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Abstract 

Surface runoff and sediment availability can increase after wildfire, potentially resulting 

in extreme erosion, flash floods and debris flows. These hydro-geomorphic events 

supply large amounts of sediment to streams and can represent a hazard to water supply 

systems, infrastructure and communities. This thesis combines observations, 

measurements and models to quantify and represent the post-fire processes that result in 

hazardous catchment responses. The processes that constitute risk to water quality and 

infrastructure were identified through field surveys of burnt catchments in the eastern 

upland of Victoria (southeast Australia) where impacts had occurred. The survey 

established that the majority of high-impact events after wildfire were linked to runoff-

generated debris flows, a process previously undocumented in the region. The debris 

flows were initiated through progressive sediment bulking, and occurred in response to 

short duration and high intensity rainfall events, within one year after wildfire. Debris 

flows were confined to dry sclerophyll forests that had been subject to crown fire. Wet 

forest types displayed comparatively subdued responses, a pattern attributed to the 

relatively high infiltration capacity in these systems. Infiltration and sediment 

availability were isolated as the key hillslope components that were sensitive to burning 

and which strongly influenced catchment processes and debris flow susceptibility. The 

aims of subsequent work were therefore to develop models of infiltration and sediment 

availability as controls on hillslope response and use these to quantify changes in key 

parameters during recovery from wildfire. Infiltration was modelled as function of 

surface storage (H), matrix flow (Kmat) and macropore flow (Kmac). Macropore flow was 

found to be the main parameter driving the temporal trends in infiltration capacity 

during recovery from wildfire. Water repellency was ubiquitous in headwater 

recovering from wildfire, although the strength diminished during prolonged wet 

weather conditions, a dependency which could be modelled as a function of monthly 

weather patterns. Sediment availability was highly variable with soil depth, a feature 

which contrasts with assumptions underlying commonly used erosion models, typically 

developed in agricultural systems. The majority of erosion following wildfire was found 

to occur in a shallow layer of highly erodible material which could be represented 

through dnc, a parameter describing the depth of non-cohesive soil. This depth of 

available soil decreased exponentially during recovery.  The models of sediment 

availability and infiltration were effective at capturing both spatial variability and 

recovery processes and form a basis on which to model debris flow initiation and 

magnitude in variable landscapes during recovery from wildfire.    
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Preface 

The thesis consists of four data chapters with an introduction and synthesis at either end. 

The first two data chapters are based on field surveys that were conducted 

opportunistically at different stages during the candidature. The data generated during 

the first set of surveys are reported in Chapter 2 and used to provide evidence of debris 

flow occurrence after wildfire in southeast Australia. This chapter is now published in 

Geomorphology and co-authored by my supervisors - Dr. Gary Sheridan, Dr Hugh 

Smith and Associate Professor Patrick Lane - who provided ideas and guidance along 

the way. Chapter 4 is written as a journal article and a manuscript has been submitted 

for publication in Journal of Hydrology, also with supervisors as co-authors. Chapter 5 

is currently under review in the Journal of Geophysical Research. This manuscript 

draws partly on a dataset collected during a collaborative project with John Moody at 

the US Geological Survey, who is also a co-author on the manuscript. The data 

produced during this collaborative component was first published as a USGS scientific 

investigations report with John Moody and I as first and second author respectively.  
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Chapter 1: Introduction 

 

1.1 Wildfire and catchment processes 

Wildfire impacts on the hydrological and geomorphic processes in forested catchments 

through the removal of vegetation and changes to soil properties (DeBano et al. 2005; 

Ice et al. 2004; Moody and Martin 2009b; Shakesby and Doerr 2006). Impacts can 

result in increased susceptibility to erosion and increased probability of floods, debris 

flows and landslides (Cannon 2001; Lane et al. 2006b; Moody and Martin 2001b; 

Wondzell and King 2003). The responses have been attributed to a number of factors 

relating to both erodibility of source material and the hydrological mechanisms by 

which material is mobilized and redistributed (Shakesby and Doerr 2006).  

 

The effect of fire on hillslope hydrology is related to both infiltration and runoff 

processes. Low vegetation cover, lack of woody debris and hydraulic smoothing by 

eroded ash, can result in low rainfall interception and high runoff velocity (Lavee et al. 

1995). At the same time infiltration is reduced through fire induced water repellency 

(Doerr et al. 2004; Doerr et al. 2006), breakdown of soil structure (Giovannini and 

Lucchesi 1983; Neary et al. 1999) and sealing of macropores by ash and eroded soil 

(Gabet and Sternberg 2008; Leavesley et al. 1989; Onda et al. 2008). The interacting 

and synergistic effects of these factors generate a system with properties and processes 

that deviate from what is typically observed in the unburned state. During recovery to 

pre-fire conditions, the temporal changes in these properties result in a transitional 

system where properties and dominant processes are likely to change markedly with 

time (Moody and Martin 2009b).  

 

Empirical studies on runoff and erosion response in burned catchments show that there 

is large variability in how catchments respond to wildfire (Moody and Martin 2009a; 

Sheridan et al. 2007b). This variability can be attributed to three main factors.   

 

i. First, there are large functional differences between catchments in different 

geological settings and forest ecosystems , both at local (<5km), regional 

(500km) and global scales (Gartner et al. 2008; Lane et al. 2006b; Larsen et al. 

2006; Moody et al. 2008a; Tomkins et al. 2008). Site specific characteristics 

such as geology, topography, vegetation type, soil type and structure result in 
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different levels of sensitivity to burn impacts and variability in the overall 

susceptibility to erosion. The result is i) variation in the magnitude and type of 

response to rainfall, and ii) different recovery rates (Lane et al. 2011; Larsen et 

al. 2006; Moody and Martin 2001b; Shakesby and Doerr 2006; Wondzell and 

King 2003).   

ii. Second, post-fire catchment responses are highly dependent on local rainfall 

regimes and associated random variability in post-fire rainfall events during the 

recovery period known as the „window of disturbance‟ (Figure 1.1) 

(Istanbulluoglu et al. 2004; Moody and Martin 2009a; Prosser and Williams 

1998; Smith et al. 2009).  

iii. Third, each fire event represents a different impact in terms of the size (area), 

severity and pattern of burn with large impactions for how catchment processes 

are impacted (Cawson et al. 2012; Hyde et al. 2007; Moody et al. 2008b). 

 

The interacting effects of intrinsic catchment properties, fire severity and randomness in 

rainfall combine to generate both deterministic and random variability in the catchment 

responses to wildfire. Understanding how these sources of variability operate in 

different landscapes is important when modelling hydro- geomorphic responses and 

their potential impacts on water resources and other assets (Benda and Dunne 1997; 

Cannon et al. 2010; Gartner et al. 2008; Istanbulluoglu et al. 2004; Lane et al. 2011; 

Moody 2012; Robichaud et al. 2007; Smith et al. 2011c).  
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Figure 1.1 Conceptual diagram showing the interacting effects of “time since fire” and 

magnitude of rainfall events on catchment response to wildfire. As time since fire 

progresses, the rainfall event required to trigger a given catchment response increases. A 

catchment response of 1 is an extreme case and represents some maximum response 

potential of particular catchment.  

 

1.2 Predicting post-fire erosion – current models 

1.2.1 Purpose of prediction  

Predictions of post-fire erosion help inform land managers of the impacts that wildfire 

may have on catchment processes (Robichaud and Ashmun 2012). Predictive tools can 

be used to: 

i. Prioritize resources in post-fire rehabilitation programmes. 

ii. Map hydrological hazards and high risk areas. 

iii. Quantify the magnitude of risk in water supply catchments. 

Different management questions require different predictions. Sometimes a relative 

measure of erosion susceptibility provides sufficient information to support decision 

making. A relative measure of susceptibility may be sufficient for instance when a 

limited amount of resources for post-fire rehabilitation are to be prioritised across a 

large burnt area  (e.g. Myronidis et al. 2010). In other scenarios, a land manager may 

want to compare the effectiveness of one rehabilitation strategy versus another, 
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demanding more accurate models of actual erosion rates including the underlying 

processes (e.g. Robichaud et al. 2007). In hazard predictions the modelling is targeted 

on specific assets, requiring information on magnitude and frequency of response, but 

not necessarily the processes driving the response (e.g. Cannon et al. 2010). The 

following subsections provide a brief overview of some modelling tools that have been 

used in by to support land management decisions in relation to hydrologic and 

geomorphic impacts from wildfire. 

 

1.2.2 Annual hillslope erosion.  

The Revised Universal Soil Loss Equation (RUSLE) model (Renard et al. 1991) was 

designed to predict annual soil loss (Mg ha
-1 

y
-1

) from hillslopes due to erosion from 

rainfall and runoff. It was originally developed for agricultural land but its use is now 

widespread across different land-uses and natural environments including burnt 

landscapes in different fire prone regions (Fernández et al. 2010; Larsen and 

MacDonald 2007; Miller et al. 2003b; Myronidis et al. 2010). The model estimates 

mean annual soil loss as the product of rainfall erosivity, soil erodibility, and non-

dimensional factors to account for topography, land-use and crop management. In 

absolute terms the hazard reflects an average response and not designed to consider the 

magnitude of event-based hazards. In terms of initiating events it is therefore not suited 

for determining the magnitude of risk in systems where sediment concentration is a risk 

factor. 

 

RUSLE  represents some basic topographic and soil information and is therefore 

effective at distinguishing between areas of high and low risk, despite the lack of 

accuracy in absolute terms. As such it can be a useful tool for prioritizing post-fire 

rehabilitation efforts (Fernández et al. 2010; Myronidis et al. 2010) and assessing the 

effectiveness of erosion control strategies (Miller et al. 2003b). RUSLE and other 

similar models are readily coupled with GIS and remotely sensed data on fire severity to 

produce landscape scale assessments of post-fire erosion hazard (Chafer 2008; Miller et 

al. 2003b; Sheridan et al. 2009; Vafeidis et al. 2007). These types of assessments can 

produce a realistic representation of the relative erosion hazard across burn areas. 

 

1.2.3 Event based hillslope erosion.  

The Erosion Risk Management Tool (ERMiT) is a distributed and event-based 

hydrological model which uses the Water Erosion Prediction Project (WEPP) to model 
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runoff and erosion response for individual storms after a fire (Elliot et al. 2001; 

Flanagan et al. 2007; Robichaud et al. 2007). WEPP was initially developed in an 

agricultural context but has later been developed further to better represent systems 

which are more variable in time and space (Elliot et al. 2001). ERMiT was specifically 

designed to help land managers assess the risk of damaging runoff and erosion events 

after fire without and without mitigation treatments such as seeding, straw mulch and 

erosion barriers. The model is more realistic than RUSLE in its representation of fire 

impact on erosion processes which also means that more detailed parameters are 

required to parameterise it (Larsen and MacDonald 2007). 

 

In ERMiT the WEPP structure was modified to account for parameters which are 

influenced by high levels of spatial variability and the transient nature of fire-effects 

(Elliot et al. 2001). Fire effects on soil properties were modelled as three burn severity 

classes with parameters obtained through rainfall simulations and overland flow 

experiments (Robichaud et al. 2007; Robichaud et al. 2010). Random spatial variability 

due to variable fire-effects was introduced by simulating the response while varying the 

spatial configurations of homogenous tiles or overland flow elements along the 

hillslope. Recovery was incorporated through yearly adjustments to the soil parameters 

and the configuration of burn severity overland flow elements. 

 

ERMiT combines event-based WEPP response models with storm outputs from a daily 

climate generator (CLINGEN) to simulate the full range of potential post-fire erosion 

outcomes for a sequence of yearly post-fire increments. This means that the predictions 

capture the event-based nature of the hazard whilst incorporating the variability due to 

random rainfall events. The distribution of possible erosion outcomes in the post-fire 

period were presented as erosion exceedance probabilities for events within individual 

years during the recovery from fire disturbance.  

 

1.2.4 Event based channel and gully erosion.  

Fire-Enhanced Runoff and Gully Initiation Model (FERGI) combines a stochastic 

climate generator and a deterministic geomorphology model to estimate the probability 

of post-fire rainfall excess, runoff generation and gully initiation position in catchments 

with and without contour felled logged barriers (Istanbulluoglu et al. 2003). The 

coupling of response model with a random rainfall component is similar to ERMiT 

despite the processes and scale is being different. FERGI calculates the water balance 
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for the wettable soil/ash layer overlying water repellent soils incorporating the depth of 

wettable soil, infiltration, precipitation, evaporation, runoff and stochastic climate 

inputs. It routes runoff along homogenous rectangular hillslope units using the 

kinematic wave equation. 

 

The outputs from FERGI include hillslope runoff (m
3
 s

-1
m

-1
) and gully length (m) and 

the effectiveness of log barriers in preventing gully erosion as a function of storm return 

periods. The log barrier treatment is represented in the model by adjustments to the 

water storage potential on the hillslope and the fractional area that is water repellent. 

The model does not provide direct estimates of erosion but assumes that once a gully 

has been initiated, the sediment transport rate is at transport capacity (Istanbulluoglu et 

al. 2003). 

 

1.2.5 Event based debris flow hazard model 

Debris flows contain high concentrations of sediment resulting in rheology and flow 

processes that are different from stream flow and clear-water floods (Julien and Lan 

1991). Debris flows represent an extreme post-fire catchment response and pose a threat 

through direct impact on people and infrastructure (Cannon and Gartner 2005). The 

degree of damage that can be caused is linked to the area that is inundated or impacted 

by the debris flow at the catchment outlet and on the fan. The large amount of sediment 

generated during debris flow events also means that downstream impacts on water 

quality can be large (Smith et al. 2011c).  

 

Cannon et al. (2010) at the US Geological Surveys (USGS) describe a model of debris 

flow hazard by predicting the probability of occurrence as well as the magnitude of 

debris flow events from burned areas. Using volume estimates from debris flows in 55 

recently burned catchments in the intermountain western US (Utah, Colorado and 

California), Gartner et al. (2008) fitted a multiple linear regression model for the log-

transformed mean volume (m
3
) of material at the catchment outlet using information on 

the area with high slopes > 30%, the area which was burned at high or moderate 

severity and the total storm rainfall. The probability of debris flow occurrence (%) was 

determined by fitting binary occurrence data with a logistic regression model using 

information on topography, burn impact, rainfall intensity and soil properties. The 

average rainfall intensity parameter in the model was linked to design storm by 

extracting intensity values for <1hr storms with recurrence intervals between 2 and 10 
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years. This debris flow model is used routinely by the USGS to characterise debris flow 

hazards after wildfire in the western US. 

 

1.2.6 Current models- summary 

The modelling tools outlined above have been developed to address different 

management objectives and therefore vary in terms of outputs and process 

representation. A major distinction between models such as RUSLE and ERMiT and the 

USGS debris flow models is temporal scale at which erosion models. RUSLE is 

designed to provide measures of the mean annual load from burnt hillslopes while 

ERMiT and the USGS debris flow model characterise erosion during individual events. 

The different timescales of these models can have large implications for how outputs 

can be used to inform land and water managers on the hazards associated with post-fire 

erosion. In water supply systems for instance the main concern is often linked to 

concentration of constituents in supply reservoirs and its effects in treatability (Emelko 

2011; Smith et al. 2011c). The probability of exceeding these thresholds requires a 

model which predicts impacts on event-based timescales.  

 

1.3 Melbourne Water – Wildfire and Water Security research project 

The negative impacts on water quality resulting from wildfire disturbance have been 

highlighted in previous research (Bisson et al. 2003; Lane et al. 2006b; Rhoades et al. 

2011; Smith et al. 2011a; Smith et al. 2011c; Wilkinson et al. 2007). Increased siltation, 

turbidity, and elevated nutrient levels as well as the introduction of toxic chemicals 

released during burning of biomass, can have implications for aquatic ecosystems and 

water supply (Bisson et al. 2003; Emelko 2011; Smith et al. 2011c) (see Appendix A 

for photos of rivers in Victoria, southeast Australia, that were impacted by post-fire 

erosion after wildfires in 2007 and 2009) The processes, impacts and challenges 

regarding wildfire and water quality impacts are addressed specifically in a series of 

conference proceeding from the International Association of Hydrological Sciences in 

2012 (Stone et al. 2012). 

 

Water supply catchments in fire-prone landscapes are at risk of contamination due to 

post-fire erosion (Emelko 2011; Smith et al. 2011c; White et al. 2006). In Melbourne in 

southeast Australia (population ~ 5 million), the water supply system (managed by 

Melbourne Water) is based primarily on water from forested catchments. Large 

wildfires in the region in the decade leading up to 2010 highlighted a strong need to 
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develop a quantitative basis on which to evaluate the actual water quality risk associated 

with post-fire erosion in Melbourne Water supply catchments. The need for research in 

this area was reinforced by the large impacts on Canberra‟s water supply system after 

wildfire in 2003 (Wasson et al. 2003; White et al. 2006). 

 

In 2009 Melbourne Water and The University of Melbourne therefore initiated a 

research programme aiming to develop and parameterise a probabilistic model of the 

frequency and magnitude of water quality impacts due to wildfire in critical Melbourne 

Water supply catchments. The modelling approach was based on three key areas of 

research: 

i. Conceptual development of a probabilistic wildfire pollutant risk model 

ii. Conceptual development of a post-fire pollutant risk model 

iii. Parameter estimation for erosion and nutrient models in Melbourne Water 

catchments 

The aim was to develop a model which integrates a probabilistic wildfire component 

with post-fire hydro-geomorphic models that account for the key erosion processes that 

constitute risk to water quality. 

 

1.4 Extreme erosion events in burnt catchments 

The majority of sediment transport and hydrological risk associated with post-fire 

hydrology is often embedded in large and relatively infrequent erosion events (Cannon 

and Gartner 2005; Istanbulluoglu et al. 2004; Smith et al. 2011c) which in upland 

catchments can occur as flash floods and debris flows (Cannon 2001; Jordan et al. 2004; 

Leitch et al. 1984; Moody 2012; Wondzell and King 2003). These types of events are 

difficult to capture in monitoring studies due to logistical constraints and the relatively 

infrequent occurrence, hence the opportunistic nature of research into these processes 

(Cannon 2001; Gartner et al. 2008; Jordan et al. 2004; Meyer et al. 2001; Wohl and 

Pearthree 1991).  

 

Runoff generated debris flows in particular have been identified as an important erosion 

process leading to high magnitude events following wildfire (Cannon et al. 2001a; 

Cannon et al. 2008; Cannon et al. 2001b; Elliott et al. 2004; Gabet and Bookter 2008; 

García-Ruiz et al. 2012; Jordan et al. 2004). This type of debris flows are initiated by 

high intensity rainfall events resulting in large volumes of runoff and progressive 

sediment bulking. This is a process where runoff develops into debris flows due to the 
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rapid accumulation of sediment in the steep upper slopes of a catchment (Figure 1.2). 

The erosion response to large wildfires in Victoria and Australian Capital Territory in 

2003 and 2007 indicate that this process can represent an important source of risk to 

water quality (Smith et al. 2011c; Worthy and Wasson 2004), yet very little is known 

about the processes and controls that determine their frequency and magnitude.   

 

 

 

Figure 1.2 Conceptual representation of overland flow generation and erosion and in 

burned and unburnt systems. In an unburnt hillslope infiltration occurs readily through 

preferential pathways. Overland flow is transient and occurs within the litter-soil surface 

interface. Erosion rates by overland flow are very low.  In the burnt state, hydrophobic 

soil is often overlaid by wettable and unconsolidated soil and ash. Overland flow is 

generated when high intensity rainfall exceeds the storage capacity of ash, topsoil and 

micro-depressions. 

 

1.5 Research question 

The lack of research on high magnitude erosion events in southeast Australia is a major 

shortcoming in the current capacity of land managers to evaluate the risks associated 

with post-fire erosion. Large events do occur after fire in the southeast Australian 

region, but it is unclear how they occur, where they occur and how wildfire may act as a 

control in the underlying processes driving the events. The overall objective of this 

thesis is to address some of these knowledge gaps. The study uses a combination of 

erosion surveys and intensive measurements of hillslope properties in order to identify 

the key hydrological processes involved in debris flow initiation and develop 
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meaningful ways of quantifying the relevant parameters during the recovery to pre-fire 

condition. This will help link variation in observed responses with the soil properties 

that drive the variability in response across variable landscapes. While the work focuses 

on sites in the eastern uplands of Victoria, the outcomes of the research should provide 

generic knowledge relevant to processes and responses in other systems. More 

specifically the aims were to: 

 

i. Identify the dominant processes leading to post-fire debris flows and how these 

processes operate across variable landscapes. 

 

ii. Quantify the magnitude of erosion and develop a model to predict the initiation 

and magnitude of post-fire debris flows. 

 

iii. Measure changes in sediment availability and infiltration during recovery and 

use these to explore how hillslope controls change in time and space in 

landscapes with variable soil properties. 

 

The thesis consists of four main data chapters. The first data chapter (Chapter 2) 

describes the regional setting and the processes leading to observed debris flow 

responses after wildfire. Chapter 3 provides an in-depth analysis of source contributions 

and magnitude of erosion during debris flow events. Chapter 4 is about infiltration in 

burnt soils and the role of macropore flow, ash and water repellency as controls on 

runoff generation. Chapter 5 is concerned with sediment availability on burnt hillslopes 

and aims to develop new ways of quantifying fire-effects on erodibility. The last chapter 

(Chapter 6) is a synthesis in which hillslope parameters are linked to debris flow 

processes as a way to explore the effects of landscape variability and recovery on debris 

flow initiation.  
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Chapter 2: Evidence of debris flow occurrence after wildfire in upland 

catchments of south-east Australia 

Paper published in Geomorphology: Nyman, P., G. J. Sheridan, H. G. Smith, and P. N. J. Lane (2011), 

Evidence of debris flow occurrence after wildfire in upland catchments of south-east Australia, 

Geomorphology, 125(3), 383-401. 

 

Abstract 

Numerous reports of “flash floods”, “mud torrents” and “landslides” in burnt landscapes 

of south-east Australia were only recently linked to debris flows and recognised as a 

significant process that warrant more detailed investigation. This paper provides a 

systematic documentation of high-magnitude erosion events after wildfire in south-east 

Australia, focusing on small (<5 km
2
), upland catchments in eastern Victoria that were 

burnt by wildfire between 2003 and 2009. The aims of the study were to i) collect and 

show evidence of debris flow occurrence after wildfire; ii) quantify erosion rates from 

debris flows and; iii) identify rainfall thresholds and key hydrological properties. Runoff 

generated debris flows were the main process underlying 13 out of the 16 recorded 

high-magnitude erosion events.  These occurred in dry eucalypt forests burnt at high or 

very high severity in steep headwater catchments throughout the eastern uplands of 

Victoria.  The debris flows were triggered by intense, short duration rainfall events (35 

mm h 
-1 

< I30< 59 mm h
-1

) with annual exceedance probability in the order of 20%. This 

is the first paper to document the occurrence of post-fire runoff generated debris flows 

in Australia, so the discussion draws on literature from the western USA, where a large 

body of research has been dedicated to evaluating the risk posed by post-fire debris 

flows and their role in landscape processes. Typical features common to both systems 

include low infiltration capacity of burnt catchments; widespread sheet erosion and 

levee lined rills on steep upper hillslopes; and severe channel erosion initiated in 

response to convergent flow in previously un-scoured drainage lines. The depth of sheet 

erosion on surveyed slopes in the upper catchments (18.4 mm ± 2.7 SE. to 4.6 mm ± 

0.96 SE) indicates that hillslope material provides an important source of sediment. The 

average channel entrainment rate of three debris flows ranged from 0.6 m
3
 m

-1 
to

 
1.4 m

3 

m
-1

. Runoff generated debris flows were not recorded in wet or damp forest types where 

infiltration rates are higher, suggesting that this process is less likely to operate in these 

forest environments.  The outcome of the study indicates that runoff generated debris 

flows are an important process to be considered during post-fire risk assessment of 

hydrological hazards.  
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2.1 Introduction  

South-eastern Australia was affected by several large regional wildfires in the period 

2003-2009. The burnt areas (~4 million hectares) encompass a range of climates, 

geologic units and forest types that collectively make up the Great Dividing Range of 

south-east Australia. While the region is naturally prone to wildfire, the years from 2003 

to 2009 were associated with an increase in wildfire activity due to drought conditions 

with above average temperatures and below average rainfall. The increase in fire 

activity instigated several field based research projects aimed at quantifying the 

hydrological effects of fire and the associated impacts on erosion processes and water 

quality (eg. Lane et al. 2006b; Tomkins et al. 2008). Earlier post-fire erosion research 

from the region (Brown 1972; Chessman 1986; Leitch et al. 1984; Prosser and Williams 

1998) combined with these studies from recently burned areas (Blake et al. 2009; Lane 

et al. 2006b; Sheridan et al. 2007b; Smith and Dragovich 2008; Tomkins et al. 2008) 

show clearly that the hydro-geomorphic response of burned upland regions in south-east 

Australia is highly variable and dependent on a range of factors including i) the fire 

severity, ii) the timing and properties of post-fire rainfall events, as well as iii) the 

inherent geomorphic and hydrological characteristics of fire affected catchments. It is 

noteworthy that much of the research from the region has focused on study sites in 

gauged catchments (Brown 1972; Lane et al. 2006b; Tomkins et al. 2008; White et al. 

2006) where catchment monitoring has been coupled with experiments and process 

based research (Blake et al. 2009; Doerr et al. 2006; Sheridan et al. 2007a) to provide 

valuable insights into the processes and controls that influence the post-fire erosion 

responses in different systems within the region. However, the limitation in conducting 

research in a fixed and predetermined geographic setting is the low likelihood of 

capturing data on high magnitude or extreme events.  

 

While high-magnitude erosion events are relatively infrequent, they are important both 

in a geomorphic context and in a water supply and management context where the aim 

could be to predict whether a value of interest will exceed a critical threshold (Kantz et 

al. 2006). In the western United States, wildfire and high-magnitude erosion events are 

closely linked, and there is body of ongoing research that focuses on the underlying 

hydrological processes (Cannon et al. 2001b; Gabet and Sternberg 2008; Jordan et al. 

2004; Moody et al. 2008a; Wells 1987; Wondzell and King 2003), the magnitude of 

events (Cannon et al. 2008; Santi et al. 2008), the risk of occurrence (Cannon et al. 

2010; Istanbulluoglu et al. 2004) and their significance for longer-term erosion rates and 
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landform development (Jackson and Roering 2009; Kirchner et al. 2001; Meyer et al. 

1992; Wohl and Pearthree 1991). Studies indicate that the occurrence of high magnitude 

and fire related events such as landslides and debris flows is influenced by both 

landscape heterogeneity and stochastic rainfall, both of which contribute towards 

“episodic patches of activity” (Miller et al. 2003a). When attempting to predict 

occurrence and magnitude of high magnitude erosion events such as debris flows across 

the landscape, it is therefore important to clearly distinguish between randomness in 

rainfall as well as elements of landscape heterogeneity (e.g. topography, vegetation and 

soil) as sources of spatial variability (or patchiness) in the observed erosion response.  

 

The literature reveals only a few studies that have focused specifically on aspects 

relating to high-magnitude erosion events following fire in south-east Australia. In early 

work, Brown (1972) showed that peak discharge in a recently burnt catchment in the 

Snowy Mountains, New South Wales,  was ~30 times higher than the unburnt 

catchment given two comparable rainfall events. The highest observed sediment 

concentration (143 000 mg l
-1

) after wildfire increased by up to three orders of 

magnitude relative to the pre-fire data. Leitch et al. (1984) showed how an intense 

convective storm following a wildfire near Warburton, Victoria 1983 triggered a “mud 

torrent” from severe erosion where up to 22 t h
-1

 of material was removed from the 

burnt hillslope. More recently following wildfires in 2003 and 2007, debris flows were 

found to be the main source of sediment leading to water quality issues in both the 

Buckland River and the Upper Goulburn River, in northeast and central regions of 

Victoria (Ferguson et al. 2004; Lyon and O'Connor 2008; Tennant and Turner 2009; 

Tryhorn et al. 2008). Large erosion events with significant water quality impacts also 

occurred in the Cotter River catchments near Canberra after intense wildfire in 2003 

(Worthy 2006). While they were not specifically identified as debris flows, the images 

of deposits and scoured channels reveal a number of characteristics that are typical of 

debris flow processes.  

 

There are also a number of newspaper reports from Victoria following wildfires in 

2003, 2007 and 2009 that indicate large erosion events do occur with major impacts: 

-“A flash flood swept their 4WD off a bridge into a creek…a fire fighter was washed 

away in a two-metre wall of water” (Berry and Bradley 2003) 
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- “A severe storm has brought flash flooding to the Gippsland town of Licola, knocking 

a house off its foundations and damaging seven others, weeks after bushfire” (Houghton 

2007) 

-“Road left covered in sludge…25mm of rain fell in about 15 minutes….caused a 

torrent of water and debris to rush down from the fire affected areas” (Dulhunty 2009). 

