier coarser particles
settle closer to the source and lighter finer particles and
vegetation litter move further downstream (Ren and
Packman, 2007). Mineralization and leaching may also be
of importance (Austin et al., 2004; Gómez et al., 2012),
with the former being limited during dry conditions
(Austin et al., 2004; Manzoni and Porporato, 2011;
Gómez et al., 2012) that are more prevalent in headwater
gullies, which would contribute to increased C and N
stores. Sediments in gully segments with baseflow
presence, more prevalent in downstream gullies, may
undergo leaching and C and N mineralization, which will
contribute to C and N export and impoverishment of
sediment in its gradual transport downstream.
Implications of gully erosion on N mineralization

Carbon and nitrogen potential mineralization were
found to depend directly on C and N concentrations of
soil/sediment. In fact, incubated IV soils tended to have
higher C and N mineralization fluxes than eroding and SG
sediment, whereas the freshly deposited sediment had the
lowest ones.
We found some evidence that indicates C limitation

and not N availability to control C mineralization in
studied soil/sediment. After the 7-day incubation period,
there was very low DOC mineralization, and net N
immobilization occurred; on average, 98% of the
extractable DOC at day 0 had been mineralized by day
7. DOC :mineral N ratios became very low by day 7 and
did not change much after that. Incubation outcomes after
the first 7 days may indicate what would occur under field
conditions with the first rains of the wet season or rain
occurring after dry periods; after fast DOC mineralization,
still available mineral N as nitrate would be flushed down
the catchment.
This apparent C limitation to mineralization was

stronger in the eroding area sediment and in freshly
deposited sediment, both most likely to come from
subsoils, with lower TOC, TN and extractable DOC
concentrations than IV soil. These results point to theories
of SOC subsoil stability, which propose that lower
mineralization rates in subsoils are not due to an increased
recalcitrance of organic matter but to the scarcity of fresh
C, which would otherwise supply energy-rich substrates
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that support high and diverse microbial populations
(Fontaine and Barot, 2005), or to the inaccessibility of
C for microbes due to its presence within soil aggregates
(Kemmit et al., 2008; Dungait et al., 2012).
Fresh C sources such as vegetation litter would be very

important for replenishing both the C labile and
recalcitrant supply in eroding catchments. Because gully
erosion has moved former subsoils to the surface of
eroded catchments where higher inputs of labile C can
occur by vegetation, these subsoils would undergo faster
mineralization rates than if they remained in situ, albeit
still slower than those occurring in the IV sediment. The
recalcitrant C component from litter supply would
gradually increase C and N storage in the surface,
whereas the labile C supply would have a feedback effect
increasing N availability for vegetation growth.
The role of vegetation litter in organic matter

mineralization processes during the stabilization of gullies
in these eroding catchments deserves further study.
Results suggest that it is crucial for the restoration of
the biogeochemistry of eroded areas in gullied catchments
and for reducing N loss downstream.

Wider implications of this study

There are a vast number of gully-eroded hillslopes and
valley floors in eastern Australia (Hughes and Prosser,
2012) to which these results may apply in principle.
Wider implications of our findings go beyond the local
impoverishment of headwater catchments as they lose
carbon and nitrogen when gully erosion occurs. Although
there are still considerable uncertainties related to the C
and N discharges from gullies, findings point to larger
exported loads, which would have impacts on down-
stream ecosystems including possible eutrophication. It is
of major interest to understand the role of particle size
fractionation and mineralization on C and N sediment
contents as it is gradually transported through the stream
system. Most of the finer and C-rich and N-rich sediment
would possibly reach the coastal zone in the absence of
major depositional environments. Understanding controls
and effects of these processes will give insight not only
into what is ultimately limiting N availability for algae in
streams impacted by gully erosion and, finally, the coastal
environment but also on the role of gully erosion in C
emissions to the atmosphere.
CONCLUSION

Results from this research support our initial hypothesis
that IVs have significantly larger stores of C and N than
gullied catchments and that they also have higher fluxes
and rates of mineralized C and N. Stabilizing gullies had
large C and N stores than actively eroding ones, but C
Copyright © 2013 John Wiley & Sons, Ltd.
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stores seemed to have recovered faster. Our results
indicate that gully erosion may have an important role in
determining C and N storage and processing in headwater
catchments by changing the stoichiometry of source
sediment, which becomes poorer in C and N concentra-
tions. This changed stoichiometry would also cause a
decrease in sediment C and N mineralization potential, all
of which will have an effect on exported N loads and
forms. Implications of this study include an increased
overall C and N export, a decrease in the C and N
contents of exported sediment and a reduced availability
of N for primary production and of both C and N for
humus formation in headwater catchments undergoing
gully erosion.
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Chapter 3:  Controls on carbon and nitrogen export in an 

eroding catchment of south-eastern Queensland, Australia 

_____________________________________________________ 

Foreword:  In the previous chapter it was found that carbon and nitrogen storage and potential 

mineralization in soils/sediments is drastically reduced in eroding areas.  Implications of this 

would include increased loads of carbon and nitrogen exported during high-flow events and low 

content of carbon and nitrogen in exported sediment.   In this chapter, controls on carbon and 

nitrogen export are analyzed including the role of gully and channel erosion, flow magnitude, 

wet season rainfall, catchment size, and the carbon and nitrogen content, particle size 

fractionation, and elemental solubility of most probable sources.  The role of these factors in the 

carbon and nitrogen content of exported sediment is also explored.  

 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-0 Receding high-flow event in the Knapp Creek catchment, subtropical South East Queensland, 

Australia, and settling columns to fractionate different soil/sediment sources in particle size ranges. 
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3.1.   Abstract 

Effects of gully and channel erosion on the export of sediments are in general well understood, 

but the effects on carbon (C) and nitrogen (N) export remain an open question. We examined 

these effects, and the role of flow magnitude, total wet season rainfall, catchment size and the 

sediment quality of most probable C and N sources in a subtropical catchment.  We sampled 

baseflow and the rising stage of high-flow events for one wet season and analyzed five years of 

water quality data from event sampling stations.  Total suspended sediment (SS) was the main 

variable explaining N export, followed by rainfall, flow and catchment size.  Exported 

concentrations of N, particulate N and organic C increased linearly with those of SS and silt and 

clay concentration.  N was exported mainly in particulate organic form and C in dissolved form.  

The quality of most probable sediment source fractions explains these results and points to 

fractionation during transport into C and N richer and C and N poorer fractions, with travel 

distance ultimately determining the average quality of transported sediment for different flow 

magnitudes.  Erosion would have caused lower C and N concentration in sediments, a lower 

proportion of mineralized N, a larger proportion of DOC and larger C:N ratios of the soluble 

fraction as compared to unincised grassed valleys.  This would alter the rates of nutrient cycling 

and energy flow within and across ecosystem compartments in streams receiving this export.     

 

Key words: carbon; nitrogen; sediment; particle-size; fractionation; vegetation litter  

 

3.2.   Introduction 

Changes in land use associated with human settlement and development have 

drastically altered the export of carbon (C) (Scott et al., 2006), nitrogen (N) (Green et al., 2004) 

and sediment (Lal, 2003; Syvitski et al., 2005) in many stream networks.  In Australia, land 
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clearing and/or the introduction of livestock following European settlement triggered a major 

episode of gully and channel erosion (Prosser and Slade, 1994; Olley and Wasson, 2003; 

Bartley et al., 2006). As a consequence, these sources now dominate the supply of sediment in 

many Australian systems (Brooks et al., 2009; Hughes et al., 2009; Caitcheon et al., 2012; 

Saxton et al., 2012; Olley et al., 2013).  The effect of erosion on nutrient storage and export is 

less well understood.  In a recent paper, it was shown that gully erosion reduced the storage of 

both C and N in headwater catchments in south-eastern Queensland (Garzon-Garcia et al., 

2013).  Sediment and associated nutrients pose a threat to high-value coastal systems and 

increase the risk of eutrophication in receiving waters (Mosisch et al., 2001; Abal et al., 2005).  

There is evidence that localized erosion can mobilize large quantities of C from long term stores 

to the ocean, possibly playing a major role in C budgets in certain areas of the world (Ludwig 

and Probst, 1996; Lal, 2003; Scott et al., 2006; Cole et al., 2007), which should not be ignored 

in the context of the global C cycle.  Here, we examine the effect of gully and channel erosion 

on the export of C and N. 

A significant part of the C and N load in river systems is transported in association with 

mineral sediment (Meybeck, 1993; Prosser et al., 2001; Gomez et al., 2003; Gomez et al., 2004; 

Gomez et al., 2010).   Two different fractions may be differentiated:  particulate organic matter, 

which is not bound to mineral particles and includes a mixture of the remains of plants, animals 

and microorganisms at various stages of decomposition (Gregorich et al., 2006); and physically 

complexed organic matter, which is attached to mineral particles through chemical bonds 

(Horowitz and Elrick, 1987).  Sediment particle size has an important role in sediment-bound 

nutrient transport and its interactions with water (Horowitz and Elrick, 1987; Walling and 

Moorehead, 1989; Keil et al., 1997), as well as sediment content of Fe and Mn oxides and 

hydroxides, organic matter and clay minerals (Horowitz and Elrick, 1987).     

Factors like climate, geology, soil type and catchment scale have been recognized as 

important controls on sediment particle size distribution of stream suspended sediment (Walling 

and Moorehead, 1989).  As catchments become larger, transport processes have an increased 

potential to modify the suspended sediment characteristics by deposition of the coarser 

fractions, and thus enrichment in the finer fractions relative to the source material (Walling and 

Moorehead, 1989).  In smaller eroding catchments the degree of selectivity for finer fractions 

might also have a role in the characteristics of exported suspended sediment.  The degree of fine 

enrichment has also been related to slope angle, land use practices and soil type (Walling and 

Moorehead, 1989).  

This paper examines the factors controlling C and N export from gullied and channel 

eroding sub-catchments of the Logan River in south-eastern Queensland Australia, including 
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flow magnitude, total wet season rainfall, catchment size and the relations between exported C 

and N in particulate and soluble forms and C and N in most probable sources.   We hypothesize 

that erosion controls C and N export by mobilization and fractionation of sediments into C- and 

N-enriched fractions and C- and N-depleted fractions with different transport distances. 

 

3.3.   Methods 

3.3.1. Study site 

We studied gullied and channel eroding headwater and larger downstream catchments 

of the Logan River, in subtropical South East Queensland (SEQ), Australia (Figure 3-1).  The 

Logan River catchment comprises an area of 3076 km
2
 and is mainly rural with cattle grazing, 

native forest, cropping and rural residential as the dominant land-uses (Hancock and Revill, 

2012).  Some catchment headwaters are conservation zones in relative pristine condition, 

covered in native forest, but most of the catchment has been extensively cleared of forest 

vegetation for grazing.  Total annual rainfall is highly variable ranging between 560 and 1,215 

mm (data for 10 years from the Australian Government Bureau of Meteorology), with the 

majority falling during the warm summer season.  Mean annual maximum temperatures range 

between 25.9 and 27.1 ºC.  The Logan River catchment geology consists mainly of arenite-

mudrock (19%), arenite (17%), basalt (32%) and alluvium (12%) (DME, 2008). 

The Knapp Creek catchment has an area of 75.3 km
2
 (Figure 1).   Elevation ranges from 

62 to 250 m.  Its main channel is ~2 m wide in the upper reaches and ~35 m wide in the lower 

reaches. Most of the channel has over-widened with its carrying capacity exceeding a 1 in 100 

year event.  There is extensive evidence of gully and channel erosion throughout the catchment, 

but most abundant in the mid-catchment where the gullies are well connected to Knapp Creek 

(Olley et al., 2009). Gullied headwater sampling sites were located in the mid-Knapp Creek 

catchment, underlaid by Gatton Sandstone of the Marburg subgroup. They have typical 

characteristics of gullied catchments in SEQ and include contributing areas of different degrees 

of incision co-existing with intact unincised valleys.  Soils in the Knapp Creek catchment are 

described as sandy and loamy solodics, soloths, yellow and red podzolics, non-calcic brown 

soils and lithosols (Stace et al., 1972).  They are strongly sodic and have dispersive subsoils that 

are prone to tunnelling erosion processes.    

 

3.3.2. Flow event sampling  

Rising stage samplers (Graczyk et al., 2000) were installed to obtain water samples 

from the rising limb of hydrographs during flow events that occurred during the 2011-2012 wet 

summer season.  Sampling sites included three headwater gullies with contributing areas of 0.2, 
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0.3 and 0.9 km
2
, the outlet of  the gullied subcatchment (Tilley subcatchment; 2.45 km

2
), and a 

downstream section of the Knapp Creek (50 km
2
 contributing area) (Figure 3-1).  For each 

sampling site, six rising stage samplers were installed in pairs at three elevations above the 

stream bed, providing replicate samples at each sampled stage height. The Tilley subcatchment 

is one of the top three sediment-yielding in the Knapp Creek, producing ~1000 t/y of the 6000 

t/y estimated to be produced by gully erosion in the whole catchment (Olley et al., 2009).   

Figure 3-1 Location of the study sites in the Logan River catchment, south-eastern Queensland, Australia.  

Water sampling sites include existent SEQ-EM owned event sampling stations on the Logan River and 

Knapp Creek and rising stage sampler stations installed in three headwater gullies, the outlet of Tilley 

sub-catchment and in the Knapp Creek (Inset A).  Sampling sites for most probable sediment sources 

contributing to rising stage flood sampling sites can be observed (intact valley soils, headwater gully 

standing sediments and gully bank subsoils).  From these sources composited samples for particle size 

fractionation were obtained.  The land use data set was produced by the Queensland Government (last 

update 07/12). 

 

Four high-flow events were sampled as well as low-flow between them (baseflow) 

(n=5).   For the three small headwater gullies only one event produced enough flow to fill the 

lowest samplers (0.3 m), and for Tilley subcatchment and the Knapp Creek site, only one and 



39 

 

two events respectively, were high enough to reach samplers at the middle elevation (1 and 1.5 

m respectively).  Annual rainfall for the 2011-2012 hydrologic year was 1070 mm at Kooralbyn 

alert rain gauge station (Australian Government Bureau of Meteorology) for which the average 

annual rainfall is 802 mm.   

The samples were collected the day after each event, transported on ice to the 

laboratory, subsampled, filtered immediately through a 0.45 m glass fibre filter and frozen 

prior to analysis.  Baseflow samples were transported on ice to the laboratory, subsampled, 

filtered through a 0.45 m glass fibre filter and frozen prior to analysis.   All samples were 

analyzed in the laboratory for total suspended solids (TSS), particle size (PSA), total organic 

carbon (TOC), dissolved organic C (DOC), total Kjeldahl N (TKN), dissolved Kjeldahl N 

(DKN), ammonium N (NH4
+
-N) and oxidised N (NOx

-
-N). 

Existing water quality data from three refrigerated event sampling stations, part of SEQ 

event monitoring programme, were used in our analysis.  These stations were located on the 

Knapp Creek (50 km
2
 contributing area) and downstream on the Logan River at Round 

Mountain (with a contributing area of 1262 km
2
) and Yarrahappini (contributing area of 2416 

km
2
) (Figure 3-1).  These event sampling stations captured water samples during twelve, twenty 

five and thirty one high-flow events respectively, which occurred between January 2010 and 

December 2010 in the Knapp Creek, and between June 2007 and June 2012 in the Logan River. 

The number of samples collected during a flow event was based on event duration and water 

level.  Automatic samplers were triggered to start sampling when water levels rose above 10 cm 

of the baseflow level at each site and subsequent samples were taken at fixed time intervals in 

separate containers.  All samples were collected from the sites and processed into analysis 

containers within 24 hours of sampling.  Existing water quality data directly analyzed in the 

laboratory included TSS, TKN, DKN, NH4
+
-N and NOx

-
-N. 

 

3.3.3. TOC and total N fractions in source areas 

TOC and total N (TN) concentrations in different particle size fractions were obtained 

for ‘intact’ unincised valley (IV) soils with no gully erosion, headwater incising gully sediments 

(IG) and gully bank subsoils (BS) (Figure 3-1). These are considered to be the most likely 

sources contributing to the sediment exported from the gullied subcatchments.  Bulk TOC and 

TN content for these same sediment sources had been previously quantified (Garzon-Garcia et 

al., 2013).  Six soil/sediment samples (sieved to <5 mm) from each source were composited.  In 

each case, the six samples were chosen randomly from a statistically representative group from 

each source (samples with TOC and TN percent content lying within the first and third 

quartiles).  Details of sampling methods can be found in Garzon-Garcia et al. (2013). 
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The sediment and soil samples were separated into different particle size fractions as 

follows:  a 64 m nylon mesh was used to separate the <63 m particle size range by wet 

sieving a 5 g oven-dry equivalent subsample of each of the composited sediment sources with 

360 mL of Milli-Q water to recover a water sample with suspended fines.   The <10 m and <2 

m size range fractionation were obtained using settling.  Briefly, a 30 g air-dry equivalent 

subsample of the composited sediment source was placed in a 2 L measuring cylinder and filled 

with Milli-Q water to 1800 mL.  The suspension was agitated for 60 seconds with a plunger and 

the cylinder was left undisturbed for 48 minutes (calculated based on Stokes’ law for a 10 m 

diameter particle settling through 26 cm height at 20ºC) to obtain the <10 m size range and 

19.5 hours (calculated similarly) to obtain the <2 m size range.  At 48 minutes and 19.5 hours 

respectively, a side opening probe connected to a vacuum flask was used to carefully withdraw 

all the liquid above the 400 ml mark.  The liquid was transferred through a 64 m nylon mesh to 

remove floating vegetation litter and obtain a water sample with suspended fines of each particle 

size range.  Water suspensions for each of the particle size ranges (<63 m, <10m and <2 m) 

were immediately frozen to be analyzed for TKN, TOC, NH4
+
-N and NOx

-
-N.  A subsample of 

the <10 m suspension was centrifuged at 4500 rpm for 10 minutes and filtered through a <0.45 

m glass fibre filter to obtain a solution for each composited sediment source sample to quantify 

the extractable/soluble C and N fractions by measuring DKN, DOC, NH4
+
-N and NOx

-
-N.  The 

whole procedure was done in 3 replicates for each composited sediment source sample.   

 

3.3.4. Analytical methods 

For water samples and different particle size range sediment suspensions the analytical 

methods used are the following (APHA et al., 2005): TSS (gravimetric method), PSA (laser 

sizer without chemical dispersion), silt and clay content (calculated from PSA results for 

sediment volumetric content <20 m and TSS results), TOC and DOC (automated carbon 

determination after wet oxidation digestion or combustion at 680°C over a platinum catalyst 

Method 5310D on total and filtered samples <0.45 m, respectively), TKN, DKN, NH4
+
-N 

(automated colorimetric determination on total samples for TKN and filtered samples <0.45 m 

for DKN and NH4
+
-N) and NOx

-
-N (automated colorimetric determination on filtered samples 

<0.45 m).  From these direct measurements other fractions were calculated as follows: total N 

(TN) = TKN + NOx
-
-N, particulate organic C (POC) = TOC – DOC, particulate N = TKN – 

DKN, mineralized N = NH4
+
-N + NOx

-
-N, total organic N (TON) = TKN - NH4

+
-N, dissolved 

organic N (DON) = DKN - NH4
+
-N, N fraction in organic form = TON / TN, N fraction in 

particulate form = particulate N / TN *100, C concentration in sediment = POC / TSS * 100, N 
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concentration in sediment = particulate N / TSS * 100.  TSS was used as an estimate of 

suspended sediment concentration (SS).  