(see Appendix B, Figure 1 to 4, for examples of some of these events): 

 

These reports and the limited available literature show that that the impacts from fire-

related erosion processes on water resources, infrastructure and humans can often be 

linked to discrete high magnitude events. However, there seems to be a substantial 

knowledge gap when it comes to understanding the circumstances under which these 

„large‟ erosion events occur after wildfire in the south-east Australian region, the 

processes involved, the volumes of material exported and the associated risks to water 

quality and other assets. This paper summarises recent efforts to document and 

investigate the occurrence of high-magnitude erosion events after wildfire in south-east 

Australia and aims to i) collect and show evidence of debris flow occurrence after 

wildfire in south-east Australia; ii) identify rainfall thresholds and key hydrological 

properties; and iii) present data on erosion rates from selected debris flows. The work 

focuses on small, first to third order upland catchments within Victoria that were burnt 

by wildfires in 2003, 2006/07 and 2009. 

 

2.2 Regional Setting  

2.2.1 Recent wildfires 

In Victoria alone, nearly three million hectares of mostly forested public land were 

burnt by three large wildfire events between 2002 and 2009 (Table 2.1). The Eastern 

Victorian Alpine Fires of 2003 (~1 million Ha) and the Great Divide Fire Complex of 

2006/07 (~1 million Ha) were caused by lightning strikes and both burnt through 

mountainous forested landscape over the course of two months. The intensity of the 

fires ranged from low to very high (Department of Sustainability and Environment 

2009) with the variability in intensity known to be driven by local topography, fuel 

loads and the climatic conditions during the passage of the fire fronts (Bradstock et al. 

2010). During the Black Saturday bushfires of February 2009 (~0.5 million Ha), four 

separate wildfires burnt through central, eastern and north-eastern parts of Victoria. 

Drought conditions, strong winds (> 100 km h
-1

) and temperatures exceeding 40 ˚C 
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resulted in extremely high fire intensity (> 70 000 kW m
-1

) on 7
th

 February 2009 during 

which more than 50% of the total area was burnt (Teague et al. 2010).  

 

Table 2.1 List of regional wildfires in forested catchments of south east Australia from 

2000 to 2009 and the associated post-fire erosion research that has been published in the 

scientific literature 

Date & Location Cause Burn Area Peer-reviewed  research publications 

    

New South Wales,  

Dec - Jan 2001/02  

Black Christmas Bushfires  

Arson & 

Lightning 

6500 km2  Nattai Catchments 

(Blake et al. 2009; Doerr et al. 2004; Tomkins et al. 

2008; Tomkins et al. 2007) 

 

Victoria/New South Wales  

Jan - Feb 2003  

Alpine Fires 

Lightning 15000 km2   Kiewa Catchments 

(Lane et al. 2006b; Lane et al. 2008; Noske et al. 

2010; Nyman et al. 2010; Sheridan et al. 2007a) 

Snowy Mountains 

 (Smith and Dragovich 2008) 

 

Australian Capital Territory, 

Jan 2003  

Canberra Bushfires 

Lightning 1650 km2  Cotter Catchments 

(White et al. 2006) 

 

Victoria,  

Dec - Jan 2006/07 

Great Divide Fire Complex 

 

Lightning 

10500 km2  - 

 

Victoria, 

Feb 2009  

Black Saturday 

 

Powerlines & 

Arson 

 

4500 km2  

 

- 

 

2.2.2 Geology and landform 

The wildfires burned through the east Victorian uplands which forms part of the Great 

Dividing Range, and described by Jenkins (1991) as a belt of “ridges, plateaus and 

corridors”. The range was formed during a series of uplifts and mountain building 

phases in the middle Palaeozoic. Today, the elevation ranges from 200 meters above sea 

level (m.s.l) in foothills to 2000 m.s.l in the alpine regions along ridges and on upland 

plateaus. A large majority of the bedrock is of Palaeozoic origin and consists of marine 

sedimentary rocks (mudstone, shales and sandstone) which in the eastern part of the 

state have been formed into a belt of metamorphic rocks (schist and gneisses). There is a 

distinct region of fluvial sedimentary rocks in the central part of the eastern uplands 

(mudstone, sandstone and conglomerates). Acid plutonic outcrops (granite and 

granodiorite) occur in patches throughout the region. Dissected uplands is the main 
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landform which is typically characterised by mountains with long steep slopes, narrow 

valleys and ridges and spurs with narrow crests (Jenkins 1991). Upland plateaus and 

high plains are found in regions underlain by more resistant rock formations and often 

associated with granitic or volcanic geologies. Headwater catchments ranging in size 

from 20 Ha to 400 Ha are steep with a relative relief ranging from 200m to 800m. 

 

2.2.3 Climate  

Victoria has a temperate Mediterranean type climate with hot, dry summers and cool, 

wet winters. The region experiences large annual variability in temperature and rainfall 

due to ENSO (El Nino-Southern Oscillation) effects and positive Indian Ocean Dipole 

(pIOD) events both of which have been linked to the recent drought in Victoria and the 

increase in wildfire activity (Cai et al. 2009). In Melbourne on the coast, the January 

(summer) and July (winter) average maximum temperatures are 25.8 ˚C and 13.4˚C, 

respectively. Summer temperatures are typically 2 to 4 degrees hotter in inland regions. 

At Falls Creek, northeast Victoria (1765 m.s.l.) the average maximum temperatures are 

17.6 ˚C and -1.1˚C for January and July, respectively. The average annual precipitation 

in the eastern uplands ranges from 600 mm to 2500 mm. The majority of precipitation 

in Victoria is generated from cold fronts during winter (May – September) when 

easterly moving continental high pressure systems are interspersed with easterly or 

north-easterly moving low pressure systems that originate in the southern ocean. When 

the moist air masses reach the central and eastern uplands, the mountainous terrain and 

the prevailing north easterly moving pressure systems result in high variability in 

precipitation across short geographic distances.  

 

In general, precipitation increases with altitude and tends to be higher on the south and 

south westerly slopes of the dividing ranges. Pronounced rain shadow effects are 

common on north and easterly facing slopes. In winter, precipitation often falls as snow 

at elevations greater than 1200m. The eastern part of the state (East Gippsland) is less 

influenced by the south-westerly moving air masses and instead receives rainfall from 

large easterly moving low pressure systems that form off the south east coast of 

Australia. Summer rainfall (December – March) is less frequent but often occurs as high 

intensity storms due to strong convection and high moisture content of warm air. 

Remnant tropical low pressure systems can occasionally affect Victorian weather 

patterns in summer by supplying large masses of warm and moist air from the north, 

which can potentially result in heavy and widespread rainfall. 
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2.2.5 Vegetation and wildfire 

The eastern Victorian upland region encompasses a wide range of Eucalyptus 

dominated forest types which vary greatly in structure depending on the interplay 

between spatial variability in climate, topography and fire. The Ecological Vegetation 

Class (EVC) is widely used as landscape scale classification scheme for vegetation 

types in Victoria. The scheme, developed by the Victorian Department of Sustainability 

and Environment (DSE), is available as a state-wide dataset for use in a geographic 

information system (GIS). The distribution of EVC‟s across a landscape is largely 

driven by variability in effective rainfall (precipitation minus evaporation) and in this 

paper we consider three broad categories: dry, damp and wet forests (Table 2.2).  The 

EVC is a useful indicator of the effects of aspect, elevation, and rainfall patterns on the 

distribution of vegetation structure and associated soil types, with implications for 

examining landscape-scale variability in soil hydrological properties under different 

moisture regimes. 

 

Table 2.2 The structure and distribution of different Ecological Vegetation Classes 

(EVC) in the eastern uplands of Victoria. 

Rainfall 

 

(mm) 

Ecological 

Vegetation Class 

(EVC) 

Vegetation 

Structure 

(Specht 1972) 

Tree 

height 

(m) 

Tree 

density 

(stems/ha) 

Canopy 

cover 

(%) 

Ground 

cover 

(%) 

Area
1
 

 

(%) 

200-1000 

Shrubby dry forest 

Heathy dry forest 

Grassy dry forest 

Open forest <30 ~20 20-40 50-80 43 

 

800-1200 

 

Damp forest 

Damp montane forest 
Tall open forest 30-50 ~20 30-50 100 15 

>1200 
Wet forest 

Wet montane forest 
Tall open forest 75-100 20-50 40-80 100 7 

1The area (in percent) occupied by the respective EVC groupings at elevation above 200 m in the forested region of the east 

Victorian uplands (~4.4 million Ha). 

 

In broad terms, the vegetation at the wet end of the spectrum (annual rainfall > 1200 

mm yr
-1

) in sheltered valleys and on southerly aspects at elevations between 200 and 

900 m.s.l. is dominated by pure stands of tall Mountain ash forest (Eucalyptus regnans).  

Montane tall open Alpine ash (E. delegatensis) forests also fall in the wet forest 

category and dominate at higher elevations from 900 to 1500 m.s.l., above which the 

vegetation shifts towards sub-alpine low open forest. The understorey in wet forest is 
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dense and consists of smaller trees, dense shrubs and ferns with grasses becoming 

increasingly dominant at higher elevations. The other end of the spectrum (600 mm yr
-1 

< annual rainfall < 800 mm yr
-1

) at moderate elevations (200-1000 m.s.l) is dominated 

by dry open forest consisting of various combinations of Broad-leaved Peppermint 

(E.dives), stringybark (E. macrorhyncha) and box-type eucalypts (e.g. E. 

polyanthemos). The understorey is generally of an open structure and dominated by 

shrubs in moist areas and graminoids in drier areas on ridges and steep northerly facing 

slopes. For intermediate rainfall zones (800 mm yr
-1 

< annual rainfall < 1200) the 

vegetation is strongly affected by aspect. On northerly facing slopes the vegetation 

resembles a dry open forest category as described above.  On southerly facing slopes 

where the evaporative loss is considerably lower, the vegetation shifts towards a damp 

open or tall open-forest structure which typically consists of Messmate (E. obliqua), 

Narrow-leaved Peppermint (E. radiata), some Candlebark (E.rubida) and various 

species of gum (e.g. E.globulus and E.cypellocarpa, E. viminalis). 

 

Fire plays a central role in maintaining vegetation communities in the Myrtaceae 

(family) dominated forests of south-east Australia and so wildfires are considered a 

natural part of the ecosystem (Bradstock 2008). The history of fire in the region is a 

product of the complex interaction between climate change, vegetation change and 

anthropogenic factors. The limited available evidence from charcoal records in south-

eastern Australia indicate that there has been a general increase in fire activity during 

the Holocene most likely due to the combination of a warming climate and increasing 

population density (Kernshaw et al. 2002). Studies further indicate that there was a peak 

in fire activity during the immediate post-European settlement phase followed by a 

subsequent decline in the latter part of the 20
th

 century (Kernshaw et al. 2002). 

However, the lack of historical data on fire occurrence in the region makes it difficult to 

determine what constitutes a natural fire regime (see Bradstock (2008) for a discussion 

on contemporary vs historical fire regimes). 

 

Life history strategies of fire adapted plants are closely linked to fire with fire-return 

intervals acting to maintain the vegetation communities that currently occupy the region 

(Kennedy and Jamieson 2007). The current distribution of vegetation communities can 

therefore provide clues to the lower and upper bounds on „natural‟ fire recurrence 

intervals for areas where data on long term fire history is unavailable. Using this 

approach, Kennedy and Jamieson (2007) found that the EVC comprising dry forests 
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(fire dependent) has a minimum and maximum fire return interval of 5 and 60 years 

respectively (average: 20-30 yrs). The corresponding minimum and maximum figures 

for wet forest (fire sensitive) are 25 and 150 years (average: 70 yrs). Wet forests burn 

only under exceptionally dry circumstances, but the high fuel loads (up to 50 t ha
-1

) in 

these systems tend to result in extreme fire conditions (McCarthy et al. 1999). More 

frequent fire and lower productivity of dry forests mean that the fuel loads are relatively 

low (surface fuels > 6mm = 10-15 t ha
-1

) compared to wet forests, however steep terrain 

and low fuel moisture can also result in high intensity fires in these dry forests (Gould et 

al. 2007; Sharples 2009; Tolhurst and Kelly 2003; Turner and Romme 1994).  

 

2.2.5 Soils and erosion 

The majority of the marine sedimentary or metamorphic geologic units in the eastern 

Victorian uplands produce clay loam textured Red or Brown Dermosols or Leptopodsol 

(Isbell 1996) with considerable variability in depth and structure depending in particular 

on local moisture regimes. In wet forests, the total soil depth ranges from 1 to more than 

3 m and consists of a deep (10-30 cm), granular and highly structured brown to black 

loamy A-horizon overlaying a light clay loam B-horizon with low stoniness (< 10%). 

The soil is often mantled by deep (~10 cm) accumulations of litter and surface organic 

matter. The soils in these systems are macroporous and capable of rapid infiltration due 

to the high saturated hydraulic conductivity (100-2000 mm h
-1

) (Davis et al. 1999; 

Nyman et al. 2010).  

 

In dry forest the soils are generally less developed with a weakly structured, shallow (< 

5 cm) and stony dark or light brown loam to clay loam surface soil over a clearly 

distinguishable yellow or red clay loam A2–horizon which extends to a depth of < 15 

cm. The B-horizon is generally stony (25-30 %) with a medium to strong structure. 

Granitic geologies produce sandier soils. The litter layer is thin (1-3 cm) and on steep 

slopes often patchy with litter, soil and gravel accumulations interspaced by sections of 

exposed mineral soil. Soil depths are shallow (0.2 -1 m) on hillslopes, although the 

depth can be much greater in convergence zones and alongside the drainage network 

where alluvial and colluvial sediment accumulates. Exposed bedrock is often apparent 

on upper hillslopes and along ridgelines. Under dry conditions in very steep (> 35 

degrees) sections of the catchments, the surface soils become increasingly skeletal and 

tend towards Lithosols which are shallow, stony and lack structure.  
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Undisturbed forest environments in the region display relatively low susceptibility to 

erosion by rainsplash and overland flow due to dense vegetation, high ground cover and 

often high infiltration rates. Using the fallout radionuclide Caesium – 137, Loughran et 

al. (2004) estimated a soil loss of < 1 t ha
-1

 yr- from forested hillslopes and pastures in 

south-east Australia which is similar to the measured pre-fire sediment yield from small 

mountain catchments in northeast Victoria (Lane et al. 2006b). These estimates 

correspond with modelled values obtained using the Revised Universal Soil Loss 

Equation (RUSLE) to forested catchments on either side of the Dividing Ranges 

(Hancock et al. 2007; Lu et al. 2003). Hillslope erosion occurs primarily in summer in 

response to high intensity rainfall events. However, the short event durations relative to 

the travel time of entrained sediment often results in deposition on hillslopes or in 

ephemeral first and second order drainage lines, ultimately resulting in low sediment 

delivery ratio at larger catchment scales (Hancock et al. 2007; Lu et al. 2003). This 

pattern becomes increasingly prevalent for coarser sediments. Lower ground cover, 

lower soil organic matter and lower infiltration rates in dry forest environments mean 

that they are more susceptible to hillslope erosion than soils in wet forests (Rees 1982). 

Soils in eucalypt forests display strong water repellency under low soil moisture 

conditions in summer and autumn, which increases runoff, and exacerbates the erosion 

response to summer storms. This pattern is more pronounced in dry forest soils where 

macroporosity and background infiltration capacity are low compared to wet forest soils 

(Burch et al. 1989; Nyman et al. 2010; Rees 1982). 

 

Mass wasting such as slides and slumps are relatively rare in the eastern Victorian 

uplands. This is mainly due to the shortage of rainfall as indicated by the higher 

frequency of landslides in high rainfall regions south of the dividing ranges and the 

marked increase in landslide activity during exceptionally wet years (Cecil 1981; Evans 

and Joyce 1974; Rutherfurd et al. 1994). The distribution of landslide activity as 

documented over the last century indicates that sedimentary and volcanic rocks are 

more susceptible to mass failure than metamorphic and igneous rock types (Evans and 

Joyce 1974). Rutherfurd et al. (1994) documented the occurrence of more than 30 debris 

flows in dry Eucalypt forest that were triggered by mass failures in colluvial hollows 

and on steep planar hillslopes following a large 50-year rainfall event (250 mm in 24 

hrs) in 1993 in north east Victoria. The failures occurred predominantly in acid volcanic 

and granitic geologies and were less common on areas underlain by sedimentary rocks 

such as greywacke and sandstone. While the study concluded that the debris flows 
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represented a rare event in northeast Victoria, they were considered to be an important 

geomorphic process in that they transferred coarse colluvial material to larger streams 

where they are made available for further reworking (Rutherfurd et al. 1994). 

 

2.3 Methods  

2.3.1 Post-fire erosion events in eastern Victoria 

The occurrence of high-magnitude post-fire erosion events was detected through 

information provided by regional catchment management authorities, landowners and 

news reports. Reported events were followed up with site visits and/or examination of 

events through aerial photographs, satellite imagery and written documents relating the 

conditions under which the events occurred. The aim was to build a record of significant 

post-fire erosion events and provide a set of sites that could be selected for detailed field 

surveys. The method of detecting erosion events meant that the sample was restricted to 

those events that impacted communities, landowners or catchment managers through 

flooding, damage to private property and road infrastructure and/or through ongoing 

water quality issues. Recorded events were therefore considered to represent a sample 

of high risk scenarios associated with hydrological and geomorphic processes in upland 

catchments after wildfire. Large widespread events such as the floods in Gippsland in 

June 2007 caused by synoptic rainfall were not considered in this study since the key 

erosion and sediment transfer processes operate at scales larger than first- to third- order 

upland catchments which are the focus of the paper. 

 

Spatial data on geology, fire severity and vegetation type were obtained for each 

recorded event. The fire severity was determined from severity maps generated from the 

Normalised Burn Ratio using Landsat (30m resolution) and SPOT (10m resolution) 

imagery. The severity was then categorised according to the classification scheme used 

by the Victoria Department of Sustainability and Environment (DSE) (Department of 

Sustainability and Environment 2009). Very high severity is assigned to areas with 

intense overstorey burn, with 70-100% crown burnt and 100% understory burnt. High 

severity is an intense understorey fire with 60-100% crown scorch. Moderate severity is 

a variable intensity fire ranging from a warm ground burn with no crown scorch to an 

intense understorey fire with 60-100% crown scorch of most eucalypt. 

 

Field examination of each event was carried out with the aim of distinguishing between 

floods and debris flows as manifested by the different flow mechanisms underlying the 
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two event types. In debris flows, the flow dynamics are determined by both solid and 

fluid forces whereas in sediment laden floods the flow is determined by fluid forces 

alone. The transition from flood through to hyper-concentrated flood to debris flow is 

represented by a continuum and a single event is often associated with several flow 

pulses that have different characteristics (Costa 1988; Pierson 2005).  Furthermore, the 

flow properties can vary along the course of the channel with the lower channel reaches 

often exhibiting flood characteristics due to increased sediment deposition as well as 

dilution from increased water content relative to the sediment entrainment rate (Hungr 

et al. 2001; Hungr et al. 1984; Meyer and Wells 1997). During field evaluation it was 

therefore important to consider all the available evidence along the entire channel where 

the event occurred. The majority of evidence of debris flow processes is found in 

depositional features and the damage caused to vegetation (Hungr et al. 2001). See 

Appendix B (Figures 5 and 6) for typical features used to identify debris flow processes. 

 

The event characteristics at different positions within the catchment were systematically 

assessed based on the key features listed in Table 2.3. Those events that were classified 

as debris flows were inspected in more detail in order to determine if they were 

generated from mass failure or surface runoff and progressive sediment entrainment 

(Cannon et al. 2001a). For erosion events that were recorded following the 2003 

wildfires, the information obtained was subject to the availability of data from reports, 

catchments managers or landowners.  
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Table 2.3 List of key features used in field evaluation of extreme erosion events. See 

Pierson (2005) for further details on distinguishing between debris flows and floods. 

 

  

Features Flood Debris Flow 

 

Deposit Margins and 

Surfaces 

 

-Horizontal stratification, cross 

bedding. Dunes and ripples 

 

-Unstratified. No dunes or ripples.  

-Deposits occur as bars, fans and 

sheets. No levees. 

-Deposits occur as marginal levees or 

fronts/snouts of very course material. 

Deposits often exhibit convex surface 

morphology. Snout is lobate and steep. 

-Vertical stratification. Course 

clasts may be imbricated. 

 

-Normal and/or inverse grading 

common in vertical sections. No 

imbrication. Coarse clast more 

concentrated at margins 

 

-Voids common between larger 

clasts. Deposits are loose and 

friable. 

 

-Matrix filling voids between large 

clasts within deposit. Deposits 

typically are compact and difficult to 

dig out. 

 

-Logjams occur but are not 

associated with localised deposits. 

 

-Debris flow deposits often occur 

behind logjams or boulder clusters. 

 

-Deposits are mainly confined to 

channel bed. 

-Consolidated sediments often packed 

into cavities in rocks and vegetation. 

 

 

Damage to Vegetation 

 

 

-Moderate to light scaring on 

upstream side of tree trunks. 

Scaring is usually irregular and 

concentrated near the stream bed. 

 

 

-Severe scaring on upstream side of 

tree trunks. Scaring is evenly 

distributed up to the maximum 

stage/height of the debris flow event.  

 

-Branches and roots bend but not 

broken or stripped. 

 

 

 

-Branches and roots broken and 

tapered by erosion 

Channel  -Channel have large width to depth 

ratio  

-Severely eroded channel, often  U 

shaped and eroded to bedrock 
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Three debris flows (Germantown, Yarrarabula and Rose River) in northeast Victoria 

were selected as sites for detailed surveys and measurement of soil hydrological 

properties due their accessibility and the availability of rainfall data. The field survey 

was conducted between December 2007 and March 2008, approximately one year after 

the fire and up to five months following the debris flow events. The survey was 

designed to provide i) detailed description of the selected debris flow events; ii)  rainfall 

intensity and duration and iii) data on the hydrological properties of the affected 

catchments. 

 

2.3.2 Intensive field survey 

The sites were first mapped in order to identify the catchments where debris flows 

occurred and map the drainage lines that were scoured to bedrock. A combination of 

methods were utilised for mapping debris flows including ground based surveys and 

aerial surveys using a Trimble Differential GPS (DGPS) device and a laser rangefinder 

(Contour™ XLR) to locate and map scoured channels. Once the debris flows within the 

respective sites were mapped, the data was imported into ArcGIS along with a digital 

elevation model (10 m resolution) and data on fire severity, vegetation and geology. 

 

Soil loss as a result of the debris flow events was measured on hillslopes and in 

channels within one catchment in each of the three selected sites (Figure 2.1). Hillslope 

erosion was measured in quadrats along transects that were laid out perpendicular to the 

contours. The extent and severity of hillslope erosion appeared to be much higher in the 

upper part of the catchment.  The locations of transects were therefore stratified 

according to the lower, mid and upper sections. These sections were each defined as 

contributing to a third of the channel length between the debris flow initiation point and 

the main deposit or debris flow fan. The initiation point was defined as the location 

along the drainage line where the maximum depth of scour first exceeded 0.2 meters 

and where depositional features were consistent with the debris flow type characteristics 

listed in Table 2.2. A scour depth of 0.2 m was considered an appropriate cut-off point 

because it represented a point from which the channel scour increased progressively in 

magnitude as opposed to the discontinuous nature of shallower rills.  Since the lower-, 

mid- and upper hillslope transects were situated within equal proportions of the main 

channel length, we could assume that the hillslope length of the three sections was 

directly proportional to the area of each section relative to the area of the entire 
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catchment. While this assumption requires a simplified representation of the catchment 

shape, it provides a way of partitioning sediment sources to the different sections of the 

catchment. 

 

 

Figure 2.1 A conceptual representation of the catchment and the layout of the field 

survey. Photos from the field survey are provided in Appendix B (Figures 7 to 10).  

 

Erosion depth was measured in 10-15 quadrats (1 m
2
) evenly spaced along three 

transects in the upper section and two transects in the mid and lower sections of the 

catchment. The soil loss from quadrats was estimated based on indicators that provided 

a reference from which the pre-existing soil surface could be extrapolated. Typical 

indicators included pedestals capped by stones and roots, sections of unburnt stem from 

grasses and shrubs pre-dating the fire, and distinct burn marks on rocks. The proportion 

of eroded and non eroded surfaces was recorded alongside the measures of erosion 

depth. An estimate of the mean erosion depth within the eroded section of the quadrat 

was based on three to six separate measures of ground surface change. In cases where 

there were no indicators within the quadrat, a surface lowering of zero was assumed, 

unless there was clear evidence to suggest that there had been significant erosion across 

the entire quadrat in which case the quadrat was excluded due to the absence of 

measureable features. The area within the quadrat where deposition occurred was 

recorded as being non-eroded. The presence or absence of rills was recorded at each 
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quadrat and a note was made as to whether there was evidence of widespread sheet 

erosion. 

 

Channel erosion was measured through cross-sectional surveys of all scoured channels 

contributing to the debris flow. Cross sections were measured by suspending a 

horizontal string across the channel and measuring the height at 50 cm and 25 cm 

intervals for channels wider or less than 2 m, respectively. The spacing between cross-

sections along the channel was determined by the variability in magnitude of channel 

scour and channel morphology. The maximum distance between two cross sections was 

190 m and the average spacing was 50 m. The cross sections were set up so that they 

extended into the non-eroded segments of the banks leading into the channel. These 

non-eroded banks were then used to project the pre-existing channel form using the 

same procedure as outlined in Gartner et al. (2008). The volume of eroded material was 

calculated by averaging between segments along the channel, each represented by one 

cross section at either end. 

 

The standard error of soil erosion depth within the lower-, mid and upper catchments 

sections was the main source of estimation error for hillslope erosion estimates. There 

was also an error associated with the proportional area that comprises the lower-, mid- 

and upper catchment sections given that the proportion was estimated based on the 

mean length of hillslope transects. Both the standard error of erosion depth and standard 

error in the area estimation were propagated through the volume computation and 

reported alongside the final volume estimate. For channel erosion, the error of the 

erosion estimates was calculated from the standard error of the mean channel 

entrainment rate (m
3
 m

-1
) within the lower-, mid- and upper sections of the catchments. 

The estimation error within catchment sections (lower, mid or upper) was then obtained 

by multiplying the error of the mean entrainment rate with the total channel length for 

which the volume of material was calculated. The estimation error for channel erosion is 

likely to be an overestimate given that the downslope increasing trend in erosion (which 

is accounted for in the volume estimates) provides a major source of variability when 

the channel entrainment rate is averaged across the entire catchment section. The 

additional errors associated the mean proportion of rock > 30 mm and the mean bulk 

density of hillslope material, channel material and rock were accounted for and 

propagated in the volume to mass conversion.  
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2.3.3 Rainfall properties 

The total rainfall was measured in manual rain gauges by landowners in the vicinity (< 

0.5 km) of the selected debris flow events. The cumulative rainfall data at 10 min 

resolution was available from weather stations located between 5 and 10 km from the 

debris flow sites. The rainfall intensity and duration of the debris flow generating events 

was obtained by coupling the known total rainfall with radar data from the Australian 

Bureau of Meteorology which provides radar reflectivity (dBz) scans at a 10 min 

temporal resolution. The rainfall accumulation at a point was then estimated based on 

the known total rainfall and the distribution of radar derived intensities for the duration 

of the event. The continuous intensity at debris flow locations was obtained by first 

estimating the direction and tracking velocity of storm cells, then extracting the radar 

derived intensity values for a transect of pixels (0.5 km x 0.5 km) within each 10 minute 

data frame covering the duration of the rainfall event. The length and the orientation of 

the transect was determined by the velocity and direction in which the storm was 

travelling, and these measures were obtained by manually tracking the position of at 

least three separate storm cells during a 30 min sequence of radar images that included 

the storm cell for which the rainfall accumulation was extracted. The rainfall 

accumulation curve was then obtained by adjusting the extracted relative intensity 

values to the known total rainfall from each site. The representativeness of the extracted 

intensity was tested for each event at the sites where the 10 min rainfall accumulation 

was known from tipping bucket rain gauges.  

 

2.3.4 Soil hydraulic properties 

Ponded hydraulic conductivity or infiltration capacity (Kp) was measured in February 

2008 using a 5mm constant head custom build infiltrometer with a disc diameter of 50 

mm. The infiltrometer was manufactured in accordance with the design outlined in 

Perroux and White (1988). Steady state infiltration measurements were obtained in the 

upper region of the catchment where the surface soil was intact and non-eroded. 

Infiltration was measured at five random locations within a 20 m x 20 m plot. The 

sampling locations were prepared by carefully driving a thin walled steel cylinder into 

the soil to depth of 5 cm. Vaseline was applied to the inside of the cylinder in order to 

prevent preferential flow along the perimeter of the sample. At all the surveyed sites, 

there was a discrete transition from shallow (1-3 cm) dark organic rich topsoil to a pale 

and gravelly subsurface soil. Measurements were obtained first on the surface of the 

intact soil then repeated at 3 cm and 5 cm depths in the same location after carefully 
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removing the overlying soils. The ponded steady state infiltration rate was converted to 

field saturated hydraulic conductivity (Kfs) using the correction proposed by (Reynolds 

1993).  

 

Water repellency was measured at three depths (surface, 1-3 cm, and 5 cm) at 20 

random locations within the plot using a modification of the water drop penetration time 

(WDPT) (Letey 1969), including additional measurements of 2M ethanol (MacDonald 

et al. 1990). If water was absorbed in 10s or less, the soil was classified as hydrophilic. 

If water was absorbed in >10 s while 2M ethanol absorbed in < 10 s, the soil was 

classified as water repellent. If it took > 10 s for 2M ethanol to absorb the soil was 

classified as strongly water repellent. For one of the surveyed events, hydraulic 

conductivity and water repellency were measured in a nearby unburnt catchment. This 

allowed for a direct comparison between a burnt and unburnt system. 

 

2.4 Results  

2.4.1 Post-fire erosion events in eastern Victoria  

High magnitude erosion events were reported in steep catchments throughout the burnt 

regions of the eastern uplands of Victoria (Figure 2.2). The events listed in Table 2.4 do 

not represent an exhaustive record of all significant events that have occurred in the 

region, but a set of events in upland catchments that have had large known impacts on 

water quality and/or infrastructure. A full record of events would require aerial imagery 

of all burnt areas combined with state-wide field surveys which would not be feasible 

given i) the large burn area, ii) the inaccessible terrain, and iii) rapid recovery of the 

overstorey vegetation resulting in poor visibility in aerial photographs within the first 

year after wildfire. 
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Figure 2.2 A map outlining the extent of recent wildfires in Victoria and the location of 

high magnitude events that were investigated.  

 

The large majority of the listed events in Table 2.4 (13 out of 16) occurred as debris 

flows triggered by infiltration-excess runoff and erosion as a result of localised 

convective rainfall events. Runoff generated debris flows occurred in steep (30% - 70% 

of slopes > 25˚) and northerly facing catchments in heathy-, grassy- and shrubby dry 

eucalypt forest which was burnt at high or very high severity (Table 2.4). All the debris 

flow events occurred within the first 12 months of the wildfire and were recorded 

throughout the Victorian uplands in metamorphic and sedimentary geologies as well as 

in mixed geologies such as the Big River event (# 14 in Table 2.4) which occurred in 

catchments consisting of igneous granite and sedimentary sand- and siltstone. 
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Table 2.4 .General site characteristics for locations where high-magnitude erosion events were recorded.  

 

# 

 

Site and  

Event Date 
Location 

Catchme

nt size 

(ha) 

Elevation 

(m) 

Slope 

(degrees) 

Fire 

Severity 
b 

Annual 

Rainfall 

(mm) 

Geology 

Ecological 

vegetation 

class (EVC) 

Event type 

Run-out 

length 

(L/ΔZ) 

            

1 Sunday Ck, 

March 2009 

N 5861774 

E 334100 
8-18 400-600 

30% ≥ 25˚ 

  9% ≥ 30˚ 
100% ≥ 2 800-1000 

-Sedimentary (marine) mudstone & sandstone 

-Metamorphic derivatives 
Grassy dry  

Runoff generated 

debris flow 
3.4 

2 Myrtle  Ck, 
March, 2009 

N 5963909 
E 479045 

10-25 450-800 
55% ≥ 25˚ 
25% ≥ 30˚ 

100% ≥ 2  1000-1200 
-Sedimentary (marine) mudstone & siltstone 
-Metamorphic derivatives 

Heathy dry  
Runoff generated 
debris flow 

2.8 

3 Yarrarabula 1 
Oct, 2007 

N 5931411 
E 473200 

10-90 300-800 
54% ≥ 25˚ 
25% ≥ 30˚ 

95% ≥ 2c 1000-1200 
-Sedimentary (marine) mudstone & siltstone 
-Metamorphic derivatives 

Heathy dry  
Runoff generated 
debris flow 

3.4 

4 Yarrarabula 2 

Oct, 2007 

N 5931411 

E 473200 
90-200 300-1400 

41% ≥ 25˚ 

24% ≥ 30˚ 
98% ≥ 2c 1000-2000 -Igneous granite Heathy dry a  Flash flood n/a 

5 Rose River 
Dec, 2007 

N 5925691  
E 464878 

30-90 350-650 
48% ≥ 25˚ 
24% ≥ 30˚ 

95% ≥ 2 1000-1200 -Sedimentary (marine) mudstone & siltstone  Heathy dry  
Runoff generated 
debris flow 

3.9 

6 Germantown 
Oct, 2007 

N 5935095 
E 502684 

30-100 450-1000 
74% ≥ 25˚ 
45% ≥ 30˚ 

73% ≥ 2 1000-1200 -Sedimentary (marine) mudstone & siltstone Heathy dry  
Runoff generated 
debris flow 

3.4 

7 Black River 
Unknown, 2007 

N 5846104 
E 440702 

10-140 500-900 
64% ≥ 25˚ 
37% ≥ 30˚ 

100% ≥ 2 1200-1500 -Sedimentary (marine) mudstone & siltstone  Shrubby dry  
Runoff generated 
debris flow 

- 

8 Aberfeldy 

Unknown, 2007 

N 5826790 

E456970 
- 1300 

13% ≥ 25˚  

  3% ≥ 30˚ 
99% ≥ 2 1200-1600 -Sedimentary (marine) mudstone & siltstone Montane wet  Mass-failure - 

9 Mt Tamboritha  

Feb, 2007 

N 5843139 

E 467165 
70-350 250-1000 

52% ≥ 25˚ 

29% ≥ 30˚ 
100% ≥ 2 800-1000 

-Sedimentary (marine and fluvial)  mudstone & 

sandstone 
Heathy dry  

Runoff generated 

debris flow 
3.0 

10 Target Creek  
Feb, 2007 

N 5838539 
E 462910 

100-350 350-850 
36% ≥ 25˚ 
10% ≥ 30˚ 

100% ≥ 2 800-1000 -Sedimentary (marine) mudstone & siltstone Shrubby dry  
Runoff generated 
debris flow 

3.3 

11 Abbeyard,  
June, 2007 

N 5902168 
E 481366 

- 500-900 
62% ≥ 25˚ 
25% ≥ 30˚ 

99% ≥ 2 1000-1200 -Sedimentary (marine) mudstone & siltstone  Heathy dry  
Runoff generated 
debris flow 

- 

12 East Kiewa 
January 2004 

N 5926579 
S 519300 

130 - 250 650-1400 
31% ≥ 25˚ 
11% ≥ 30˚ 

60% ≥ 2 1600-1800 
- Metamorphic derivatives of sedimentary rock 
-Igneous grandiorite 

Montane wet  Flood event n/a 

13 Dingo Ck , 
Feb, 2003 

N 5909223 
E 493698 

350-400 600-1200 
76% ≥ 25˚ 
48% ≥ 30˚ 

96% ≥ 2 1200-1400 -Sedimentary (marine) mudstone & siltstone Heathy dry  
Runoff generated 
debris flow 

3.8 

14 Big River 

(Omeo), 
2003 

N 5904544 

E 548026 
~60 700-1000 

42% ≥ 25˚ 

15% ≥ 30˚ 
100% ≥ 2 800-1000 

- Sedimentary (fluvial)  sandstone & siltstone 

- Igneous  granite & grandiorite 
Heathy dry  

Runoff generated 

debris flow 
- 

15d Blueys Ck, 

2003 

N 5898006 

E 577947 
20-50 700-1000 

70% ≥ 25˚ 

37% ≥ 30˚ 
96% ≥ 2 800-1000 - Sedimentary (marine) siltstone Shrubby dry  

Runoff generated 

debris flow 
- 

16d Suggan Buggan, 

2003 

N 5903000 

E 618653 
80-110 600-900 

39% ≥ 25˚ 

25% ≥ 30˚ 
43% ≥ 2  600-800 

- Sedimentary (marine) mudstone & sandstone 

- Igneous granite 
Shrubby dry  

Runoff generated 

debris flow 
- 

a  Vegetation changes towards Wet Montane forest at elevation > 1000m. 

b Fire severity presented as the proportion of catchment with severity class of 1 or 2 according to the Classification of Remotely Sensed Imagery into Fire Severity maps (DSE, 2009): 1 = (very high severity) an 

intense overstorey burn with widespread crown removal with 100% understory burnt,  2 = (high severity) an intense understorey fire with complete crown scorch of most eucalypt, 3 = (moderate severity) a 

variable intensity of fire ranging from a warm ground burn with no crown scorch to an intense understorey fire with complete crown scorch of most eucalypt. 

c Yarrarabula was burnt in both 2003 (light to moderate severity) and in 2007 (high to very high severity) 

dDebris flow events first reported in (Harman and Stewardson 2007).
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Each of the listed debris flow events represents a cluster of flows that covered an area 

ranging from 0.22 km
2
 (two small terminal deposits at Sunday Ck) to 18 km

2
 (seven 

large terminal deposits at Mt Tamboritha Rd). The catchment size for individual debris 

flows ranged from 8 ha (relief = 200 m) at Sunday Ck (# 1 in Table 4) to 350 ha (relief 

= 750m) at Mt Tamboritha Rd (# 9 in Table 2.4). Figure 2.3 and 2.4 show some key 

features typical of the runoff generated debris flows that were examined. In the upper 

third of the catchment where hillslopes are relatively long (100 m to 250 m) and steep 

(25˚ to 35˚), there were signs of widespread sheetwash erosion where the slope in most 

cases was completely stripped bare of ash and topsoil exposing a paler and less organic 

subsurface soil (Figure 2.3a). Unburnt and freshly exposed roots across the entire width 

of the upper hillslopes and deposited material containing large clasts ( up to 150 cm α-

axis ) provided a clear indication of the severity of the erosion and the large volume of 

overland flow generated during the events. Rills on planar hillslope sections were 

generally shallow (< 5 cm) and only apparent where sheetwash was less widespread. 

Rills extending to depths > 5 cm and beyond the depth of the unconsolidated and burnt 

topsoil were only observed in a short section (< 20 m) on converging hillslopes before 

they merged into a single eroded channel which defined the point of debris flow 

initiation. Damaged, ripped and/or tapered roots were typically first observed in 

convergence zones within 100 m of the catchment divide. A typical debris flow 

initiation point is depicted in Figure 2.3b. It is noteworthy that the initiation point is 

arbitrarily defined and that flow levees along rills on hillslopes and the presence of 

matrix supported coarse deposits behind logs and trees on hillslopes indicate that the 

runoff attained debris flow characteristics on hillslopes prior to entering confined flow 

in drainage lines.  
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Figure 2.3 Images from the upper catchment showing a) eroded hillslopes with a small 

patch of relatively intact topsoil containing ash and rock fragments at Sunday Ck and b) 

channel initiation and levees of pale coloured rocks in a convergence zone with 

confined flow near Myrtle Ck.  

 

Confined flow in convergence zones and pre-existing drainage lines resulted in rapid 

channel development where bedrock eventually set the lower limit of scour depth. 

Colluvial hollows and the intersections between drainage lines were often rich in 

material available for entrainment and scoured channels in these channel sections were 

bounded by vertical walls of up to 4 m in height (Figure 2.4a). Depositional features 

were often absent from these steep and severely scoured sections of the debris flow 

unless there were obstructions to flow within the channel. Terminal debris flow deposits 

were observed either at the intersection with permanent streams/rivers or at a point 

within the debris flow catchment after which the channel gradient decreased to below 

10˚ (Figure 2.4b). The debris flow run-out length (L/ΔZ ) in Table 2.4 is given as the 

ratio of the horizontal travel distance (L) to the change in elevation (ΔZ) from the point 
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of initiation to the start of the terminal deposit. The average L/ΔZ values within eight 

debris flow sites ranged from 2.8 to 3.9, with an overall mean of 3.4 (std dev = 0.35). 

Below the main deposit, the amount of coarse debris in the diminished, clasts were no 

longer supported by a matrix of fine material and there was reduced channel incision. 

The channels below the main deposits were often associated with decreased channel 

definition and a wider flow path over which coarse material was continually deposited.  

 

 

Figure 2.4 Images from mid to lower section of the catchment showing a) channel scour 

and exposed bedrock at Rose River and, b) a terminal debris flow deposit at the 

confluence with Sunday Ck. The height of the measuring pole in a) is 1.2 m. 

 

The site at Aberfeldy (# 8 in Table 2.4) was inspected after reports from the local ranger 

of severe flooding and damage to roads, bridges and properties in the upper catchment 

after a synoptic scale rainfall event in June 2007, where approximately 150 mm of rain 

fell in 24 hours (I30 = 12 mm h
-1

 and
 
I10 = 19 mm h

-1
). The catchments in the upper 

Aberfeldy are typical of the region in terms of both geology and topography and contain 
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both dry and wet eucalypt forests and therefore provided a suitable site for examining 

the response of severely burnt catchments to a very large rainfall event. The rainfall 

event with an estimated recurrence interval of 100 years occurred 6 months after the 

wildfire and there were fresh signs of widespread hillslope, gully and riverbank erosion. 

While the overland flow had resulted in shallow rills and stripping of ash and topsoil 

particularly on northerly facing slopes in dry eucalypt forests, there were no signs of 

runoff generated debris flows. However, one debris flow was detected in a first to 

second order drainage line and traced back to a small (16 m
3
) soil slip in a steep (~30˚) 

portion of a hillslope convergence zone. This isolated event occurred at a high elevation 

(1300 m.s.l.) in wet montane (Alpine Ash) forest which was burnt at very high severity.  

 

The East Kiewa event in January 2004 (#12) was included as a case in Table 2.4 

because it represents the highest recorded erosion event in a catchment monitoring study 

by (Lane et al. 2006b) in burnt wet eucalypt forest where the rainfall properties and 

topography were comparable to events that were recorded in nearby dry eucalypt 

forests. A high intensity convective rainfall event where 45 mm fell in < 2 hours (I30 = 

47 mm h
-1

 and I15 = 66 mm h
-1

) resulted in a suspended sediment yield of 127 tonnes 

which accounted for 45 % of the total sediment yield in the first year after fire. The 

catchment was inspected and there were no signs of debris flows or mass failure.  

 

2.4.2 Intensive field survey  

An intensive field survey was carried out at Yarrarabula (# 3 & 4 in Table 2.4), Rose 

River (# 5 in Table 2.4) and Germantown (# 6 in Table 2.4) in northeast Victoria. Rose 

River and Germantown were both situated on Ordovician marine sedimentary geology 

while at Yarrarabula there were catchments on both igneous granite and on Ordovician 

marine sedimentary rocks with some sections of metamorphic derivatives.  The 

catchments near Germantown were steeper (45 % ≥ 30˚) than the two other sites which 

were both similar in terms of the slope distribution (24 % ≥ 30˚). (Figure 2.5a). The 

majority (67 – 89 %) of the debris flow affected catchments were burnt at high severity 

(Figure 2.5b). At Germantown, the lower section of the catchments was burnt at 

moderate severity as part of a back-burning operation and did not result in high or very 

high severity caused by the wildfire in the upper sections.  
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Figure 2.5 The slope distribution (a) and the burn severity (b) in debris flow affected 

catchments estimated for the area above the main debris flow deposit.  

 

Figure 2.6-2.8 show the extent of debris flow affected catchments within each site, the 

channel profile and results from cross-section measurements for sampled debris flows. 

At Yarrarabula (Figure 2.6) the map clearly shows the absence of debris flows in the 

granitic foothills of Mt Buffalo where the valley floor east of the Yarrarabula River is 

slightly wider than the valley formed by the surrounding sedimentary geology.  The 

catchments that were situated on the granitic intrusion consist of large areas of exposed 

bedrock devoid of soil and vegetation (Figure 2.9a). These relatively large catchments 

(< 200 ha) produced flash floods carrying rounded boulders (α-axis up to 1.5 m) and 

large volumes of woody debris, rocks and sand (Figure 2.9b), but the event did not 

display features consistent with the debris flow characteristics listed in Table 2.3. 

Channel scour occurred in some areas but it was discontinuous, there were no terminal 

deposits, the sediment deposited along banks and in low energy zones was well sorted 

with fine material absent from boulder deposits higher up in the catchments (Figure 
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2.9b). The smaller (< 100 ha)  soil mantled catchments on mixed sedimentary and 

metamorphic rock on either side of the granitic intrusion produced several debris flows 

with features typical of other debris flows recorded and surveyed after fire Figure 2.9 (c 

and d). The survey focused on these latter events since they were debris flows and thus 

comparable to the other surveyed sites. 

 

At Yarrarabula, a total of ~9 km of channel in 9 separate catchments (< 100 ha) was 

scoured down to bedrock by debris flows (Figure 2.6a). The sediment entrainment in the 

channel (m
3
 of material per every m of channel length) increased gradually from < 0.5 

m
3
 m

-1
 at 50 m towards a peak of 1.75 m

3
 m

-1
 between 400 m and 500 m at a point 

which coincides with the maximum rate of decrease in the channel slope (Figure 2.6b). 

The terminal deposits occurred at intersections with higher order streams or directly 

onto the gently sloping (7.5˚-10˚) valley floor (pediment) where the flow was no longer 

confined to pre-existing channels. When the terminal debris flow deposits intersected 

with larger non-debris flow producing catchments, the material was redistributed by 

flooding water with much of the fine sediment absent from the coarse deposits 

suggesting that it had been transported further to the Yarrarabula River. 

 

At Rose River (Figure 2.7a), ~8 km of channel was scoured by debris flows which 

occurred in 10 separate catchments (each < 100 ha) along the northern face of a 

ridgeline separating the Rose River from Dandongadale River. The south facing 

catchments on the opposite side of the ridge which were burnt at lower severity did not 

produce debris flows. These catchments consist of the more fertile herb-rich foothill 

forest typical of gullies and lower slopes on southern and eastern aspects in this region 

as opposed to the sparser shrubby dry forest on north-facing debris flow producing 

catchments which have a drier moisture regime. The debris flows at Rose River resulted 

in deep U-shaped channel scour in the upper to mid-sections of the catchment where up 

to 7 m
3
 was entrained for every meter of channel between 200 m and 350 m (Figure 

2.7b). The high magnitude of channel erosion at Rose River compared to the other sites 

was due to the large volumes of colluvial and alluvial material stored in the mid to 

upper sections of the channel. Scour depths of up to four meters occurred within 50 m 

of the debris flow initiation point. Similarly to Yarrarabula, the peak in channel erosion 

coincided with the point at which the rate of change in channel slope was highest. 

Beyond 400 m, the lower limit of scour depth was still set by the bedrock and so the 

decrease in entrainment rate was due to less available material within the channel and 
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not due to changes in the shear stress exerted by the debris flow. Two of the debris 

flows at Rose River reached the river itself, where the terminal deposits resulted in the 

formation of large pools above a section of riffle created by deposited coarse material. 

In most cases however, the terminal deposits occurred within ephemeral channels 

(gradient < 10˚) of the debris flow catchment.   

 

At Germantown (Figure 2.8a), debris flows occurred in 5 north-facing catchments (each 

< 100 ha) situated along a spur which extends down from the Tawonga Gap. Nearly 11 

km of channel was scoured to bedrock by debris flows. Channel erosion measurements 

show a different pattern to Rose River and Yarrarabula. The entrainment rate increases 

towards ~1 m
3
 m

-1
, and then decreases before increasing again to a peak of ~2.5 m

3
 m

-1
 

just prior to the start of deposition. The slight decrease in entrainment between 400 m 

and 600 m occurred in a section of channel with low slope (11˚) and relatively wide 

flow path where the bedrock within channel had not been exposed. While some 

deposition occurred in this region, the flow seemed to have been maintained by the 

inputs from three debris flows entering from small sub catchments into the main 

channel. A second peak in entrainment occurred in a section with a small step in the 

channel profile. The terminal deposit was laid down within the ephemeral valley floor 

once there was no further input from small tributary debris flow. Of the five debris 

flows at Germantown, only one terminal deposit intersected with German Ck. 

 

 

Figure 2.6 a) The location of debris flows at Yarrarabula in relation to local topography 

and b) the channel profile, sediment entrainment rate and channel cross-sections for a 

selected catchment. The error bar for sediment entrainment rate is the standard error of 
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the mean. The horizontal length is measured as the distance from the channel initiation 

point. Note difference in map scale and contour intervals compared to Figure 2.7 and 

Figure 2.8.  

 

 

Figure 2.7 a) The location of debris flows at Rose River in relation to local topography 

and b) the channel profile, sediment entrainment rate and channel cross-sections for a 

selected catchment. The error bar for sediment entrainment rate is the standard error of 

the mean. 

 

 

Figure 2.8 a) The location of debris flows at Germantown in relation to local 

topography and b) the channel profile, sediment entrainment rate and channel cross-

sections for a selected catchment. The error bar for sediment entrainment rate is the 

standard error of the mean. 
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Figure 2.9 Images from erosion event at Yarrarabula showing a) the granitic foothills of 

Mt Buffalo in the background and sedimentary hillslopes in the foreground, b) a non-

debris flow boulder deposit behind a log jam and flattened grass from flooding, c) 

matrix supported debris flow deposit in the adjacent sedimentary catchments, and d) 

channel scour and damaged roots from a debris flow. 

 

Erosion measurements on hillslopes showed a strong increasing trend in the depth of 

erosion and the size of mobilized clasts going from lower to upper sections of the 

catchments (Figure 2.10). The mean hillslope erosion depth was higher at Yarrarabula 

across all catchment locations, particularly in the upper sections where the erosion depth 

(18.4 mm ± 2.7 SE) was four times higher than that measured at Rose River (4.6 mm ± 

0.96 S.E) (Figure 2.10a). At Yarrarabula, there was a more constant increase in the 

erosion depth from lower to upper section as opposed to the other sites which display a 

sharp increase in hillslope erosion towards the top of the catchment. The soil surface 

was eroded in 68 %, 71 %, and 72 % of the upper catchment at Yarrarabula, Rose River 

and Germantown, respectively, which then decreased linearly to 51 %, 35 % and 45 % 

in the lower sections of the same catchments. The maximum clast size displays a similar 
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pattern to erosion depth with Yarrarabula showing more of a linear increase than the 

two other catchments (Figure 2.10b). Large clasts (up to 150 mm) had been dislodged 

and carried by gravity and overland flow before depositing behind trees, logs or other 

rocks. The steep slopes in the upper catchment means once a large rock is dislodged and 

set into motion by overland flow, the force of gravity alone will result in increased 

momentum. 

 

 

Figure 2.10 a) The net soil loss and b) maximum deposited clast size from the lower-, 

mid- and upper catchments at Yarrarabula (n = 83), Rose River (n = 80) and 

Germantown (n = 91). The error bars are the standard error of the mean. 

 

The patterns in Figure 2.10 are closely related to the difference in the average slope and 

slope length between the lower-, mid- and upper sections of the catchment which are 

presented for each site in Table 2.5 and show that upper slopes are steeper and longer 

than slopes in the lower section of the catchments. Based on the channel and hillslope 

erosion measurement, the total volume of debris flow material from hillslopes and 

channels ranged from 2 300 m
3 

± 220 SE to 5 990 m
3
 ± 970 SE (Table 2.5). These 
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values represent the volume of in situ soils, sediments and rocks that was eroded and 

mobilised during the event.  

 

The volumetric contribution of hillslopes and channels to total sediment entrainment is 

not proportional to the mass of sediment entrained, due to different properties of the 

material. For instance, rocks greater than 30 mm made up 32-40 % and 4-10 % of 

channel and hillslope material, respectively. The published bulk density value for 

sandstone (2.22 g cm
-3

) was used in the volume to mass conversion of the rock fraction. 

Soil samples from hillslopes and channels, respectively, contained by mass an average 

of 37.5 % (std dev = 8) and 52.5 % (std dev = 10) of gravel between 30 mm and 2 mm. 

The bulk density of eight 16 cm
3 

cores (including gravel between 2mm and 30mm) at 0 

- 5cm on hillslopes did not differ between six burnt sites in dry Eucalypt forest and the 

overall average of 48 cores was 1.3 g cm
-3

 (std dev = 0.19). Due to the higher gravel 

content, bulk density of channel material, which was measured from 6 cores at Rose 

River, was higher (1.8 g cm
-3

, std dev = 0.14) than the hillslope material. 
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Table 2.5 Hillslope and channel erosion rates measured for upper, mid and lower sections of three runoff generated debris flows in 

northeast Victoria. 

 Germantown (70 ha) Yarrarabula (12 ha) Rose River (30 ha) 

Hillslope 

Mean 

gradient 
(degrees) 

Mean 
hillslope 

lengtha 

(m) 

Eroded Volume  

± SE  (m3) 

Mean 

gradient 
(degrees) 

Mean 
hillslope 

lengtha 

(m) 

Eroded Volume  

± SE  (m3) 

Mean 

Gradient 
(degrees) 

Mean 
hillslope 

lengtha 

(m) 

Eroded Volume  

± SE  (m3) 

Upper 31.8 187 (48)  3 240 ± 900 29.3 151 (45) 1 040 ± 180 31.1 167 (52) 780 ± 300 

Mid 29.2 150 (39)  880 ± 220 25.4 105 (31) 370 ±   90 27.5 105 (33) 150 ±   60 

Lower 21.5 50 (13)  260  ±   90 19.6 78 (23) 100 ±   40 20.7 50 (16) 40 ±   20 

Hillslope volume  4 280 ± 940  1 510 ± 210  970 ± 310 

Channel 

Mean 

gradient 
(degrees) 

Channel 

lengthb  
(m) 

Eroded Volume  

± SE  (m3) 

Mean 

gradient 
(degrees) 

Channel 

lengthb  
(m) (m) 

Eroded Volume  

± SE  (m3) 

Mean 

gradient 
(degrees) 

Channel 

lengthb  
(m) 

Eroded Volume  

± SE  (m3) 

Upper 30.2 1 412 (8) 770 ± 140  25.5 551 (4) 340 ± 60 27.8 665 (3) 1 560 ± 280 

Mid 24.9 1099 (5) 170 ± 170 16.2 151 (1) 300 ± 20 15.1 380 (2) 340 ± 280 

Lower 7.1 412 (1) 680 ± 100 8.6 145 (1) 160 ± 11 8.6 390 (1) 50 ±  50 

Channel volume 
  

1 620 ± 250    800 ± 70   1 950 ± 400 

 
Total volume (m3) 

  
5 990 ± 970   2300 ± 220    2920 ± 500  

t ha-1c   
120 ± 20   270 ± 40   150 ± 40 

a The value in the brackets for hillslope length is the percentage of catchment made up of the respective hillslope units. 

b Value in the brackets for channel length is the number of tributary channels contributing to the total channel length. 

c A bulk density of 1.3 g cm-3 and 1.8 g cm-3 was used for hillslope and channel material. Rocks > 30 mm where converted to mass using published bulk density values for sandstone (2.22 g cm-3)  (Carmichael 

1989)
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2.4.3 Rainfall properties 

The debris flows at Yarrarabula and Germantown were triggered by different storm cells 

from the same rainfall event on 28
th

 October 2007 and at Rose River one rainfall event 

occurred on 3
rd

 December and then another smaller event on 22
nd

 December. The available 

video footage from Rose River indicates that both rainfall events resulted in debris flows 

and that the initial debris flow on 3
rd

 December was much larger in magnitude. The average 

size of storm cells was 110 km
2
 (SD = 52) and the rainfall events were tracking in a south-

easterly (130˚ – 160˚) direction at speeds of 80 -110 km h
-1

. Ten minute or 15 minute 

rainfall data from rain gauges (pluvio) was available at locations < 15 km from the debris 

flow sites. These data were plotted along with the radar derived rainfall intensity which had 

been calibrated against the total rainfall recorded for the event at the location of the rain 

gauge (Figure 2.11). The calibrated radar derived rainfall accumulation fitted well with the 

observed data (refer to section 2.3.3 for methods of calibration). When compared to a fitted 

constant intensity for the duration of the event (i.e. linear fit), the radar-derived rainfall 

accumulation provided a 40 % improved representation of the actual measured rainfall at 

Bright (Figure 2.11b) and Lake Buffalo (Figure 2.11d). The rainfall intensity at Black 

Range Ck (Figure 2.11c) was relatively uniform throughout the rainfall event and as a 

result the radar-derived intensity provided a lower improvement (25 %) relative to a linear 

fit but a good overall fit (R
2 

= 0.99). The peak 3-minute, 10-minute and 30-minute rainfall 

intensity (I3, I30 & I10) could therefore be extrapolated from the radar data with high 

confidence at the debris flow locations where only the rainfall total for the event was 

known (Figure 2.12). The smaller debris flow event at Rose River on the 22
nd

 December 

was caused by a rainfall event (20 mm in 4 hrs) with I10 and I30 of 42 mm h
-1

 and 14 mm h
-

1
, respectively. The peak in intensity occurred after a 3 hour period with 10 mm of rainfall. 
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Figure 2.11 a) Radar image from a debris flow generating storm cell, and the radar derived 

cumulative rainfall for b) Bright, c) Black Range Ck and d) Lake Buffalo where rainfall 

was known from tipping-bucket rain gauges. 