 

3.3.5. Load calculations to estimate specific TSS and TN catchment yields 

To obtain event loads for each water quality parameter, instantaneous loading rate was 

calculated for each sample during the flood event.  Total load for the event was calculated as 

follows: 

   ∑    

   

 

 
(1) 

 

                                                                                                                                              

where Wt is the total event load in [M], Wi is the instantaneous loading rate [M/t], t is the time 

between instantaneous loading rate calculations and n is the total number of samples taken 

during the event.   

The instantaneous loading rate was calculated as follows: 

 

   
               

 
 

(

(2) 

 

where Qi is the flow at sampling time i and Ci is the parameter concentration measured at time i. 

Event loads for rising stage sampling sites were calculated for TSS and TN using 

parameter concentrations obtained from one water sample per event and sampling point during 

the rising water stage.  Flow for this calculation was estimated from the same event flow 

measured downstream at Yarrahappini station in the Logan River and extrapolated in proportion 

to contributing catchment area for each rising stage sampling point.  Loads were calculated by 

multiplying the estimated volume of water that passed each sampling point during the flood 

event by the parameter concentration for the rising stage water sample.  

 

3.3.6. Statistical analysis 

Tree regression analysis develops a model that predicts the value of a target variable 

based on several input variables. One of its strengths is that it can use both categorical and 

continuous predictor variables, handles outliers and missing data and is able to identify 

interactions between multiple predictor variables affecting the response variable of interest 

(De'ath and Fabricius, 2000; Olden et al., 2008). Here we used tree regression to explore the 

role of both numerical and categorical variables, including Q, SS, wet season rainfall, catchment 
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size category and stage of flow, in explaining exported SS and N fractions downstream.  

Although some of these variables may be strongly correlated, the objective of this analysis was 

to determine their relative importance and select the most appropriate ones for subsequent linear 

regression analysis, hence none were excluded.  Linear regression analysis was carried out 

between catchment exported concentrations of TN, particulate N, N fraction in particulate form, 

N concentration in sediment and POC, and main predictor variables found by tree regression 

analysis.  All parameters were log-transformed for analyses.  Catchment size category grouped 

headwater catchments, which included small headwater gullies, Tilley subcatchment and the 

Knapp Creek site, and downstream catchments which included Round Mountain and 

Yarrahappini.  We also classified sampled years according to their relative wet season rainfall 

and flow as wet or dry for linear regression analysis.  The only years classified as dry were 

2009-2010 (annual rainfall < 600 mm) for all stations, and 2010-2011 which presented low 

annual rainfall for Round Mountain station only.  

Analysis of covariance (ANCOVA) was used to explore if the type year (wet or dry) 

and the catchment size category (headwater and downstream) were significant in explaining the 

variance of exported concentrations for different parameters together with exported SS.  

Analysis of variance (ANOVA) was carried out in certain cases to determine if concentrations 

were significantly different for type of year and/or catchment size category.  All parameters 

were log-transformed for analyses. 

Differences in the soluble C and N fractions extracted from possible sediment sources 

and in % C and N content in possible sediment sources for different particle size ranges, were 

determined using ANOVA and two-way ANOVA respectively, after the Shapiro-Wilk test for 

normality.  A Holm-Sidak pair-wise multiple comparison procedure was used to determine 

where significant differences existed between groups and complemented with a one-way 

ANOVA to check for differences between sediment size ranges within each sediment type. 

Statistical analyses were performed using SigmaPlot 11.0 and R 2.15.1 with statistical 

significance determined at the = 0.05 level.    

 

3.4.   Results 

3.4.1. Controls on exported C and N 

The parameters which explain most of the variance in the exported N fractions were SS 

concentration, flow volume (Q), wet season rainfall and catchment size category (headwater, 

downstream) (Table 3-1).  Despite the fact that most of these variables are highly correlated, 

when used together the predictive performance of tree regression analyses was improved.  SS 

was the most important variable explaining particulate N export, followed by rainfall, Q and 
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lastly, catchment size category (Table 3-1). Wet season rainfall was the most important variable 

explaining soluble export, which includes mineralized N and DON, followed by Q, catchment 

size category and SS.  When doing the analysis separately for headwater and downstream sites 

the explained variance increased for the particulate fractions (Table 3-1).  For downstream sites, 

rainfall was more important in explaining the variance than for headwater sites (Table 3-1).  For 

the soluble export, the inclusion of SS in the tree regression analyses improved the explanatory 

power of the models between 2.8 and 14.8%.  This was also the case when including wet season 

rainfall for downstream catchments, with an improvement of the explanatory power of the 

models of between 14.8% and 17.6%.  

Not surprisingly, the SS variance was explained by wet season rainfall and Q in 

downstream sites, and solely by Q in headwater sites.   Catchment size category and stage of the 

flow (rising or falling) had a minor explanatory role (Table 3-1).      

Considering these results, we decided not to consider flow stage and use SS as the main 

independent variable for subsequent linear regression analysis.  We found significant linear 

regressions between exported concentrations of TN, particulate N and POC and SS, both for 

headwater and downstream catchments (Figure 3-2, Table 3-2).   
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Table 3-1 Total explained variance (%) for each response variable and absolute contribution (%) of each predictor variable to the explained variance 

obtained from tree regression analysis.  Models were performed for headwater catchments, downstream catchments and all data.  Response variables 

include exported SS, N, particulate N, mineralized N, DON, fraction of particulate N and percent N in sediment sampled during high flow events.  

Predictor variables include Q, SS, wet season rainfall, location (headwater, downstream) and flow stage (rising, falling).    

 

Response variables 

Headwater (HW) Downstream (DS) All data 

% 

var 

Predictor variables 
% 

var 

Predictor variables 
% 

var 

Predictor variables 

log 

Q 

log 

TSS 

log 

rainfall 
stage 

log 

Q 

log 

TSS 

log 

rainfall 
stage 

log 

Q 

log 

TSS 
log rainfall location stage 

log TSS 59 57 

  

2 52 27 

 

25 

 

50 22 

 

23 5 1 

log N 61 18 38 

 

4 45 13 25 5 1 52 13 29 6 5 

 log part N 58 14 44 

  

52 10 33 6 3 48 6 36 6 0 

 log mineral N 51 21 12 17 

 

52 15 9 28 

 

53 14 7 25 8 

 log DON 48 25 22 

  

38 10 15 12 

 

45 12 7 18 9 

 log fraction part N 39 11 28 

  

68 41 14 12 

 

68 13 39 13 4 

 log % N in sed 43 13 10 21 

 

55 11 27 16 

 

44 6 22 14 1 
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Figure 3-2 Log-plot of SS vs Q (m
3
/s) (a) for high-flow events sampled at downstream sites (DS) in wet 

years (black dots) and dry years (open circles), and headwater sites (HW) in wet years (white squares), 

dry years (grey triangles) and rising stage sampling stations (grey stars).  Log-plots of TN (b), particulate 

N (c) and POC (d) vs SS (concentrations in mg/l) for high-flow events sampled at downstream sites DS.  

Each point represents a sample during a high-flow event.   Lines represent linear regressions for which 

equation parameters and fit are presented in Table 3-2. 

 

Annual suspended sediment (tonnes/ha/y) and N (kg/ha/y) specific yield increased 

exponentially with annual total runoff (m
3
/ha/y), which was highly variable for the sampled 

years, for both Round Mountain and Yarrahappini (Figure 3-3).    
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Table 3-2.  Equation parameters and fit for linear regressions (log concentration (mg/l) = a log 

peak SS (mg/l) + b) for headwater catchments (HW) and downstream catchments (DS), in wet 

and dry years and for rising stage sampling stations   

  

 

Total Wet years Dry years   

Regression 

 

HW DS HW DS HW DS 

HW Stage 

samplers 

log TN vs log SS 

a 0.443 0.408 0.443 0.41 0.261 0.48 0.283 

b -0.958 -0.782 -0.904 -0.801 -0.641 -0.908 -0.589 

r2 0.64 0.51 0.57 0.52 0.55 0.56 0.7 

log particulate N 

vs log SS 

a 0.524 0.66 0.602 0.724 

 

0.634 0.42 

b -1.334 -1.767 -1.499 -2.01 

 

-1.48 -1.19 

r2 0.57 0.59 0.56 0.66 

 

0.53 0.8 

log POC vs log 

SS 

a 0.413 

     

0.413 

b -0.853 

     

-0.853 

r2 0.48 

     

0.48 

N fraction in 

particulate form 

vs log SS 

a 0.185 0.259 0.192 0.302 

 

0.268 0.173 

b 0.136 -0.13 0.128 -0.293 

 

-8.38E-

04 0.138 

r2 0.33 0.47 0.24 0.63 

 

0.4 0.7 

 

 

 

Figure 3-3  Log-plots of  (a) total annual SS specific yield (Ton/ha.y) and (b) TN specific yield (kg/ha.y) 

(b) vs annual total runoff (m
3
/ha.y) for Round Mountain (open circles) (log SS = 0.03 exp(0.004*log Q), 

R
2 

= 1.00; log TN = 0.162 exp(0.004*log Q), R
2
 = 0.97) , Yarrahappini (triangles) (log SS = 0.141 

exp(0.002* log Q), R
2
 = 0.57; log TN = 0.354 exp(0.003* log Q); R

2
 = 0.99) and Tilley gully and Knapp 

Creek (black circles) sampling sites. 

 

The type of year (wet or dry) was significant in explaining the variance of exported 

concentrations together with SS for the following: exported TN (ANCOVA: F = 30.23, p < 

0.0001) and mineralized N (ANCOVA: F = 8.61, p < 0.01) in headwater catchments (particulate 

N was not measured in the dry year), with significantly larger exported concentrations in wet 

years (ANOVA: F = 83.1, p < 0.0001; F = 25.38; p < 0.0001) (Figure 3-4); exported TN 
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(ANCOVA: F = 11.00, p < 0.001), particulate N (ANCOVA: F = 11.00, p < 0.001) and 

mineralized N (ANCOVA: F = 110.02, p < 0.0001) in downstream catchments, but no 

significant difference in exported TN and particulate N concentrations, and wet years having a 

wider spread and significantly larger exported mineralized N concentrations (ANOVA: F = 

117.68, p < 0.0001) (Figure 3-4).  Rising-stage samples that were taken in 2011-2012 were 

similar in their TN and mineralized N concentrations to the dry year samples from the 

autosampler in headwater catchments, despite 2010-2011 being a wet year according to rainfall 

stations (Figure 3-4).   

Catchment size category (headwater or downstream) was also significant at explaining 

exported TN concentrations together with SS (ANCOVA (location): F = 15.024, p < 0.0001), 

with significantly lower exported TN concentrations from headwater catchments, but not at 

explaining exported particulate N concentrations, which were not significantly different 

between headwater and downstream catchments (Figure 3-2).   To understand what is causing 

the differences in exported concentrations, we also did the analysis for a dry and wet year in 

which there was data for both headwater and downstream catchments.   In wet year 2010-2011, 

catchment size category was not significant at explaining exported TN, particulate N or 

mineralized N (Figure 3-5).  But in dry years, catchment size was significant at explaining 

exported N (ANCOVA: F = 49.626, p < 0.0001) and mineralized N (ANCOVA: F = 22.761, p < 

0.0001) with significantly larger concentrations exported from downstream catchments for 

similar SS values (ANOVA: F = 38.37, p < 0.0001; F = 22.45, p < 0.0001) (Figure 3-5).  The 

larger TN concentrations exported from downstream catchments, a median difference of 1.3 

mg/l (SE = 0.3), was not completely explained by the larger mineralized N export, a median 

difference of 0.053 mg/L (SE = 0.01).  Unfortunately, particulate N and DON were not 

measured in headwater catchments for the dry year, which could have explained the difference.   

During high-flow events N was exported mostly in particulate form (mean = 61%, SE = 

0.8%, n = 615), whilst C was exported in soluble form (mean = 82%, SE = 4.5%, n = 12).  A 

larger fraction of N was exported in particulate form as high-flow events became larger and SS 

increased.  We found good linear regressions between N fraction in particulate form and SS 

(log-transformed) for downstream catchments in wet and dry years and headwater stage samples 

(Table 3-2).  A significantly larger fraction of the N load was found to be exported in particulate 

form for medium and high magnitude high-flow events as compared to low magnitude events 

(ANOVA: F = 11.81, p < 0.0001).  Event magnitude was defined by dividing peak flow 

normalized by catchment area in three categories: low magnitude (0.001-0.01 m
3
/s/km

2
), 

medium magnitude (0.01 – 0.1 m
3
/s/km

2
) and high magnitude (> 0.1 m

3
/s/km

2
).  This trend was 

not observed for C.    
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Figure 3-4 Log-plots of TN (a,b), particulate N (c,d) and mineralized N (e,f) vs SS (concentrations in 

mg/l) for high-flow events sampled in headwater sites (HW) (a, c, e) in wet years (black squares), dry 

years (grey triangles) and in rising stage sampling stations (grey stars) and in downstream sites (DS) (b, d, 

f) in wet years (black dots) and dry years (open circles). Each point represents a sample during a high-

flow event.   Lines represent linear regressions for which equation parameters and fit are presented in 

Table 3-2. 
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Figure 3-5 Log-plots of TN (a,b) and mineralized N (c,d) vs SS (concentrations in mg/l) for high-flow 

events sampled in a wet year (a, c) and in a dry year (b, d), for downstream sites  DS (black dots) and 

headwater sites HW (white squares).  Each point represents a sample during a high-flow event. 

 

N was exported mainly in organic form.  On average, only 8% of the N load (SE = 

1.5%, n = 60) and 6% of the N concentration (SE = 0.5%, n = 647) during high-flow events was 

dissolved mineralized N (NH4-N and NOx-N). During baseflows, about 78% of the load was 

dissolved organic N (SE = 5.7%, n = 15) and only 2.3% was mineralized N (NH4-N and NOx-N) 

(SE = 0.6%, n = 15).    

  

3.4.2. C and N fractionation in possible sediment sources 

We found significant differences in TN solubility (calculated as measured extracted 

soluble N in mg/kg oven-dry soil) between IV soils, IG sediments and BS (ANOVA:  F = 

440.03, p <0.001) with a larger solubility occurring in IV soils.  We found no significant 

difference in TOC solubility, though the trend was for larger soluble organic C occurring from 

IG sediments and BS (Figure 3-6).  It is important to mention that there was a very large loss of 

organic C during the fractionation process, with an average recovery of 2.1% (SE = 0.7%, n=3), 
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5.9% (SE = 0.5%, n = 3) and 14.1% (SE = 1.6%, n=3) of the TOC in the original soil/sediment 

sample (<2 mm) from IV, IG and BS, respectively, when wet sieving under 63 m.  C loss 

could have been due to both vegetation litter separation and fast C mineralization of the more 

labile C.  TN recovery was higher and averaged 64.8% (SE = 0.6%, n = 3), 73.2% (SE = 3%, n 

= 3) and 61.9% (SE = 1.3%, n = 3), respectively.  Only in IV soil was there larger mass of 

extracted/soluble N when compared to extracted/soluble organic C in water. 

 

 

Figure 3-6  Carbon (black) and nitrogen (grey) 

relative solubility (calculated as extracted 

soluble C or N in mg/kg oven-dry soil) of most 

possible sediment sources contributed from 

gully eroding sub-catchments  (intact valley soil 

IV, headwater gully standing sediment IG and 

bank subsoil BS).  Error bars represent standard 

error (n=3).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7  Nitrogen fraction in organic form 

for different particle size ranges and the soluble 

fraction of most possible sediment sources 

contributed from gully eroding sub-catchments 

(intact valley soil in black, bank subsoil in light 

grey and headwater gully standing sediment in 

dark grey).  Error bars represent standard error 

(n=3).  
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More than 90% of the TN was stored in organic form in all studied particulate size fractions and 

possible sediment source types (Figure 3-7).  A larger than 1 organic N fraction was found for the IV. 

This was due to an increased mineralized N content in the <2 m fraction as compared with the <10 

m fraction, which affects the organic N calculation between fractions.  The organic N in the soluble 

fraction (<0.45 m) was comparatively as high for BS, whilst the IV had most of its soluble N 

mineralized. 

We did not find a systematic decrease in C and N percent content with particle size, though 

the 0.45 - 2 m fraction had the highest values for all possible sediment source types (Figure 3-8).     

 

Figure 3-8 Percent C (a) and N (b) content for different particle size ranges and possible sediment sources 

contributed from gully eroding subcatchments (intact valley soil in black, bank subsoil in light grey and 

headwater gully standing sediment in dark grey).  Error bars represent standard error (n=3).   

 

3.4.3. Transported sediment quality 

Exported suspended sediment during high-flow events in headwater rising stage sampling 

stations had an average silt and clay content of 72% (n = 11, SE = 5.5%) and a median particle size of 

6.8 m (n = 11, SE = 1.14).  Silt and clay percent content in exported suspended sediment tended to 

diminish with increased exported SS, with lowest values reaching about 60%, while silt and clay 

concentration (mg/l) increased linearly with SS (log silt and clay  = 0.126 + 0.897 log SS, R
2 
= 0.965, 

p < 0.001). 

The C and N percent content of exported suspended sediment during high-flow in the 

headwater rising stage sampling stations (calculated as particulate C or N concentration / suspended 

sediment concentration) tended to be lower for larger flow, with significantly lower N contents for 

larger high-flow events (Figure 3-9a, b).  A similar trend was found when looking at the whole data 

set, with N percent content in suspended sediment diminishing linearly with larger SS concentrations 

(Figure 3-10).  Downstream dry year and headwater wet year values tended to be on the higher side of 

the range with N richer particles, and headwater rising stage samples on the lowest, with the lowest N 



52 

 

concentration of all.  Downstream dry year N concentration in exported sediment was significantly 

larger than in wet years (ANOVA: F = 137.6, p < 0.001), but headwater N concentration in exported 

sediment was not significantly different from downstream concentrations for the same wet year. 