 

 

Figure 2.12 Radar derived cumulative rainfall for debris flow events in northeast Victoria. 

The radar derived rainfall accumulation was adjusted by the rainfall totals from rain gauge 

measurements at each site. 
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2.4.4 Soil hydraulic properties 

Some trends can be seen in the vertical distribution of water repellency (Figure 2.13). At all 

burnt sites there was little or no water repellency at the soil surface. Water repellency 

appeared to be concentrated at soil depths between 2 and 5 cm. The soil at Yarrarabula 

stands out with a strongly water repellent soil at depths greater than 2-5 cm. The unburnt 

soil has a larger proportion of soil that is moderately repellent. The high levels of water 

repellency mean that the soil infiltration measurements reflect the field saturated 

conductivity (Kfs) rather than true saturated hydraulic conductivity of the soil.  While 

sample size of Kfs was small and insufficient for parameterisation, the results show some 

consistent patterns in relation to the flow potential within the top 5 cm of the soil. In theory, 

the vertical infiltration potential of the soil is restricted by the layer at which Kfs is the 

lowest. The soil layer with lowest Kfs acts as a throttle for infiltration and this minimum is 

therefore representative of the actual Kfs of the hillslope.  At Yarrarabula, Rose River and 

Germantown the minimum Kfs was 28 mm h
-1

, 36 mm h
-1

 and 31 mm h
-1

, respectively 

(Figure 2.13). At the unburnt site near Germantown the lowest Kfs was 43 mm h
-1

. 

 

For all sites the lowest Kfs was measured at the surface except for Yarrarabula where 

stronger water repellency at depth resulted in the lowest Kfs at a depth of 2-5 cm. The high 

Kfs for surface soils at Yarrarabula was a surprising result given that the Kfs should have 

been restricted by low flow potential within the soil profile. Lateral flow within the 

wettable surface material could have influenced the measurement because rocks and large 

gravel embedded within the soil profile at Yarrarabula made it difficult to insert the 

retention ring to a sufficient depth without disturbing the soil. It is noticeable that 

Germantown has very high Kfs for non-repellent subsurface soils (239 mm h
-1

). While the 

mean Kfs at the burnt site at Germantown did not differ significantly from the unburnt site 

(p > 0.05), the lower levels of water repellency at the unburnt site seems to have resulted in 

higher maximum Kfs values and a more skewed distribution within the repellent and flow-

restricting soil layer. The measurements were only conducted at few sample sites at one 

point in time and therefore did not allow detection of fire-induced changes to temporal 

trends and spatial variability in water repellency and hydraulic conductivity. 
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Figure 2.13 Field-saturated hydraulic conductivity (Kfs) (n = 5) and water repellency 

measurements (n = 20) at three depths from a 20 m x 20 m plot in three debris flow sites. 

Additional measurements were obtained for an unburnt site nearby (9 km) and comparable 

in aspect, rainfall and forest type to Germantown. 

 

2.5 Discussion 

2.5.1 Post-fire debris flows in Victoria, south-east Australia 

At least 13 debris flows occurred in response to high intensity and short duration rainfall 

events in different geographic settings and on both metamorphic and sedimentary geologies 

after recent (2003-2009) wildfires in Victoria, south-east Australia. These debris flows 

were initiated from hillslope runoff and progressive sediment entrainment (Meyer and 
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Wells 1997) and/or thin hillslope failures (Wells 1987) and display similar characteristics to 

runoff generated debris flows reported from the western USA and Canada after wildfire 

(Cannon et al. 2001a; Gabet and Bookter 2008; Meyer et al. 2001; VanDine et al. 2005; 

Wohl and Pearthree 1991). Levees and matrix supported coarse deposits indicate that the 

flow attained debris flow characteristics prior to initiating channel scour in previously un-

channelized portions of the upper drainage network. Most rills were shallow (<5cm) and 

formed between patches of un-eroded ash and burned top soil, and only in convergent 

zones did the rills penetrate into the consolidated B-horizon. All the events occurred on 

northerly aspects (270˚– 90˚), on shallow and poorly developed soils in response to surface 

runoff from short intense rainfall events, primarily in first and second order catchments 

with slopes > 25˚ in at least 30 % of the catchment . All runoff generated debris flows 

occurred in dry eucalypt forests that were burnt by wildfire at high or very high severity 

with >75 % of crowns burned.   

 

While both sedimentary and metamorphic geologies were susceptible to runoff generated 

debris flows, the fluvial sand deposits and apparent flash-flood type response in the granitic 

catchments at Yarrarabula shows that geological factors influence landscape susceptibility. 

Similarly, in a field survey of the debris flows in Upper Tambo, Victoria, Harman and 

Stewardson (2007) found that sub-catchments with granitic geologies were less likely to 

produce post-fire debris flows than the catchment underlain by sedimentary and volcanic 

rocks. Granitic catchments are more resistant to weathering and erosion, and on the 

foothills of Mt Buffalo the catchments are larger in size than adjacent sedimentary 

catchments and display a different morphology with steep cliffs and large sections of 

exposed and un-vegetated granite in the upper sections of drainage area. The different 

response in sedimentary and granitic geologies maybe linked to lower sediment availability 

in the more resistant granitic geology and the different sediment source properties with 

sedimentary catchments being more clay and silt dominated than the sand and gravel 

dominated granitic catchments. In turn, these would result in a lower sediment to water 

ratio and a lower proportion of fine material, both of which could be important precursors 

to progressively bulked debris flows (Gabet and Sternberg 2008). These findings are 

similar to the processes observed in the Green River Canyon of Utah where Larsen et al. 
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(2006) found that weathering limited systems were less susceptible to fire related debris 

flows than the transport limited systems on soil mantled hillslopes. Several debris flows 

have occurred on the granitic slopes and cliffs of Mt Buffalo in the past century but these 

were not necessarily fire-related and all known events were associated with mass failure 

from exceptional rainfall events (return interval, RI > 50yrs) (Ritchie 2009; Rutherfurd et 

al. 1994). 

 

The surveyed debris flows in north east Victoria were triggered by intense and localised 

rainfall from south-easterly moving storm cells which were associated with regional frontal 

systems. The rainfall intensity and duration for debris flow triggering rainfall events was 

successfully extracted from 10-min radar images. The annual exceedance probability (AEP) 

of the debris flow generating rainfall events (35 < I30 < 59) ranged from 0.2 to 0.4 (2-5yr 

return interval). However, the AEP is only a point measurement, and the overall probability 

of a rainfall event occurring within a debris flow susceptible catchment is a function of the 

area of susceptible landscape, the AEP, as well as the scale of spatial correlation in rainfall 

intensities. For instance, an intense storm cell with an AEP of 20 % which on average 

covers an area of 100 km
2
, has a probability of 90 % of occurring at least once somewhere 

within a debris flow susceptible area of 1000 km
2
. The lowest debris flow triggering 

rainfall event which was recorded at Germantown (I30 = 35 mm h
-1

 & I10 = 82 mm h
-1

) 

corresponds to an AEP for I30 and I10 of 50 % (2yr ARI) and 20 % (5yr ARI), respectively. 

This rainfall event is similar to the debris flow threshold reported from New Mexico (I30 = 

30 mm h
-1

, AEP = 50 %) (Cannon et al. 2001a), but higher than the reported rainfall events 

(12 mm h
-1 

< I15 < 30 mm h
-1

) in southern California (Wells 1987) and the thresholds 

derived for post-fire debris flows and floods in Colorado (I30 = 10.6 & 15.5 mm h
-1

) 

California (I30 = 16.5 mm h
-1

) (AEP = 50 -100 %) (Cannon et al. 2008). In terms of the 

various rainfall regimes identified for regions in western US (Moody and Martin 2009a), 

the rainfall measured in northeast Victoria falls in the upper end of intensity spectrum along 

with Arizona where the 2 year I30 ranged from ~35 - 58 mm h
-1

. 

 

All the recorded debris flows occurred within twelve months of wildfires suggesting that 

susceptibility is closely linked to fire and diminishes quickly during recovery of the 
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catchments. Reduced debris flow susceptibility with time since fire may be linked to the 

depletion of fine sediments (Meyer and Wells 1997; Reneau et al. 2007) and reduced runoff 

rates and peak flows due to combined effects of increased infiltration capacity of 

recovering hillslopes and the increased hydraulic roughness from regrowing vegetation  

(Brown 1972; Moody and Martin 2001a). Unburnt conditions would require much larger 

rainfall events to trigger the same runoff response and even then, the response would be 

likely to produce flash floods rather than debris flows given the intact soil and lack of 

available material. According to a retired district officer for the former Forest Commission, 

„gravel flows‟ in north-east Victoria had previously been observed in association with 

wildfires in 1939 or more recent post-logging slash burns, but never in the absence of fire 

(Ritchie 2009). Deposits from previous debris flows were observed in catchments in West 

Gippsland near Mt Tamboritha, and photographs from local residents confirmed that these 

occurred in catchments burnt at high severity during the Caledonia wildfire in 1998 when 

up to 25 mm of rain fell in 30 minutes immediately following the fire. Old debris flow 

deposits were also observed at Myrtle Ck, northeast Victoria, and charcoal fragments 

within levees indicated that this past event may also have been linked to fire. With fire 

seemingly a key control on the occurrence of these events in both Victoria and western 

USA, the resemblance in the observed processes must be due to the similar properties of 

burned catchments which typically display i) reduced resistance to erosion and increased 

sediment/ash availability (Cannon et al. 2001a; Gabet 2003), ii) increased runoff rates 

(Cannon et al. 2001b; Meyer et al. 2001) and iii) enhanced sediment transport capacity of 

ash slurries (Gabet and Sternberg 2008).  

 

Water repellency has been identified as an important fire related property of soils in debris 

flow susceptible catchments in the western USA (VanDine et al. 2005; Wells 1987). Water 

repellency reduces the infiltration capacity of the soil (Doerr et al. 2006) and the presence 

of wettable and unconsolidated material overlaying an otherwise water repellent soil is a 

precondition for thin hillslope failures to occur (Gabet 2003). Soils in dry eucalypt forests 

in south-east Australia, however, display strong background levels of water repellency in 

the absence of fire (Burch et al. 1989; Crockford et al. 1991; Doerr et al. 2004). While the 

study did not include enough sampling locations to detect significant differences between 



 

50 

burn and unburnt soil in terms of water repellency and hydraulic conductivity, the results 

show that hydraulic conductivity in both burnt and unburnt soils was limited by water 

repellency at soil depths of 2-5 cm. The data also indicate that water repellency is less 

widespread at the soil surface after fire. This might be linked to the addition of wettable ash 

to the hillslopes (Leitch et al. 1984; Woods and Balfour 2008) and reduced water 

repellency at the soil surface due to high burn temperatures (Doerr et al. 2004), both of 

which result in a layer of wettable soil which could be important in providing the material 

required to generate debris flow slurries. The range of hydraulic conductivity Kfs values 

measured in dry eucalypt forest are low (28 mm h
-1

 < Kfs < 31 mm h
-1

) compared to wet 

eucalypt forest where the Kfs immediately following fire was > 100 mm h
-1

 (Nyman et al. 

2010).  

 

The study detected no runoff generated debris flows following wildfire in the wet forests of 

the region, and no debris flow occurred in severely burned wet forests at East Kiewa  

(Table 2.4, # 12) despite the intense rainfall event (I30 = 47 mm h
-1

) that exceeded the 

apparent rainfall thresholds for debris flow initiation in the dry eucalypt forest. The study 

therefore indicates that runoff generated debris flow events are probably less likely to occur 

in wet eucalypt forest than dry eucalypt forests. A large volume of surface runoff is an 

important precursor for debris flow generation (Cannon et al. 2001b; Wondzell and King 

2003). At East Kiewa, there was little evidence of widespread overland flow following the 

event and it is likely that most of the runoff and sediment was generated from within meters 

of the drainage lines even during intense rainfall events (Sheridan et al. 2007a). The highly 

structured and loamy soils in wet forest result in high saturated hydraulic conductivity (> 

100 mm h
-1

) and transient surface runoff on hillslopes even if water repellency is 

widespread (Nyman et al. 2010; Sheridan et al. 2007a). The difference in soil structure 

between forest types is evident from the measured bulk density of surface soils (0-10 cm) at 

East Kiewa and other wet forest in Victoria (0.6 - 0.8 g cm
-3

) (Lane et al. 2006b) which 

contrast with the 1.3 g cm
-3

 measured for six dry forest sites in this study. Furthermore, the 

rapid vegetation recovery of wet forests results in a shorter duration over which the 

catchment is susceptible to surface runoff and hillslope erosion (Lane et al. 2006b; 

Sheridan et al. 2007a). Both the high infiltration capacity and rapid vegetation recovery 
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would act to promote high effective infiltration rates at the hillslope scale and result in low 

connectivity between overland flow on hillslopes and the drainage networks even during 

intense rainfall events.  

 

One debris flow occurred in wet eucalypt forest following a slip in a convergent headwater 

basin (Table 2.4, # 8). This debris flow represents an isolated case that occurred in response 

to an exceptional rainfall event and therefore the role of the fire in generating this event 

remains unclear. However, mass failure generated debris flows were also visible in aerial 

photographs from 1941 of catchments in wet forests near Graceburn Ck which were burnt 

by wildfires in 1939 (Cecil 1981). Landslides and slips have previously been linked to 

wildfire through tree mortality and subsequent reduction in root strength (Meyer et al. 

2001; Wondzell and King 2003). Alpine Ash and Mountain Ash forest which dominate wet 

forest environments are serrotenous, so the trees are killed by intense wildfire and the forest 

regenerates from seeds. While there was extensive tree mortality of Alpine Ash at the mass 

failure site in Aberfeldy, it is unlikely that this mechanism was instrumental in triggering 

this debris flow, given that the event occurred less than one year following the fire and not 

allowing for the effect of declining root strength to set in. It can also be speculated that the 

fire can prompt slope-failure through short term reduction in evapotranspiration (Lane et al. 

2010), leading to increased levels of saturation and higher pore pressures in slopes with 

convergent topography.  

 

2.5.2 Sediment sources and entrainment rates 

The volume of available material in channels would depend on i) the timing of last channel 

evacuation or  ii) channel accumulation rates which could differ depending on catchment 

morphology and long term erosion processes. For three debris flows in north east Victoria 

the volume of eroded and mobilized material from channels ranged from 800 m
3
± 190 SE 

(Yarrarabula, 0.12 km
2
) to 1950 m

3
± 630 SE (Rose River, 0.33 km

2
). In comparison, the 

average volume scoured from channels in 45 debris flows across Utah, Colorado and 

California was estimated at 6 274 m
3 

and ranged from 170 m
3 
to 59 000 m

3
 for catchments 

between 0.01 km
2 

and 27.9 km
2 

(Gartner et al. 2008; Santi et al. 2008). The study shows 

that sediment entrainment rate along the length of the scoured drainage line peaks at the 
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point of maximum rate of decrease in channel slope where large volumes of available 

material had accumulated. This accumulation zone occurred in a concave portion of the 

channel where the potential stream power and shear stress decrease rapidly downstream, 

and could represent a threshold where channel deposition exceeds channel erosion for 

average runoff events in these small systems (channel length < 500 m) which are 

dominated by surface hydrology. This process of longer term sediment accumulation and 

periodic evacuation by debris flow is something which could be modelled using a 

combination geomorphic response models and stochastic forcing by rainfall and fire. For 

downstream channel reaches, the larger catchment scales result in increased runoff from 

surface and subsurface processes which means that the channel is exposed more frequently 

to larger flow events, hence limiting the accumulation of channel material. When averaging 

across the length of all channels contributing to the measured debris flows in northeast 

Victoria, the entrainment rate ranged from 0.55 m
3
 m

-1 
(Germantown) to

 
1.36 m

3 
m

-1 
 (Rose 

River) and falls within the lower end of distribution of entrainment rates (range: 0.3 m
3
 m

-1
 

- 9.93 m
3
 m

-1
, median:1.86 m

3
 m

-1
, mean: 2.47 m

3
m

-1
) reported by Santi et al. (2008). 

Given that that channels were eroded to bedrock at all sites, the large difference in channel 

entrainments rates between Germantown and Rose River could be due to i) differences in 

available channel material and/or ii) widening of the channel at Rose River during a smaller 

debris flow  which occurred three weeks after  the major  event on 3
rd

 December.  

 

The depth of hillslope erosion averaged across the catchments range from 3.2 mm ± 0.8 SE 

at Rose River to 12.6 mm ± 2.3 SE at Yarrarabula and falls within range of values 

summarized for yearly erosion rates in burned sites elsewhere (Moody and Martin 2001a).  

This means that hillslopes represent an important sediment source of debris with 25 % to 65 

% of sediment entrainment occurring on hillslopes. Hillslopes in the upper- and mid-section 

of the catchments were mostly convex so little or no deposition was observed at the base of 

hillslopes prior to the confluence with the channel network. Furthermore, the large volumes 

of overland flow and the uniform, steep (50 % > 25˚) and hydrologically smooth hillslopes 

resulted in low deposition rates and high sediment delivery rate from hillslope to channels 

during the event. When standardised by catchment size and assuming 50 % deposition as 

per (Leitch et al. 1984), the magnitude of hillslope erosion at Germantown (41 ± 7 t ha
-1

) 
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and Rose River (20 ± 8 t ha
-1

) are similar to or higher than the hillslope erosion estimates 

(22 t ha
-1

) from a mud torrent after wildfire and a subsequent storm event (total rainfall = 

17 mm) in 1983 (Leitch et al. 1984). Yarrarabula stands out from the other two sites with a 

very high hillslope erosion rate despite the relatively small difference between sites in 

terms of rainfall. Having been burnt in both 2003 (low severity) and again in 2007 (high 

severity) the hillslopes at Yarrarabula could have had larger volumes of readily available 

sediment than the other sites. There were no signs of previous debris flows in the catchment 

and the relatively low severity of the fire in 2003 would have promoted lower erosion rates 

with most material being retained on the hillslopes. Secondly, the debris flows at 

Yarrarabula occurred adjacent to a large granitic intrusion, which resulted in a metamorphic 

geology which is different to the regional Ordovician sedimentary rocks which underlie the 

catchments at Rose River and Germantown.  

 

2.5.3 Hazards from post-fire debris flows  

Debris flows play an important role in the delivery of large volumes of material to 

mountain streams and rivers where sediment transport is usually supply limited (Benda and 

Dunne 1997; Istanbulluoglu et al. 2004; Rutherfurd et al. 1994). In a review of impacts on 

water quality resulting from recent wildfires in south-east Australia, it is evident that the 

debris flows provide an injection of fine sediment, nutrients and other contaminants that 

may be transferred large distances downstream in subsequent flow events (Smith et al. 

2011c). The increased sediment availability can result in high turbidity and high nutrient 

levels which are detrimental to aquatic ecosystems and problematic in the supply of clean 

drinking water to several regional townships (Lyon and O'Connor 2008; Smith et al. 

2011c). Fish kills were reported in rivers downstream of debris flow affected catchments in 

northeast Victoria and East Gippsland (Department of Primary Industries 2009; Lyon and 

O'Connor 2008). Following debris flows in the Upper Goulburn in central Victoria, the 

communities along the river were unable to divert river water for domestic purposes and the 

area suffered reduced tourism as a result of the poor condition of the river (Tennant and 

Turner 2009).  
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In addition to water quality impacts, recent events also highlight the role of debris flows as 

a direct risk to human life and infrastructure. A debris flow at Dingo Ck in northeast 

Victoria resulted in loss of life with the death of a fire fighter who was caught by the event 

when trying to cross a riverbed as part of a post fire reconnaissance (Berry and Bradley 

2003). While this particular event was the result of extremely unfortunate circumstances, 

the tragedy helps emphasize how rapid and destructive these events can be and the need for 

accurate information to inform forest workers, landowners and recreational visitors of the 

potential risk. There are several instances where roads and private property have been 

severely damaged through the direct impact from debris flows. The cost associated with the 

damage is difficult to obtain but again, the events support the need for more research which 

will allow land managers and engineers to account for these high-magnitude events in the 

planning and design of new infrastructure projects. 

 

2.6 Conclusion 

A complex mosaic of geological units and different climates across the south-east 

Australian region result in a landscape with a wide range of landforms, soils, and vegetation 

communities which has important implications for the susceptibility of the landscape to 

high magnitude post-fire erosion events. In this paper we have shown that high magnitude 

erosion events with impacts on water quality and other assets in the eastern Victorian 

uplands usually occur as runoff-generated debris flows which display processes that are 

similar to what has been reported from research in burnt systems in western US. As a post-

fire hydrological hazard and as a geomorphic process within first to third order drainage 

systems, debris flows represent an important erosion response to wildfire in the Victorian 

uplands and probably in other regions within SE Australia such as the Snowy Mountains 

(Brown 1972) and the mountains in Namadgi National Park near Canberra (White et al. 

2006). While the events occur at relatively small temporal scales (minutes) and small 

spatial scales (< 20 km
2
), the impacts on aquatic systems have been detected well beyond 

the scale at which the debris flow processes typically operate (Lyon and O'Connor 2008).  

 

The occurrence and distribution of debris flows across the landscape is a function of the 

spatial extent of debris flow susceptible catchments in relation to the spatial distribution of 
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rainfall events that exceed a rainfall threshold during the post-fire period of susceptibility. 

In Victoria, all runoff generated debris flows occurred in dry eucalypt forests as opposed to 

wet eucalypt forests where high infiltration rates result in low surface runoff response, even 

after fire. The study indicates that the more resistant granitic geologies are less likely to 

generate debris flows, probably due to low sediment availability on exposed granitic 

hillslopes. The large spatial extent of dry eucalypt forests in Victoria, the high susceptibility 

to wildfire of these ecosystems and the seemingly low rainfall thresholds for debris flow 

initiation, suggest that debris are a regular erosion process after fire. The likelihood of 

future events is high, especially given the current climate change projections for south-east 

Australia which indicate that the region is moving towards increased risk of fire due to 

warmer and drier conditions during an increasing proportion of the year (Hennessy et al. 

2005; Pitman et al. 2007) and higher frequency of convective storms and extreme rainfall 

events (Alexander et al. 2007; Nicholls 1995; Whetton et al. 1993). 

 

The study provides an important foundation on which to pursue further research relating to 

landscape responses to wildfire in the south-east Australian region. Future studies should 

aim to i) develop erosion models which include key processes and landscape controls in the 

context of climate change and forest management, ii) quantify and develop predictive 

models relating to the frequency and magnitude of post-fire debris flow events, and iii) 

establish the role of fire related erosion events as a geomorphic agent in these systems over 

time. From a practical perspective the work will allow i) much better prediction of post-fire 

water quality risk, ii) much better understanding of the role of fire as a geomorphic agent in 

the south-east Australian landscape and iii) more insight into the links between forest 

ecosystem and resilience to the impacts of fire on erosion.  
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Chapter 3: Modelling hillslope and channel erosion during post-fire 

debris flows 

 

Abstract  

Post-fire debris flows are extreme erosion events and can dominate the long term supply of 

sediment from headwaters to streams in upland catchments and they represent a hazard to 

infrastructure, lives and water quality. Predicting the location, frequency and magnitude of 

debris flows is therefore important for i) understanding sediment dynamics in upland 

catchments and ii) as a basis on which to manage hydro-geomorphic risk in burnt areas. 

The infrequent and destructive nature of debris flows however means that field monitoring 

and catchment instrumentation are often ineffective at capturing processes and event 

magnitudes. In this study we use field surveys of 10 post-fire debris flow events in 

southeast Australia with aims to i) identify rainfall conditions underlying the debris flow 

response and to ii) quantity erosion and deposition rates in order to estimate the delivery of 

sediment and water quality constituents to receiving waterways. Rainfall conditions that 

triggered debris flows had an annual exceedance probability ranging from 0.1 to 0.6 and 

30-minute intensities, I30, ranging from 17-60 mm h
-1

. The magnitude of debris flows (100-

200 t ha
-1

) is similar to that which has been reported for the same type of events in the 

western US and Spain. In terms of eroded volume, there was on average an equal 

contribution from hillslopes and channels to debris flows. When evaluating the potential 

impacts on water quality however the hillslopes had much higher concentration of 

constituents such as fines clay and silt, plant available phosphorous and total carbon. The 

erosion data was used to parameterise equations for hillslope erosion, channel initiation and 

sediment transport in channels during debris flow events. The equations represent erosion 

rates as function of contributing area (A), local slope (S), rainfall intensity (I) and fire 

sensitive properties such as infiltration capacity and sediment availability. The modelling 

approach provided an integrated approach for representing debris flow initiation and 

magnitude and allowed for explicit representation of key hillslope properties which are 

affected by fire. The equations were used effectively to predict the initiation and magnitude 

of debris flow at two sites which were used as independent tests of model performance.  
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3.1 Introduction 

Runoff generated debris flows after fire can be an important process by which sediment and 

debris is eroded and transported from hillslopes and headwaters to streams and valley 

bottoms in wildfire-prone landscapes (Cannon et al. 2003; Gabet and Bookter 2008; 

García-Ruiz et al. 2012; Kean et al. 2011; Meyer et al. 2001; Nyman et al. 2011; Wohl and 

Pearthree 1991; Wondzell and King 2003). In landscapes where wildfire acts as an 

important control on runoff and sediment supply, it is the extreme erosion events that result 

from the intersection of burnt headwaters and storms which can drive the long term erosion 

rates in headwater systems (Istanbulluoglu et al. 2004; Pierce et al. 2004; Smith et al. 

2012). While the debris flow processes generally operate at relatively small spatial and 

temporal scales (< 10 km
2 

and minutes) they are important for long term sediment and 

ecosystem dynamics at larger scales (Benda et al. 2003; Miller et al. 2003a; Rutherfurd et 

al. 1994; Smith et al. 2011c).  

 

The physical processes contributing to the initiation and propagation of runoff generated 

debris flows are difficult to model (e.g. Welcker 2011). The initiation process includes a 

combination of i) runoff generation (Cannon et al. 2001a; Kean et al. 2011), ii) hillslope 

erosion (Cannon et al. 2001a), iii) thin hillslope failures (Gabet 2003), iv) channel incision 

in converging zero-order headwaters (Cannon et al. 2001b; Gabet and Bookter 2008) and v) 

subsequent debris flow propagation within the channel (Kean et al. 2011). The propagation 

and persistence of debris flow processes in downstream channels is a function of local 

slope, channel configuration as well as changes in flow rheology due to runoff 

accumulation, sediment entrainment and deposition within channels (Cannon et al. 2003; 

Iverson 1997). The processes controlling debris flow dynamics within channels have been 

modelled using physical principles (Iverson 1997; O'Brien et al. 1993) although there are 

few cases where these modelling approaches have been applied specifically to post-fire 

debris flows (Elliott et al. 2004) . 

 

Wildfire contributes to runoff generated (or progressively bulked) debris flows by reducing 

infiltration and increasing sediment availability (Cannon et al. 2001a; Gabet and Sternberg 

2008; Wells 1987). The threshold for initiation of post-fire runoff-generated debris flows is 
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essentially a function of runoff and sediment generation from contributing hillslopes 

(Cannon et al. 2001b; Gabet and Bookter 2008; Wohl and Pearthree 1991). The subsequent 

magnitude of erosion by debris flows is a function of the sediment availability and transport 

capacity in channels and on hillslopes which contribute to the debris flow process (Cannon 

2001; Gabet 2003; Gartner et al. 2008; Santi et al. 2008). Statistical models of initiation 

and magnitude of debris flows are typically used to predict the event based-hazard 

associated with debris flows from recently burnt basins (Cannon et al. 2010; Gartner et al. 