Figure 3-9 Percent C (a) and N (b) content in transported sediment for headwater catchment high-flow events in 

the headwater rising stage sampling stations.  Events were classified according to event peak flow normalized 

by catchment area in two categories for C (low magnitude:  0.05 m
3
/s.km

2
, high magnitude: >0.05 m

3
/s.km

2
) 

and three categories for N (low magnitude: 0.001-0.01 m
3
/s.km

2
, medium magnitude:  0.01 – 0.1 m

3
/s.km

2
 and 

high magnitude: > 0.1 m
3
/s.km

2
). Significant differences were only found for N when using two categories 

(ANOVA: F=4.764, p<0.05).  Boxes are intersected by median values and enclose data between the first and 

third quartiles, with lines extending to maximum and minimum values excluding outliers (values above and 

below 1.5 times the inner quartile range from the third and first quartiles, respectively).   Box width is 

proportional to the square root of n for each group.  Percent C and N content of different fractions including dry 

vegetation litter from this catchment (Garzon-Garcia et al., 2013) and different particle sizes after wet 

fractionation (from this study, see Figure 3-8) can be seen in different shades of grey covering the area of the 

mean +/- SE (vegetation litter in light grey, incising gully standing sediment (IG)  < 2m in medium grey and 

IG and bank subsoil (BS)< 63 m and BS< 2m in dark grey).  Dotted lines show mean values.   

 

3.5.   Discussion 

3.5.1. Erosion controls POC and N export 

Sediment and N annual yield in the Logan catchment are highly variable and depend directly 

on the annual runoff, with larger yields for wetter years, which could be up to two orders of 

magnitude larger.  Total N specific yield for the wet season of the wettest year was around five times 

the largest continental specific yield in the world of 8.95 kg N/ha/y (Green et al., 2004) (Figure 3-3), 

making erosion a major source of N in this region of the world.   



53 

 

  

 

  
Figure 3-10 Log-plot of percent N content in transported sediment  vs SS (mg/l) for high-flow events sampled in 

downstream sites DS in wet years (black dots) and dry years (open circles), and headwater sites HW in wet 

years (white squares) and in rising stage sampling stations (grey stars).  Each point represents a sample during a 

high-flow event.  The line represents a linear regression for the whole data set (log N percent content = 0.22 - 

0.338 log SS, R
2 
= 0.25, p < 0.001).   

 

The strong relationships we found between SS and total N and particulate N concentrations 

indicate that erosion is controlling N export both for headwater and downstream catchments of the 

Logan River.  In contrast C (only measured in samples from stage samplers in headwater catchments) 

was exported largely in soluble form and the fraction in particulate form did not show a trend to 

increase with SS, though POC followed the general trend of world rivers increasing directly with 

exported suspended matter concentrations (Figure 3-2) (Meybeck, 1982).  There are strong indications 

that soil C is the main source of POC in world rivers and that DOC export is controlled by the soil C 

content, supporting the assumption that soil C is the major source for DOC in river waters (Ludwig 

and Probst, 1996). 

In high-flow events, the total and particulate exported N and POC concentrations were 

directly related to exported silt and clay concentration.  This was expected as it is well known that 

finer sediment particles have a higher C and N content (Walling, 1983; Mayer et al., 1998) due to 

their higher relative surface area which increases sorption available area and cation exchange capacity 

(Horowitz and Elrick, 1987; Walling and Moorehead, 1989).    
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3.5.2. Controls on C and N soluble export  

The degree of contribution of eroded sediment to exported DOC and soluble N during high-

flow events is unclear.  Solubilization from eroded sediment seems to be a very likely source. We 

found that SS indeed has an explanatory role in exported mineralized N and DON from both 

headwater and downstream catchments (Table 3-1).  Mineralized N concentrations were significantly 

larger in wet years for similar SS (Figure 3-4e, f), and also in larger catchments for dry years (Figure 

3-5d), but there were not good linear regressions between mineralized N or DON and Q or SS.  This 

could be explained by the existence of multiple sources of high seasonal variability, which may 

include contribution by overland, subsurface flows and/or riparian areas (Hinton et al., 1998; Rassam 

et al., 2006), and solubilization from transported vegetation litter.  It has been suggested though that 

humidified organic matter is a larger source of DOC, because of the relatively high proportion of 

humus in relation to litter in soils and soil microbial biomass (Tu et al., 2011).  Another possible 

reason is an important role of biological controls in the production of mineralized N (Jiang et al., 

2013).  Ongoing research in this catchment has found that the mineralization of exported organic 

matter associated with eroded sediment is an important control mechanism of the mineralized N 

exported downstream (Chapter 5). 

 

3.5.3. Sediment source fractionation determines quality of exported fractions from 

gullied headwater catchments 

The presence of water during experimental fractionation of particle size ranges may 

accelerate mineralization (Kuzyakov et al., 2000; Austin et al., 2004) and alter sorption/desorption 

equilibrium (Barbanti and Bothner, 1993).  This was evident for our fractionation experiment in the 

low C recovery and in the higher C and N content for the <2 m than for the <10 m particle size 

range.  Although this might not allow us to see the real trend of C and N distribution with particle size 

for different sediment sources at origin, it would mimic what happens when sediment is in contact 

with water as naturally occurs during high-flow event transport.  We believe most of the C loss would 

be explained by the separation of vegetation litter from the sediment.  Ongoing research in this 

catchment using C and N isotopes and elemental composition to trace sediment origin, found that tree 

litter contributes between 40 to 70% of the exported C associated with fine sediments (<63 m) 

(Chapter 4).  The contribution of larger size tree litter fractions would be even larger. 

We found that a much larger fraction of C was lost from soils/sediment when in contact with 

water as compared to N for all sediment types examined.   The amount of extracted/soluble C was 

larger for BS than for IV soils, but for N it was IV which contributed significantly larger amounts of 

soluble N (Figure 3-6).   This would explain why exported C during high-flow events was 
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predominantly soluble as opposed to N which was particulate, pointing to sediments mainly coming 

from BS and IG sediments in the headwater catchments.     

Interestingly, for the soluble fraction the only sediment source for which the majority of the N 

was not present in organic form was the IV soil (Figure 3-7). Both during high-flow events and during 

baseflows the soluble N exported load was mainly organic, on average 78%.   This proportion is 

similar to the organic N fraction in BS soluble N and points to BS as the main source of sediment and 

organic N in this subcatchment.     

Refrigerated autosamplers do not always take a representative sample of the suspended 

sediment, particle size distribution and particulate fractions of nutrients from streams and rivers 

(Horowitz et al., 1990; Horowitz, 2008; Horowitz, 2013).  This issue can be overcome by the use of 

near-simultaneously collected depth and width integrated sample data to calculate regression 

equations that would estimate actual fluvial cross-sectional concentrations from autosampler collected 

data (Horowitz et al., 1992).  In SEQ this exercise has not been carried out for any of the 

autosampling stations.  Autosamplers tend to overestimate the suspended sediment concentration  

mostly due to variations in the collection efficiency of the >63 m fraction and/or position at which 

the autosampler inlet is located in the stream cross section (Horowitz et al., 1990; Horowitz, 2008).  

Differences in the chemistry of the <63 m fraction when considered on its own have also been found 

(Horowitz et al., 1990; Horowitz, 2008).   

Oversampling of the >63m fraction (which has a lower C and N content) by autosamplers 

would only have a minor role in the decrease found in the C and N percent content of transported 

sediment for larger flows.  An increase in the coarse fraction from 0% to 40% for larger flows, similar 

to our findings for headwater rising stage sampling stations and to measurements carried out at the 

Yarrahappini autosampling station for a 607 m
3
/s peak flow event (Garzon-Garcia et al. unpublished 

data), would imply a decrease in the C and N percent content of exported sediment of between 16% to 

25%, and 13% to 20% respectively, depending on whether the sediment source is gully sediment or 

bank subsoil.  Hence a large part of the 94% and 97% reduction in C and N sediment content found in 

headwater rising stage sampling stations for larger flows (Figure 3-9), and of the 82% reduction in N 

sediment content between low flows and a flow of around 600 m
3
/s in Yarrahappini (Figure 3-10), has 

to have been caused by other factors.  It is unlikely that differences in the C and N chemistry of the 

<63 m fraction across the section would have caused the diminishing trend of C and N content found 

in exported sediment with larger flows. 

The average C and N percent content of transported sediment for different high-flow event 

magnitudes (Figure 3-9, 3-10) would largely be a result of decoupling and mixing of different 

sediment fractions and sources during transport, the C and N quality of each fraction at origin and 

some processing taking place at first contact with water (Austin et al., 2004; Manzoni and Porporato, 

2011; Gomez et al., 2012).  In Figure 3-9, the percent C and N content of different fractions at origin 
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after wet fractionation for sediment particle size are shown.  For larger magnitude events, C and N 

sediment percent content was lower than for smaller magnitude events in the headwater catchment.  

This has been the case for POC behaviour of most rivers in the world, which has been explained by 

the dilution of organic-rich surficial soil supplied by sheet erosion with more depleted sediment 

derived from subsoils (Meybeck, 1993; Ludwig and Probst, 1996; Gomez et al., 2003), but also by a 

larger contribution of autochthonous carbon produced by riverine phytoplankton at low flows 

(Ludwig and Probst, 1996).   Gomez et al. (2003) found similar results for a gullied headwater 

catchment in New Zealand.   For downstream catchments in wet years, there was a larger degree of 

mixing, possibly due to differences in the timing and magnitude of high flows for different 

contributing sub-catchments, but the trend can still be observed (Figure 3-10). 

For smaller flows, lighter fractions like vegetation litter deposited within gullies and the 

stream system would be mobilized first (Figure 3-9).  The N content of particles transported for small 

flows is similar to vegetation litter N content found by Garzon-Garcia et al. (2013) in this catchment 

(in light grey in Figure 3-9b).  The C sediment content for small flows (Figure 3-9a) was much 

smaller than C litter content (Garzon-Garcia et al., 2013), which could be due to litter C 

solubilization/mineralization.  As flow increases, heavier/larger particles would mobilize, starting 

with <2 m fractions previously deposited within headwater gullies (medium grey in Figure 3-9), 

which follow in C and N content; subsequently heavier headwater gully deposited sediment <63 m 

would be transported as well as <2 m gully bank subsoil fractions which would be transported first 

as banks collapse, followed by heavier bank subsoil particles <63 m which are the poorest of the fine 

fraction.  During transport all these fractions mix, but the average C and N content of the transported 

sediment would indicate the largest contribution. 

 

3.5.4. Differences between headwater and downstream catchments in wet and dry 

years 

There was not a significant difference in exported TN concentrations between headwater and 

downstream catchments in the wet year (2010-2011) (Figure 3-5), or in particulate N, mineralized N, 

or percent N in sediments.    However, in the dry year (2009-2010) exported TN concentrations were 

significantly larger downstream than in headwater catchments, as well as mineralized N.   The latter 

did not fully explain the larger TN concentrations pointing to DON and/or particulate N to also be 

larger in downstream catchments.   In fact, N concentrations in sediments were within the higher 

range for downstream catchments in dry years (Figure 3-9).  One possible reason for this is that in dry 

years there is a larger proportion of litter mixed with sediment which would increase the average N 

concentrations of the sediment.  An alternative explanation, which does not necessarily exclude the 

former, is that in drier years the importance of channel erosion as a source to downstream catchments 

increases as opposed to an increase in the importance of gully erosion as a source for headwater 
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catchments.   Previous research in this same catchment has found that channel banks have 

significantly larger C (Hancock and Revill, 2012) and N contents than gully banks (Laceby, 2012), 

but the role of vegetation litter in explaining these larger contents has not been explored.  In wet 

years, gully and channel erosion would have similar importance in headwater and downstream 

catchments, with no conclusive evidence regarding which source dominates from the available water 

quality data.  Laceby (2012) concluded that channel erosion was the dominant sediment source in the 

Knapp Creek using TOC and 
13

C as tracers of sediment origin for sediment samples taken during the 

2009-2010 dry year and the start of the 2010-2011wet year combined.  Similarly, Hancock and Revill 

(2012) found channel erosion to be the main source of sediment for a high-flow event (10-year 

recurrence interval) during 2008 in the Logan River using sediment fatty acid 
13

C as a tracer of 

sediment origin.  Our findings indicate that during dry and wet years there are differences in operating 

processes determining particulate N export associated with erosion, which could relate to changes in 

erosion source and/or vegetation litter role in sediment quality.   

 

3.6.   Conclusion 

The hypothesis that erosion controls C and N export by mobilization and fractionation of 

sediments into C- and N-enriched lighter fractions and C- and N-depleted fractions with different 

transport distances was supported by the findings presented.  Exported concentrations of N, 

particulate N and organic C increased linearly with those of SS, and the proportion of silt and clay.  N 

was exported mainly in particulate organic form, C in dissolved form.  Changes in the C and N 

content of the sediments indicate fractionation during transport. Differences in exported N 

concentrations with catchment size only occurred for dry years, being larger in the larger catchment.  

Reasons for this are yet unclear, but point to changes in erosion source and/or the role of vegetation 

litter in sediment quality.  Our findings indicate that the increase in sediment delivery associated with 

erosion resulting from land use change also results in lower C and N concentration in the sediments, a 

lower proportion of soluble and mineralized N, a larger proportion of DOC and larger C : N ratios of 

the soluble fraction as compared to unincised grassed valleys.  These changes would have altered the 

ecological functioning of stream systems, as it is recognized that the relative abundances of elements 

can control rates of nutrient cycling and energy flow within and across ecosystem compartments 

(Elser et al., 2000; Dodds et al., 2004).  
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Chapter 4:  Sources of sediment, carbon and nitrogen in an 

eroding subtropical catchment      

_____________________________________________________ 

Foreword: In the previous chapter it was hypothesized that the carbon and nitrogen content of 

exported sediment in gully and channel eroding catchments would be controlled by the 

magnitude of flow, wet season rainfall, catchment size and the quality of most probable 

sediment source fractions. Vegetation litter presence in exported sediment was suggested as a 

possible explanation to larger nitrogen export in dry years. In this Chapter stable carbon and 

nitrogen isotopes and elemental composition were used to directly quantify most probable 

source contribution to sediment, total organic carbon and total nitrogen export in catchments 

affected by gully and channel erosion.  

  

 

  

 

 

 

 

 

 

Figure 4-0 Time-integrated sediment samplers before and after a high-flow event at Tilley Gully 

catchment outlet, Knapp Creek catchment, subtropical South East Queensland, Australia.  
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4.1.   Abstract 

The sources of sediment, carbon (C) and nitrogen (N) exported from catchments during flow 

events are often different.  We traced the main sources of fine sediment and its associated C and 

N during flow events in three nested catchments (2.45 km
2
, 75 km

2
, and 3076 km

2
) affected by 

gully and channel erosion in subtropical Australia, using C and N stable isotopes and elemental 

composition.  Potential sources included subsoil, intact valley surface soil, and C3 and C4 

vegetation litter.  We explored differences in source contribution between sampling sites, 

climatic conditions, sampling method and flow stage during a high-flow event.  Subsoil was the 

main source of exported sediment for all catchments, under all conditions (mean (µ) = 65-97%). 

Subsoil was also the main nitrogen source (µ = 37-88%) in the two smaller catchments, except 

during the wet year, for samples collected using an autosampler near the outlet of the larger of 

these two catchments.  During the wet year, surface soil was the dominant source of N, probably 

due to increased surface wash.  In the largest catchment, subsoil contribution to N export was 

dependent on flow, being highest just after the peak of the hydrograph. Overall, surface soil was 

the dominant N source in this larger catchment (µ = 43-68%).  C3 litter from the soil surface had 

a disproportionate contribution to organic C export (relative to its low mass contribution to 

sediment export), being the main source for the two larger catchments (µ > 40%) despite C4 

grasses dominating the vegetation cover.  The C3 litter contribution was larger in the dry year, 

most likely due to an increase in tree leaf abscission, and the mobilization of accumulated litter 

by first runoff events.  Our findings indicate that gully and channel erosion alter the sources of 

C and N and their ratios in streams receiving this sediment, which would likely have caused 

changes in C and N turnover rates, ratios of primary and benthic productivity to respiration, and 

consequent effects on energy and nutrient pathways for all the trophic food chain.  

Key words: gully erosion, streams, stable isotopes, leaf litter 
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4.2.   Introduction 

Humans have increased the flux of sediment (Syvitski et al., 2005), carbon (C) (Cole et 

al., 2007) and nutrients (Bennett et al., 2001; Green et al., 2004) in stream networks worldwide.  

Soil erosion is a significant contributor to these inputs.   C and nutrient fluxes are influenced by 

other point and non-point sources in addition to erosion, and the impacts of erosion on 

downstream aquatic ecosystems go beyond the physical effects of fine sediment loading, which 

include changes to the light regime and smothering of submerged vegetation and benthic 

habitats (Udy and Dennison, 1997).  The export of large quantities of organic matter and its 

associated nutrients from the terrestrial to the aquatic environment is also considered a 

significant impact of erosion (Lal, 2003; Garzon-Garcia et al., 2013).  

 Research conducted on tropical and subtropical systems in Australia has shown that 

subsoil erosion (gully and channel erosion) is the dominant source of sediment entering 

waterways (Brooks et al., 2009; Hughes et al., 2009; Caitcheon et al., 2012; Olley et al., 2013).  

While the importance of sediment from gully and channel erosion in these systems is now well 

defined, the sources of organic matter are less well understood.  River ecosystems are strongly 

heterotrophic and terrestrial inputs of particulate and dissolved organic matter fuel aquatic 

microbial respiration and can also contribute significantly to riverine food webs (Webster and 

Meyer, 1997; Thorp and Delong, 2002; Zeug and Winemiller, 2008).  Understanding the 

sources, forms and especially the quality of organic matter is central to the development of more 

robust models of the fate of organic C and nitrogen (N) in these systems.  

Soil organic matter has been shown to be an important source of particulate organic 

matter in river systems (Ludwig and Probst, 1996; Olley, 2002).  Soil organic matter includes a 

myriad of compounds that differ in their chemical structure, biological availability, and stage of 

decomposition.   When soil erosion occurs, these organic matter fractions are mobilized but 

their transport dynamic is highly dependent on their density and/or size, causing different 

fractions to be transported in an uncoupled fashion (Walling and Moorehead, 1989; Webster et 

al., 1999).   

There are two main distinguishable fractions of organic matter, the physically 

complexed and uncomplexed, with chemical, biological and transport dynamics of significance.  

The former consists of organic matter tightly attached to soil mineral particles through chemical 

bonds with the degree of binding controlled by sediment particle size, as well as sediment Fe 

and Mn oxides and hydroxides and content and type of clay minerals (Horowitz and Elrick, 

1987; Walling and Moorehead, 1989; Keil et al., 1997).  The latter includes a mixture of the 

remains of plants, animals and microorganisms at various stages of decomposition, including 
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pollen, spores, seeds, phytoliths and charcoal and may have a substantial contribution to total 

soil C and N (Gregorich et al., 2006).   This lighter fraction is considered an energy rich, high 

resource quality substrate more labile to decomposition in receiving streams than the more 

recalcitrant physically complexed organic matter typical of eroded subsoils  (Baisden and 

Amundson, 2002; Gregorich et al., 2006). 