2008; Pak and Lee 2008). These statistical models were developed in the context of hazard 

at the catchment outlet, and therefore rely on arbitrarily defined catchment boundaries. The 

transition from debris flow processes to flood require separate models that represent the 

downstream reduction in debris flow potential (Miller and Burnett 2008; Prochaska et al. 

2008). Over time, the delivery to stream channels from debris flows has been modelled 

using stochastic models which focus more on capturing the episodic nature of events in 

headwater systems and less on variability in event magnitude (Benda and Dunne 1997). 

Istanbulluoglu et al. (2004) developed a numerical modelling approach which represents 

both magnitude and frequency of events in forested systems prone to wildfire disturbance.  

 

In this study we develop a model of debris flow magnitude which is coupled with the 

factors that determine the hydrological thresholds for debris flow initiation. The aim was to 

provide a modelling approach which represents topographic controls as well as properties 

which are affected by fires. Both hillslopes and channels contribute to sediment during 

runoff generated debris flows. These sediment sources display different properties in terms 

of particles size distribution and nutrient content and should therefore be treated explicitly 

as separate inputs to downstream channels environments. The study was designed with 

three main objectives: 

1. Use field surveys of a sampled of post-fire debris flows to quantify magnitude of 

erosion, the properties of source material and the triggering storm conditions.  

2. Parameterise geomorphic transport equations as predictive models of hillslope 

erosion, channel erosion and deposition.   

3. Use the equation to independently predict the debris flow initiation and magnitude 

of debris flows  
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3.2 Methods 

3.2.1 Regional context and site characteristics 

Debris flow surveys were carried out in 10 catchments at 7 sites in the eastern uplands of 

Victoria, southeast Australia (Figure 3.1).  The geomorphology of the region is described in 

Jenkins (1991) and the overall setting in terms of post-fire erosion processes is provided in 

Chapter 2, section 2.2 (or see Nyman et al. 2011). The sites were selected because of access 

to the debris flow catchments and availability of rainfall data from nearby rain gauges. 

Hillslope and channel erosion measurements at Rose River, Yarrarabula and Germantown 

(data presented in Chapter 2) were made in two replicate catchments whereas 

measurements at Target Creek, Mt Tamboritha, Myrtle Creek and Sunday Creek were made 

in a single catchment. Catchments were defined above the upstream end of the main fan. 

All debris flows terminated at the intersection with higher order streams apart from a debris 

fan at Yarrarabula 1 and Germantown 2 which deposited within the catchments, above the 

small flood plains that bordered the main creeks. Catchment properties are summarised in 

Table 3.1. 

 

Figure 3.1 a) Location of 7 debris flow research sites in southeast Australia and b) outline 

of a catchment that was surveyed at Rose River showing the location of channel cross-

sections and hillslope transects. 
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Table 3.1 Debris flow research sites in eastern uplands of Victoria, southeast Australia. 

Site Sizea Reliefb 
Burn 

severity 

Bulk 

density 

(0-10 cm) 

Particle size (hillslope) 

(0 - 2 cm depth) 

Rock content 

(D > 30 mm) 

 km2 m % > 2 kg m-3 
gravel  

(2-30 mm) 

% 

sand 
( 

% 

silt 
% 

clay 
( < D 

% 

Hillslope 
% 

Channel 
% 

Rose River 1c 0.33 260 89 % ≥2 

1.18 48 15 21 16 4 43  
Rose River 2 

 
0.72 

 
237 

 
86 % ≥2 

 

Germantown 1c 

 

0.65 

 

310 

 

71 % ≥2 
1.24 34 35 21 10 6 41 

 

Germantown 2 

 

0.36 

 

302 

 

66 % ≥2 

 
Yarrarabula 1 

 
1.00 

 
421 

 
84 % ≥2 

1.21 33 34 23 10 4 42 
 

Yarrarabula 2c 

 

0.12 

 

217 

 

87 % ≥2 
 

Target Creek 

 

1.20 

 

322 

 

100 % ≥2 

 

1.27 

 

34 

 

29 

 

27 

 

11 
7 36 

 
Mt Tamboritha 

 
2.20 

 
613 

 
100 % ≥2 

 
1.41 

 
52 

 
23 

 
17 

 
9 

15 50 

 

Myrtle Creek 

 

0.23 

 

209 

 

100 % ≥2 

 

1.24 

 

31 

 

33 

 

25 

 

10 
28 53 

 

Sunday Creek 

 

0.08 

 

76 

 

100 % ≥2 

 

1.28 

 

54 

 

18 

 

18 

 

10 
23 41 

           
a Values represent the area above the fan  

b Relief calculated as the height from channel initiation point to the start of terminal deposit 

c Catchments used in analysis of hillslope and channel erosion in Chapter 2. 

 

3.2.2 Rainfall  

Rainfall intensity was measured using a combination of rain gauge measurements and radar 

data from Australian Bureau of Meteorology (The method is described briefly here, 

however,  see Chapter 2, section 2.3.3 or Nyman et al. (2011) for more details on method).  

The sequence of intensity above each debris flow catchment was extracted from a sequence 

of 10 min radar images covering the debris-flow initiating storms cells. The continuous 

intensity at debris flow locations was obtained by first estimating the direction and tracking 

velocity of storm cells, then extracting the radar-derived intensity values for a transect of 

pixels (0.5 x 0.5 km) within each 10 min data frame covering the duration of the rainfall 

event. The length and the orientation of the vector were determined by the velocity and 

direction in which the storm was travelling which was measured by manually tracking the 

position of at least three separate storm cells during a 30-60 min sequence of radar images.  

The rainfall intensity in radar images was extracted for a vector of pixels and represented 

along with time (minutes), where min/pixel = total pixels/10. The product of intensity and 

time intervals was then used to calculate a cumulative rainfall distribution. This distribution 



 

61 

was finally calibrated with the known ground-based total rainfall. This approach was found 

to yield realistic intensity measured at < 30 min timescales (Nyman et al. 2011). This 

extrapolation procedure was required because the duration of high intensity rainfall was 

short relative to the 10 minute temporal resolution of the radar data. This means that 

characterising the rainfall for single pixel above the site at for each 10 min image would 

often result the actual storm cells not being captured. 

 

3.2.3 Channel Erosion 

Channel erosion was measured in cross sections (m
2
) along all channels above the terminal 

debris flow fan. On average 30 cross-sections were measured per catchment at an average 

interval of 55 m. The cross sections were measured at shorter intervals in regions of large 

absolute variability in channel erosion. In depositional areas, the cross sections were made 

at higher intervals because of large variability in the width of channel deposit.  The 

locations of each cross section and the initiation points were measured at < 10 m accuracy 

using differential GPS. Initiation points were defined as the location along the drainage line 

where the maximum depth of scour first exceeded 0.2 m and where depositional features 

along the channel banks were consistent with the debris flow type. A scour depth of 0.2 m 

was considered an appropriate cut-off point because it represented a point from which the 

channel scour increased progressively in magnitude as opposed to the discontinuous nature 

of shallower rills. The cross sectional area of erosion at each survey point was calculated by 

assuming that the pre-existing channel could be extrapolated from the side slopes leading 

into the channels.  This method is consistent with previous studies that quantify post-fire 

debris flow volumes (Gartner et al. 2008; Nyman et al. 2011; Santi et al. 2008). The side 

slopes were also used to estimate the cross sectional area of deposits. While consistent with 

other studies, this makes for a large error. This error can be quantified when the exact 

channel form prior to the debris flow event is known. In our study we did not have this 

information so the actual magnitude of the error is unknown. The proportion of clasts > 30 

mm within the eroded and exposed channel banks was recorded as a proportion at each 

cross section. 

 

3.2.4 Hillslope Erosion  
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Hillslope erosion was measured from surface lowering using pedestals, scour around 

embedded rocks and intact sections of soil/ash. These indicators were used to extrapolate 

the pre-existing surface height (for more detailed description see Chapter 2, section 2.3.2 or 

Nyman et al. (2011)). The measurements were made in 1 m x 1 m quadrats along transects 

from channel to ridge top (perpendicular to the contours). The location of transects were 

stratified according to lower, mid and upper hillslope regions with a total of 2-4 transects 

for each catchment region. The proportion of eroded and non-eroded surfaces was recorded 

for each transect alongside the measures of erosion depth within eroded sections. An 

estimate of the mean erosion depth within the eroded section of the quadrate was based on 

three to six separate measures of ground surface change. The proportion of area covered 

with rocks > 30 mm in diameter was recorded for each quadrate. 

 

3.2.5 Soil sampling and analysis 

Bulk density was sampled in cores (4.7 cm in diameter and 10 cm deep) at 10 locations on 

hillslopes and in channel banks at each site. The hillslopes cores were extruded so that bulk 

density could be measured from the dry weight at different depth intervals (0-2, 2-5 and 5-

10 cm). A separate and more extensive sampling campaign was carried out on hillslopes 

and channels in order to measure particle size distribution and nutrient content of debris-

flow source material. About 50 g of soil was collected at 10 points distributed along erosion 

transects in the upper, mid and lower sections of one catchment at Rose River, Germantown 

and Yarrarabula (10 samples x 5 transects = a total of 50 sample points per site). Surface 

soil (0-2 cm) was collected from non-eroded section of the hillslopes. Subsurface soil (2-5 

cm) was sampled after removing the surface material. Samples from surface and subsurface 

soil were composited separately, mixed and then sub-sampled into 500 g bags, two for each 

depth interval. One sub-sample was used for nutrient analyses and the other was used for 

particle size analysis. Channel material was sampled across the full bank profile that had 

been exposed by the erosion from the debris flow. The soil was sampled at each channel 

cross-section, composited into upper and lower channel regions, and then sub-sampled into 

500 g soil bags (two from each channel region).  
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The particle size analysis of channel and hillslope material at all sites was performed on 50 

g of soil < 2 mm after ultrasonic dispersion and digestion of organic matter with hydrogen 

peroxide (Bowman and Hutka 2002). Gravel content (2 mm > D < 30 mm) was estimated 

from sieving the composite sample (> 2 kg) that remained after sub-sampling for nutrient 

and particle size analysis. The proportion of large clast (D > 30 mm) was measured 

volumetrically during the erosion survey and converted to mass using bulk density values 

of sandstone (2220 kg m
-3

). Nutrient analysis was performed on sediment < 2 mm from 

Rose River, Germantown and Yarrarabula. Total nitrogen (TN) and total carbon (TC) was 

measured by the Dumas combustion procedure using a Leco CNS 2000 analyser 

(McGeehan and Naylor 1988). Total phosphorous (TP) measured from nitric perchloric 

acid digest and plant available phosphorous (Bray-P) was analysed through extraction by 

dilute acid fluoride (Bray and Kurtz 1945). The method for soil nutrient analysis is 

described in detail by (Noske et al. 2010).  

 

3.3 Results and discussion 

3.3.1 Rainfall  

The average intensity (I) of debris flow triggering rainfall events ranged from 17 - 60 mm 

h
-1

 and 35 – 85 mm h
-1 

for 30-minute (I30) and 15-minute (I15) rainfall respectively (Figure 

3.2). The average annual exceedance probability (AEP) of I30 was between 0.6 and 0.3 for 5 

out of 7 events. The AEP for I30  and I15 at Rose River (maximum) and Myrtle Creek 

(minimum) was 0.1 and 0.6 respectively. A power law equation explained 60 - 99 % of 

variation in average intensity (I) with duration (thrs). The total rainfall for debris flow 

triggering storm events ranged from 16 mm to 34 mm. The range of 15 minute peak 

intensities (I15: 35-85 mm h
-1

) were higher than the minimum intensities reported by (Kean 

et al. 2011) for post-fire debris flows in the San Gabriel Mountains, California (I15 = 12 

mm h
-1

) but lower in some cases than the I15 which triggered debris flows in the Santa Ynez 

site  (I15 = 56 mm h
-1

).  The minimum intensity - duration relation for debris flow triggering 

rainfall could be represented by the power law relation, I = 11thrs
-0.8

). This does not 

represent a threshold, but the value is indicative of the rainfall conditions under which 

debris flows could be expected to occur. The intensity-duration relation are above the range 
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of thresholds reported for post-fire debris flow in Colorado and California (Cannon et al. 

2008) (Figure 3.2).  

 

Figure 3.2 The intensity-duration relation for debris flow triggering rainfall after wildfire in 

south-east Australian Eucalypt forests (storm totals in legend). The intensity-duration 

relation is shown for storms with return interval of 1-10 year at Myrtleford in northeast 

Victoria. The values for California and Colorado are obtained from Cannon et al. (2008) 

and show lower and upper thresholds for debris flow initiation in these regions. 

 

3.3.2 Debris flow magnitude 

Channel and hillslope contributions were estimated within the lower, mid and upper 

sections of the catchments (see Chapter 2, Figure 2.1). The mean and standard error (SE) of 

hillslope erosion was calculated within region by treating each transect as a sample (n = 2 

to 4 transects per region). Channel erosion was calculated in segments and accumulated 

within regions. The average cross-sectional area (m
2
)
 
(also referred to as channel yield rate 

(m
3
/m) (Santi et al. 2008) ) was then obtained by dividing the total volume by total channel 

length for that catchment region. The standard error of the eroded channel volume was 

measured from the variability in average channel yield rate between all segments within 

each region. Total channel erosion within each region was calculated from the sum of all 

eroded channel segments. The erosion depth with the upper-, mid- and lower regions was 

used to estimate total hillslope erosion by assuming that each region comprised an area 

which was proportional to the average transect length. The proportional split between 
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catchment regions was consistent across all sites with the upper-, mid- and lower- 

catchment regions, respectively, making up 50 ± 4 %, 35 ± 3 % and 15 ± 2 % of the total 

catchment area. Total channel erosion and associated error estimate was obtained by adding 

the volumetric erosion measurements from all regions. 

 

The bulk density of hillslope soil (0-2 cm) across all sites (1270 kg m
-3

 ± 33 SE) was on 

average 12 % lower than bulk density of sediment within channel banks (1610 kg m
-3

 ± 69 

SE). The volumetric contribution from hillslopes to debris flows was therefore adjusted to 

correspond with bulk density in channels. The bulk density of surface and channel material 

at all sites was combined into a single measure since there were no significant differences 

between sites. The uncertainty in bulk density values, size of catchment regions, and the 

estimated volume within regions was propagated through to the final estimate of debris 

flow volume. Volume was converted to mass treating soil < 30 mm and rocks > 30 mm 

separately. The volume of rocks > 30 mm (measured for source material in channels and 

hillslopes during the erosion survey)  was converted to mass using a bulk density of 

sandstone ( 2220 kg m
-3

) (Carmichael 1989). Material < 30 mm was converted to mass 

using the separate bulk density values for channel and hillslope material. 

 

In terms of mass the average debris flow yield, Y, was 195 t ha
-1

 ± 68 SD. In terms of 

volume the yield was 113 m
3
ha

-1
 ± 40 SD. These values are lower than what was reported 

for post-fire debris flows in the Ibirena Ranges, Spain (García-Ruiz et al. 2012) but 

correspond well with the mass of material produced from debris flows in the Idaho 

batholith (140 – 440 t ha
-1

)
 
(Meyer et al. 2001) and the volume the erosion reported for 

debris flow elsewhere in the intermountain western US (Gartner et al. 2008; Santi et al. 

2008). In terms of volume, V (m
3
), the debris flow magnitude and could be predicted 

reliably by the empirical post-fire debris flow model that has been calibrated and tested for 

that region (Gartner et al. 2008): 

 

                                     
    3.1 
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Where Sth is the area with slope > 30% and B is the area with burn severity > 2,  Rtot  is the 

total storm rainfall. The coefficient of determination (R
2
) of the observed versus predicted 

volumes was 0.92. On average our study found that there was an equal contribution from 

hillslopes (52 %) and channels (48 %) but with a relatively wide range of hillslope 

contributions (26-88 %) across the 12 debris flow events (Figure 3.3 and Table 3.2). The 

hillslope source dominance is consistent with large post-fire erosion events reported 

previously from the region (Smith et al. 2012; Wasson et al. 2003; White et al. 2006). After 

wildfire in Cotter catchments, Australian Capital Territory, 48-100 % of the fine sediment 

(<4 μm) delivered to the water supply reservoirs was sourced from burnt topsoil (Wasson et 

al. 2003).  Similarly in post-fire debris flow deposits hillslopes have been found to 

contribute somewhere between 22 % and 75 % of fine (<10 μm) sediment (Smith et al. 

2012).  

 

The hillslope source contribution reported in Table 3.2 assumes negligible hillslope 

deposition and is therefore an overestimate. Some deposition was observed where flow 

obstacles such as tree stems or in-situ rocks acted as physical barriers. However, the steep 

slopes (> 25°) and strong coupling between hillslopes and channels in the intensively 

eroded upper- and mid- sections of the catchment meant that deposition was low. For 

similar burn forest Leitch et al. (1984) found that depositional areas occupied 4 % of the 

overall hillslope area. In this study, the effect of assuming zero hillslope deposition could 

be explored by comparing hillslope source contribution at Myrtle Creek and Sunday Creek 

with values obtained for the same events using radionuclide tracers (Smith et al. 2012).  

 

In the present study, the hillslope source contribution of fines (< 10 μm) was 80 % and 83 

% at Myrtle Creek and Sunday Creek, respectively, which (as expected) is higher compared 

to range of values obtained  in Smith et al. (2012) using fallout radionuclide tracers. 

Radionuclide tracers indicated that hillslope deposition ranged from  22-69 %  and 32-75 % 

at Myrtle Creek and Sunday Creek, respectively (Smith et al. 2012). If the mean of all 

radionuclide samples in Smith et al. (2012) is used as a measure of the minimum hillslope 

contribution, then hillslopes comprised a minimum of 47% and 51% of debris flow material 

at Myrtle Creek and Sunday Creek, respectively. These average measures represent a 
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maximum deposition because the hillslope contribution is underestimated due to the large 

proportion of debris flow material exported during peak flow when hillslope material 

contribution is higher (69-75 %) (Smith et al. 2012). When coupled with our erosion depth 

measurements, the results of Smith et al. (2012) indicate that no more than 33 % of eroded 

hillslope material was depositing within the hillslope before reaching the channel.
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Table 3.2 Hillslope and channel erosion at debris flow research sites in eastern uplands of Victoria, southeast Australia. 

Site Size 

# 

initiation 

points 

Max 

stream 

order 

Run-out 

length
a 

(L/ΔZ) 

Average 

hillslope (HS) 

erosion depth  

Average 

channel (CH) 

erosion x-section 

Deposit 

volume
b
 

Debris flow  

volume 
Mass 

 km
2
    m (*10

3
) 

 

m
2
 

 

m
3
  

 

m
3
 

 

m
3
 ha

-1
  

HS 

prop
c
 

 

t ha
-1

 

     lower mid upper lower mid upper      

                

Rose River 1 0.33 9 2 4.5 
0.7 

± 0.3 

1.39 

± 0.8 

4.6 

± 1.9 

0.73 

± 0.11 

1.84 

± 0.57 

2.77 

± 0.53 
789 

3328 
± 835 

91 
± 23 0.26 

156 
± 30 

Rose River 2 0.72 4 3 3.3 
0.7 

± 0.3 

1.39 

± 0.8 

4.6 

± 1.9 

1.80 

± 0.36 

2.73 

± 0.34 

1.73 

± 0.26 
671 

5714 

± 1096 

79 

± 15 0.29 

141 

± 19 

Germantown 1 0.65 9 3 3.0 
2.7 

± 0.5 
3.1 

± 0.8 
9.2 

± 1.5 
1.89 

± 0.37 
0.78 

± 0.17 
0.79 

± 0.10 
975 

5160 

± 826 

79 

± 13 0.62 

133 

± 23 

Germantown 2 0.36 3 2 3.8 
2.7 

± 0.5 

3.1 

± 0.8 

9.2 

± 1.5 

1.29 

± 0.48 

1.20 

± 0.13 

0.39 

± 0.19 
20 

2800 
± 477 

78 
± 13 0.68 

135 
± 24 

Yarrarabula 1 1.0 2 2 2.8 
3.6 

± 1.9 

9.8 

± 0.5 

19.2 

± 4.4 

1.4 

± 0.19 

0.63 

± 0.30 

3.93 

± 0.66 
1528 

13696 
± 3158 

137 
± 32 0.79 

229 
± 51 

Yarrarabula 2 0.12 4 2 4.1 
3.6 

± 1.9 

9.8 

± 0.5 

19.2 

± 4.4 

 

1.00 

± 0.27 

1.18 

± 0.29 

0.63 

± 0.12 
45 

2094 

± 390 

174 

± 32 0.62 

300 

± 52 

Target Creek 1.2 7 3 3.3 

2.1 

± 0.3 

 

5.6 
± 1.1 

9.6 
± 1.5 

3.22 
± 1.02 

1.72 
± 0.21 

1.07 
± 0.24 

750 

11968 

± 1616 

99 

± 13 0.58 

171 

± 21 

Mt Tamboritha 2.2 11 3 3.0 
4.2 

± 0.9 

14.9 

± 2.4 

8.9 

± 4.0 

8.53 

± 4.03 

10.21 

± 1.42 

1.47 

± 0.61 
1512 

38463 
± 8693 

177 
± 40 0.47 

325 
± 52 

Myrtle Creek 0.23 3 2 2.8 
6.8 

± 1.1 

10.4 

± 1.9 

10.9 

± 1.2 

0.76 

± 0.19 

0.94 

± 0.15 

0.39 

± 0.04 
386 

2267 
± 348 

97 
± 15 0.83 

181 
± 19 

Sunday Creek 0.08 1 1 3.4 
5.0 

± 1.9 

8.3 

± 2.9 

14.0 

± 1.0 

0.16 

± 0.04 

0.32 

± 0.06 

0.49 

± 0.06 
32 

732 

± 134 

98 

± 18 088 

181 

± 24 

a This is the ratio of horizontal to vertical travel distance between the highest initiation point and the terminal deposit 
b The values represent the measured volumes within debris flow affected channels prior to terminal deposits and intersection with higher order streams  
c This is the volumetric proportion of sediment that is sourced from hillslopes assuming no hillslope deposition 
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There were significant differences between the nutrient concentration of hillslope and 

channel source material at the debris flow sites (Table 3.3). The production of nitrogen 

(TN)  in hillslopes (233 kg ha
-1

) is similar to the 225 kg ha
-1

 measured using similar method 

after a debris torrent following a wildfire near Warburton, SE Australia in 1983 (Leitch et 

al. 1984).  The relatively low rock content and high nutrient content of hillslope material 

compared to channels means that hillslopes contributed disproportionately to the production 

of fine sediment (72 %) and nutrients (95 %, 65 %, 91 % and 90 % for Bray P, Na, TC and 

TN, respectively) (Figure 3.3). Organic matter (TC) made up 6 % of the total mass within 

the < 2 mm fraction which is similar to the ratio of sediment to organic matter reported for 

large post-fire erosion events (including debris flows) that lead to water quality impacts in 

the Cotter catchments (White et al. 2006). Overall, these results indicate that hillslope 

erosion and channel erosion should be weighted differently when evaluating potential 

impacts on aquatic ecosystems or water supply reservoirs.  

 

Table 3.3 Nutrient concentrations (g kg
-1

) and loads (kg ha
-1

) for hillslope and channel 

material at debris flow sites. The concentrations were measured on soil samples from Rose 

River, Yarrarabula and Germantown. The average loads were calculated for sediment < 2 

mm based on the average sediment load across all surveyed debris flow sites (n = 10). 

 

Constituent 

 

Channel 

 

Hillslope surface 

(0-2 cm) 

 

Total 

 g  kg-1 kg ha-1 g  kg-1 kg ha-1 kg ha-1 

Bray-P 
0.010  

± 0.011 

0.26  

± 0.12 

0.074  

±0.031 

4.2   

±2.3 

4.46 

±2.3 

Na 
0.315  

± 0.074 

8.2  

± 3.4 

0.230  

±0.036 

13.1  

±6.9 

21.3 

±7.4 

TC 
19.9  

± 9.83 

519  

± 238 

82.4  

±16.7 

4690   

±2576 

5210 

±2516 

TN 
1.13  

± 0.46 

53.5  

± 30 

4.06  

±0.80 

233   

±128 

287 

±158 
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Figure 3.3 a) The mean cumulative sediment yield (t ha
-1

) with increasing particle size 

across all debris flow catchments. b) The hillslope and channel contribution to the total 

nutrient content in eroded material. Bray P is the plant available phosphorous, TC is total 

carbon and TN is total nitrogen. Error bars show the standard deviation of the mean for all 

catchments (n = 10).  

 

3.3.3 Equations for erosion a debris flow initiation and magnitude  

In this section the aim is to parameterise a model that represents rainfall, infiltration 

capacity and sediment availability as the key variables that drive variability in the initiation 

thresholds and magnitude of debris flows in catchments that are impacted by wildfire. The 

sediment yield, (Y, m
3
) from the debris flow process at any point (x, y) within the catchment 

is represented as the sum of point-based erosion depth, E (m), and channel deposition, U 

(m), above that point in a flow accumulation grid where A is the contributing area: 

 

 
                     

    

          

    

           
3.2 

 

The sum of erosion depths in pixels is multiplied by the cell size because this converts 

depth of erosion in m to volume of erosion in m
3
. Point-based measurements of erosion 

depth, E (m), within the debris flow affected catchments were modelled as a function of 

catchment position and runoff potential using the variables of local slope (S), contributing 



 

71 

 

area (A), rainfall intensity (I) and the infiltration capacity (Kp) using the geomorphic 

transport equation: 

 

      
    3.3 

where k, m and n are fitted parameters and Q is the rainfall excess (m
3
 h

-1
); 

 

            3.4 

The equation (3.4) for rainfall excess (Q) does not represent the transfer of surface water 

from one point to another and equation (3.4) is therefore not a physical representation of the 

shear strength or transport capacity of the flow. When ke, m and n are parameterised using 

erosion measurements from field surveys, the erosion equation (3.3) is essentially an 

empirical relation between erosion depth (E) and the explanatory variables (S, A, I and Kp) 

underlying landscape variation in sediment transport during rain storms.  

 

The depth of erosion at each measurement location was calculated as the average depth 

across DEM pixels which were 10 m wide. For channel erosion this meant that each 

channel cross-section (m
2
) was divided by 10 m to get erosion depth (E) in metres. The 

parameters (ke, m and n) were calibrated separately for hillslope and channel erosion (Ehs 

and Ech, respectively) since the erosion processes differ between the two. The 

proportionality constant, ke, has units of h m
-2

 and can be interpreted as sediment 

availability (i.e. the depth of erosion per unit of Q
m
S

n
). 

 

The first step in the analysis was to extract values for S and A that corresponded with each 

geo-referenced measurements of Ehs and Ech that were collected as part of the debris flow 

survey (data shown in Table 3.2). The local slope (S) and contributing area (A) were 

obtained at each measurement location from a 10 m DEM. The values of S and A were 

calculated as the average of 3 channel pixels centred on the location of each erosion 

measurement. The spatial averaging of slope was necessary to remove the variability which 

may be an artefact of the DEM and the limits in the accuracy (1-10 m) of the GPS (< 10 m) 

used to locate each cross section.  
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Both hillslope and channel erosion was highly variable at small scales. Some of this 

variability was caused by factors other than those represented in the model and therefore 

somewhat random with respect to the proposed model. For instance the channel shape, 

bedrock exposure and rill erosion on hillslope can result high spatial variability that is not 

related to the local slope, contributing area or runoff generation. The values of Ehs , Ech, S 

and A were therefore averaged within sampling units. For hillslopes, the point values were 

averaged within upper, mid and lower sections as per Table 3.2. For channel segments, the 

measurements were averaged within stream orders. First-order streams originated at each 

channel initiation point below zero order headwater. Second order stream originate from 

joining of two first order stream and a third order stream is produced by joining two 2
nd

 

order streams (Strahler 1957).  

 

The steady state infiltration capacity (Kp) was calculated as the geometric mean of ponded 

infiltration rate on burnt soil at Rose River, Yarrarabula and Germantown, using 

measurements from field surveys described in Chapter 2 (Kp = 30 mm h
-1

:  n = 15). The 

geometric mean was used because it is a better measure of central tendency when the 

distribution of Kp is lognormal (Reynolds et al. 2000; Sharma et al. 1980) (Lee et al. 1985). 

The infiltration measurements were made on soil, not rock, and are therefore an 

overestimate of the actual infiltration capacity of the hillslope given that up to 28 % of the 

surface consisted of exposed rocks > 30 mm (see Table 3.2 for the rock data which was 

measured in 1 m
2
 quadrats during the hillslope erosion surveys). The steady state 

infiltration capacity was therefore adjusted accordingly by setting Kp to 0 in the proportion 

of hillslope covered by rocks. All events occurred within the first year of the fire and it is 

assumed that recovery of the soil did not take effect within this period (i.e. Kp was kept 

constant during the first year after fire). The rainfall excess, Q, in the equation (3.4) was 

calculated using rainfall intensity values at 15- and 30-minute temporal sales (I15 and I30, 

respectively) to give rainfall excess (Q) at two temporal scales of (Q15 and Q30, 

respectively). 
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Table 3.4 Rainfall and infiltration parameters at debris flow sites. 