Vegetation litter is known to have a very important role in determining the isotopic 

value of underlying soils.  During litter decomposition 
13

C values of different C compounds are 

transferred to the soil, so the surface soil reflects vegetation values (Schwartz et al., 1986; 

Wedin et al., 1995).  Plant litter C and N inputs to soils typically have lower 
13

C, and 
15

N 

(ranging from -8 to 0 ‰) (Nadelhoffer and Fry, 1988), thus their input reduces surface soil 

isotopic values.  Near surface mineral soils have 
15

N values slightly higher than plant litter 

(Nadelhoffer and Fry, 1988).  Depth isotopic enrichment, generally found in soils that have not 

been subjected to vegetation type changes (Rumpel and Kogel-Knabner, 2011), is about 3 times 

greater for 
15

N (+ 0.3-0.7‰ 15
N)  and would relate to degree of decomposition and soil age 

(Nadelhoffer and Fry, 1988).   Due to decomposition, 
15

N and 
13

C depleted inorganic N and C 

are released to soil solution and the atmosphere.  Thus N available to plants would be generally 

depleted in 
15

N relative to total soil N and explain lower 
15

N values in plants as compared to 

soils where they grow (Fox and Papanicolaou, 2008). 


13

C, 
15

N, and  C and N elemental composition have been widely used to determine the 

sources of organic matter supporting the food web in aquatic environments (Finlay, 2001; Bunn 

et al., 2003; Hein et al., 2003), as well as to determine catchment sources to stream particulate 

organic matter (Bird et al., 1992; Bird et al., 1998; Kendall et al., 2001).  Here they are used to 

differentiate between organic matter derived from catchment soils and catchment vegetation to 

determine the sources of sediment and organic C and N exported in the Logan River catchment 

in subtropical Australia.  Sediment supply in this catchment has previously been shown to be 

dominated by gully and channel erosion (Hancock and Caitcheon, 2010; Hancock and Revill, 

2013). We analyze the contribution of subsoil, “intact” unincised valley soil (surface soil) and 

C3 and C4 vegetation litter to exported fine sediment, total organic C (TOC) and total N (TN).  

We examine these contributions for different headwater catchment sampling sites, climatic 

conditions (wet vs. dry years) and various stages of flow using 
13

C, 
15

N, TOC and TN.    
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4.3.   Study Region 

The study was carried out in three nested catchments in subtropical South East 

Queensland (SEQ) on the eastern coast of Australia (Figure 4-1):  the Logan River catchment 

(3076 km
2
), the Knapp Creek catchment (75 km

2
) and the Tilley Gully catchment (2.45 km

2
).  

Land use in the Logan River catchment is predominantly cattle grazing (89%), along 

with native forest (7%) and cropping (2%) (Figure 4-1).  Some headwaters are in conservation 

zones in relative pristine condition, covered in native forest, but most of the catchment has been 

extensively cleared of forest vegetation for grazing.  Total annual rainfall is highly variable and 

ranges between 500 and 1400 mm (data for 10 years from the Australian Government Bureau of 

Meteorology for Kooralbyn, Knapp Creek, Round Mountain and Yarrahappini stations), with 

the majority falling during the warm summer wet season.  Mean annual maximum monthly 

temperatures range between 25.9 and 27.1ºC.  The Logan River catchment geology consists 

mainly of arenite-mudrock (19%), arenite (17%), basalt (32%) and alluvium (12%) (DME, 

2008). 

The Knapp Creek catchment is predominantly a grazing catchment (78%) with less than 

22% of the original forest cover remaining with characteristics typical of gullied catchments in 

the Logan River including similar pasture grasses and riparian trees, and contributing areas of 

different degrees of incision co-existing with ‘intact’ un-incised valleys.  The geology of Knapp 

Creek primarily consists of arenite sandstone (81%) (DME, 2008).  Soils are described as sandy 

and loamy solodics,  soloths, yellow and red podzolics, non-calcic brown soils and lithosols 

(Stace et al., 1972).  These soils are strongly sodic and have dispersive subsoils that are prone to 

tunnelling erosion processes.  There is extensive gully and hillslope erosion throughout Knapp 

Creek that is most abundant in the mid-catchment reaches where the gullies are well connected 

to the main channel (Olley et al., 2009).   

The Tilley Gully catchment, located in the mid-reaches of Knapp Creek (Figure 4-1),  is 

one of the top three sediment-yielding catchments in Knapp Creek, with an estimated 

production of more than 1000 T/y of the almost 6000 T/y produced by gully erosion in the 

whole catchment (Olley et al., 2009).  The catchment has been cleared for cattle grazing with 

less than 20% of the original forest cover remaining, mainly along the banks of headwater 

gullies.  Soils in the catchment are the same as in Knapp Creek underlain by arenite sandstone. 

 

4.4.   Methods 

4.4.1.   Source sampling 

All of our source sampling sites were located in the mid-Knapp Creek catchment 

(Figure 4-1), a subcatchment of the Logan River underlaid by Gatton Sandstone of the Marburg 
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subgroup.  Although source samples are concentrated in this area of the Logan River catchment, 

we assume they are representative of potential organic matter sources during high-flow events 

in this catchment, where gully and channel erosion dominate.  Pasture grasses and riparian trees 

in sampled areas are the typical species present in the Logan River catchment, the dominant 

land use and its management is the same, and vegetation cover, topography and soils are similar 

to a major part of the catchment.   

We defined five probable sources of organic matter likely to contribute to downstream 

fine particulate export during flow events:  gully bank subsoil, channel bank subsoil, intact 

valley surface soils, valley and gully grasses, and tree litter (sticks and leaves).  It was assumed 

that during high-flow events, the role of autochthonous sources in organic matter export would 

be negligible when compared to the very large input of terrestrial material in these eroding 

catchments.  Gullies infrequently have running or standing water thus filamentous algae are 

rarely observed and presence of macrophytes is very sparse.  All soil and sediment samples 

were packed in plastic bags and transported on ice to the laboratory for analysis.   

Gully bank subsoils were sampled after the end of the 2011-2012 wet season (April 

2012) at four locations distributed about every 400 m along the main Tilley Gully (Figure 4-1).  

Samples were taken with an 18 cm
2
 corer to a 10 cm depth from three horizontal strata 

differentiated by soil colour on bare gully banks.  In total, 15 samples were collected of which 7 

were selected randomly for analysis.  

Channel bank subsoil was sampled at the start of the wet season 2013-2014 (December 

2013) at five accessible locations distributed along Knapp Creek (Figure 4-1).  Samples were 

taken similarly to gully bank subsoil samples and composited at each location from two 

sampling points distributed vertically by distance on the channel bank, as horizontal strata were 

not clearly differentiated by colour.  In total, five samples were analyzed.  

Intact valley soils were randomly sampled after we removed the vegetation to ground 

level during the dry season (July – October 2011) (1 sample every 300 m
2
 to 800 m

2
) from an 

intact valley in the Tilley Gully catchment (Figure 4-1).  The surface soil was sampled (0-2 cm) 

with a 116 cm
2
 trowel.  In total, 24 samples were collected (Figure 4-1) of which 7 were 

selected randomly for analysis. 

Valley and gully grasses and tree litter were randomly sampled during the dry season 

(July – October 2011) (1 sample every 300 m
2
 to 800 m

2
) from a headwater incising gully and 

an intact valley located in Tilley Gully catchment (Figure 4-1).  At each sampling location, 

standing grass was cut at ground surface level and leaf and woody litter were removed from a 

0.20 x 0.20 meter quadrant and packed separately in paper bags.  In total 37, grass samples were 
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collected of which 14 samples were selected randomly for analysis (7 from the gully and 7 from 

the intact valley); 7 samples of tree litter were collected from the gully as there was no tree litter  

present in the intact valley, all of which were analyzed.   

Figure 4-1  Location of the study region and sampling sites in the Logan River catchment, subtropical 

Australia.  Sampling sites for most probable sources of organic matter likely to contribute to downstream 

fine particulate export during flow events (intact valley soil, gully bank, channel bank, C3 and C4 litter) 

can be observed in Tilley Gully catchment and Knapp Creek catchment.   Fine sediment sampling sites in 

Tilley Gully, Knapp Creek and Logan River catchments can also be observed.  The land use data set was 

produced by the Queensland Government (last update 07/12).    

 

4.4.2. Sediment sampling  

Tilley Gully: Time-integrated samplers (Phillips et al., 2000) were installed to obtain 

representative fine sediment samples from events that occurred during the 2011-2012 wet 

season in the Tilley Gully catchment (Figure 4-1).  These samplers have been widely adopted in 

sediment tracing research (Hatfield and Maher, 2008; Walling et al., 2008; Martinez-Carreras et 

al., 2010).  They effectively trap a representative sample of the suspended sediment (Phillips et 

al., 2000; Russell et al., 2000), sampling through the hydrograph including the rising and falling 
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limbs.  Annual rainfall for that year totalled 1070 mm at Kooralbyn alert rain gauge station 

(Australian Government Bureau of Meteorology) compared to the average annual rainfall of 802 

mm for the existing 10 year long record.  Sampling points were located in two headwater gullies 

and at the outlet of the Tilley Gully catchment (Figure 4-1).  For each sampling point four time-

integrated samplers were installed for two vertical positions in two replicates (at different sides 

of the cross section).  Four flow events occurred for the sampled wet season.  Samples were 

collected at the end of the wet season.  In total, 10 samples were collected and analysed.  For 

one of the headwater gullies only the lowest level samplers were inundated.     

Knapp Creek:  Three groups of samples were collected to characterise fine sediments in 

Knapp Creek.  Time-integrated samplers were used to collect samples of suspended sediment 

during flow events at five locations along Knapp Creek (Figure 1).  Time-integrated samplers 

were deployed 0.5 m above the dry season low water level and samples were collected after 

each major flow event.  In total, 21 time-integrated samples were collected and analyzed.  Fine 

sediment that appeared to have been recently deposited (e.g. mud drapes on channel-bed sand) 

was sampled at each of the time-integrated sampling sites when the integrated samplers were 

retrieved.  These are referred to as mud deposits and have been widely used in Australia to 

characterize river sediment in regions in which it is difficult to sample during high flow 

conditions due to poor access and remoteness (Olley and Caitcheon, 2000; Caitcheon et al., 

2012; Olley et al., 2013).  These were collected when clearly evident and associated with the 

previous event and sampled by compositing 20 scrapes of the top 1-2 cm of evident mud 

deposited material over a 100 m reach into one sample.  In total, 13 mud deposits were collected 

and analyzed.  Both time-integrated sampling and mud deposits were collected between April 

2009 and December 2010, during the transition from an El Niño oscillation to a La Niña 

oscillation that resulted in two distinct hydrologic years in terms of annual rainfall, 2009-2010 

with 658 mm and 2010-2011 with 1341 mm (Kooralbyn alert rain gauge station).  Fine 

sediment samples were also collected from lower Knapp Creek during the 2009-2010 and 2010-

2011 dry and wet years by a refrigerated autosampler station (Figure 1).  This autosampler 

station captured 5 and 4 flow events in each of the sampled hydrologic years, respectively.  The 

number of samples collected during an event was based on event duration and water level.   The 

autosampler was triggered to start sampling when water levels rose above 10 cm of the base 

flow level at each site and subsequently samples were taken at fixed time intervals.  In total, 39 

samples were collected and analysed from the autosampler station.   

Logan River: Ten water samples were collected for analysis downstream from Knapp 

Creek on the Logan River at the Yarrahappini refrigerated autosampler station for a particularly 
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high-flow event (366 mm in 8 days, peak flow of 677.5 m
3
/s) that took place between January 

27 and February 1 of 2013 (Figure 4-1).    

 

4.4.3. Sample Preparation 

Source samples were processed in a manner designed to mimic stream transport 

processing and to remove physically uncomplexed organic matter (not bound to mineral 

particles) from soil and subsoil, adapted from Gregorich et al. (2006).  Soil and subsoil samples 

were passed through an 8 mm sieve to remove large root biomass and litter, oven dried at 40°C 

and sieved <2 mm to remove large litter fragments and gravel.  Isotopic analysis was carried on 

the <63 m particle size material, which was found to be significantly enriched in transported 

sediments during high-flow events and to correlate well with the exported organic C and N 

(Garzon-Garcia et al., 2014).  A soil/subsoil subsample (20-30 gm) was shaken in a tumbler for 

an hour with 100 mL of milli-Q water, suspended litter particles were removed with a vacuum 

pump and the remaining suspension was wet sieved using 250 mL of milli-Q water through a 63 

m nylon mesh to recover a water sample with suspended fines of the desired range which were 

oven dried at 60°C for 48 hours and hand-milled prior to isotopic analysis.   

Grass and tree litter samples were oven dried for at least 48 hours at 60°C and ground 

(<0.5 mm).  A 3 gm subsample was shaken in a tumbler for an hour with 100 mL of milli-Q 

water, water was removed and grass and tree litter redried at 60°C before C and N isotopic 

analysis. 

The Tilley Gully sediment samples were oven-dried at 60°C, dry-sieved to <63 m and 

hand-milled prior to isotopic analysis.  The Knapp Creek sediment samples and automated 

event samples (which had been collected as part of an earlier study (Laceby, 2012) had been 

fractionated down to the <10m sample with settling columns based on Stokes’ Law.  These 

samples were also wet-sieved post-settling with a 63 m mesh to remove any larger particulate 

organic matter post settling and recover a water sample with suspended fines of the desired 

range.  Samples were then dried at 60°C for 48 hours and ground with a stainless steel ball-mill 

grinder prior to isotopic analysis.  The Logan River refrigerated event samples, which consisted 

of fine material (d50 8-42 m), were frozen and then freeze dried prior to isotopic analysis on 

the recovered material.  Although the fractionation size between sites was not consistent, we 

used the data from previous studies, considering there are no significant differences in the TOC 

and TN content between the <63 and <10m sediment source fractions (Garzon-Garcia et al., 

2014), and that Laceby (2012) found no significant difference in the TOC, 
13

C and 
15

N values 

between the <63 and <10m sediment fractions for this same catchment.    
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4.4.4. Isotope and elemental analytical methods 

All samples were pelletized for TN and 
15

N analysis.  For TOC and 
13

C, samples 

were treated repeatedly with 10% HCl solution to remove carbonates until there was no visual 

evidence of effervescence, oven dried again at 60°C for 48 hours, pelletized, and weighed for 

analysis.  Samples were combusted in a Sercon Europa elemental analyzer with sample gases 

delivered to a Sercon Hydra isotope-ratio mass spectrometer at the Australian Rivers Institute, 

Griffith University.  The 
13

C and 
15

N values are reported in per mil (‰) relative to Pee Dee 

Belemnite (PDB) standard and relative to air N2, respectively. The precision of 
13

C was 

monitored with a sucrose standard over 20 analysis runs reporting 
13

C = -11.7
 ‰ 

(= 0.1, n = 

84) and of 
15

N with an IAEA-305a surrogate standard reporting 
15

N = 0.2
 ‰ 

( = 0.3, n =84).  

The precision of TOC and TN, reported in percent weight of dry sample (%) was monitored 

using an Acetanilide elemental standard over 20 analysis runs reporting TOC = 3.4% ( = 0.1, n 

= 84) and TN = 0.33% ( = 0.005, n = 84).     

 

4.4.5. Statistical analysis and un-mixing modelling 

Isotopic and concentration data was analyzed using SIAR V4 (Stable isotope analysis in 

R) (Parnell et al., 2010) to determine the origin of the recovered material collected during the 

flow events.  SIAR uses Bayesian isotopic mixing models and model fitting using Markov chain 

Monte Carlo (MCMC) simulations of plausible values consistent with the data (n = 30000).  

Outputs include posterior distributions that represent a true probability density for the mixing 

contribution of the sources and an overall residual term (Parnell et al., 2010).  We ran the 

mixing models with different groups of samples that were consistent in their 

sampling/processing methods or after concluding differences due to sampling or processing 

were not significant compared with differences caused by other factors.  It was assumed that 

isotopic fractionation additional to that caused by fast mineralization of the most labile 

components of organic matter when in first contact with water would be negligible during flow 

events.  
13

C, 
15

N, C and N were modelled with concentration dependence for 
13

C and 
15

N 

corrected in SIAR.  Source 
13

C, 
15

N, C and N were normally distributed according to 

Kolmogorov-Smirnoff tests.  We calculated the contribution of each source to the exported 

TOC and N, as follows:   

 

           
                

∑         
 
        

     (1) 
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with %E sourcei being the contribution of source i to elemental TOC or TN export;  E sourcei, 

the mean TOC or TN content of source i obtained from elemental analysis of source samples; 

and %conti the mean percent mass contribution of source i to sediment export as obtained from 

posterior probability distributions returned by running our mixing models in SIAR.  The 

propagated standard deviation for each source TOC and TN contribution to export was 

calculated using SGUM v0.96. Data from the Tilley Gully catchment were grouped in a mixing 

model to obtain average sediment, TOC and TN export contributions from that headwater 

gullied catchment. 

To understand the effects of climatic conditions (wet vs. dry years) on fine sediment, 

TOC and TN export from different source components, we used data from the Knapp Creek 

catchment in a mixing model that grouped hydrologic years with different amounts of rainfall in 

the catchment (2009-2010, 2010-2011) and different sampling methods.   

Data from the high-flow event that took place at Yarrahappini in January-February 2013 

were used to analyze the effect of flow stage on fine sediment, TOC and TN export 

contributions, using a mixing model in which isotopic values for each sample were run 

separately.  Statistical analyses were performed using R.3.0.1 and SigmaPlot 11.0 with 

statistical significance determined at the = 0.05 level.   

 

4.5.   Results 

4.5.1. Source discrimination 

Channel bank and gully bank subsoil samples had consistent 
13

C, 
15

N, TOC, and TN 

values at one standard deviation; consequently for all subsequent analyses we have combined 

these two data sets as subsoil.  In combination the 
13

C, 
15

N, TOC and TN data can 

differentiate between the samples collected from intact valley soil, subsoil, C4 litter and C3 litter 

sources (Table 4-1, Figure 4-2).  
13

C is an important discriminatory factor between C3 and C4 

litter and between subsoil and intact valley soil.  Intact valley soils had a mean 
13

C not 

significantly different from the C4 litter (ANOVA: F = 78.937, p <0.001; Holm-Sidak: t = 0.967, 

p = 0.341) (Table 4-1, Figure 4-2).  
15

N isotopic can discriminate between litter and subsoil or 

intact valley soil; with the two latter having significantly higher 
15

N values than C3 or C4 litter 

(ANOVA: F = 22.191, p <0.001; Holm-Sidak: p <0.001) (Table 4-1, Figure 4-2).  TOC 

discriminates between subsoil, intact valley soil and litter; and TN between subsoil and the other 

sources, but not between litter types.  Subsoil had a mean 
13

C in between 
13

C values for C3 

and C4  vegetation litter (Table 4-1, Figure 4-2).   
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Table 4-1  
13

C, 
15

N, TOC and TN values, standard deviation (SD) and sample number (n) of 

most probable sediment, TOC and TN sources, during flow events in Tilley Gully catchment, 

Knapp Creek catchment and Logan River catchment, subtropical Australia.   