Site Kp I15 I30 I15- Kp I30- Kp 

 
m h-1 

x103 

m h-1 

x 103 

m h-1 

x103 

m h-1 

x 103 

m h-1 

x 103 

Rose River 27 85 59 58 32 

Germantown 26 60 35 34 9 

Yarrarabula 27 65 38 38 11 

Target Creek 25 44 37 19 12 

Mt Tamboritha 19 37 35 18 16 

Myrtle Ck 11 35 18 24 7 

Sunday Ck 12 42 30 30 18 

 

The best fit for channel erosion (Ech) was obtained using infiltration excess from 30-minute 

rainfall (Q30) and parameter values of 0.09, 0.5 and 0.7 for ke, m and n respectively (R
2
 = 

0.4) (Figure 3.4). The parameters were optimised in Matlab using the Gauss-Newton non-

linear least squares algorithm. A large proportion of the variability in Ech was unaccounted 

for, something that was expected given i) the strong dependency between sediment 

availability and time since last channel evacuation and ii) a strong random component in 

the exact location of sediment accumulation in channels. However, the calibration of 

equation (3.4) incorporates data from multiple sites across a large geographic region and 

the parameters are therefore considered to represent the average channel response if 

catchments were sampled randomly from the landscape. 

 

The depth of deposition in channels (U) was very low in upper parts of the catchment and 

was not measured. Lower regions however began storing large amounts of material once 

the channel slope was < 10°. Within some reaches of the channel, the storage of material 

exceeded the volume of eroded material. This meant that the deposition rate was higher 

than the erosion rate, and that debris flow conditions could no longer be sustained unless 

there was a contribution from incoming tributaries or a change in overall channel properties 

(steepness or confinement). The channel deposition depth was modelled as a power 

function of slope (S) and 30-minute rainfall excess (Q30) in equation (3.4) with parameters 

m and n which had been calibrated for channel erosion: 
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          3.5 

where ke and β are fitted parameters. The depth of channel deposition U was calculated 

from the debris flow survey data as the average depth within stream orders. The equation 

was fitted using deposition data (U) from 2 and 3 order channels representing 8 out of the 

10 debris flow events reported in Table 3.2. The best fit (R
2
 = 0.47) was obtained with 

parameter values of 0.0003 and 1.7 for ke and β, respectively. Channel deposition U is 

initially very low but increases exponentially and equals Ech when Q30
0.5

S
0.7

 = 118. The 

debris flow conditions persists while U < Ech
 
. The shift from an eroding debris flow region 

(U < Ech) to a non-eroding region (U > Ech) can occur gradually within valley bottoms or 

abruptly in a terminal deposit at the confluence with trunk stream or larger catchment.    

 

Figure 3.4 Erosion and deposition by debris flows 1-3 order catchment in the eastern 

uplands of Victoria, southeast Australia. Each data point of erosion (Ech) is the average 

erosion within individual stream order reach (n = 60) at 8 debris flow catchments. There 

were 44 first order channels, 13 second order channels and 3 third order channels. 

Deposition (U) was measured in 8 stream order reaches (6 second order and 2 third order). 
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The parameters m and n which were parameterised for Ech were assumed to be 

representative of the processes contributing to channel initiation. The threshold for channel 

initiation during debris flow events was represented as a function of the 30-minute rainfall 

excess (Q30) and the local slope (S) (Figure 3.5). Essentially, this means that the channel 

initiation points (CIP) during the debris flow is a function of the local slope and the rainfall 

excess Q30 contributing to at that point. The critical Q30 was a linear function of S when m 

and n were carried across from the fitting procedure for channel erosion.  

 

Figure 3.5 Debris flow initiation thresholds for headwater catchments (n = 45) across 7 

sites in the eastern uplands of Victoria, southeast Australia. The threshold curve was fitted 

manually by adjusting the parameters in the linear function so that no data points were 

within the threshold curve. 

 

The fitted mean line represent an average relation whereas the minimum fit represents a 

more conservative measure of the initiation threshold. The fitted line for debris flow 

initiation thresholds is only valid within the region of the data.  This means that the region 

in which debris flows can initiate is bounded on either end by some minimum value for q30 

and some S. The channel initiation points (CIP) can be predicted by applying the channel 

threshold function and locating the position where the threshold for initiation is exceeded. 
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There should be no initiation when Q30 = 0, hence S
0.68 

must be greater than 0.72. This 

results in the following conditions for channel initiation: 

 

     
        

     
      

             

3.6 

All points in the landscape that satisfy both of these conditions can be considered channels. 

The channel initiation points are defined at the end points in the upper headwaters where 

the conditions shift from false to true. 

 

The hillslope erosion (Ehs) was modelled in similar way to channels erosion, using equation 

(3.3) to relate rainfall excess (Q) and local slope (S) to erosion depth (Ehs), although the 

parameters ke, m and n were parameterised separately to the channel component since the 

transport behaviour is different. The best fit between Ehs, q and S was obtained using the 

15-minute rainfall excess, Q15, as opposed to Q30 which was the best predictor of channel 

erosion. This difference in rainfall dependency is reasonable given that the travel time on 

hillslopes is shorter and the erosion processes are more responsive to short burst of rainfall. 

The fitted parameters, m and n, were 0.8 and 1.6, respectively. The value of n for hillslopes 

indicates that hillslope erosion was more sensitive to slope than channel erosion.  

 

The debris flows at Rose River and Germantown displayed much lower hillslope erosion 

than all other sites and represents a different population to the other sites. The 

proportionality constant (ke) (representing sediment availability) for these two sites was 

0.0005 as opposed 0.0027 for the other sites (Mt Tamboritha, Target Ck, Yarrarabula). One 

possible explanation for this difference is that the debris flows at Rose River and 

Germantown occurred 10 – 12 months after the burn and the low ke may represent a 

recovery signal. However, the same time period had lapsed between the wildfire and debris 

flow event at Yarrarabula and this site did not display such a low ke. Although it is 

noteworthy that the catchment at Yarrarabula was burnt twice (once in 2003 and then again 

in 2007), making it a unique case. At all other sites the debris flows occurred within 2 

months of the fire. 
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Figure 3.6 The relation between transport and local slope for channel initiation points in 

lower-, mid- and upper catchments at five post-fire debris flow sites southeast Australia. 

 

3.3.4 Modelling debris flow initiation and magnitude - testing 

In this section we used the calibrated transport equations to model erosion during debris 

flows at Sunday Creek and Myrtle Creek.  The survey data from these two sites were not 

used in the previous parameterisation of m, n and ke which means that the erosion 

measurements from these sites are independent data. The volumetric rock content at Myrtle 

Creek and Sunday Creek was similar (28 % and 23%, respectively), therefore giving 

similar infiltration rates (Kp = 11 and 12 mm h
-1

 for Myrtle and Sunday Creek, 

respectively). The I30 and I15
 
(in mm h

-1
) were 18 and 35 and 30 and 42 for Myrtle Creek 

and Sunday Creek, respectively. Infiltration and rainfall variables are shown in Table 3.4. 

 

The first step in the model application was to calculate slope (S) and the 30-minute 

infiltration excess (Q30) at Myrtle Creek and Sunday Creek in a 10 m DEM. Channels and 

hillslopes could then be differentiated based on the conditional statements for channel 

initiation in equation (3.5).  Deposition (U) and erosion (Ech) in channels (depth in meters) 

was then calculated at each pixel using the equation (3.2) and the parameter values (ke, m, 
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n, kd and β) obtained as part of the fitting procedure shown in Figure 3.4. The hillslope 

erosion depth (Ehs) was calculated at all non-channel pixels using the mean Ehs function in 

Figure 3.6 (ke = 0.0016).The yield, Y (m
3
), at each pixel was obtained as the sum of erosion 

depths minus the sum of deposition, then multiplied by the area of each pixel (m
2
), as per 

equation (3.1). The location of the terminal deposit emerged once U > Ech. The modelled 

erosion depth (m) and sediment yield (m
3
) at Myrtle Creek and Sunday Creek are shown in 

Figure 3.7. 

 

 

Figure 3.7 Model of channel initiation, erosion depth and sediment yield in debris flow 

catchments at Sunday Creek (a - b) and Myrtle Creek (c - d). See Appendix C for photos of 

hillslope erosion, initiation points, channel scour and terminal deposits at Myrtle Creek and 

Sunday Creek. 

 

 

Table 3.5 compares the modelled values with values obtained from erosion calculations in 

Table 3.2. The model was able to reproduce key feature of the debris flow at the two sites 

in terms of i) the location of initiation points, ii) channel sediment contribution (m
3
), iii) 
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hillslope sediment contribution (m
3
), and iv) the location of the terminal deposit. Using the 

mean value for the sediment availability parameter (ke = 0.0016) (Figure 3.6) meant that the 

predicted hillslope contribution is lower than observed values, thus resulting in slightly 

lower overall volume. Using the upper value (ke = 0.0027) resulted in better predictions 

with hillslope contributions of 2092 m
3
 and 583 m

3
 for Myrtle Creek and Sunday Creek 

respectively.  

 

Table 3.5 Observed and predicted erosion in debris flow catchments in Myrtle Creek 

Sunday Creek. 

 Myrtle Creek Sunday Creek 

 Predicted Observed Predicted Observed 

 m3 m3 m3 m3 

Hillslope 1240 1886 346 640 

Channel 1045 767 225 123 

Deposit 200 386 70 32 

Total 2085 2267 501 732 

 

3.4 Conclusion 

Post-fire debris flows in southeast Australia produce similar sediment yield rates (m
3
 ha

-1
) 

to debris flows that have been reported in other fire-prone regions indicating that key 

processes are similar and that predictive models are transferrable across different regions. 

This meant that predictions of debris flow magnitude from the USGS model (Gartner et al. 

2008) corresponded well with the observed responses in southeast Australia. Overall the 

actual magnitude of events is on average lower in the southeast Australia than what has 

been reported for post-fire debris flows in the intermountain west of the US (Gartner et al. 

2008; Meyer et al. 2001). This difference in magnitude is due to the smaller debris flow 

producing basins and the relatively low relief in the upland catchments of southeast 

Australia when compared to those of the western US (Cannon 2001; Santi et al. 2008; 

Wohl and Pearthree 1991).  

 

The effectiveness of the USGS models in predicting debris flow volumes in catchments of 

western US, southeast Australia and Mediterranean (García-Ruiz et al. 2012) indicate that 

the model captures the key properties underlying debris flow response and that it is  

universally applicable for predicting debris flow volumes from runoff generated debris 
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flows in burnt landscapes. This makes it an attractive option for modelling the magnitude of 

debris flows. Disadvantages with the USGS model include i) the need for arbitrarily 

defining debris flow catchment boundaries, ii) the absence of soil infiltration properties, fire 

severity and recovery as independent predictor variables, and iii) the lack of integration 

between debris flow initiation (probability of occurrence) and the magnitude of events.  

 

One of the aims in this chapter was to develop an alternative modelling approach where 

hillslope and channel erosion by debris flows could be represented separately and modelled 

as a function of landscape position and the hydrological variables that are directly affected 

by fire. The results in Table 3.5 indicate that the variables of local slope, the contributing 

area, and infiltration excess can be effective at capturing variability in erosion and 

deposition during post-fire debris flows. The model was tested on two debris flow events 

only, and further work is therefore required to provide a more rigours test of this modelling 

approach. The potential advantages of the proposed approach over the existing USGS 

model include i) better linkage between initiation processes and debris flow magnitude, ii) 

partitioning of hillslope and channel source contribution and iii) explicit representation of 

deposition and debris flow termination. These features make the model more suitable for 

landscape scale application at event scales but also for longer temporal scales under the 

influence of randomly occurring fires and storms.  

 

In terms of initiation and magnitude of debris flows, the property (other than topography) 

driving variability in susceptibility, is infiltration and sediment availability. In upland 

catchments of southeast Australia, the infiltration characteristics of different forest 

ecosystems seem to be particularly important as controls on debris flow initiation. This was 

established in Chapter 2 as part of the landscape scale survey of debris flow responses. 

Predicting landscape scale variability in infiltration properties may therefore allow for 

better characterisation of debris flow probability across landscapes with variable soil 

properties. Similarly by quantifying changes in infiltration properties during recovery it is 

possible to explore the change in debris flow probability as a function of time since fire. 

Furthermore, the strong sensitivity of the predicted volumes to the sediment availability 

parameter (ke) on hillslopes means that more experimental work is required to quantify how 

this property varies between systems and how it changes during recovery. In the following 
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chapters we therefore aim to develop models that capture the spatial and temporal 

variability in infiltration capacity and sediment availability on burnt hillslopes.  
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Chapter 4: Effects of ash, water repellency and macropore flow on 

infiltration during recovery from wildfire 

Paper submitted to Journal of Hydrology: 

Nyman, P., G. J. Sheridan, H. G. Smith (2011), Effects of ash, water repellency and macropore flow on 

infiltration during recovery from wildfire. Submitted April 2013. 

 

Abstract 

Wildfires produce ash and can cause i) extreme soil drying, ii) increased water repellency 

and iii) reduced soil structure, thereby reducing infiltration into the soil. High severity 

wildfire often results in a non-repellent layer of ash, charcoal and burnt soil overlying a 

water repellent soil matrix. In these conditions the hydraulic parameters can vary across 

discrete layers in the soil profile, making the infiltration process difficult to measure and 

model. The difficulty is often exacerbated by the discrepancy between actual infiltration 

processes and the assumptions that underlie commonly used infiltration models, which 

often stem from agricultural environments where soils are homogenous and typically less 

variable in space and time. In this study we use a simple two-layered infiltration model 

consisting of surface storage (H), macropore flow (Kmac) and matrix flow (Kmat) in order to 

identify and analyse spatial-temporal infiltration patterns in soils recovering wildfire. 

Infiltration in intact soil cores showed that the soil contained a region of strong water 

repellency that was hydrologically inactive, slow to take on water, ultimately restricting 

flow through the matrix. The resistance of wetting in the near surface soil was represented 

by the minimum critical surface tension (CSTmin) within the soil profile. Under field 

conditions, the soils remained water repellent in small headwater catchments throughout a 

3.5-year recovery period, but the strength diminished exponentially during wet conditions, 

resulting in some temporal changes in infiltration capacity (Kp). An increase in macropore 

availability during recovery, however, was the main source of temporal variability in Kp, 

confirming the common observation that macroporosity dominates infiltration processes in 

forest soils. Surface storage was initially high (4 mm) after wildfire, then declined 

exponentially. Overall the study shows that the two layered soil can be represented and 

parameterized by partitioning the infiltration process into surface storage and flow through 

a partially saturated and restrictive soil layer. Ash, water repellency and macropore flow are 

key characteristics of burnt forest soils in general and the proposed model may therefore be 

a useful tool for characterizing fire impact and recovery in other systems.  
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4.1 Introduction 

Fire can increase overland flow by reducing interception, infiltration and surface roughness 

(Cawson et al. 2012; Martin and Moody 2001; Robichaud 2000; Shakesby and Doerr 2006; 

Sheridan et al. 2007a). Increased production of overland flow can in turn lead to increased 

erosion rates and increased frequency of threshold driven responses such as flash floods 

and debris flows (Cannon 2001; Lane et al. 2006b; Moody and Martin 2001b; Nyman et al. 

2011; Robichaud et al. 2008b; Wondzell and King 2003). High severity fire removes 

vegetation, burns the topsoil and deposits ash on hillslopes. Under these condition the 

surface roughness and rates of interception are low and (relatively) homogenous across 

hillslopes, irrespective of the catchment conditions prior to burning (Johansen et al. 2001). 

Infiltration however can be highly variable due to a strong dependency on pre-fire soil 

conditions. Properties such as porosity, pore distribution, macroporosity and water 

repellency are therefore important controls on variation in hydrological responses across 

burnt landscapes (Larsen et al. 2009; Nyman et al. 2011; Robichaud et al. 2007; Shakesby 

and Doerr 2006).  

 

Infiltration models use theory of flow in porous media to estimate the rate at which water 

enters the soil. Essentially the infiltration rate is modelled as a function of i) the pore size 

distribution of the soil matrix, ii) the initial soil moisture and iii) the rate at which water is 

supplied at the surface (Green and Ampt 1911; Philip 1957). Hydraulic conductivity (mm 

h
-1

), sorbtivity (mm h
-0.5

), or the suction at the wetting front (mm) are infiltration 

parameters that reflect the combined effects of these properties on flow and retention of 

water within the soil (Smith 2002). The parameters can be obtained from laboratory studies, 

field experiments or pedotransfer functions (Cook 2007; Moody et al. 2009; Rawls et al. 

1983; Risse et al. 1994; Robichaud 2000). 

 

The effect of burning on infiltration rates is well documented in the literature. Fire impacts 

on infiltration parameters by i) adding storage potential as deposits of fine ash and burnt 

soil (Bodí et al. 2012; Woods and Balfour 2008; Woods and Balfour 2010), ii) reducing 

soil structure and macropore flow (Nyman et al. 2010; Onda et al. 2008) and iii) reducing 

pore-space availability and wetting potential due to water repellent soils (Doerr and Moody 

2004; Moody and Ebel 2012; Nyman et al. 2010). Soil profiles on fire affected hillslopes 

typically consist of heated and burnt soil that is sandwiched between surface ash and a non-
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heated soil matrix. The layered soil profile means that there is often strong variability with 

depth for hydrological properties such as porosity, particle size distribution and water 

repellency (Bodí et al. 2012; MacDonald and Huffman 2004; Moody and Ebel 2012; 

Moody et al. 2009; Woods et al. 2007). Characterizing soil hydrological properties and 

their effects on the infiltration process in these systems is challenging because it requires 

simultaneous examination of flow processes in soil layers with different media properties.  

 

The link between impacts on properties and subsequent changes in processes is poorly 

understood and not well represented in current infiltration models. The properties that 

dominate infiltration change depending on the spatial and temporal scales at which 

processes are measured. Water repellency for instance can be quantified as a spatial 

distribution of a point-based measurement of water drop penetration times (Doerr et al. 

1998; Robichaud et al. 2008a; Woods et al. 2007). The water repellency has strong effect 

on the behaviour of water drops reducing the ability of the soil to absorb water (Doerr et al. 

2000). However, the strength or persistence of water repellency at points may not translate 

to large impacts on infiltration if water bypasses the matrix as preferential flow through 

wettable patches, cracks, and macropores and along roots and rocks (Burch et al. 1989; 

Doerr and Moody 2004; Granged et al. 2011; Imeson et al. 1992; Nyman et al. 2010; 

Shakesby and Doerr 2006; Urbanek and Shakesby 2009). Similarly the temporal scale of 

measurement is important. Moisture induced changes in water repellency for instance, may 

be important when infiltration is modelled across different seasons, but it may be negligible 

within a single storm-event since the time scale of wetting may be in the order of several 

hours or days (Crockford et al. 1991; Ebel et al. 2012; Moody and Ebel 2012). 

 

Representing the interactions between macropore flow, matrix flow and soil wetting is 

important for understanding and predicting fire-impacts on infiltration processes. Most 

traditional infiltration models however are based on theory and data from systems where 

the dominant processes and key properties are different to what is typically observed in 

fire-affected soils, particularly with regards to wetting behaviour (imbibition) and 

macropore flow (Ebel and Moody 2013; Nyman et al. 2010). In this paper we therefore aim 

to develop a model for hydraulic conductivity which incorporates moisture dependent water 

repellency and which accounts for changes in macropore flow during recovery from 

wildfire. The study is situated in southeast Australia, where both macropore flow and water 
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repellency are important controls on infiltration rates in forest soils (Burch et al. 1989; 

Crockford et al. 1991; Lane et al. 2006a; Nyman et al. 2010).  

This study combines measurements from intact cores and field campaigns to; 

i. Model the interactions between absorption processes (imbibition rate) and hydraulic 

conductivity in water repellent and intact soil cores. 

ii. Quantify the effects of dryness, water repellency, surface storage and macropore 

flow on infiltration in headwater catchment recovering from wildfire.  

 

4.2 Methods 

4.2.1 Infiltration model 

A large proportion of post-fire erosion tends to occur in response to high intensity rainfall 

events (Ebel et al. 2012; Kean et al. 2011; Moody 2012; Nyman et al. 2011; Smith et al. 

2011a). The surface runoff generated during rainfall events is therefore assumed to depend 

on storage of water in surface material and the flow of water out of this storage water and 

into the soil matrix. Once storage is depleted, the maximum infiltration capacity (Kp) occurs 

under ponded conditions and is either controlled by i) supply rate of water (R), ii) the 

hydraulic conductivity of ash/burnt soil mixture (Kash) or iii) the infiltration capacity of the 

water repellent soil (Kp) which is the sum of steady state infiltration into macropores (Kmac) 

and the matrix (Kmat) (Figure 4.1) 

 

Field and laboratory based infiltration measurements were used to parameterize and analyse 

a storage based infiltration model which represents infiltration, f(t), as a three stage process; 

 

 

  

                                                     

                                                    

  

4.1 

 

 

where t is time, tp is time to ponding, H is the surface storage potential (mm),  θd is the soil 

moisture deficit,  Kmat is the flow potential of the soil matrix (mm h
-1

), Kmac is the flow 

potential through macropores (mm h
-1

)  (Figure 4.1a). The soil moisture deficit is the 

difference between soil moisture at saturation (θs) and the initial soil moisture relative (θi) 

to θs, θd  = (θs - θi)/θs. 
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 The overall flux is restricted by Kash if Kash < Kmat. The macropore flow Kmac is the 

difference in steady state infiltration between h = -15 mm and h = 5 mm.  

 

Figure 4.1a) Storage (H), matrix flow (Kmat), and macropore flow (Kmac) as three parameters 

in the infiltration processes. b) A schematic representation of infiltration parameters in a 

water repellent soil. 

The surface storage (V, cm
3
 cm

-3
) above the water repellent layer could be estimated from 

 
  

    
      

   
4.2 

 

Where R is the supply rate of water (mm h
-1

) to the soil surface and A is the area under 

infiltration. The potential supply from infiltrometers is high relative to Kmat  (R >> Kmat), 

hence V→ AHθd (Kirkby 1975; Scoging 1979).  

 

Water repellency can vary with changes in soil moisture. We used a separate model to 

represent the infiltration into this layer since wetting processes are slow compared to non-

repellent soil. Water repellency was represented as a distribution of critical surface tension 

(CST, dyn cm
-1

) at soils depths (ds) between 0 and 10 cm using the function; 

 

                   
   4.3 

Where ds is soil depth and v and u are fitted parameters. The parameters v and u determine 

the maximum strength and the distribution of water repellency (CST) in the soil profile. The 

equation (4.3) represents surface soil as wettable (i.e. CST = 72.7 dyn cm
-2

 when ds = 0), an 

assumption that was supported by data from field based measurements on burnt soil. Using 
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equation (4.3) to minimize the error in the spatially distributed CST measurements means 

that both vertical and planar variability are captured in a single function. The maximum 

strength of water repellency within the soil profile (the „bottleneck‟ if ash is not limiting) 

was obtained by calculating CSTmin at the depth of maximum repellency (dmax) which 

obtained by setting the first derivative of CST(ds) (4.3) to 0; 

 

                 4.4 

The slow wetting process in water repellent soils means that the interaction between soil 

moisture and CST are dependent on weather conditions spanning over days to weeks. For 

field conditions we use an empirical Keetch-Byram Drought Index (KBDI; Keetch and 

Byram 1968) as a predictor of soil moisture status and CSTmin; 

 

 

Where P is the daily precipitation (mm), Tmax is the daily maximum temperature (°C) and 

Pyrs is the annual precipitation at the site (mm). The temporal variability in hydraulic 

conductivity, Kmat, was measured and represented as an empirical function of CSTmin and 

KBDI. 

 

In the following section we outline a set of laboratory and field experiments that were 

designed to; 

i) Evaluate the assumption that hydraulic conductivity is restricted by water repellent 

layer (Figure 4.1) and, 

ii) Quantify the relation between regional weather conditions, soil moisture status, 

water repellency, macropore availability and hydraulic conductivity of soils 

recovering from wildfire. 

 

4.2.2 Laboratory and field measurements: overview of methods 

Laboratory- and field- based experiments were used to measure infiltration at three fire 

affected hillslopes in Victoria, southeast Australia (Figure 4.2). The primary study sites 

 
                   

                     
                      

                        
 

4.5 
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were Stony Creek and Sunday Creek which were burnt by high severity wildfire in 

February 2009. A third site, Ella Creek, was burnt in January 2007 and was included to 

represent similar forest environments in a later stage of recovery (Table 4.1). All sites are 

located in the eastern uplands of Victoria. The climate is Mediterranean with hot and dry 

summer and cool and wet winters. There is large variability in ecosystem properties across 

the study area, but the three sites used in this study were all characterized by dry eucalyptus 

forest and were similar in terms of rainfall, aspect and solar exposure.  

 

Intact soil cores were sampled from each site in April 2010 and used for laboratory-based 

infiltration measurements. The soil cores were used to quantify the relation between 

imbibition rate and the hydraulic conductivity of the soil. Laboratory experiments were best 

suited for this type of study because soil moisture conditions could easily be controlled. 

Infiltration rates were sampled in the field during several campaigns aimed at identifying 

key controls on infiltration rate on soils that were recovering from wildfire impacts. The 

initial soil moisture and the water repellency were measured alongside measurements of 

surface storage potential, H (mm
3
), matrix flow, Kmat (mm h

-1
) and macropore flow Kmac, 

(mm h
-1

). The field measurements were made in headwater catchments (< 2 ha) during a 

three-year recovery period from wildfire. 

 

 

Figure 4.2 The infiltration measurements were made on soils from three sites in uplands of 

eastern Victoria, southeast Australia.   
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Table 4.1 The three main study sites and some their key features. 

Site 
Aspect & 

Elevation
 

Burn 

impact 

Annual 

Rainfall 

Forest Type 

and dominant vegetation 
Geology Soil texture 

 

Ella 

Creek,  

 

North  

 

Moderate to 

high severity 

Jan-2007 

1200-1400 Dry Eucalyptus, 

Broad-leaved peppermint  

(E. Radiata) 

Narrow-leaved peppermint 

(E. Dives) 

 

Shale,  

Marine 

Sedimentary 

Stony and 

gravelly clay 

loam 

 

Sunday 

Creek 

North 

 

High to very 

high severity 

Feb-2009 

1000-1200 Dry Eucalyptus, 

Broad-leaved  peppermint  

(E. Radiata) 

Siltstone, 

Marine 

Sedimentary 

Stony and 

gravelly clay 

loam 

 

 

Stony 

Creek 

Northwest 

 

High to very 

high severity 

Feb-2009 

1000-1200 Dry Eucalyptus, 

Broad-leaved  peppermint  

(E. Radiata) 

Phyllite & Gneiss 

Metamorphic 

Gravelly clay 

loam 

 

 

4.2.3 Laboratory study: Flow and re-wetting in water repellent soil 

Intact cores were collected from Ella Creek, Sunday Creek and Stony Creek and used to 

measure hydraulic conductivity and matrix uptake at different stages of imbibition on a 

tension table. Nine cores (~8 cm deep and 5.3 cm in diameter) were sampled from each site 

at upper, mid and lower hillslope positions in April 2010. The soil cores were first left to air 

dry in the laboratory (4 weeks in the lab at 20 degrees), then weighed before the first set of 

infiltration measurements. The infiltration rate was measured at 15 mm tension (h = -15 

mm) using Mini-disc (MD) infiltrometer (Decagon) (Moody et al. 2009; Robichaud et al. 

2008a) and a lab procedure for measuring unsaturated hydraulic conductivity described in 

(Cook 2007). The infiltration measurements in the laboratory were concerned with matrix 

flow (Kmat, h = -15 mm), thus excluding the effects of rapid gravity driven flow in 

macropores which can obscure the effect of water repellency on flow patterns within the 

matrix. 