 

 

4.5.2. Tilley Gully: Exported sediment, TOC and TN contributions  

Using the source data in Table 4-1, the relative contribution of each source to the 

sediment samples collected from Tilley Gully were estimated using the mixing model described 

above.  Subsoil was the dominant source of exported sediment during the integrated wet season 

export 2011-2012 in Tilley Gully catchment.  Mean 
13

C, 
15

N, TOC and TN sediment values 

for this catchment can be observed in Figure 4-2.  The mean subsoil contribution from posterior 

probability distributions was 98.7% for all sampling sites ( = 0.7).  Intact valley soil, C3 litter 

and C4 litter were minor contributing sources to exported sediment, with a 0.9% ( = 0.7), 0.3% 

( = 0.2) and 0.1% ( = 0.1) contribution, respectively.  

The relative contribution of each source to sediment, obtained using the mixing model, 

was used to calculate TOC and TN source contributions using equation 1.  Subsoil was also the 

largest source of TOC and TN export for the Tilley Gully catchment with mean contributions of 

78.7 % ( = 9.8) and 87.8% ( = 6.8) for all sampling sites, respectively (Figure 4-3).  C3 litter 

was the second most important source of TOC export with a mean contribution of 11.1% ( = 

7.7).  Intact valley soil was the second most important source to TN export with a mean 

contribution of 8% ( = 6.1) (Figure 4-3). 

 

Source type 
13

C  SD 
15

N  SD N SD C SD C/N SD n 

Channel bank  -19.4 1.73 7.7 1.10 0.05 0.01 0.47 0.08 9.0 2.1 5 

Gully bank  -18.5 1.4 4.1 2.3 0.05 0.02 0.7 0.2 12.7 2.9 7 

            Subsoil -18.9 1.6 5.6 2.6 0.05 0.02 0.6 0.2 11.2 3.1 12 

Intact valley soil -14.3 0.9 3.4 0.8 0.51 0.11 5.0 0.6 10.1 2.5 7 

C3 litter (tree) -25.6 3.3 -1.5 1.0 0.80 0.32 32.1 8.1 42.8 10.8 7 

C4 litter (grass) -13.5 1.1 -2.4 2.7 0.84 0.30 40.7 5.3 53.0 17.9 14 
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Figure 4-2  Mean 
13

C and C (a) and 
15

N and N (b) values of most probable sediment, TOC and TN 

sources (intact valley soil, subsoil, C3 and C4 litter) and of exported sediment in Tilley Gully catchment, 

Knapp Creek catchment (including sampling methods: sediment samples and autosamplers, and climatic 

conditions: dry and wet year) and the Logan River catchment at Yarrahappini, subtropical Australia.  All 

source values can be observed in Table 4-1.  Error bars depict standard deviations. 
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Figure 4-3 Mean percent contribution from subsoil, intact valley soil, C3 and C4 litter to TOC and TN 

export in Tilley Gully catchment, subtropical Australia, for the integrated wet season 2011-2012.  Error 

bars show propagated standard deviations. 

 

4.5.3. Knapp Creek: Exported sediment, TOC and TN contributions 

Time-integrated sediment samples and those collected from mud deposits had consistent 


13

C, 
15

N, TOC, and TN values at one standard deviation.  These data have been combined and 

from this point on are referred to as sediment samples. This finding agrees with those of Olley 

et al. (2013a) who found similar results for 
137

Cs and 
210

Pb concentrations with no difference 

observed between mud deposits and time-integrated sediment samples.  Using the modelling 

approach described above, we found significant differences in source contribution to exported 

material between dry (2009-2010) and wet (2010-2011) years and sampling methods (sediment 

samples vs. autosamplers) (Figure 4-4).  Subsoil was the largest contributor to exported material 

for both climatic conditions and sampling methods with means ranging from 72 to 94% 

followed by intact valley soil (3 - 24%) and C3 litter (3 – 4%) (Figure 4-4).  The C4 litter 

contribution was less than 1%.  Differences between the dry and wet year were larger for the 

autosamplers.  Subsoil contributions decreased and intact valley soil contribution increased 

depending on sampling method in the wet year.  

While subsoil was the dominant source of sediment, it was less important to TOC 

export, contributing less than 31% during events.  This is because the TOC content of the 

subsoil compared to other sources is low.  We found a significantly lower contribution from 

subsoil to TOC export in the wet year for both sampling methods (ANOVA: F = 25.848, p 

<0.001; Holm-Sidak (sediment): t = 2.248, p = 0.03; Holm-Sidak (autosampler): t = 8.435, p 

<0.001) (Figure 4-5).  C3 litter was the largest source to TOC export for both climatic conditions 

and sampling methods, contributing on average 40 to 61% of the TOC export, with a 
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significantly larger contribution occurring in the dry year (ANOVA: F = 38.021, p <0.001) 

(Figure 4-5).  Intact valley soil and C4 litter were not as important contributors to TOC export.  

Their contributions varied similarly, significantly increasing for the wet year (ANOVA: F = 

579.35, p <0.001; F = 5323.2, p <0.001) when the intact valley soil contributed a similar 

proportion than C3 litter to C export for the autosampler (Figure 4-5).    

 

Figure 4-4  Mean contribution fraction from subsoil (a) and intact valley soil (light green), C3 (red) and C4 

litter (dark green) (b) to exported material during flow events that occurred in a dry year (2009-2010) and 

in a wet year (2010-2011) and for different sampling methods (sediment samples and autosamplers), in 

the Knapp Creek catchment, subtropical Australia.  Boxes are intersected by median values and enclose 

data between the first and third quartiles, with lines extending to the 10
th

 and 90
th

 percentile and dots 

showing the 5
th

 and 95
th

 percentile. 
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Figure 4-5  Mean percent contributions to flow event TOC (a) and TN (b) export from subsoil, intact 

valley soil, C3 and C4 litter in a dry year (2009-2010) and in a wet year (2010-2011) and for different 

sampling methods (sediment samples and autosamplers) in the Knapp Creek catchment, subtropical, 

Australia.  Error bars show propagated standard deviations. 

  

The largest source to TN export during flow events was subsoil, ranging from 19 to 

55% on average, except for the autosampler in the wet year in which intact valley soil was the 

most important N source reaching a 61% contribution (Figure 4-5).  C3 litter was the second 

most important source to N export in the dry year.  In wet years, intact valley soil and C4 litter 

contributions were significantly larger than in the dry year for both sampling methods 

(ANOVA: F = 257.86, p <0.001; F = 566.31, p <0.001), but differences for the autosampler 

were larger. 

 

4.5.4. Logan River: Exported sediment, TOC and TN contributions  

Subsoil was the largest source of exported material for the high-flow event sampled at 

Yarrahappini in the Logan River for all flow stages except for the first sample taken (Figure 4-

6a).  Mean 
13

C, 
15

N, TOC and TN sediment values for this catchment can be observed in 

Figure 4-2.  Subsoil mean contributions to exported material increased significantly with flow, 

with the largest contribution occurring just after peak flow and continuing to be relatively high 

during receding flow (µ > 60%)  (ANOVA: F = 185661.4, p <0.001) (Figure 4-6a).  Intact 

valley soil was the second largest source and had an opposite trend to subsoil with the largest 

contribution at the start of the high-flow event, a mean value of 46.5%, and the lowest just after 

peak flow, 4% (Figure 4-6a).  C3 litter contribution had a similar trend, with the largest 

contribution at the start of the high-flow event of 21%, and the lowest just after peak flow.  C4 

litter was a minor source (Figure 4-6a).    
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Figure 4-6  Mean percent contributions to exported material (a), TOC (b) and TN (c) from subsoil, intact 

valley soil, C3 and C4 litter for different sampling times corresponding to different flow stages, during a 

high-flow event sampled in January-Februrary 2013 at Yarrahappini in the Logan River subtropical 

Australia.  Error bars show propagated standard deviations. 
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C3 litter was the main source to TOC export for all sampled high-flow event stages with the 

largest contribution at the start (70%) and a significant gradual decrease reaching the lowest 

contribution (45%) for the last sample taken (ANOVA: F = 30.411, p<0.001) (Figure 4-6b).  

Intact valley soil was the second largest source to TOC export (Figure 4-6b).   C4 litter was the 

least important source contributing on average 4% (Figure 4-6b).  The main source to TN export 

was intact valley soil (µ = 55%,  = 3.6) (Figure 4-6c).  C3 litter was the second largest source 

to N export (µ = 26%,  = 3.4) except when subsoil contribution peaked (Figure 4-6c).  C4 litter 

was a minor source.  Subsoil contributions to TOC and TN export increased with flow reaching 

their highest value just after peak flow (25 and 46%) and becoming the second largest and 

largest source, respectively (Figure 4-6b,c). 

 

4.5.5. TOC:TN ratio as indicator of source contributions  

We found significant linear regressions between subsoil and intact valley soil 

contributions to TOC and TN export and TOC:TN ratio of exported material for the Knapp 

Creek and Logan River catchments but not for the Tilley Gully catchment (Figure 4-7).  Subsoil 

contributions to TOC and TN export increased linearly with TOC:TN ratio whilst intact valley 

soil contributions to TOC and TN export decreased.   

 

4.6.   Discussion 

4.6.1. Using 13
C and 15

N to trace the origin of sediment, TOC and TN 

When soils are eroded they are transported together with vegetation litter in an 

uncoupled fashion (Gomez et al., 2003), thus the transported sediment would have isotopic 

values that correspond to a mixture of litter and sediment that might not be coming from the 

same eroded location, and that might even have different vegetation type 
13

C values.  All these 

complexities are of particular relevance in catchments like the one we studied, where eroding 

areas have a combination of vegetation cover that include both C3 and C4 species and where 

most of the vegetation cover has changed from one type to another in the last 100 years, causing 

subsoils to have combined isotopic values (Schwartz et al., 1986; Roscoe et al., 2001).    

Strong isotopic discrimination between organic matter sources (subsoil, intact valley 

soil, C3 and C4 litter) was given by the ability of 
15

N to differentiate between physically 

complexed organic matter in subsoil and intact valley soil, and uncomplexed organic matter in 

vegetation litter.  In a human disturbed catchment in Taiwan, 
15

N was previously used to 

differentiate between similar sources  (Kao and Liu, 2000).  TOC discriminates between litter, 

intact valley soil and subsoil and TN between the two latter.  Thus the use of 
13

C becomes 
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crucial to differentiate between C3 and C4 litter.  In other studies 
13

C has been used as an 

important tracer to discriminate between different soil/sediment sources when vegetation cover 

from this source is of a different type (crops, forests or grasslands), and soil and subsoil values 

are a reflection of vegetation type (Schwartz et al., 1986; Roscoe et al., 2001; Puttock et al., 

2012).  Subsoils in the studied catchment had 
13

C in between C3 and C4 vegetation litter values 

(Figure 4-2) as other previous studies for the region have reported (Hancock and Revill, 2013). 

Subsoil 
13

C values differed from intact valley soil values which reflected the actual C4 

vegetation cover and allowed for the use of 
13

C to discriminate between subsoil and intact 

valley soil.    

 

Figure 4-7  Mean percent contributions to exported TOC from subsoil (a) and intact valley soil (b) and to 

exported TN from subsoil (c) and intact valley soil (d) versus the corresponding TOC : TN ratio of 

exported material in the Tilley Gully catchment (black dots) and the Knapp Creek and Logan River 

catchments (white dots).  Lines depict linear regressions which were only significant for the Knapp Creek 

and Logan River catchments  for which equations are presented (% TOC subsoil = -4.605 + 1.892 TOC / 

TN, R
2
 = 0.41, p = 0.008; % TOC intact valley soil = 52.139 – 2.607 TOC / TN, R

2
 = 0.42, p = 0.008; % 

TN subsoil = -12.202 + 3.698 TOC / TN, R
2
 = 0.44, p = 0.006; % TN intact valley soil = 90.934 – 4.315 

TOC / TN, R
2
 = 0.47, p = 0.004). 
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4.6.2. Controls on source contribution to exported sediment, TOC and TN: 

sampling site  

Subsoil was the main source of exported material varying from 49% at low flows in the 

largest catchment to 99% in the smallest.   Differences in subsoil contribution to material export 

between catchments would likely be related to the severity of erosion and to the magnitude of 

flows sampled.   

C3 litter was a significant source of TOC export, varying from 11% in the smallest 

catchment to 70% at low flows in the largest catchment.  This can be explained by the much 

higher TOC in litter biomass compared to subsoil:  49 times more on average.  Differences in 

source contribution to TOC export between catchments were most likely due to tree cover 

density in the riparian area of sampled gullies and channels.  Although most of these catchments 

have been cleared of trees, tree litter contributes a larger proportion than grasses and intact 

valley soil to C export, even though C3 grasses also grow densely within headwater gullies 

(Garzon-Garcia et al., 2013).  C3 inputs from riparian trees would have a higher connectivity to 

the stream network than grassland litter, and riparian areas are likely to have higher net primary 

production than grasslands in the upper catchments, which can explain this disproportionate 

contribution to C export.  It is also probable that cattle remove large quantities of grass biomass 

reducing the amount of C4 litter present and available for export.  Further, pasture has a higher 

contribution of below (roots) than above ground litter (Wedin et al., 1995; Roscoe et al., 2001), 

reducing the probability of pasture litter being exported.  Grasses are also known to have larger 

mineralization rates than tree litter, due to higher N availability (Garten and Ashwood, 2002).  

Subsoil was the main source of TN for the smallest and intermediate catchments and 

just after peak flow in the largest catchment.  Intact valley soil was also a relevant source of TN, 

varying from 8% in the smallest catchment to 68% towards the end of the high-flow event 

sampled in the largest catchment.  This is explained by intact valley soil having 10 times higher 

TN content than subsoil.   Differences in source contribution to TN export between catchments 

were most likely due to differences in the relative intensity of subsoil erosion to surface soil 

erosion.   

 

4.6.3. Controls on source contribution to exported sediment, TOC and TN: 

climatic conditions 

Many studies have used time-integrated sediment samplers or autosamplers as sole 

sampling methods to trace sediment or organic matter origin in catchments.  Few studies have 

compared results from different sampling methods.  The largest difference between our 

sampling method results occurred for the subsoil and intact valley soil contributions to 
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sediment, TOC and TN export in the wet year (Figure 4-4, 4-5), with a lower subsoil and larger 

intact valley soil contribution obtained from the autosampler samples.  It is possible that the 

lower density of  intact valley soil (Garzon-Garcia et al., 2013) would result in the larger 

contributions in samples taken by autosamplers, which sample higher in the water column.  It is 

also possible that intact valley soil contributes an important fraction of the dissolved solids 

during wet years.  Research in this same catchment found that mineral N concentrations were 

significantly larger in wet years but not directly related to exported sediment and suggested 

other possible sources including subsurface flow (Garzon-Garcia et al., 2014).    

We found that the total annual rainfall had an important role in determining subsoil, 

intact valley soil and vegetation litter contributions to exported sediments and their associated 

TOC and TN.  In wet years, erosion rates would be larger (Garzon-Garcia et al., 2014) and gully 

growth would affect not only eroded bare banks but also more protected vegetated ones.  

Erosion of intact valleys would also be larger in wet years.  This can explain why subsoil 

relative contributions to exported sediment, TOC and TN were lower in wet than in dry years, 

and intact valley soil and C4 litter contributions were higher in the wet years.  Similar results 

were found in a rapidly eroding and densely forested catchment in Taiwan, where the proportion 

of POC sourced from surface soils and exported to river channels increased during extreme 

storms (Gomez et al., 2010).  Similarly to subsoil, C3 litter contribution to TOC and TN export 

was larger in dry years but its mass contribution was only larger in the dry year for the 

integrated-sediment samplers.  Dry conditions may cause trees to shed a larger amount of leaves 

(Keith et al., 2012), slow litter decomposition (Hutchens and Wallace, 2002; Langhans et al., 

2008) and a reduced transport and export of this tree litter due to a lower frequency of rain 

events (Webster et al., 1999).  In wet years, there would be a lower presence of tree litter and 

most of it would be exported fast and early in the wet season causing lower contributions 

overall.  The increase in intact valley soil contributions during the wet year also has a role in 

explaining the decline in contributions from C3 litter, which is more evident for the autosampler.  

Previous research in this same catchment, using five year water quality data from refrigerated 

autosamplers, found larger downstream TN concentrations in exported sediment than in the 

headwaters during high-flow events in dry years.  A larger litter presence within exported 

sediment was proposed as a possible reason (Garzon-Garcia et al., 2014).  These results support 

a larger C3 litter contribution during dry years than during wet years.  

One of our most relevant findings is that the main sources of sediment, TOC, and TN 

export during flow events are different, with subsoil being clearly the main sediment source, C3 

litter the main TOC source, and subsoil the main TN source, with an exception for the 

autosampling method in the wet year where intact valley soil was the main TN source.  Reasons 
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for this are the significantly larger TOC content in litter biomass and significantly larger TN 

content in intact valley soil as compared to subsoil.   

 

4.6.4. Controls on source contribution to exported sediment, TOC and TN:  

flow stage 

Our results show the importance of flow stage in determining the contributions of 

different sources to TOC and TN export during a high-flow event.  Subsoil contribution was 

clearly dictated by the magnitude of the flow and thus became an important source of TOC and 

the main source for TN just after peak flow.  C3 litter contribution was larger at the beginning of 

the high-flow event and decreased gradually, but was the main TOC source overall.  Large 

amounts of tree litter accumulate in dry headwater gullies during the dry season and possibly 

between rain events (Webster et al., 1999; Garzon-Garcia et al., 2013).  This must also happen 

in dry river bed channels bordered by riparian trees.  The presence of most of the C3 vegetation 

litter close to waterways, and its low density, which facilitates its transport compared to higher 

density subsoils, may explain the larger contribution of C3 litter at the beginning of the sampled 

high-flow event (Figure 4-6).  The amount of previously deposited C3 litter would also have a 

role in determining these contributions, possibly being a major limiting factor.  It is likely that at 

the start of the wet season, C3 litter contribution during significant flow events would be larger 

as well as with longer time intervals between events.  Previous research in the Logan River 

catchment (Garzon-Garcia et al., 2014) concluded that exported sediment during flow events 

was on average, richer in TOC and TN for lower magnitude events and that as peak flow 

increased, TOC and TN content of sediment decreased.  This was explained by the quality of 

exported sources and the possible importance of vegetation litter as a source.  Our findings 

support these conclusions and those from other authors that have highlighted the importance of 

vegetation litter to export (Kao and Liu, 2000; Gomez et al., 2003; Bellanger et al., 2004; Juarez 

et al., 2011).    

TN export from the sampled high-flow event had a myriad of sources with a tendency 

for intact valley soil to have higher contributions, except for larger flows where subsoil became 

the main contributor to export.  Actual TN load contributions from each source depend on TN 

concentrations for different flow stages, which have been found to increase linearly with flow in 

this catchment for the total and particulate N fractions (Garzon-Garcia et al., 2014).  It is likely 

that the dominance of intact valley soil as a TN source is also related to subsurface flow inputs 

of soluble N.  Detailed analysis of soluble and particulate TN loads and source contributions to 

each fraction would be necessary to determine the relevance of each source to TN export.  C3 

litter was also an important TN source, being larger than subsoil for most of the flow stages.  
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When contributions to sediment export from intact valley soil and C3 litter is higher than around 

10-20%, their contribution to N export dominates, as occurred for most of the high-flow event 

(Figure 4-6) and for the wet year flow events in the Knapp Creek (autosampling method); but 

when subsoil contribution to sediment export is higher than around 80%, subsoil becomes the 

main source of TN.  Intact valley soil and C3 litter contribution to TN export may be higher in 

certain catchment areas where surface soil erosion is of importance and/or where there is larger 

presence of tree cover, respectively.  Water travel time from these source areas may enhance 

within storm variation (Gomez et al., 2010).  Similar results that highlight the role of flow stage 

and different magnitude events in determining contributions made by different erosion 

processes were found in the Waipaoa River in New Zealand (Gomez et al., 2010). 

TOC:TN ratio of exported material has the potential to be used as a proxy for intact 

valley soil/subsoil contribution to TOC and TN export in the Logan River catchment, and 

possibly in other catchments affected by erosion in subtropical Australia (Figure 4-7).  It could 

also be used as an indicator of catchment degradation/restoration state with respect to erosion.   

Other studies have previously found TOC:TN sediment ratio as a good indicator of gully 

erosion contribution to exported sediment (Gomez et al., 2003) and vegetation litter 

contribution to export (Weiguo et al., 2003).  Further research is necessary to evaluate the use of 

TOC:TN ratios as such an indicator and to understand the dynamics among source export, event 

magnitude and flow, including the role of land cover distribution in catchments impacted by 

erosion. 

 

4.6.5. Implications and Further Research 

This research indicates that C3 litter is a significant source to TOC export.  This is likely 

to be an underestimate as only fine fractions (<64 and <10 m) were analyzed.   Conversely, 

subsoil may be the most important source to exported TN, particularly in gully and channel 

eroding catchments.  These results highlight the importance of considering vegetation litter 

together with subsoil when tracing TOC sources in catchments affected by erosion.    

The source of organic carbon to aquatic systems is considered an important determinant 

of structure and function in these ecosystems (Vannote et al., 1980; Junk et al., 1989; Thorp and 

Delong, 1994).  Similarly, nitrogen is a key nutrient for primary producers in these systems 

(Howarth and Marino, 2006; Elser et al., 2007).  Research findings indicate that gully and 

channel erosion alter the sources of C and N and the C : N ratio of streams receiving this 

sediment.  The effects of these alterations on the structure and function of streams deserve 

further study. 
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A larger amount and wider distribution of source samples is necessary to validate our 

results along with examining the role of autochthonous sources like algae and macrophyte 

biomass.  It is also recommended that soluble sources to TOC and TN export are investigated, 

which could explain differences between time-integrated sediment sampling and autosampler 

methods and give insight into the role of intact valley soil as an important N source.   

 In particular, the supply of fresh C sources like vegetation litter has been proposed to 

be a limiting factor in the restoration of soils and gullies in degraded catchments (Post and 

Kwon, 2000; Garzon-Garcia et al., 2013).  It is likely that the export of litter C during flow 

events accentuates this limitation, and that deforestation has reduced overall inputs to soil and 

export to streams affected by erosion as compared to vegetated catchments.  Increasing 

vegetation litter supply and retention in catchments affected by erosion should be a high priority 

for management.     
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Chapter 5:  Labile carbon limits stream mineralization 

processes in a headwater catchment affected by gully and 

channel erosion  

_____________________________________________________ 

Foreword: In the previous chapters it was found that gully erosion not only reduces carbon and 

nitrogen storage in the soils and sediments of headwater catchments, but that it causes the 

export of this carbon and nitrogen in association with eroded sediment, with vegetation litter 

having a large relative contribution to carbon export. Most of the nitrogen is exported in 

organic particulate form. The effect of this exported carbon and nitrogen to downstream 

aquatic environments would ultimately depend on their availability to microorganisms that 

would transform organic nitrogen to mineral nitrogen, making it available to algae.  In this 

chapter, we explore the role of carbon and nitrogen lability in controlling the mineralization of 

carbon and nitrogen exported in association with sediment during high-flow events in a gully 

and channel eroding catchment.      

  

 

Figure 5-0 Algae blooms at Tilley Gully – Knapp Creek catchment, subtropical South East Queensland, 

Australia. 



 

94 

 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED 

PUBLISHED PAPER 

 

This chapter includes a co-authored paper. The bibliographic details /status of the co-authored 

paper, including all authors, are: 

 

Garzon-Garcia A, Bunn SE, Olley JM, Oudyn F. 2014. Labile carbon limits stream 

mineralization processes in a headwater catchment affected by gully and channel erosion.  

Prepared for submission.  Target submission: Freshwater Biology. 

 

My contribution to the paper involved: 

The conception and most of the design of the research project, all fieldwork sampling, all 

sample preparation for the experiment,  experiment monitoring and sampling, analysis of 

research data and result interpretation, leading and coordinating the paper writing, reviewing 

relevant literature and fully developing a first draft version of the paper.  JM Olley and SE Bunn 

are supervisors of this project.  SE Bunn and F Oudyn contributed to the interpretation of results 

through valuable discussions.  F Oudyn gave valuable suggestions to improve the experimental 

design. The three co-authors reviewed the paper draft and made suggestions to improve the 

manuscript.    

 

(Signed) _________________________________ (Date)______________ 

Name of student and corresponding author:  Alexandra Garzón-García 

 

(Signed)___________________________    (Date) ______________ 

Supervisor: Prof. Jon M. Olley 

 

(Signed)___________________________    (Date) ______________ 

Supervisor: Prof. Stuart E. Bunn 



95 

 

 

 

Labile carbon limits stream mineralization processes in a 

headwater catchment affected by gully and channel erosion 

 
Alexandra Garzon-Garcia

1*
, Stuart E. Bunn

1
, Jon M. Olley

1
, Fred Oudyn

2
 

1Australian Rivers Institute, Griffith University, 170 Kessels Road, Nathan, Brisbane, QLD 4111 Australia;   

2Department of Science, Information Technology, Innovation and Arts, Ecosciences Precinct, 41 Boggo Road, Dutton 

Park, Brisbane QLD 4102; *Author for correspondence (e-mail: a.garzon@griffith.edu.au, phone: +61 7 37357402, 

fax:+61 7 37357615 ) 

_____________________________________________________ 
 

5.1.   Abstract 

Gully and channel erosion are known to export large quantities of soil organic matter to stream 

ecosystems. However, the implications for stream biogeochemistry ultimately depend on its 

susceptibility to mineralization.  We studied the influence of carbon (C) and nitrogen (N) 

lability on their mineralization when exported with fine sediment following a high flow event 

from a small severely gullied headwater catchment in south-eastern Queensland, Australia.  

Stream water was incubated for 20 days under aerobic conditions in the dark, with four 

treatments:  control, glucose enriched, glycine enriched, and glucose + glycine enriched.  

Destructive sampling was carried at 0, 2, 6, 12, and 20 days to quantify different C, N, and 

phosphorus (P) fractions and specific UV absorbance (a proxy for aromaticity).  Net C 

mineralization of the most recalcitrant organic matter was very slow for all treatments with rates 

slowing markedly towards the end of the incubation.  The addition of labile N did not 

significantly increase net C mineralization, however, net N mineralization significantly 

increased with the addition of labile C in the absence of labile N.  We found increasingly larger 

net N mineralization relative to C towards the end of the incubation, although initial substrate 

quality in the control indicated that N was the limiting element.     This suggests mineralization 

is limited by labile C and not by N or P availability.  We propose that this is related to the 

intrinsic quality of organic matter to mineralization due to its origin, microbial enzymatic 

activity and/or community ecology.   Regardless of the cause, these findings imply an increased 

supply of mineral N with exported organic matter from erosion, which would be bioavailable to 

downstream aquatic ecosystems. 

Key words: nitrogen; stream; sediment; erosion; organic matter; cattle-grazing   
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5.2.   Introduction 

It is widely known that erosion exports large quantities of organic matter downstream 

(Ludwig and Probst, 1996; Gomez et al., 2003; Lal, 2003; Gomez et al., 2004; Scott et al., 

2006).  Around 0.4 to 0.6 Pg of organic C are estimated to enter the oceans every year due to 

soil erosion (Lal, 2003).  Total sediment flux is the most relevant factor controlling the export of 

particulate organic C on a global scale, which is estimated to be 45% of the total organic C flux 

(Ludwig and Probst, 1996).  The proportion of dissolved to particulate organic C export varies 

with climatic regions, with an increase in particulate organic C in desert climates (Ludwig and 

Probst, 1996).    

The consequences of exported organic matter on downstream aquatic ecosystems 

ultimately depend on its bioavailability to microorganisms, which mineralize organic carbon 

and nutrients, and potentially increase inorganic nutrient concentrations, and alter C:N:P ratios. 

There is a general consensus on the important role of N in controlling coastal eutrophication 

with it being  the limiting nutrient for primary production in many coastal ecosystems (Howarth 

and Marino, 2006).    

Research suggests that it is not the quantity of dissolved organic matter (DOM) per se 

but rather its quality and bioavailability which affect mineralization processes (Maurice and 

Leff, 2002; Strauss and Lamberti, 2002; Kalbitz et al., 2003).  DOM bioavailability is known to 

vary with molecular weight and elemental composition, but there is no complete understanding 

of controls because of its complex variability and the dynamic and varied capabilities of 

microorganisms (Maurice and Leff, 2002; Docherty et al., 2006).                 

Dissolved organic matter in streams is composed of a great variety of compounds with 

different origins, chemical complexity and therefore availability to microorganisms.  The 

content of higher molecular weight aromatic hydrocarbons in DOM has been found to be an 

indicator of both origin (McKnight et al., 2001) and reactivity in a number of environmental 

processes (Weishaar et al., 2003).  However different studies have found that bacteria can also 

utilize high molecular weight organic compounds (Maurice and Leff, 2002). Aromatic 

components are expected to be less mobile and less biodegradable to many species of 

microorganisms.  They are also considered to have a greater pollutant uptake ability and greater 

adsorption affinity (Cabaniss et al., 2000).  

In this study, we examined the influence of carbon (C) and nitrogen (N) lability on the 

mineralization of organic matter exported with fine sediment from gully and channel erosion in 

a headwater catchment in south-eastern Queensland, Australia.  In this region N is of particular 

concern, as it is the primary limiting nutrient for freshwater algae in most small streams, and 
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downstream for phytoplankton, macroalgae, and seagrass in Moreton Bay (Abal et al., 2005; 

Udy et al., 2006).   

 

5.3.   Methods 

We sampled stream water on the falling limb of the hydrograph during a high flow 

event from the Knapp Creek catchment, a 75 km
2
 severely gullied headwater catchment of the 

Logan River (3,076 km
2
) located in subtropical south-eastern Queensland, Australia 

(28°6'55.57"S, 152°51'33.87"E).  The main landuse in the catchment is cattle grazing on cleared 

land with only 22% of the original woody vegetation remaining (Olley et al., 2009).    Soils in 

the Knapp Creek catchment are described as sandy and loamy solodics, soloths, yellow and red 

podzolics, non-calcic brown soils and lithosols (Stace et al., 1972).  They are strongly sodic and 

have dispersive subsoils that are prone to tunnel erosion.  Elevation ranges from 250 m at the 

top of the catchment to 62 m at the catchment outlet, and the main channel width varies from 2 

m in the upper catchment to 35 m in the lower reaches (Olley et al., 2009).  Gully and stream 

bank erosion dominate the source of sediment in Knapp Creek (95% of the total) with an 

estimated input of 5,950 tons of sediment each year (Olley et al., 2009).  Queensland 

catchments including the Logan are characterized by predominantly intermittent flows; annual 

average no-flow duration of three months and 89% of flow caused directly by flood flow from 

rainfall events (DERM, 2012).  Total annual rainfall in the Knapp Creek catchment is highly 

variable and ranges between 560 and 1,215  mm (data for ten years from the Australian 

Government Bureau of Meteorology), with the majority falling during the warm summer 

season, and mean annual maximum temperatures range between 25.9 and 27.1 ºC.  The 

estimated annual average discharge at the catchment outlet is 14,400 ML/y, the estimated 

annual flood is 1,600 ML/d (18.5 m
3
/s), the 1.58 y flood is 2,400 ML/d (27.8 m

3
/s), the 1 in 10 y 

flood is 6,250 ML/d (72.3 m
3
/s), and the 1 in 100 y flood is 17,000 ML/d (196.8 m

3
/s) (Olley et 

al., 2009). 

The water sampling site had an estimated contributing area of 52.5 km
2
, 70% of the 

total catchment area.   Approximately twenty litres of water was collected on February 27, 2013, 

after 43 mm of rain in the previous two days and 11 mm on the same day.  The hydrologic year 

2012-2013 was characterised by high rainfall with a total of 1,121 mm of which 163 mm fell in 

February (Kooralbyn alert rainfall station, Australian Government Bureau of Meteorology).  We 

estimate an approximate average flow of 4.8 m
3
/s for the site on the sampling date from the 

same event flow measured downstream at Yarrahappini station (2,416 km
2
 catchment area) in 

the Logan River and extrapolated in proportion to contributing catchment area (data from the 
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State of Queensland, Department of Natural Resources and Mines).  The flood sampled was the 

third largest for the wet season 2012-2013. 

Sampled water was transported on ice to the laboratory and refrigerated for four days. 

After that, it was incubated in 125 mL air-tight plastic bottles with no head-space for 20 days at 

22 ºC under aerobic conditions in the dark, with four treatments and three replicates of each 

treatment for each sampling time (in total 60 incubations).  Treatments were assigned randomly 

to labelled bottles and included a control, a treatment enriched with glucose as a labile dissolved 

carbon source (+ 10.3 mg/L TOC, SE = 0.18), a treatment enriched with glycine as labile 

dissolved organic nitrogen (N) source (+0.89 mg/L of total organic N (TON), SE = 0.08), and a 

glucose + glycine enriched treatment (+12.6 mg/L TOC, SE = 0.23 and +0.89 mg/L TON, SE = 

0.08).  The added glycine in the glucose + glycine treatment, contributed to the enrichment in 

TOC by around 2.3 mg/l.  Added labile organic C and N in the glucose + glycine treatment 

aimed at conserving similar TOC:TON ratios to the control which averaged 13.2 (SE = 0.46). 

An earlier pilot experiment showed that conditions in the bottles remained aerobic without the 

need of shaking or aeration, with oxygen levels not dropping below 3.8 mg/L. 

Destructive sampling was carried out at 0, 2, 6, 12, and 20 days to quantify total organic 

carbon (TOC), total Kjeldahl N (TKN), ammonium N (NH4-N), oxidised N (NOx-N), total N 

(TN = TKN + NOx-N), total Kjeldahl phosphorus (TKP), phosphate phosphorus (PO4-P) and 

specific UV absorbance (SUVA) at 254 nm.  SUVA254 is considered to be a good indicator of 

the humic and aromatic fraction of DOC (Weishaar et al., 2003; Hood et al., 2005).  Other 

dissolved organic fractions including dissolved organic C (DOC), dissolved Kjeldahl N (DKN), 

and dissolved Kjeldahl phosphorus (DKP) were analyzed after filtering through a <0.45 m 

glass fibre filter for one replicate per sampling time.   Particle size analysis without chemical 

dispersion was undertaken in three replicates for the control at 0 days.  We included three types 

of blanks in two replicates: pure MQ water (DOC < 0.5 mg/L), a glucose enriched blank (+10 

mg/L DOC) and a glycine enriched blank (+1 mg/L DON). Blank destructive sampling was 

carried out at 0, 6 and 20 days.   

Carbon and nitrogen enrichment quantities were selected based on flood water quality 

(n = 5) previously obtained for the Knapp Creek (Chapter 3), which had an average of 13.7 

mg/L of TOC (SE = 1.5) of which 18% (SE = 6%) was particulate, an average of 1.7 mg/L of 

TN (SE = 0.3) of which 65% was particulate (SE = 5%), and an average of 0.53 mg/L (SE = 

0.07) of DON.  Previously sampled floods had a similar magnitude to the flood sampled for the 

incubation experiment, with an average flow of 3.3 m
3
/s (SE = 1.1) and carried an average of 

676 mg/L of silt and clay (volumetric content <20 m, SE = 260).  We enriched treatments to 

increase DOC and DON concentrations by a factor of around two with labile organic C and N.  
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5.3.1. Analytical methods 

Analytical methods used were as follows (APHA et al., 2005): Particle size analysis by 

laser diffraction as per method 2560 D without chemical dispersion; TOC and DOC determined 

using an automated carbon analyzer by combustion at 680°C over a platinum catalyst in 

accordance with method 5310 D; TKN, TKP, DKN and DKP determined according to methods 

4500-Norg D and 4500-P B (using a catalysed acidic block digestion with colorimetric 

segmented flow analyzer finish); NH4-N, NOx-N and PO4-P determined colorimetrically by 

segmented flow analyzer according to methods 4500-NH3, 4500-NO3 and 4500-P.  

UV-visible absorbance measurements were performed on a UV-2450 Shimadzu 

spectrophotometer with distilled water as the blank.  A quartz cell with 1.0 cm path length was 

used.  Samples were allowed to warm to room temperature before measurements, which were 

carried out after filtering through a <0.2 m glass fibre filter to remove bacterial biomass.  

SUVA values for each wavelength were determined by dividing the respective UV absorbance 

by the DOC concentration of the sample, and are reported in units of litre per milligram carbon 

per metre (Weishaar et al., 2003). 

 

5.3.2. Data analysis and assumptions 

Based on the assumption that dissolved organic matter is a mixture of components with 

different degradation rates and extents of degradability, we iteratively fitted a two component 

first order decay model with two distinct pools and different mineralization rates to the 

measured carbon concentrations (Qualls and Haines, 1992; Kalbitz et al., 2003; McDowell et 

al., 2006): 

 

               ⌈(     )      ⌉  ⌈       ⌉                          (5-1) 

 

Where t = time (days), 100 – b and b are the initial percentages of the rapidly and 

slowly decaying components, respectively, and k1 and k2 are the rate constants of the two 

components (day
-1

).  We estimated the initial proportions of the two components from the main 

break in slope in the graphs of % remaining TOC and DOC as a function of time.    

We calculated net N mineralization rates from the percentage of net mineral N 

production at any given time (as a fraction of TON at the start of the incubation),  by fitting a 

two component first order model in the same way as was done for TOC and DOC for the labile 

N enriched treatments.  The total mineralized N was calculated from the difference between the 

mineral N present at 20 d and the mineral N present at 0 d.  For the control and glucose 
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treatments, the best fit was a linear first order model and an exponential first order model, 

respectively.  