 

The cores and the infiltrometer were held in place using clamp and stands during 

infiltration. Cheesecloth and a shallow layer of pre-wetted contact sand (300 um < grain 

size < 600 um and Ks >1000 mm h
-1

) was placed on the soil surface to ensure good contact 

between the disc and the soil. In the early stages of infiltration, the rate was usually high, 
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and then declined towards some low steady state, usually within 5 minutes. The water level 

was read from the reservoir every 30 seconds for 35 min and only recorded if there was a 

change from the previous reading. The intervals were longer for cores were the infiltration 

rate was very low or zero. The core was reweighed at 35 min and replaced in the clamp for 

another 15 minutes of infiltration measurements if the wetting front had not appeared at the 

bottom of the core. The core was placed on a buchner funnel set to a tension of -15 mm 

(same as the mini-disc tension chamber) if the wetting front reached the bottom of the core 

at 35min. The negative tension at the bottom and top of the core ensured a uniform 

hydraulic gradient throughout the core and allowed for direct estimation of hydraulic 

conductivity. This last 15 min of infiltration was used as a measure of the 2D flow potential 

(Kmat) for the initial moisture conditions (θi). See Appendix D (Figure 1) for photo of the 

experimental setup. 

 

After the first set of infiltration experiments, the cores were immediately placed onto a 

tension table with the tension set so that the average water pressure h for the cores was 

equal to -15 mm. The tension table was set up with large reservoir of water and constant 

head burette to maintain constant tension and accommodate any water that was lost due to 

the water uptake by the cores. Each core was re-weighed after 36hrs on the tension table 

and a new set of infiltration measurements were carried out, then replaced onto the tension 

table and reweighed at 60, 100, 148. 268 and  316 hrs. The multiple time steps at which the 

mass was obtained helped indicate how moisture content changed with time and helped 

determine a suitable point at which to run a new set of infiltration measurements. A new set 

of infiltration measurements required a new soil moisture status of the cores. However, 

after the 268 hrs of wetting at -15 mm tension it was evident that some cores were still dry 

on the surface. After this time step the water level in the tension table was therefore raised 

to the midpoint of the core (mean h = 0 mm) in attempts to reach a higher moisture levels 

and ultimately soil saturation. 

 

A third and fourth set of infiltration measurements were carried out after 374 hrs and 681 

hrs of wetting. After the final infiltration all cores appeared to be saturated and there was no 

further increase in mass of cores from this point onwards. The final set of infiltration 

measurements was taken to represent the saturated hydraulic conductivity at h = -15mm. 

The cores were finally replaced onto the tension table and drained at fixed tension intervals 
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(-2.5 < h < -50 cm) in order to characterize the size distribution of pores in the meso-

macropore domain.  

The porosity of the soil at each site was estimated from the saturated volumetric water 

content θs (cm
3
 cm

-3
) of the 9 cores that were used in the laboratory infiltration experiment. 

The macroporosity was estimated from the change in water content (θ) at 5 pressure 

increments (h) between 0 and -50 cm and using the capillary equation to relate h to pore 

radius (r, mm); 

 
  

    

      
 4.6 

 

Where ρ is the density of water, g is gravity and α is the contact angle. A cumulative 

distribution function was then used to quantify the proportion of pore-space occupied by 

macropores (r > 0.5 mm) (Nyman et al. 2010).  

 

4.2.4 Infiltration properties headwater catchments during recovery from wildfire 

Infiltration was measured in the field under both ponded (h = 5 mm) and tension (h = -

5mm), using the min-disc tension infiltrometer (Decagon) and a custom designed ponded 

infiltrometers with same specifications as that used in the laboratory experiments described 

above. The measurements were made in three headwater catchments in 4 separate field 

campaigns, each taken to represent burnt systems in different stages of recovery and in 

different seasons (Figure 4.3).  Infiltration in each headwater catchment was measured at 4 

points in 3 quadrats (1 m x 1 m) along three 80 m long transects running perpendicular to 

the contour (n = 36). Quadrats were positioned at upper- (0 m), mid- (40 m) and lower (80 

m) sections of the transects. Each sampling campaign was conducted on allocated strips 2 

m to the side of the previous campaign to avoid interference from past disturbance effects.  

A small retention ring (5.3 cm in diameter) was inserted 2-3 cm into the soil in order to 

prevent lateral flow through wet table surface material which often covered the hillslope. 

The soil surface was relatively smooth and the infiltrometer disc was small so no contact 

material was required to achieve contact between the soil and the disc of the tension 

infiltrometer. The depth of infiltrated water at h = -15 mm was measured at 30 s intervals 

for 8-12 min. The tension infiltrometer was then removed and replaced with the ponded 

infiltrometer. The soil within the retaining cylinder was flooded so that 5 mm of ponding 
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was achieved and then the infiltration rate was measured at 15 s intervals for 5-10 minutes. 

Some photos from field measurements are provided in Appendix D (Figure 2 to 4). 

 

Figure 4.3 The date, time since fire and season for three sites sampled for infiltration rates, 

water repellency and soil moisture during four measurement campaigns to small headwater 

catchment in upland areas of eastern Victoria, southeast Australia. The solid black bold 

horizontal lines represent different sampling campaigns. 

 

Soil samples were collected at 5 depth intervals (0-1, 1-3, 3-5, 5-7.5, 7.5-10 cm) at 10 m 

intervals along each of the three transects. The samples were a composite of cores (10 cm x 

5.5 cm) collected at two points within the 1m quadrate in which the infiltration 

measurements (above) were performed. In many cases, the soil was too rocky in the 

vicinity of the infiltration experiments, in which case an area (not above) adjacent to the 

main transect was sampled instead. The samples were placed in sealed bags and transported 

back to the laboratory for measuring gravimetric water content and strength of water 

repellency at field moist conditions. Water repellency was measured on samples in the 

laboratory using ethanol solutions of different concentrations (0 - 6 M;  0.4 M intervals) 

and calculating the critical surface tension (CST) once three drops of solution penetrated the 

soil in 3 s (CST test) (King 1981; MacDonald and Huffman 2004).  

 

Jul-09

Dec-09

Mar-10

Sept-10

6 12 18 24 36 42

Winter

Summer

Winter

Sunday & stony Ck
Burnt in Feb-09

EllaCk
Burnt in Jan-07

SeasonMonth

Time since fire

Site
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The soil was mixed inside the sealed sampling bag before extracting a subsample which 

was placed on a petri-dish. Gravel and pebbles were removed from the sample in the petri-

dish. Drops of ethanol solutions were then placed on the soil surface and the CST was 

established once three drops of the same surface tension solution penetrated in 3 s. The 

remaining soil from the original sample was oven dried at 105 degrees for 48 hrs in order to 

calculate the gravimetric water content (GWC). For samples collected in March, the soil 

was left to air-dry first in order to measure the air-dry CST. The soils were lightly sieved (< 

2 mm) before the CST measurement were made on air dry soil samples.  The water 

repellency was often high for soil in the 0-1 cm depth interval. However, the soil surface 

always seemed to be wet table and absorbed some water during infiltration.  Measurements 

of CST were therefore carried on the soil surface during each sampling campaign in order 

to determine CST at ds = 0. Litter was removed while ensuring that the soil was not 

disturbed prior to the test. The surface material was usually a mix of mineral soil, ash and 

organic material and was non-repellent in 95-100 % of sampled locations at each site.  

 

4.2.5 Linking point and plot scale infiltration processes 

Infiltration was measured in March 2010 at plots (2m x 1.5m) during 3 replicate rainfall 

simulations at a hillslope near Sunday Creek, southeast Australia (Figure 4.2). The plots 

were located on steep hillslopes (28°) in dry Eucalypt forest with clay loam soil that was 

burnt by wildfire in February 2009. The rainfall simulation design and procedure has been 

described in (Sheridan et al. 2007a) and also shown in Appendix D (Figure 5). The rainfall 

rate (target 100 mm h
-1

) was first calibrated with steady state runoff from a plastic sheet 

covering the plot. The sheet was removed and discharge was measured in 0.5 l containers at 

regular intervals during the entire runoff period from rainfall which was applied at a 

constant rate for 30 min. An adjacent 1m x 1m plot was used as a test area for measuring 

infiltration at 4 points per rainfall simulation plot. 

 

 

4.3 Results 

4.3.1 Laboratory study: Flow and absorption in water repellent soil 

The soils were water repellent at all sites (Figure 4.2). The measurements were obtained on 

air-dry soil samples (n = 36) which were collected in March 2010 as part of the broader 

sampling regime in the headwater catchments (Figure 4.3). The critical surface tension 
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(CST) was highly variable at each sampling depth apart from the lowest depth interval (7.5-

10) were the CST was usually close to 72 (i.e. non-repellent). The spatial variability in CST 

within the most hydrophobic region of the soil was more skewed at Ella Creek than at the 

other two sites (Figure 4.3c). The different patterns of variability essentially show that 

water repellency was more homogenous in the recently burnt sites.  

 

The CST(ds) function (4.3) explained 31, 17 and 24 % of variability in water repellency at 

Sunday Creek, Stony Creek and Ella Creek respectively when fitted across all sampling 

points (n = 36) and the parameter optimization was highly significant (p<<0.01) for all 

sites. When fitted to the mean CST, the function consistently explained more than 80 % of 

the variability in CST with depth, indicating that spatial variability was the main source of 

error when the function was fitted across all sampling points. The depth of minimum CST 

(i.e. maximum water repellency) was estimated from equation (4.4) to be 1.2, 1.8 and 1.3 

cm for Sunday Creek, Stony Creek and Ella Creek respectively. The corresponding 

minimum value for CST (CSTmin) was 40.1, 46.5 and 52.4 dyn cm
-1

.  

 

Figure 4.4 The strength of water repellency (critical surface tension) at different depths at 

a) Sunday Creek, b) Stony Creek and c) Ella  Creek in Victoria southeast Australia. Ella 

Creek was burnt by wildfire in January 2007 and Stony Creek and Sunday Creek were 

burnt in February 2009.  

 

A summary of soil physical and hydrological properties for the intact cores is provided for 

each study site in Table 4.2. The porosity and pore-size distribution values were obtained 

a) b) c)

CSTmin

CSTmin

CSTmin
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from the intact cores once the infiltration experiments were completed and the cores were 

completely saturated (h = 0 mm). The porosity at Sunday Creek and Stony Creek was 0.34 

and 0.41 cm
3
cm

-3
, respectively. A higher proportion of macropores (r > 0.5 mm = 4.7 % of 

θs) at Sunday Creek resulted in higher matrix flow potential (Kmat at saturation) at Sunday 

Creek (66 mm h
-1

) than at Stony Creek (52 mm h
-1

) despite Stony Creek having higher 

overall porosity. The porosity at Ella was higher (0.55) and the matrix flow potential at 

saturation was ~4 times higher than the two other sites. Porosity was inversely related to 

gravel content. The values are reported in Table 4.2 are provided as background to the 

interpretation of infiltration experiments in Figure 4.5. The hydraulic conductivity of 

repacked cores with wettable surface material (ash, gravel and soil) was 41 mm h
-1

 and 21 

mm h
-1

 for Sunday Creek and Stony Creek respectively (Table 4.2). At saturation the 

mixture had a water holding capacity of 0.40 cm
3
cm

-3
. 

 

Table 4.2 Soil hydrological properties measured on intact cores (~8 cm deep and 5.3 cm in 

diameter) from Sunday Creek, Stony Creek and Ella Creek in Victoria, southeast Australia 

Site Bulk 

Density 

Gravel 

 

D > 2mm 

 

Total 

Porosity 

θs 

Macro-

porosity 

(r > 0.5mm) 

Macro-

porosity 

(r > 0.5 mm) 

Air-

dry 

CSTmin 

Ks
a
 

(h =  

-15mm)
 

Kash
b
 

(h =  

-15mm) 

 n = 9 n = 9 n = 9 n = 9 n = 9 n = 24 n = 9 n = 5 

 g cm-3 % mass cm3 cm-3 % cm3 cm-3 dyn cm-1 mm h-1 mm h-1 

         

Sunday 

Creek 
1.29 62 0.34 4.7 1.6 x 10-2 40.1 66 (18) 41 (4.0) 

Stony 

Creek 
1.31 36 0.41 1.7 0.7 x 10-2 46.5 52 (41) 21 (4.9) 

Ella 

Creek 
0.97 27 0.55 2.6 1.4 x 10-2 52.4 240 (81) n/a 

a This is the hydraulic conductivity of the cores when completely wetted at h = -15 mm. 

b Repacked cores contained a mixture of gravel, burnt soil and ash. 

 

The initial soil moisture of all cores was equal after air drying. In subsequent measurements 

the soil moisture was consistently higher at Stony Creek than Sunday Creek but highest at 

Ella Creek (Figure 4.5a), reflecting an increasing trend in porosity. The effective hydraulic 
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conductivity Kmat was low relative to the true saturated conductivity (Ks) for all sites in the 

three first three sets of infiltration measurements (Figure 4.5b). The largest change in Kmat 

occurred between the third and the fourth set of infiltration experiments with cores from 

Ella Creek displaying a larger increase than the two other sites (Figure 4.5b). 

The volumetric uptake (Δθ) represents the change in mass between the initial and final 

content conditions for each 35 infiltration, without the storage (Δθ = θi - θf  - V). Surface 

storage volume (V) (0.01-0.03 cm
3 

cm
-3

) during early (non-steady) stage of infiltration was 

obtained from H, a fitted infiltration parameter from equation (4.1). The change in water 

content of cores before and after 35 min infiltration was relatively large (0.08 < Δθ < 0.15) 

for first set of infiltration experiments (Figure 4.5c).The water uptake Δθ during infiltration 

was similar for the second and third set of measurements (0.04 < Δθ < 0.07) (Figure 4.5c). 

In the fourth and last set of infiltration the pore space within the cores was completely 

saturated and there was a very small and Δθ →0 (Figure 4.5c).  At the last stage of wetting 

the Kmat was considered to represent the true Ks of the soil matrix (h = -15mm) (Table 2). 

 

Figure 4.5 a) Initial soil moisture (θi) b) matrix flow potential (Kmat) and c) change in soil 

moisture(Δθ) during infiltration into intact soil cores from Ella Creek, Stony Creek and 

Sunday Creek (n = 9) at different stages of wetting on a tension table. All values are for h = 

-15 mm. The water uptake in c) was obtained from the mass of soil cores measured before 

and after each 35 minute infiltration. 

 

The relationship between initial soil moisture (θi), effective conductivity (Kmat) and wetting 

rate (Δθ/thrs) during different stages of imbibitions were combined across the three study 

sites by normalizing Kmat by saturated conductivity, Ks, and Δθ and θi by total porosity, θs 

(Figure 4.6). The normalized variables Kmat/Ks and (Δθ/θsthrs) were plotted as a function of 

a)

Sunday Creek
Stony Creek

Ella Creek

*

b) c)
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normalized initial moisture content θi/θs (the proportion of pore space that was active at the 

start of the infiltration measurement).  

 

The wetting rate, (Δθ/θs)/thrs, declined linearly with increasing initial soil moisture θi/θs. 

This declined represents the effects  of i) decreasing pore-space availability due to water 

repellent soil and ii) an overall decline in moisture deficit. The linear relation means that 

the wetting rate is proportional to initial soil moisture (Δθ/Δt = - λθi), thus giving rise to an 

exponential relation between soil moisture and the duration of infiltration. However, the 

hydraulic conductivity remained relatively low (Kmat/Ks  < 0 .4) and constant while θi/θs < 

0.6, indicating that some sections of the soil remained dry and hence inactive in the overall 

flow process. The hydraulic conductivity Kmat increased exponentially with increasing soil 

moisture when θi/θs > 0.6. The change in hydraulic conductivity with θi/θs could be 

represented by an exponential function which asymptoted at some minimum flow potential 

in dry and repellent soils. In summary the patterns of flow and absorption shows that the 

hydraulic conductivity was dependent on the rate at which pore space was activated and 

introduced to the infiltration process. The rate of at which the soil matrix was activated was 

strongly dependent on initial soil moisture conditions. The data support the assumptions 

underlying the conceptual model of restricted flow in Figure 4.1 
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Figure 4.6 The normalized hydraulic conductivity (Kmat/Ks) and absorption rate (Δθ/θs)/thrs 

as a function of initial soil moisture. The data was obtained from infiltration measurements 

on intact cores that were sampled from Ella, Stony Creek and Sunday Creek (n = 9) at 4 

different stages of wetting (Figure 4.5). The normalized flow potential was fitted with an 

exponential function. Once this function equals 1, the matrix flow potential Kmat is equal to 

the full flow potential of the soil Ks and there can be no further increase in K. 

 

4.3.2 Infiltration in burnt headwater catchments 

The storage parameter (H) was obtained by fitting equation (4.1) to the mini-disc 

infiltration measurements (mm h
-1

) at 1 min intervals. The steady state infiltration Kmat (t > 

6 min) was retained as a fixed parameter in the regression. The soil hydraulic parameters 

obtained from four measurement campaign at Sunday Creek, Stony Creek and Ella Creek 

are given in Table 3. Soil moisture was highest in September 2010 after a relatively wet 

spring period. The normalized soil moisture decreased linearly (R
2
 = 0.61) with increasing 

KBDI. Overall, the moisture deficit remained relatively high (> 0.5) despite KBDI 

approaching 0 (Figure 4.7a) and the range of soil moisture contents (0.10 < θi/θs < 0.43) 

was low compared to the range achieved under laboratory conditions. There was no 

relationship between initial soil moisture and the matrix flow Kmat (Figure 4.7b). This may 

have been expected given that laboratory measurements (Figure 4.6) showed that Kmat  is 

invariant with θi when θi/ θs < 0.6.  
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The CSTmin (dyn cm
-1

)
  
ranged from 24.8 – 43.1, 42.3 - 63.8 and 29.2 - 58.2 for Sunday 

Creek, Stony Creek and Ella Creek respectively (Table 4.3). The relation between CSTmin 

with KBDI was scattered which sites were combined without adjusting for the different 

background repellency. The aim however was to generalize the relation between KBDI, 

CSTmin and hydraulic conductivity across dry eucalypt forest recovery from wildfire.  The 

CSTmin was therefore normalized by the lowest CSTmin value (i.e. strongest water 

repellency) measured under field conditions, that way producing a relative measure 

(CST
+

min) which could be represented as a function of KBDI (Figure 4.7c). Water 

repellency increased with increasing KBDI although the soil remained repellent even when 

KBDI was close to 0, indicating the water repellency is likely to be present during most 

weather conditions for these forest systems during recovery from wildfire. In terms of 

infiltration the persistence of water repellency meant that flow was always restricted by 

water repellent soil, and that the true saturated hydraulic conductivity (Ks) could not be 

measured under field conditions.  

 

The strong relation between Kmat and CSTmin indicate that water repellency was an 

important source of variability when soil moisture levels were lower than water repellency 

thresholds (Figure 4.7d). The matrix flow Kmat was most sensitive to changes in water 

repellency status for CSTmin  > 40. The potential flow under non-repellent conditions (Ks) 

was estimated to be ~50 mm h
-1

 by extrapolating a value for Kmat at CSTmin = 72.7 dyn cm
-1

 

(Figure 4.7d). The extrapolated value corresponds well with laboratory measurements of Ks 

for Stony Creek and Sunday Creek (Table 4.2) but is much smaller than the Ks measured on 

soil cores from Ella Creek.  
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Figure 4.7 Soil hydrological properties of headwater catchments in dry Eucalypt forests 

during recovery from wildfire. a) Initial soil moisture versus KBDI. b) Matrix flow Kmat 

and soil moisture c) Normalised water repellency (CST
+

min) versus KBDI. d) The change in 

matrix flow Kmat with changing water repellency (CSTmin). Each soil moisture and water 

repellency (CST) data point represents the average of 27 measurements made on composite 

samples collected from two points (ds = 0-10 cm) at 9 locations along 3 transects (80 m) at 

Sunday Creek, Stony Creek and Ella Creek (n = 27). Each matrix flow Kmat data point is the 

average of 4 mini-disc measurement point in quadrats (1 x 1 m) at 3 locations along each of 

three sampling transects (total n = 36). 
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Table 4.3 Summary of soil hydrological properties and initial conditions for four separate measurement campaigns to headwater 

catchments in southeast Australia which were recovering from wildfire impacts.   

 Sunday Creek Stony Creek Ella Creek 

Date tsf
 KBDI θi  CSTmin H Kmat Kp tsf KBDI θi CSTmin H Kmat Kp tsf KBDI θi CSTmin H Kmat Kp 

 mo - 
cm3 cm-

3 

dyn cm-

1 
mm 

mm h-

1 

mm h-

1 
mo - 

cm3 cm-

3 

dyn cm-

1 
mm 

mm h-

1 

mm h-

1 
mo - cm3 cm-3 dyn cm-1 mm mm h-1 

mm h-

1 

 - - n=27 n=27 n=36 n=36 n=36 - - n=27 n=27 n=36 n=36 n=36 - - n=27 n=27 n=36 n=36 n=36 

Jul-09 6 89 0.09 27.6 1.9 
16.7 

(22.1) 

56 

(93) 
6 26 0.14 57.7 3.6 

21.7 

(32.4) 

32 

(61) 
30 1 0.21 58.2 1.2 

34.9 

(30.6) 

371 

(419) 

Dec-09 10 66 0.06 24.8 1.6 
16.9 

(24.6) 

63 

(134) 
10 62 0.12 42.3 2.9 

16.0 

(17.4) 

40 

(96) 
34 54 0.19 29.2 1.2 

19.3 

(19.4) 

162 

(174) 

Mar-10 13 32 0.09 26.3 1.8 
18.3 

(27.8) 

83 

(188) 
13 151 0.04 46.5 3.7 

21.5 

(26.9) 

27 

(39) 
37 86 0.14 46.6 1.3 

20.7 

(26.4) 

306 

(444) 

Sept-10 19 0 0.15 43.1 1.2 
19.6 

(16.3) 

142 

(163) 
19 16 0.12 63.8 1.0 

31.9 

(27.7) 

70 

(54) 
43 0 0.28 45.1 1.8 

10.3 

(12.0) 

109 

(196) 
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Macropores can contribute to a high proportion of flow in forest soil when given 

abundant supply of water. Macropore flow was quantified by subtracting matrix flow 

(Kmat; h = -15 mm) from ponded flow (Kp; h = 5 mm) (Table 4.3). The difference in 

flow was then expressed relative to Kmat  (ΔK/Kmat), and scaled by macroporosity ( r > 

0.5 mm) (Table 4.3) in order to provide a scaled measure of macropore flow (K
+

mac) 

which was independent of site and water repellency status. The normalized macropore 

flow was also calculated for a south-facing headwater at Sunday Creek (n = 24 at each 

time step) and a wet Eucalyptus forest using infiltration data from Nyman et al. (2010). 

  

The data from all the sites were plotted as a function of time since fire (Figure 4.8a). In 

general there was a linear increasing in the scaled macropore flow during recovery of 

burnt catchments, indicating that the fire has a large impact on macropore availability. 

The variable cluster of points at 2-3.5 yrs after fire is from Ella Creek which was the site 

that had recovered the most. The macropore flow at Stony Creek was lower than 

expected at two time-steps. This site had the lowest overall macroporosity (Table 4.2) 

and was the only site located on a metamorphic geology.  

  

The storage potential (H) was normalized by the moisture deficit (θd) and the overall   

pore-space availability (θs) at each site to produce a scaled storage variable, H
+
, shown 

as a function of time since fire in Figure 4.8b. Storage declined exponentially with time 

since fire. The initial storage after the burn was not measured and some material had 

been lost through wind and water erosion prior to the first field campaign. An 

extrapolated value at t = 0 would yield an H
+
 of 11.1 which is equal to 4.4 mm of actual 

storage (H) given an average volumetric storage  potential (θs) in surface material of 

0.40 cm
3
 cm

-3
. At Ella Creek (> 30 months after fire) the storage potential (H) was on 

average ~1 mm. 
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Figure 4.8 a) Scaled a) macropore flow and b) storage as a function of time since fire. 

The changes in macropore flow during recovery was analysed using infiltration data 

from Sunday Creek South (n = 24) and East Kiewa (Nyman et al. 2010) in addition to 

data from the three main study site at Ella Creek, Sunday Creek and Stony Creek. 

 

4.3.3 Point to plot scale infiltration  

The infiltration parameters derived from the mini-disc infiltration measurements at 

Sunday Creek were evaluated against runoff data from rainfall simulation plots. The 

aim was to determine how point scale infiltration measurements compare with 

infiltration rates measured in large plots (3 m
2
) under simulated rainfall.  The average 

steady state infiltration was higher and more variable for the mini-disc infiltrometer 

(Kmat = 10.1 mm h
-1

 ±10.1) than under the rainfall simulation plot (steady state 

infiltration = 7.9 mm h
-1

 ± 3.65 SD) (Figure 4.9a). The time to ponding tp for a steady 

state rainfall input R was estimated from tension infiltrometer data as; 
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               4.7 

The time to ponding was then combined with steady state infiltration model and 

kinematic wave equations in order to model the hydrograph from steady state rainfall 

(Figure 4.9b) (Brutsaert 2005p. 201). The infiltration excess was routed assuming a 

relationship between water depth (hw, mm), friction slope (Sf) and average velocity (υ, 

mm h
-1

); 

      
   

 
 4.8 

where Cr is a resistance factor (Brutsaert 2005 p. 172). The time to equilibrium, the 

buildup-phase and the decay-phase were modelled through approximate solutions to the 

kinematic wave equation under steady lateral rainfall input (R).  The hydrograph 

modelled using mini-disc parameters (H and Kmat) corresponded well with the runoff 

measurements from plot-scale rainfall simulations (Figure 4.9b). The ponded infiltration 

(25 mm h
-1

) reflects the maximum infiltration potential of the soil and was ~2.5 time 

higher than the steady infiltration rate under simulated rainfall. The actual areal 

infiltration rate for rainfall events on hillslopes where R >> Kmat is likely to be 

somewhere between Kmat and Kmat  +  Kmac (e.g. Smith and Goodrich 2000). Overall, the 

rainfall simulations showed that centimetre-scale infiltration measurements can be an 

effective way to parameterize infiltration models for plot-scale runoff. 
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Figure 4.9 a) The infiltration rate for tension infiltrometer measurements (n = 12) and 

rainfall simulation plots (2 x 1.5 m; n = 3) at Sunday Creek in March 2010. A storage 

based infiltration equation (4.1) was fitted to all 12 replicate tension infiltrometer 

measurements and shown as a single function representing the average infiltration for 

the three plots. b) The runoff from rainfall simulation plots (data points) and the 

modelled hydrograph using the parameters from the fitted function in a). 

   

4.4 Discussion 

The effects of surface storage, water repellency and macropores on infiltration in burnt 

soils were quantified using infiltrometers and a storage-based infiltration model. The 

model was used to quantify the interaction between storage (H), water repellency 

(CSTmin), soil moisture (θi), hydraulic conductivity (Kmat) and macropore flow (Kmac) 

during infiltration in soils that were burnt by wildfire. Both laboratory and field 

measurements showed that strength of water repellency was driving weather dependent 

changes in hydraulic conductivity (Kmat) of the soil matrix. The slow wetting rate in 
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repellent soils meant that the soil required long exposure to wet conditions before 

reaching full flow potential (Ks). On recently burnt hillslopes the soil surface was 

generally non-repellent and capable of storing up to 4 mm of water, thereby buffering 

subsurface soils from participating in the infiltration process in a similar way to what 

has been described for burnt systems elsewhere (e.g. Ebel et al. 2012; Woods and 

Balfour 2008). The surface material contained ash, but was actually a mixture of ash, 

gravel, burnt soil and charred organics that eroded or was incorporated back into the soil 

profiled during recovery. 

 

Water repellency at the study sites in southeast Australia displayed consistent trends 

with depth, peaking at soil depths of 1 - 3 cm, and largely non-repellent at the soil 

surface and at depths > 8cm. Similar patterns of variability with depth has been 

observed in water repellent forest soils elsewhere (Benavides-Solorio and MacDonald 

2001; DeBano 2000; Doerr et al. 1996; Doerr et al. 2000; MacDonald and Huffman 

2004; Miyata et al. 2007; Nyman et al. 2011). This means that the water repellency 

function , CST(ds) in equation (4.3), could be useful for characterizing repellency in 

other burnt systems. Overall the sites displayed moderate to extreme repellency with 

air-dry soils on the most recently burnt sites (0.5 years after fire) being more repellent 

than air-dry soils from Ella Creek. Variability in water repellency status (CSTmin) with 

degree of dryness is consistent with other studies of water repellent soils (Burch et al. 

1989; Crockford et al. 1991; Leighton-Boyce et al. 2005; Sheridan et al. 2007a). 