To be able to understand the controls on the relative mineralization of C and N, we 

adapted the methods proposed by Cross et al. (2005) to relate ecological stoichiometry and 

nutrient spiralling, and calculated C and N mineralization spiral lengths (Sc, Sn) to obtain their 

ratio (Sc:Sn) for each sampling time during the incubation experiment.  Mineralization spiral 

length would refer to the average distance an organic C or N atom travels before being 

mineralized and is calculated as follows: 

 

   
      

    
 

(5-2) 

 

   
      

    
 

 

(5-3) 

Where TOC is the total carbon concentration (mg/m
3
) (note DOC was used for the 

control as in this treatment there was no net TOC mineralization) at time t, TON is the total 

organic N concentration (mg/m
3
) at time t, Q is the stream flow (m

3
/d), w is the stream width 

(m) and Mc and Mn are the C and N mineralization rates (mg/m
2
/d) which were calculated 

using the fitted mineralization models for the incubation experimental conditions as follows: 
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(5-5) 

 Where h is the stream average depth.  Q, w and h cancel out as we used Sc:Sn and 

Mc:Mn ratios for our analysis. Statistical analyses were performed using SigmaPlot 11.0 with 

statistical significance determined at the = 0.05 level.   To verify treatment differences in C 

and N mineralization rates obtained by the use of a two component decay model, we also 

performed a two-way ANOVA after the Shapiro-Wilk tests for normality on log transformed 

TOC, DOC, DON and mineral N with treatment and time as independent variables.  We also 

compared PO4-P consumption, N/P ratio and TOC/TON ratio evolution during the incubation in 

a similar way.  All variables passed the normality and equal variance test, except log 

transformed TON and log transformed mineral N for normality and log transformed PO4-P and 

N/P ratios for both tests.   A Holm-Sidak pair-wise multiple comparison procedure was used to 

determine where significant differences existed.   
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5.4. Results 

5.4.1. C mineralization 

Net TOC mineralization occurred 

only in the two glucose enriched treatments 

(Figure 5-1a), which had similar 

mineralization rates in both the rapidly and 

slowly decaying fractions (Table 5-1).  A 

two-way analysis of variance showed no 

significant difference for log transformed 

TOC between the glucose and glucose + 

glycine treatments (Two-way ANOVA 

(treatment): F = 238.53, p < 0.001; Holm-

Sidak:  t = 1.695, p = 0.098), but 

significantly lower TOC concentrations as 

the incubation time increased for the first 

six to twelve days (Two-way ANOVA 

(time): F = 134.73, p < 0.001; Holm Sidak: 

p < 0.001).  The mineralized TOC in both 

treatments, which was on average 40% (SE 

= 0.9%) and 46% (SE = 0.5%) of the initial 

TOC respectively (Table 5-1), 

corresponded roughly to the labile fraction 

as determined by the fitted models, and was 

only slightly smaller than the 10.3 to 12.6 

mg/L of added TOC by glucose and glycine 

enrichment.  The interaction between 

treatment and time was significant overall 

(Two-way ANOVA (treatment x time): F = 

63.319, p < 0.001) which is evident in 

differences in the effect of time on TOC 

between C-enriched treatments and non-

enriched treatments.   

Net DOC mineralization occurred in all 

treatments (Table 5-1, Figure 5-1b).  Most 

of the organic C was present in dissolved           

 

Figure 5-1  Measured TOC (mg/L) (a), DOC 

(mg/L) (b) and percent remaining TOC (c) at 

different times during the incubation period for 

the control (squares), glycine (inverted triangle), 

glucose (empty circle) and glucose + glycine 

(filled circle) treatments.  Error bars depict 

standard error. 
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form (DOC) during the incubation experiment for all treatments (above 88%), except in the 

glucose + glycine treatment at 0 and 2 days when around 30% of the TOC was in particulate 

form.  Due to this difference in sorption/desorption equilibrium, it is preferable to take into 

account net TOC mineralization rates and net mineralized TOC when comparing the glucose + 

glycine treatment with other treatments.   

The labile C enriched treatments had the highest mineralization rates for the rapidly 

decaying organic C fraction (k1 = 0.11 d
-1

, see Table 1), but all treatments had similar decaying 

rates for the slowly decaying C fraction (k2 = 0.0001 d
-1

) which was 1000 times slower.  The 

glycine treatment only showed net DOC mineralization between day 12 and 20 of the 

incubation (k1 = 0.66 d
-1

), which implies a higher apparent mineralization rate when compared 

to the other treatments, because of its shorter time span.  It is important to note that specific 

mineralization rates (mg mineralized C L
-1

 d
-1

) would depend on the labile C fraction present, 

which is lower for the glycine and control treatments.  Specific C mineralization rates for the 

glycine treatment were comparable to the control, with similar amounts of DOC removed by 

mineralization (Table 5.1, Figure 5.1c).  Again, when looking at these two treatments, the 

addition of a labile N source did not increase C mineralization rates.  In fact, mineralized DOC 

was very low for these two treatments, reaching only 5-6% of the initial DOC (Table 5.1).   

 

 Table 5-1  Fitted two component first order net TOC and DOC decay model parameters for two 

distinct pools (rapidly decaying and slowly decaying), % mineralized TOC and DOC, and net 

mineralized TOC and DOC for the incubation experiment in the control, glucose, glycine, and 

glucose + glycine treatments 

*A two component first order decay model was not fitted for the Glycine treatment because for that 

treatment net DOC mineralization only occurred between day 12 and 20 of the incubation. Hence the 

absence of the k2 and r
2
 values for that treatment (grey cells). 

 

  Rapidly decaying TOC Slowly decaying TOC       

Treatment 

100-

b 

(%) 

k1 

(d
-1

) 

Labile 

organic 

C (mg/l) 

b 

(%) 

k2   

(d
-1

) 

Stable org 

C (mg/l) 
r

2
 

% 

Mineralized 

TOC 

Mineralized 

TOC (mg/l) 

Glucose 39.7 0.11 9.2 60.3 0.0001 13.9 0.98 40% 9.2 

Glucose + Glycine 44.0 0.11 11.1 56.0 0.0001 14.2 0.89 46% 11.7 

 

Rapidly decaying DOC Slowly decaying DOC 

   

Treatment 

100-

b 

(%) 

k1 

(d
-1

) 

Labile 

organic 

C (mg/l) 

b 

(%) 
k2 (d

-1
) 

Stable 

org C 

(mg/l) 

r
2
 

% 

Mineralized 

DOC 

Mineralized 

DOC (mg/l) 

Control 5.9 0.06 0.8 94.1 0.0001 12.8 0.91 6% 0.8 

Glucose 44.8 0.09 11.1 55.2 0.0015 13.7 0.99 48% 11.8 

Glycine 4.5 0.66 0.6 95.5 

 

12.7 

 

5% 0.6 

Glucose + Glycine 19.6 0.15 3.6 80.4 0.0021 14.8 0.99 28% 5.2 
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5.4.2. N mineralization  

Net total organic N (TON) loss 

occurred only in the labile N enriched 

treatments (Two-way ANOVA (time): F = 

9.44, p < 0.001), in the first two days for 

the glycine treatment (Holm-Sidak:  t = 

7.42, p < 0.001) and mainly between day 6 

and 12 for the glucose + glycine treatment 

(Holm-Sidak:  t = 3.38, p = 0.002) (Figure 

5-2a).   Although there was no net DON 

loss for the non-labile-N enriched 

treatments, there was evidence of net N 

mineralization when looking at mineral N 

concentrations which increased over time 

(NOx-N + NH4-N) (Figure 5-2b).    

Net N mineralization, calculated 

from net production of mineral N (NOx-N + 

NH4-N), was also different in its dynamic 

between N-enriched treatments and non-

enriched treatments.  A two component first 

order decay model had a good fit for N-

enriched treatments, with a faster 

mineralization rate at the start of the 

incubation period and a slower 

mineralization rate towards the end, similar 

to the C mineralization process (Figure 5-

2b, Table 5-2).  For the non-labile-N 

enriched treatments, a linear first order 

model had the best fit for the control and an 

exponential first order model for the 

glucose treatment (Table 5-2), with net N 

mineralization not slowing down towards 

the end of the incubation period.  The 

glycine treatment had the largest net N 

mineralization rate and mineral N         

Figure 5-2  Measured TON (mg/L) (a) mineral 

N (NOx-N + NH4
+
-N) (mg/L) (b) and 

accumulated mineralized N (as a percent of 

TON at incubation day 0) (c), at different times 

during the incubation period for the control 

(squares), glycine (inverted triangle), glucose 

(empty circle), and glucose + glycine (filled 

circle) treatments. Error bars depict standard 

error. 
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production of all treatments (41% of TON at day 0 turned into mineral N, SE = 1.6%) 

followed by the glucose + glycine treatment (24% of TON at day 0, SE = 2.1%), glucose (15% 

of TON at day 0, SE = 2.6%) and control (7% of TON at day 0, SE = 1.7%) (Table 5-2, Figure 

5-2c). TON at day 0 was on average 80% (SE = 1.1%) and 95% (SE = 0.22%) of the total N for 

the labile-N-enriched treatments and non-enriched treatments, respectively.  Differences were 

significant between the glycine and the glucose + glycine treatments, which indicates that net N 

mineralization rates and fluxes are larger in the presence of a labile N source, when no labile C 

source is added (Two-way ANOVA (treatment): F = 2494.096, p < 0.001; Holm-Sidak:  t = 

9.146, p < 0.001).  On the other hand, there was also a significant difference between the control 

and the glucose treatment (Holm-Sidak: t = 3.144, p = 0.003).  When comparing these two 

treatments at each of the incubation times, net N mineralization was faster in the control during 

the first half of the incubation (day 2-12), but the glucose treatment had an overall larger net N 

mineralization rate with significantly larger mineral N present at day 20 (Holm-Sidak: t = 5.383, 

p < 0.001).  This indicates that the presence of a labile C source increased net N mineralization 

rates and fluxes overall. 

All treatments had significantly larger quantities of mineral N at day 20 compared to 

day 0 of the incubation (Figure 5-2b), in oxidised nitrogen form in glycine treatment, as 

ammonium-N in the glucose enriched treatments and in similar proportions for both forms in 

the control (Figure 5-3a, b). 

 

Table 5-2 Fitted net N mineralization model parameters, % mineralized organic N, and net 

mineral N produced for the incubation experiment in the control, glucose, glycine, and glucose+  

 glycine treatments 

 

 

 

 

 

Rapidly mineralized 

TON 

Slowly mineralized 

TON 

 

Treatment 
100-b 

(%) 

kn1 

(d
-1

) 

Labile 

organic 

N mg/l) 

b 

(%) 

kn2 

(d
-1

) 

Stable 

org N 

(mg/l) 

r
2
 

% org N 

mineralized 

Net 

mineral N 

prod (mg/l) 

Type of model 

Control 
 

0.37 
    

0.98 7% 0.07 Linear 1 order 

Glucose 

 

0.15 

    

0.98 15% 0.15 Exp 1 order 

Glycine 33.3 0.80 0.60 66.8 0.003 1.21 1.00 41% 0.74 
Double first 

order 

Glucose + 

Glycine 
24.5 0.03 0.46 75.5 0.003 1.43 0.99 24% 0.46 

Double first 

order 
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5.4.3. Nutrient limitation 

Phosphate-P levels were very low from the start of the incubation averaging 0.02 mg/L 

(SE = 0.001, n = 12) for all treatments and replicates at day 0.  Treatments not enriched with a 

labile N source had an average N:P ratio (calculated as mineral N divided by phosphate-P) of 

2.5 at day 0, indicating N as the limiting nutrient.  With the labile-N-enrichment the N:P ratio 

was increased to an average of 21:1 at the start of the incubation, removing the N limitation. 

All treatments had a significantly lower level of PO4-P at the end of the incubation 

(Two-way ANOVA (time): F = 111.27, p < 0.001; Holm-Sidak:  t = 11.72, p < 0.001), which 

was below the detection limit of 0.001 mg/L for glucose enriched treatments (Figure 5-3c).   

The glucose enriched treatments were not significantly different in their PO4-P consumption 

over time (Two-way ANOVA (treatment): F = 57.348, p < 0.001; Holm-Sidak:  t = 0.410, p = 

0.68), which was the largest of all, but the PO4-P consumption in the control was significantly 

lower than in the other treatments (Figure 5-3c).    

Figure 5-3  Measured NH4
+
-N (mg/L) (a), NOx-N (mg/L) (b), PO4-P (mg/L) (c), and N : P ratio 

(calculated as mineral N / PO4-P) (d) at different times during the incubation period for the control 

(squares), glycine (inverted triangle), glucose (empty circle), and glucose + glycine (filled circle) 

treatments.  Error bars depict standard error. 



106 

 

All treatments had significantly larger N:P ratios at the end of the incubation period 

(Two-way ANOVA (time): F = 209.41, p < 0.001; Holm-Sidak:  p < 0.001) indicating an 

increase in P limitation, with ratios larger or equal to 20:1, the proposed threshold below which 

bacteria would be N limited and immobilize N (Elser et al., 1995; Sterner and Elser, 2002),    

for all treatments except for the control which was on average 7.3 (SE 1.2) (Figure 5-3d). The 

N:P ratio development was significantly different between different treatments for the 

incubation period (Two-way ANOVA (treatment): F = 794.89, p < 0.001).     

 

5.4.4. Bioavailability and mineralization spiral length 

The organic matter (<0.2 um) 

SUVA254 converged to similar values in all 

treatments at the end of the incubation, as 

the more labile added forms of C were 

degraded in the enriched treatments (Figure 

5-4a).   SUVA254 was significantly lower 

for the glucose enriched treatments at day 

20, indicating a lower molecular weight and 

aromaticity (Two-way ANOVA (treatment, 

time): F = 1297.201, 422.504, p < 0.001).   

Though SUVA254 values in the 

control treatment increased slightly during 

the incubation, they were not significantly 

different between times, which would be 

explained by insignificant changes in 

substrate aromaticity and molecular weight.  

The control and glycine treatments were not 

significantly different (Two-way ANOVA 

(treatment): F = 1297.201, p < 0.001; 

Holm-Sidak: t = 1.328, p = 0.194).   

C and N mineralization mass fluxes 

(mg/L.d) were not constant during the 

incubation as can be implied from fitted 

models, except for N mineralization in the 

control treatment (linear 1 order model).  

Ratios of C to N mineralization rates 

Figure 5-4  SUVA254 (L.mg C
-1

.m) (a), semi-log 

plot of C and N mineralization relative rates 
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Mc:Mn (b), semi-log plot of mineralization relative lengths Sc:Sn (c) at different times 

during the incubation period for the control (squares), glycine (inverted triangle), glucose

(empty circle), and glucose + glycine (filled circle) treatments.  Error bars depict standard error. 

 

 

Mc:Mn were not constant either, showing a trend to drastically decrease in all treatments, with 

an increasingly larger net N mineralization mass flux relative to C towards the end of the 

incubation time for all treatments (Figure 5-4b).  Mineralization relative lengths Sc:Sn followed 

an inverse trend to mineralization relative rates Mc:Mn, increasing exponentially with 

incubation time (Figure 5-4c).  This means that C mineralization length is increasingly larger 

than N mineralization length as incubation time progresses.   A ratio below 1 would imply N 

limitation and a ratio above 1 C limitation.  As can be seen in Figure 5-4c, C is the limiting 

element in the control treatment throughout the incubation. For labile C enriched treatments, it 

was initially N, but as incubation time progressed and the labile C source was mineralized C 

became the limiting element.  The glycine treatment was not included in this analysis because, 

as outlined above, C mineralization did not seem to be the main metabolic pathway in this 

treatment. 

 

5.5.   Discussion 

5.5.1. Internal controls on C mineralization 

We found very low C mineralization rates and fluxes for exported organic matter from 

this gully and channel eroding catchment following a high flow event, with only about 6% of 

the DOC mineralized after incubation for 20 days.  It seems the ability of the microbial 

community to mineralize the more recalcitrant C fraction was not enhanced by the addition of a 

labile source of C or N.  Lower SUVA254 in the labile C enriched treatments is more likely due 

to some fraction of the glucose still being available.  The recalcitrant fraction rate is at least one 

order of magnitude slower than rates found for the most recalcitrant fraction of 15 typical and/or 

native Australian plant materials in long term mineralization incubation experiments in soils 

(Wang et al., 2004).   

The addition of a labile N source did not significantly increased C mineralization rates 

compared with the labile C enriched treatments or the non-enriched treatments.  Although 

mineral N concentrations at the start of the incubation for the non-labile-N enriched treatments 

were low and had N:P ratios below 22:1, which indicates N limitation, there was a significantly 

larger mineral N content after the incubation period for both treatments and a significant 

increase in N:P ratios.  All this and the fact that net mineral N production did not slow down by 
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the end of the incubation in these two treatments, points to the absence of N limitation on the C 

mineralization process.    

Though all treatments had significantly lower PO4-P at the end of the incubation, levels 

were almost below detection for the labile C enriched treatments.  By then, most of the added 

labile C had already been mineralized.  Despite not directly exploring the role of P limitation on 

the C mineralization process, results for the control indicate an intrinsic C limitation to its 

mineralization process rather than P limitation. This is evident when considering that PO4-P 

levels at the end of the incubation were similar to those at day 6 for other treatments, in which 

net C mineralization was still occurring.  Previous research has also proposed an intrinsic C 

limitation for C mineralization in this catchment, of possible sediment sources at field capacity 

(Garzon-Garcia et al., 2013), and in the stream water column in four sites along the Logan River 

and two other rivers in New South Wales and Victoria, with incubation experiments also 

including the role of P (Hadwen et al., 2010).    

 

5.5.2. Internal controls on N dynamics 

The presence or absence of a labile C source was found to be an important determinant 

of net N mineralization, but its effect was different depending on whether a labile source of N 

was also added.  The addition of a labile C source increased net N mineralization in the absence 

of a labile N source (glucose treatment vs. control).  In contrast, the addition of labile C when a 

labile N source was also added reduced net N mineralization (glucose + glycine treatment vs. 

glycine treatment).    This could be explained by the ability of bacteria to selectively mineralize 

or immobilize N according to their nutrient needs for growth and metabolism (Schimel and 

Bennet, 2004; Manzoni and Porporato, 2009), or even the dominance of different bacterial 

metabolism according to substrates present (Strauss and Lamberti, 2002; Docherty et al., 2006).  

The absence of net DOC mineralization for the first 12 days in the glycine treatment, and the 

fact that all ammonium produced in this treatment was transformed to nitrate with net nitrate 

production starting from day 6, may indicate that bacteria obtained their energy source from 

nitrification and not from a C mineralization reaction.  At day 12, when the labile organic N 

source had been mineralized, C mineralization started.  

According to ecological stoichiometry theory, C:N:P ratios of microorganism end 

products would depend on the substrate C:N:P ratio, the microbial biomass C:N:P ratio and the 

efficiency by which limiting and non-limiting elements are utilised (Elser et al., 1995; Sterner 

and Elser, 2002; Manzoni et al., 2010).  Organic substrate C:N ratio (Manzoni and Porporato, 

2009)  and N:P ratio (Elser et al., 1995; Sterner and Elser, 2002) have been shown to determine 

if N is immobilized or mineralized, with all N immobilized above a threshold C:N (Evans et al., 
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2006) or N:P ratio (Elser et al., 1995; Sterner and Elser, 2002), which is higher with lower 

initial nutrient content (Manzoni et al., 2010).  Bacteria have been found to have C:N biomass 

ratios of 10:1 to 12:1 in soils (Kirkby et al., 2011), 7.5:1 in freshwater (Elser et al., 1995) and 

2.9:1-7.6:1 in  benthos and fungal biomass ratios of 6.5:1-9:1 have been found (Sterner and 

Elser, 2002).  A more or less constant N:P ratio of 20:1 has been found for bacterial biomass, 

but bacteria seem to be less homeostatic to P having the capacity to lower biomass N:P ratios, 

when N supply is limiting (Elser et al., 1995).  Considering stoichiometry, treatments not 

enriched with labile-N were N limited at the start of the incubation, as indicated by C:N and N:P 

ratios in the glucose treatment, and by N:P ratios in the control.  In fact, the glucose treatment 

had a much larger C:N ratio at day 0, implying the necessity of an even more efficient use of 

mineralized N with respect to C and P than the control.   

 Interestingly, some experimental results contradict what was expected from initial 

substrate stoichiometry.  Not surprisingly, P became the limiting nutrient in labile-N enriched 

treatments, which attained N:P ratios > 20, and PO4-P was undetectable at the end of the 

incubation for the glucose + glycine treatment.  Conversely, the increased P limitation observed 

from a significant increase in N:P ratios in the other two treatments, and undetectable PO4-P by 

day 12 in the glucose treatment, was not expected as initial stoichiometry pointed to N 

limitation as mentioned above.  It seems that microbes were able to mineralize N to increase its 

availability but not P, changing initial stoichiometry constraints.  It was not expected either, that 

microbes in the glucose treatment would be less efficient in their mineralized N use than the 

control, with larger mineral N present towards the end of the incubation (observed mineral N 

content at the end of the experiment).  An increasingly larger P limitation during the incubation 

when compared to the control would explain this larger net production of mineral N (Elser et 

al., 1995; Sterner and Elser, 2002).  Most likely metabolic differences would explain why the 

glucose + glycine treatment was more efficient in its N use when compared to the glycine 

treatment, in which bacteria seemed to have obtained their energy from N mineralization and 

nitrification (Bock and Wagner, 2006). 

Two different aspects of substrate quality seemed to have controlled N dynamics.  In 

the long term, the efficiency of mineral N use was not dependant on overall organic substrate 

C:N:P ratio but on the relative bioavailability of different elements with low P availability 

largely determining N release.  However in the short term, initial N immobilization was 

determined by very high TOC:mineral N ratios (control and glucose) and absence of a labile N 

source.   

The presence of a labile C source also determined the dominant mineral N species, with 

more ammonium converted to nitrate in the absence of a labile C source.  Previous research has 
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shown that the quality of organic C to mineralization and its quantity directly affect nitrification 

rates with lower rates in the presence of high quality organic C, and larger quantities (Strauss 

and Lamberti, 2002).  It has also been found that the presence of glucose may inhibit 

nitrification possibly by promoting heterotrophic bacteria, which outcompete nitrifiers for 

ammonium (Strauss and Lamberti, 2000; Strauss and Lamberti, 2002).    

 

5.5.3. Carbon bioavailability limits mineralization  

The origin and quality of organic matter exported in our study catchment would explain 

the low C mineralization rates and fluxes observed.  Previous research has shown that organic 

matter exported during high flow events in this catchment is associated with sub-soils derived 

from gully and channel erosion, with most of the nitrogen exported in organic particulate form 

(65% of the N load in average), and most of the carbon in soluble form (82% of the load in 

average) (Chapter 3).   Organic matter in these sub-soils is already highly stabilized (Fontaine et 

al., 2007; Dungait et al., 2012) as indicated by very low TOC and TN percent content at origin 

and low mineralization rates when deposited in headwater gullies (Garzon-Garcia et al., 2013).   

In fact, the most refractory fraction of soil organic matter, which is mainly composed of humic 

substances, clay-organic matter complexes and biochar and has the lowest C:N ratios (7-10),  

may have a residence time of hundreds to thousands of years (Dungait et al., 2012).   

One of our main findings is that net C and N mineralization are decoupled during the 

incubation as shown by the decreasing Mc:Mn ratios and the nonlinear variation of C and N 

mineralization length ratios Sc:Sn in the control and even in the enriched treatments, with 

increasingly longer lengths for net C mineralization as compared to net N mineralization as 

mineralization evolved.  This could be explained by P limitation during the incubation, which 

may have caused increased N release from microbes to effectively obtain their P requirement, at 

least in treatments that had explicit evidence of P limitation.  However, because the control did 

not show P limitation and previous research in the same catchment has discounted P limitation 

of C mineralization during baseflow (Hadwen et al., 2010), other reasons are worth considering 

and researching.  One possibility is a larger relative recalcitrance of C to mineralization 

compared to organic N, which would depend not only on the type and intrinsic recalcitrance of 

C and N compounds present (Kogel-Knabner, 1997), but also on the ability of microbes to 

produce the necessary enzymes to break down these compounds (Sinsabaugh et al., 2005; 

Moorhead and Sinsabaugh, 2006; Craine et al., 2007; Manzoni et al., 2010).  Another 

possibility is the microbial community composition (Docherty et al., 2006) in which fungi may 

play an important role (Waldrop et al., 2000; Gulis and Suberkropp, 2003; McGuire and 

Treseder, 2010).  Previous research in this catchment found that the main sources of exported C 
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and N during flow events differ, with tree litter and intact valley surface soil dominating the C 

export and subsoil or intact valley soil dominating the N export, with relative contributions 

varying with annual rainfall and flow stage (Chapter 4).  It is likely that microorganisms obtain 

their C and N from organic matter sources of very different quality.  A trade-off between carbon 

use efficiency and investment in enzyme production has been observed in soils when highly 

recalcitrant litter is decomposing (Manzoni et al., 2010).  The “microbial nitrogen mining” 

hypothesis proposes that an increase in nutrient availability is likely to lead to a net decrease in 

decomposition rates (Moorhead and Sinsabaugh, 2006; Craine et al., 2007).  It has been 

proposed that N availability stimulates cellulolysis, which tends to accelerate the decomposition 

of labile C, but inhibits the expression of oxidative enzymes required for the breakdown of 

lignin and more aromatic compounds like humic substances (Sinsabaugh et al., 2005).  The 

microbial nitrogen mining hypothesis might explain our experimental results with bacteria 

investing on the necessary enzymes to obtain N with a trade-off on recalcitrant C 

decomposition.   Underlying mechanisms related to the microbial community composition 

during the incubation may also play an important role in the apparent C limitation observed 

here, and even on treatment differences as inferred from different observed metabolic pathways 

in the glycine treatment. 

 

5.5.4. Conclusions and downstream effects to catchment biogeochemistry  

One of the main implications of our study for catchment biogeochemistry is that 

although gully and channel erosion increase mineral N loads exported downstream, this has 

little influence on the processing of eroded organic C due to slow mineralization rates and 

fluxes in the water column.  This mineral N would be available to primary production in the 

stream system reducing N limitation to primary productivity in the water column, if it is not 

removed by other microbial processes like denitrification.  Most likely, C bioavailability would 

also be limiting denitrification and thus the removal of N through this microbial process, 

considering the aromaticity of C is known to reduce denitrification efficiency (Her and Huang, 

1995).  In fact, denitrification rates in this catchment have been found to be very low (Abal et 

al., 2005; Udy et al., 2006).  Interestingly, they had a similar order of magnitude to the 

mineralization rates we found.     

Reducing increased N availability to stream primary producers is a management priority 

for most rivers in the region (Abal et al., 2005; Udy et al., 2006).  The management of organic 

matter sources to streams affected by gully and channel erosion may be a method to do so, 

considering high C:N sources would favour mineral N retention in streams (Dodds et al., 2004; 

Manzoni et al., 2010).   Organic matter source C:N ratios depend on source type and degree of 
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decomposition (Cross et al., 2005; Manzoni et al., 2010).  Woody litter and conifers for 

example, tend to have the largest C:N ratios and grasses and deciduous trees  the lowest ones in 

terrestrial environments (Manzoni et al., 2010).  However, aquatic primary producers are richer 

in nutrient content and have the lowest ratios (Dodds et al., 2004).  As decomposition takes 

place, vegetation litter C:N ratio decreases as bacteria and fungi colonize and condition the litter 

(Elser et al., 2000; Cross et al., 2005; Manzoni et al., 2008).  Theoretically, the contribution of 

large C:N ratio sources, like tree leaves and specially woody litter would be desirable to 

increase mineral N retention in these streams and consequently contribute to the restoration of 

the altered  biogeochemistry in these catchments.  N:P ratios of the organic matter substrate 

would also have a role in determining if N is retained.  Research on the use of different quality 

woody and leaf litter to achieve nutrient retention in streams affected by gully and channel 

erosion would be highly worthwhile. 
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Figure 6-0 Created wetland to mitigate gully erosion impacts in the Bremer River catchment, subtropical 

South East Queensland, Australia. 
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This research contributes to the understanding of the effects of gully and channel 

erosion on catchment biogeochemistry, particularly on carbon (C) and nitrogen (N) cycling and 

of the complex interrelation between these cycles and sediment in eroding subtropical 

catchments.   In South East Queensland (SEQ), Australia, where the study was undertaken, 

channel and gully erosion is the main source of sediment (Wallbrink, 2004; Hancock and 

Caitcheon, 2010; Olley et al., 2014).  Though most N enters SEQ waterways during high-flow 

events and has been associated with diffuse rural sources (HWP, 2007), little information was 

available on the proportion of N associated with sediment from gully and channel erosion, on 

the effect of gully and channel erosion on C export downstream, and on C and N 

biogeochemical cycling in headwater catchments.   To address this, the effects of gully and 

channel erosion on (i) C and N storage in soil/sediment and vegetation in headwater catchments, 

and on (ii) C and N mineralization in soil/sediment and streams receiving eroded sediment in 

headwater catchments, as well as (iii) controls on C and N export in catchments affected by 

gully and channel erosion, were studied in this thesis.   

Overall this research found that gully and channel erosion have significant effects on 

catchment biogeochemistry, particularly on carbon (C) and nitrogen (N) cycling, not only 

locally with effects on storage and soil mineralization, but also at the catchment scale with 

effects on export and stream mineralization.    

As hypothesized, a drastic reduction of C, N, and P storage, and of C and N 

mineralization in surface soils/sediments of headwater catchments affected by gully erosion was 

found, with C most likely limiting the mineralization process.  This reduction in C and N 

storage is largely explained by the loss of the richer surface soil layer and its replacement with 

sediments of subsoil origin with much lower C, N and P content.  The low lability of the C 

available for mineralization related to its subsoil origin and the reduced availability of labile C 

sources from vegetation litter would explain lower mineralization rates in eroding areas.  

Other key findings relate to the mechanisms by which gully and channel erosion control 

the export of C and N.   The increase in sediment delivery together with the change in its quality 

would have caused larger N loads, lower C and N content of exported sediment, a larger fraction 

of soluble C, a reduced fraction of soluble and mineral N and larger C:N ratios of the soluble 

fraction exported during high-flow events in eroding valleys, compared to non-eroded grassland 

valleys.   Another important finding related to these mechanisms is that the main sources of 

exported sediment, C and N during high-flow events differ not only within the event, but 

between headwater and downstream catchments and between years with different amounts of 

rainfall.  Subsoil was the main source of sediment overall.   Tree vegetation litter was the main 

source of C despite not dominating the vegetation cover, except for headwater catchments with 
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high gully density.   Both subsoil and surface valley soil were important sources of N; the 

former in dry years and headwater catchments affected by gully erosion and the latter in wet 

years and larger catchments.  The role of tree litter on C and N budgets in gully and channel 

eroding catchments had been largely overlooked as well as in studies of erosion effects on 

global C budgets.    

Another key finding is that the lability of C is the main limiting factor to the 

mineralization of organic matter in the stream system during the receding phase of a high-flow 

event.  Again, reasons for this may be related to the bioavailability of exported organic matter 

due to its subsoil origin.  This causes a surplus of mineralized N not used in the mineralization 

process to be exported downstream, though the majority of N was exported in particulate 

organic form sourced from subsoil.  Vegetation litter would have a different impact on the 

biogeochemical cycling of organic matter in streams than subsoil, as it has a larger fraction of 

labile C (Baisden and Amundson, 2002; Gregorich et al., 2006) and would promote N retention 

as it decomposes (Dodds et al., 2004; Manzoni et al., 2010).   

Implications of lower C and N storage and mineralization in soil/sediments of 

headwater catchments affected by gully erosion include an increased limitation of N for primary 

production and of both C and N for humus formation.  In this way, gully erosion would act as a 

feedback to the degradation process, because it slows down soil formation.  Research findings 

indicate that the C and N storage in non-eroded valley surface soil is the most important 

“biogeochemical asset” to be protected in eroding catchments as this soil may take decades to 

form and is the largest contributor by unit mass to C and N export in sediment. Tree litter is 

highlighted as a potential element in mitigating the impacts of gully erosion by increasing 

organic C inputs and contributing to N immobilization by microorganisms in eroding areas, and 

thus being the most important contributor to soil formation (Jobbagy and Jackson, 2000; 

Jobbagy and Jackson, 2001).  Additional research is needed to understand the role of trees and 

understorey vegetation in protecting intact valleys from erosion and in replenishing their C and 

N stores as well as those of stabilizing gullies, as well as how to harmonize the use of trees with 

cattle grazing for these purposes.  It is hypothesized that the presence of trees and understory 

vegetation would reduce erosion, increase C stores and reduce mineral N in the soil/sediment. 

Conversely, additional research is needed to identify effects of changes in the main 

sources to exported C and N downstream, C and N concentrations, C:N ratios, and quality to 

mineralization on stream structure and function (Vannote et al., 1980; Junk et al., 1989; Thorp 

and Delong, 1994), including C and N turnover rates, ratios of primary and benthic productivity 

to respiration, and consequent effects on energy and nutrient pathways for all the trophic food 

chain (Webster and Meyer, 1997), such as the main C sources for metazoan communities and C 
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and N sources for algae.  Catchment disturbance in SEQ, particularly the loss of riparian 

vegetation, is known to alter stream C metabolism by increasing relative rates of benthic 

primary production to respiration (Bunn et al., 1999).  Gully and channel erosion may cause a 

synergetic effect by also increasing relative rates of primary production to respiration, because 

the lability of C limits respiration and the consequent excess of mineralized N would be 

available to stream primary production.  These wider ecological implications of gully and 

channel erosion to stream structure and function should be explored further. 

Most strategies to reduce the impacts of erosion downstream focus on reducing 

sediment yield by preventing ongoing bank erosion and remobilization of in-stream bed 

material stores, and by increasing settling within gullies (Valentin et al., 2005; Olley et al., 

2009; Shellberg and Brooks, 2013).  Research undertaken in this thesis indicates that, with the 

retention of fine sediment, most of the N could be retained too, at least in catchments where N 

solubility in sediment is low.  However, the finding that tree litter is an important source of C 

indicates that litter retention should also be addressed when designing sediment retention 

mechanisms.  Several aspects of C and N retention in gullies and eroding streams deserve 

further research including the possible use of natural and created geomorphic structures, for 

example floodplains or inset wetlands for C and N retention and processing.  As part of this 

research it is crucial to explore the role of vegetation and litter type (tree, grasses, macrophytes) 

on maximizing C and N retention, N immobilization and denitrification and in the gully 

stabilization process.     

Research undertaken here supports and helps to explain previous research findings in 

SEQ waterways.  In studying fluxes of dissolved N between sediment and its overlying water in 

SEQ waterways, Abal et al. (2005) concluded that sediment in SEQ is not a major source or 

sink of nutrients as these fluxes are very low, and that most N that goes into SEQ waterways is 

bound to end up in river estuaries, Moreton Bay and the coastal ocean.  On the other hand, 

recent research in certain SEQ waterways (Kerr et al., 2011) has shown that most N is stored 

within sediments compared to other storage compartments (leaf litter, phytoplankton, 

macrophytes) in stream reaches (50% to 92% of all N stored) and that the amount stored could 

be more than double the wet season N load.   Even though most of the N in gully and channel 

eroding streams is exported in subsoil (particulate organic form), its mineralization rates and 

solubilities are very low.  In stream areas that facilitate fine sediment settling like floodplains, 

large amounts of particulate organic N could be retained.  In the absence of those geomorphic 

features, fine sediment and its associated C and N would most likely end in Moreton Bay and 

other coastal areas. 
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Implications of research findings to Moreton Bay estuaries and marine environment 

include the input of large quantities of particulate organic C and N associated with sediment 

during high-flow events.  Effects of sediment, C and N loads entering Moreton have been 

studied (Abal and Dennison, 1996; Udy and Dennison, 1997; Abal et al., 2005; McAlister, 

2007; Saeck, 2012), but focus has been mostly on the physical aspects of increased sediment 

loads and on the direct effects of increased mineral N loads.  Previous research has shown that a 

large fraction of terrestrial particulate organic matter, including organic N, may be lost from 

sediments before or after they are deposited in river deltas (Keil et al., 1997; Mayer et al., 1998; 

Blair and Aller, 2012), possibly releasing large amounts of C to the atmosphere as well as 

increasing the risk of eutrophication in estuaries and near-shore coastal areas (Chen and Borges, 

2009), where N is considered to be the limiting nutrient for primary production (Howarth and 

Marino, 2006).  This highlights the importance of additional research that focuses on 

understanding the fate of these particulate organic inputs in the estuaries and marine 

environment.   

There are a vast number of gully eroded hill slopes and valley floors in eastern Australia 

(Hughes and Prosser, 2012) to which these research results apply.  This would make gully and 

channel erosion a major N source in this region, even when compared with agricultural high-N 

producing areas of the world.  Catchment land cover distribution most likely has an important 

role in determining the relative importance of different sources to C and N export in catchments 

affected by gully and channel erosion.  Land cover type is known to have a major role in 

determining the susceptibility of the landscape to gully and channel erosion (Prosser and Slade, 

1994; Bartley et al., 2006), as well as in determining soil characteristics like C and N content 

and fractions (Jobbagy and Jackson, 2000; Jobbagy and Jackson, 2001) and consequently C and 

N export to stream ecosystems.  The role of land cover type in controlling C and N export and 

processing in streams affected by gully and channel erosion needs to be addressed.  Land cover 

would control exported organic matter quality by determining C and N sediment content, C and 

N soluble export, fractionation in organic/inorganic forms, potential mineralization, litter 

content and type, among others.  Understanding these relationships is crucial to the prediction of 

the effects of gully and channel erosion on stream biogeochemistry under different land 

management practices and to the discrimination of land use effects on water quality and C and 

N export in eroding catchments with combined land uses.  This would contribute to 

understanding and predicting the effects of erosion on stream C metabolism and on the 

availability of mineral N to stream primary productivity.  It would also add elements to the 

ongoing discussion of erosion being a source or a sink of C (Berhe et al., 2007; Van Oost et al., 

2007; Rumpel et al., 2013). 
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