 

Moisture induced changes to water repellency (CSTmin) took place over long timescales 

and the wetting rate was therefore considered to be a „dryness‟ related process and 

represented as a  separate process to infiltration during storms. Separating between the 

two processes is consistent with concepts presented in Moody and Ebel (2012) which 

show that infiltration into water repellent and dry soils may be controlled diffusion-

adsorption processes (timescale: days to weeks) rather than capillary and gravity driven 

processes (timescale: minutes to hours). The system contrasts however with common 

infiltration models that assume that hydraulic conductivity changes as a function of 

matrix potential and a wetting front that advances uniformly into the soil. The hydraulic 

conductivity Kmat was strongly dependent on the availability of actively conducting 

pore-space. Laboratory experiments showed that Kmat remained at < 40 % of Ks while 

the relative soil moisture (θi/θs) was < 0.80. The magnitude of the water repellency 
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effect on hydraulic conductivity (Kmat/ Ks) is similar to the 60-70 % reduction in wet 

Eucalypt forest (Nyman et al. 2010; Sheridan et al. 2007a) and the range of impacts 

reported for forest soils in some other places (Imeson et al. 1992; Leighton-Boyce et al. 

2007). Hydraulic conductivity (Kmat) increased exponentially with θi when θi/θs > 0.8 

which means that the last 20 % of pore-space within the core was contributing 

disproportionately to the overall hydraulic conductivity of the soil matrix. The slow 

wetting rate for θi/θs > 0.8 and the exponential dependency between Kmat and θi for θi/θs 

> 0.8 suggests that the hydraulic conductivity was restricted by a water repellent layer 

that acted as a cross-sectional „throttle‟ for flow. 

 

The slow wetting rate of the water repellent layer meant that the matrix never reached 

full potential (Ks) under field conditions, and that water repellency was restricting flow 

even under relatively wet conditions. Temporal variability in hydraulic conductivity due 

to weather dependent water repellency dynamics was modelled at inter-storm timescales 

by linking CSTmin with the Keech-Byram Drought Index (KBDI) which varies over time 

as function of rainfall and temperature. Both soil moisture and CSTmin declined with 

increasing KBDI. The CSTmin displayed consistent trends with KBDI and was driving 

variability in Kmat. There was considerable scatter caused by different background 

conditions at the three study sites so the model of KBDI-dependent changes in water 

repellency was improved by normalizing CSTmin values by CSTmin for the most severe 

water repellency conditions at the site (e.g. Karunarathna et al. 2010) . Soil moisture 

(θi/θs) declined linearly with increasing KBDI, but the range of soil moisture conditions 

was too low to drive temporal variability in Kmat. 

 

Initially after fire, the soil surface was capable of storing ~4 mm of rainfall which is in 

the lower range of  values from recently burnt hillslopes in Colorado (3.6 - 5.5 mm) 

(Ebel et al. 2012). The wettable surface material was on average of 1 cm deep and had a 

water holding capacity of 0.40 cm
3
cm

-3
 which was low compared to the range of values 

(0.58 – 0.95) reported for ash in the literature (Cerdà and Doerr 2008; Ebel et al. 2012; 

Leighton-Boyce et al. 2007; Woods and Balfour 2008). This may be explained partly by 

the high gravel content of 36 and 62 % (by mass) at Stony and Sunday Creek, 

respectively. Under field conditions the surface storage (H) declined exponentially with 

time since fire and asymptoted towards a background storage capacity of ~1.2 mm. The 

decline in storage was primarily caused by erosion.  



 

108 

 

The hydraulic conductivity of surface material at Stony Creek and Sunday Creek was 

high compared to a Ks of 8.6 mm h
-1 

for ash reported in Colorado (Ebel et al. 2012), 

lower than 51 mm h
-1

 in Montana (Woods and Balfour 2008) and much lower than 

values for other laboratory measurements (138 - 600 mm h
-1

) on repacked cores (Bodí et 

al. 2012; Woods and Balfour 2010). Without gravel the Ks of ash/surface material (< 2 

mm) at Stony Creek became much lower (6.8 mm h
-1

) while it remained high at Sunday 

Creek (36.4 mm h
-1

).  At Stony Creek the hydraulic conductivity in the field (16.0 – 

21.5 mm h
-1

) was equal to the hydraulic conductivity of surface material (Kash = 21 mm 

h
-1

) on two occasion during the sampling campaign within the first year of the fire 

(Table 2), suggesting the Kash may be restricting flow while hillslopes were mantled by 

burnt soil/ash. The effect of water repellency was stronger however, under really dry 

conditions when the Kmat  <  Kash. At Sunday Creek the matrix flux (Kmat: 16.7 - 19.6 

mm h
-1

) was always less that the saturated hydraulic conductivity of ash/surface 

material (Ks = 41 mm h
-1

). 

 

The linear increase in macropore availability during recovery shows that the surface of 

ash and burnt soil limits gravity driven flow through structural components of the soil. 

The exact mechanism underlying the effect was not established but previous studies 

have shown that ash/burnt soil lacks structure and can limit flow by acting as a 

restricting layer and/or by clogging of exiting macropores within the soil profile (Ebel et 

al. 2012; Mallik et al. 1984; Nyman et al. 2010; Onda et al. 2008; Woods and Balfour 

2010). The role of macropore flow (Kmac) on infiltration during storm events is 

dependent on the scale and rainfall intensity. The rainfall simulation shows that 

macropores were largely inactive and that Kmat was a better predictor of infiltration than 

the overall infiltration capacity (Kp) which is the sum of matrix and macropore flow 

(Kmat + Kmac). The effect of Kmac on infiltration is likely to increase with increasing 

rainfall intensity and increasing spatial scale. This is because large scale measurements 

increases supply of water to macropores through ponding and increases the probability 

of activating macropores due to a larger proportion of the hillslope being inundated 

(Davis et al. 1999; Leonard et al. 2004; Sheridan et al. 2007a). 

 

The results from infiltration measurements in headwater catchments were used to model 

the spatial and temporal variability in infiltration processes as a function of time since 

fire (tsf) and the degree of dryness (KBDI) as determined by monthly weather patterns.  
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The relations underlying the model can be summaries as follows. Water repellency was 

represented by the minimum critical surface tension (CSTmin) in the soil profile which 

increased exponentially with decreasing KBDI (i.e. the strength of water repellency 

decreased exponentially as the monthly KBDI approached wet conditions). The matrix 

flow (Kmat) in turn, increased exponentially with increasing CSTmin. The storage 

potential (H) declined exponentially with tsf, due to the loss of a discrete layer of 

wettable surface soil. At the same time, the macropore flow increased linearly with tsf 

due to increased macropore availability during recovery from the fire impact. The 

relations are given as empirical equations in Figures 4.7 and 4.8. In future work we will 

aim to model infiltration during actual storm events and test these relations against 

observed runoff responses from burnt hillslopes 

 

4.5 Conclusion 

The overall objective of the study was to identify key properties contributing to 

variability in infiltration during recovery from wildfire and to quantify their effect. A 

storage base infiltration model was used as framework for analysing infiltration data 

which was obtained in the laboratory on intact cores and in the field. The model fitted 

the data well and could be used effectively to partition the infiltration process into its 

key components of storage, matrix flow and macropore flow. Infiltration on intact cores 

showed that a water repellent layer acted as a throttle on flow and that the soil moisture 

status of the soil therefore could have large effects on the overall flow potential of the 

soil matrix. The slow wetting process in the water repellent layer meant that only after 

prolonged exposure to saturated conditions did the soil become fully saturated and able 

to conduct water at its full potential.  In headwater catchments that were recovering 

from wildfire (tsf  < 3.5 years) the soils always displayed some degree of water 

repellency resulting in incomplete saturation, which meant that the maximum flow 

potential of the soil (Ks) could not be measured in the field. The variability in the 

infiltration capacity (Kp) was driven primarily by changes in macropore availability but 

also by temporal variability in water repellency due to monthly weather patterns. The 

storage potential in of the surface soil was initially high after wildfire but declined 

exponentially during recovery. The results could be organised into a series of equations 

which link variability in infiltration parameters to recovery processes and the moisture 

conditions of the soil.   
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Chapter 5: Sediment availability on burnt hillslopes 

Paper currently in review with Journal of Geophysical Research – Earth Surface: 

Nyman, P., G. J. Sheridan, J. A. Moody, H. G. Smith, and P. N. J. Lane (2011), Sediment availability on 

burnt hillslopes. Submitted in December 2012 

 

Abstract 

In general, erosion has been modelled as being proportional to some form of energy or 

force (such as shear stress or stream power) with the proportionality constant being 

erodibility, which is a characterization of sediment availability. Erosion models 

typically consider this property as constant with soil depth. However, observations of 

erosion following fire indicate that erosion often occurs predominately through the 

removal of shallow and highly erodible layers of ash, charged organics and mineral soil. 

We hypothesise that the depth of this highly erodible layer is a primary control on post-

fire erosion. This study used both field- and laboratory based experiments to quantify 

sediment availability as a depth-dependent parameter on burnt hillslopes. Results from 

flume experiments on intact cores showed that erodibility of fire-affected soil was 

highest at the soil surface and then declined dramatically within the top 2 cm of the soil 

profile.  Fine roots (< 2 mm diameter) were found to provide cohesion and reduce the 

erodibility of surface soils. The soil depth and root density accounted for ~60 % of 

variation in the erodibility at soil depths < 2 cm. At greater depths the root effect 

diminished and other soil properties (% silt and clay in particular) became more 

important as predictors of erodibility. In field measurements, the fire-effect on sediment 

availability was captured by assuming that burning produces a non-cohesive soil layer 

of variable depth. This depth was characterized as a probability density function with a 

single parameter that changed during recovery (0-3 years) as the available soil was 

depleted. Measurements in southeast Australia found that initially after a wildfire, the 

hillslope had a layer (0.75-0.91 cm in depth) of non-cohesive soil, which represented 

97-117 t ha
-1

 of transport limited sediment. The thickness of this layer decreased 

exponentially with time since the wildfire, to 0.04 cm (< 5 t ha
-1

) after 3 years of 

recovery. The results are organized into a conceptual framework for modelling fire-

effects on sediment availability for systems with low and high pre-fire erodibility. The 

fire-effect produces an equal depth of non-cohesive soil for both systems but this 

represents a greater perturbation for systems with low pre-fire erodibility than for those 

systems with a high pre-fire erodibility.



 

111 

 

5.1 Introduction  

The interaction between sediment availability and transport ultimately determines how 

hillslopes respond to erosive rainfall events during the recovery from fire impacts 

(Cannon et al. 2001b; Lane et al. 2006b; Moody and Martin 2001a; Sheridan et al. 

2007a). Wildfire and prescribed fire impacts sediment availability through soil heating 

and combustion of aboveground vegetation, litter and organic material within the soil 

(Hungerford et al. 1991). The heat pulse into the near-surface soil can result in the lethal 

heating and combustion of organic binding agents including roots, hyphae and humus, 

thereby reducing soil structure and cohesion (DeBano et al. 2005; Giovannini and 

Lucchesi 1983; Hart et al. 2005; Moody et al. 2005; Neary et al. 1999). Vegetative ash 

acts as an additional source of material which is initially deposited as non-cohesive and 

easily eroded material (Gabet and Sternberg 2008). 

 

Erodibility is a term used to characterize sediment availability and is generally defined 

as the ease with which material is detached by flow. It is the inverse of soil resistance to 

erosion and determines how much sediment is detached per unit energy or force applied 

by overland flow. It is applied as a parameter in commonly used erosion models (eg. 

WEPP and EURSEM; Laflen et al. 1997; Morgan et al. 1998; Nearing et al. 1989). 

Erodibility is a function of the physical, chemical and biological factors that contribute 

to the formation of a cohesive and structured soil matrix (Grabowski et al. 2011; Jenny 

1994; Tisdall and Tisdall 2006). It is a site specific parameter which can be estimated 

from empirical studies of sediment detachment in flumes and hillslope erosion 

experiments in different landscapes at different stages of disturbance (Elliot et al. 1989; 

Robichaud et al. 2010; Sheridan et al. 2007a). 

 

The effect of ash input and burning on soil properties is usually restricted to near 

surface soils with soil heating rarely extending more than 5 cm into the soil profile 

(DeBano et al. 2005; Hungerford et al. 1991). This results in a layered soil profile with 

strong anisotropic variability in soil structure near the surface. The fire-effect on 

sediment availability in this layered system can be conceptualized as change in the 

depth of soil that displays low or no cohesion (i.e. no detachment required prior to 

transport) (Figure 5.1). The initial production of non-cohesive soil, the recovery of the 

soil-vegetation system, and depletion of the finite pool of erodible soil are poorly 

understood and not represented explicitly in post-fire erosion models.  
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Measuring the erodibility of burnt soils in overland flow experiments is problematic due 

to large changes in sediment availability during the experimental period over which the 

parameter is determined (Moffet et al. 2007; Robichaud et al. 2010; Sheridan et al. 

2007a). By measuring erosion under steady-state conditions the erodibility parameter 

represents a time-averaged constant, which may lead to underestimation of the true 

erodibility of the soil surface. This is because the sediment availability within the test 

area is depleted and shifts towards a detachment limited domain within the experimental 

period. A time averaged parameter may therefore lead to underestimation of sediment 

loads for individual high-magnitude erosion events on recently burnt hillslopes.  The 

role of initial sediment availability and depletion are likely to be particularly important 

when the aim is to estimate magnitude of loads generated by a few storm events when 

both the initial supply and rate of depletion can affect the sediment flux at the end of a 

hillslope. Such events often occur in response to short and high intensity rainfall and 

can account for a large proportion of the overall sediment that is generated from burnt 

areas (Cannon et al. 2001a; Lane et al. 2011; Moody and Martin 2001a; Smith et al. 

2011a). 

 

The aim of the studies described in this chapter was to develop a new framework for 

explicitly representing spatial changes in sediment availability as a result of wildfire 

disturbance. The hypotheses were that i) erodibility of fire-affected soils varies with 

root density and the depth below the surface, that ii) this variability results in a 

dependency between sediment flux and soil loss, and that iii) this dependency is 

captured by using the depth of non-cohesive material as a measure of wildfire effect. 

These hypotheses were tested with data from three experiments. The specific objectives 

of these experiments were to: 

i) measure detachment rates as a function of depth in controlled laboratory 

experiments, and to evaluate the effect of roots and soil physical properties on 

detachment rates, 

ii) evaluate the temporal changes in sediment availability in the field by 

simulating overland flow in bounded erosion plots, and 

iii) link spatial and temporal variations in soil shear strength to the availability of 

non-cohesive material on hillslopes that were recovering from wildfire. 
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The results from the experiments were combined into a framework for quantifying 

wildfire effects on sediment availability in systems with different background (or 

intrinsic) soil properties. The framework was developed to provide a basis for explicitly 

linking sediment availability to measures of fire severity, soil heating and sediment 

depletion. 

 

 

Figure 5.1 A conceptual representation of fire-effects on sediment availability in forest 

soils. 

 

5.2 Methods 

5.2.1 Overview 

The method was set out to determine the factors controlling sediment availability on 

burnt hillslopes using both field and laboratory based approaches. A laboratory study 

was conducted using a tilting flume and intact soil cores collected from three 

contrasting sites in western USA, representing different ecosystems and geological 

settings. These experiments were designed as an in-depth study of the factors that drive 

variations in erodibility with depth. In the field-based experiments we used flume 

measurements on hillslopes in southeast Australia to determine the depth of transport 

limited erosion (i.e. depth of non-cohesive soil). This non-cohesive soil depth was 

linked to a critical shear strength determined by shear vane measurements in areas 

adjacent to the flume beds. This critical shear strength provided a method of using 

simple shear vane measurements to determine the depth of non-cohesive soil in burnt 

headwater catchments of southeast Australia. The measurement technique allows for 
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extensive sampling of spatially variable soils and is simpler and less resource intensive 

to carry out than flume experiments. Table 5.1 provides a summary of site 

characteristics and the location study sites are shown in Figure 5.2. 

 

 

Figure 5.2 Map showing the location of research sites in a) southeast Australia (Sunday 

Creek, Stony Creek and Ella Creek) and b) western US (Fourmile Canyon in Colorado 

and Pozo in California).   
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Table 5.1 List of research sites used in different components of the study. 

Site Aspecta 
Burn 

impact 

 

Annual 

Rainfall 

mm 

Forest Type and dominant 

vegetation 
Geology 

Soil texture / Bulk 

density, BD (0-5 cm)  

(g  cm-3) 

 

Laboratory Study – Western United States 

 

Fourmile 

Canyon 

South Oct-2010 500-600 Coniferous 

Ponderosa Pine  

(Pinus pondersosa) 

Granite Stony and gravelly 

sandy loams  

BD =1.34 

 

Fourmile 

Canyon 

North Oct-2010 500-600 Coniferous, 

Douglas Fir 

(Pseudotsuga menziesii 

subspecies glauca) 

 

Granodiorite Coarse to fine stony 

sandy loams  

BD =1.21 

 

Pozo South Aug-2010 500-600 Chaparal, 

Manzanita 

(Arctostaphylos sp.), 

Chamise 

(Adenostoma sp.), 

Marine 

sedimentary 

Fine clay loam  

BD =1.27 

 

Field Study - southeast Australia  

 

Ella Creek,  

 

North  Jan-2007 1200-1400 Dry Eucalyptus, 

Broad-leaved peppermint  

(E. radiata) 

Narrow-leaved peppermint 

(E. dives) 

 

Shale,  

Marine 

Sedimentary 

Stony and gravelly clay 

loam 

BD = 0.94 

Sunday Creek North Feb-2009 1000-1200 Dry Eucalyptus, 

Broad-leaved  peppermint  

(E. radiata) 

Siltstone, 

Marine 

Sedimentary 

Stony and gravelly clay 

loam 

BD = 0.97 

 

Stony Creek North-west Feb-2009 1000-1100 Dry Eucalyptus, 

Broad-leaved  peppermint  

(E. radiata) 

Phyllite & Gneiss 

Metamorphic 

Gravelly clay loam 

BD =1.14 

aAspect effects are reversed in terms of solar radiation in southeast Australia versus Western US 
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5.2.2 Effects of roots on erodibility (laboratory study) 

5.2.2.1 Sampling of intact cores and depth-stratified soil segments 

The sampling strategy was designed to provide i) intact cores for quantifying 

detachment rates at different soil depths in a laboratory flume and ii) soil samples for 

measuring soil properties (roots density, root length density, loss on ignition, bulk 

density and % silt and clay) at 5 depth increments between 1-10 cm.  Soils were 

sampled from the Fourmile Canyon Fire, Colorado and the Pozo Fire, central California 

(see Table 5.1and Figure 5.2 for site details on site location and attributes). Further 

information on sampling protocol and site characteristics are provided in Moody and 

Nyman (2012). Three sets of soil samples were collected at each site in three clusters 

(sampling areas approximately 4 m
2
), each randomly located along a transect running 

parallel to the flow line (Figure 5.3). Each set of soil samples was comprised of: 

i) Five intact soil cores (length = 7.5 cm, diameter = 4.7 cm), used for the flume 

experiments.  

ii) Three soil samples collected in cylindrical cores (length = 10 cm, diameter 4.7 

cm) from 5 depth intervals (0-1, 1-3, 3-5, 5-7.5, 7.5-10 cm) for measuring  bulk 

density, organic matter (loss on ignition) and particle-size distribution. 

iii) Three soil samples from 5 depth intervals (same as above) for measuring root 

properties. 

 

 

Figure 5.3 Upper section a) shows the location for collecting cluster samples (A, B, and 

C) along transects (T1, T2, and T3) from one site called Fourmile Canyon South.  b) 

Lower section shows the details of the method of collecting subsamples of the soil core. 

See Appendix E (Figure 1) for photo of sampling technique. 
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5.2.2.2 Tilting flume – variations in erodibility with depth 

The depth dependent detachment rates is difficult to quantify in the field due to 

depletion effects and the transport limited erosion that can occur during the initial stages 

of flow experiments. Therefore a laboratory flume was used to quantify the change in 

erodibility with depth in similar manner to  Nachtergaele and Poesen  (2002) (Figure 

5.4). The detachment rate was measured based on the material delivered from intact 

cores at five target depths (0, 1-2, 2-3, 4 and 5-6 cm) at four levels of shear stress (2.2, 

6.3, 14.4, and 42.1 Pa). The shear stress was calculated using equation 1 with additional 

acceleration terms added to account for non-uniform flow across the test area. The 

measurements were recorded during the experiments in units of dynes, cm and grams to 

be consistent with the scale of measurement (Moody and Nyman 2012). However, in 

this paper we report the shear stress (τf ) and erodibility(kd) in SI units (Pa and s m
-1

, 

respectively) to be consistent with measurements presented elsewhere. 

 

The shear stress was obtained through four combinations of slope and flow depth: i) 

0.053, 0.3 cm; ii) 0.053, 0.60 cm; iii) 0.088, 1.10 cm; and iv) 0.177, 1.05 cm. The slope 

of the flume bed was adjusted using a tilting device built into the base of the flume. The 

flow was adjusted to the required depth using a manual flow valve. The shear stress, τf 

(Pa), was calculated as the product of slope, S, and water depth, hw,  

 

          5.1 

where ρ is density of water (1.0 kg  m
-3

), and g is acceleration of gravity (9.8 m s
-2

). 

 

Detachment rates were calculated based on the total mass of material (>0.063mm) 

eroded after 12 L of flow. In some cases at the third depth interval (2-3cm), the soil core 

had to be sliced in order to expose a new surface after extruding the soil (see extruder in 

Figure 5.4b). On these surfaces the material was collected over a longer time-interval in 

order to reduce the impact of disturbance effects due to slicing. Further details on flume 

specification and data collection are provided in Moody and Nyman (2012). A photo of 

the flume is provided in Appendix E (Figure 2). 
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Figure 5.4 The components of the a) tilting flume, b) the core attachment and extruding 

device and the c) water supply system. Additional flume specification available in 

(Moody and Nyman 2012). 

 

5.2.2.3 Soil analysis - variation in soil and root properties with depth 

The 15 soil samples from each site were processed for particle size by using standard 

sieve methods (Guy 1977). The sample was dried at 105
o
C for 24 hours, weighed to 

determine the total mass, and split into 2 parts: one part was used for particle size 

analysis and one part was used for soil organic content analysis.  Bulk density was 

computed from the total oven dry mass, the thickness (depth interval) and diameter of 

the core (4.7 cm).  Samples were measured for loss on ignition (LOI) at 500
°
C for 2 

hours (Heiri et al. 2001). 

 

Root density (RD) and root length density (RLD) were measured from soil samples 

which were first air dried, then weighed and poured gently onto a 2 mm sieve. Roots 

which were easily detected were collected before sieving in order to avoid unnecessary 

fragmentation. The sieved soil and roots were washed into a white enamel tray with a 
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gridded base (5 cm grid squares) filled with water to an approximate depth of 10 mm, 

then systematically collected at each grid under a 10 x magnification. In cases were 

roots were highly abundant and where there was little other floating material, the roots 

could be extracted using a suction pipette. This method was more time efficient but not 

suitable for samples with abundant organic material which would contaminate the root 

sample and lead to bias in the root mass measurements.  

 

Live and dead roots could not be distinguished. However charred roots disintegrate 

when disturbed leaving behind a sooty residue. These could be distinguished and were 

not extracted. All other roots (length > 1mm and diameter < 2 mm) were extracted.  

Root length was measured using the line-intersect method (Tennant 1975). The root-

grid line intersections were counted for each individual sample from photographs. For a 

subset of samples we validated the line intersect method by estimating root length using 

manual length measurements, direct intersect counts and counts from photographs 

(examples provided in Appendix E, Figure 3). Root mass was measured to nearest 0.001 

g, after drying at 65 °C for 48 hrs.  

 

 

5.2.3 Depth of transport limited erosion on burnt hillslopes (field study) 

5.2.3.1 Field flumes– the flux and availability of sediment 

Field flume experiments measured sediment flux from confined test areas at multiple 

time steps from the onset of erosion until the system reached a steady-state flux, and 

hence constant erodibility.  Three field flumes (4 m long and 0.15 m wide test area) 

were installed at Sunday Creek (southeast Australia) on a planar slope close to a ridge-

top in an area that had not been affected by overland flow. The experiments were 

conducted one year after wildfire so there was some evidence of rainsplash erosion from 

post-fire rainfall events. The slope angle was determined from measurements at the top, 

mid and bottom section of the test area. Steel edging (1m segments) were carefully 

driven into the soil and stabilized using steel pegs inserted along the outer edge. 

Sharpened erosion pins (150 mm long and 4 mm in diameter) were inserted at 8 points 

spaced at regular intervals inside the test area. These were used to measure depth of 

erosion at the end of the experiment. Experimental setup is shown in Appendix E 

(Figure 4). 
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The experiments were run as a sequence of successively increasing flow rates, q (0.2, 

0.5, 1.0, 1.5 L s
-1

). Water was pumped from a tank (2000 L) filled by water from a 

nearby creek and carried to the research site on a trailer. At each flow rate, the water 

was delivered into a small reservoir at the top the flume using a pump, a ball valve and a 

rotameter to control the flow rate. Once full, the water in the reservoir flowed into the 

confined test area. At the bottom of the flume, water and sediment was diverted through 

a 1 x 0.15 m diameter pipe to a collection point. The flow was sampled in 500 mL 

containers at 6 time intervals during each 60 s sampling period for each flow rate, 

starting with the initial surge, then every 10 s. The first sample was collected once water 

and sediment reached the collection point at the end of the flume. The flow was sampled 

by sweeping the 500ml container through the flow three times. At 60 s, the samples 

consisted of relatively clear water, and sampling was terminated since the system was 

approaching a steady state at his point. Data from similar experiments in these type of 

systems indicate that after 60 s the sediment flux remains constant (Sheridan et al. 

2007a).  

 

The non-sampled sediment was continuously collected in an overflowing 20 L bucket at 

the collection point. The material in the bucket was kept along with all the 6 x 500 ml 

samples. The flow depth (hw) during the each flow rate in each experiment was 

measured at each erosion pin and used to calculate the shear stress (τf) as per equation 

(5.1).  Flow velocity was measured using a dye tracer that was injected at the top of the 

test area and timed until the dye front had reached the collection point at 4 m. The 

discharge rate from the plot was measured three times at the end of the flume using a 10 

L bucket and a stopwatch. Once all measurements were collected, the protocol was 

repeated for a next flow rate. The final erosion depth was measured at each erosion pin 

after the final flow experiment.  

 

The particle size distribution of eroded material was determined for individual samples 

collected from the flume. Each oven dried sample was gently disaggregated and placed 

in a nest of sieves to separate between gravel (2 - 11 and 11 - 16mm), coarse sand (0.6-

2mm) fine and medium sand (0.063 - 0.6 mm) and silt and clay (<0.063 mm). The 

measurements were then combined across each of the three replicate experiments based 

on the time intervals 0-1 s, 1-15 s, 16-35 s and 36-55 s to produce an average particle 

size distribution as a function of time. 
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5.2.3.2 Non-cohesive soil linked to variations in soil shear strength with depth 

Each flume experiments was coupled with shear strength measurements, τv (kPa), using 

a HM-504A Pocket Shear Vane Set (total range = 0-250 kPa), at 10 points along a 

transect on a non-eroded section of soil adjacent to each of the three field flumes at 

Sunday Creek. The vane shear strength of a soil is the maximum internal resistance of a 

soil to the movement of its particles and provides an effective measure of cohesiveness. 

The measurements were repeated at 5 depths (0, 10, 30, 60 and 95 mm) at each 

sampling point by carefully excavating a small trench using the end of a metal ruler to 

expose an area (51 mm vane diameter) for each new depth increment. The vane blades 

were 5 mm high so each measurement integrates a small volume of soil and the actual 

measurement therefore occurs over a small 5 mm depth interval.  

 

5.2.3.3 Availability of non-cohesive soils (extensive sampling) 

An extensive survey of soil shear strength was carried out in headwater (zero order) 

catchments at Ella Creek, Sunday Creek and Stony Creek in the eastern uplands of 

Victoria, southeast Australia (see Figure 5.2a and Table 5.1). The measurements were 

obtained in order to capture the temporal changes in non-cohesive properties of near-

surface soil during a 0-3 year post-fire period. Stony Creek and Sunday Creek were both 

burnt in February 2009 and measurements were made in September 2009 and March 

2010, 0.5 and 1 year after the wildfire, respectively. Ella Creek was burnt in January 

2007 and the same measurement campaigns in September 2009 and March 2010 

represent conditions at 2.5 and 3 years after wildfire. The inclusion of Ella Creek in the 

sampling campaigns means that the measurements spanned across a longer recovery 

window. This space for time substitution assumes that spatial and temporal variation is 

equivalent. Ella Creek was considered to be suitable site in this respect given its 

similarities to Stony Creek and Sunday Creek in terms of soil, vegetation and fire 

impact (see Table 5.1 for site characteristics). 

 

Each headwater catchment was sampled at 0m (near ridge top), 40 m and 80 m along 

three evenly distributed transects running perpendicular to the contours. Three replicate 

measurements were conducted at random points in a 2 m
2
 quadrat at each sampling 

location. At each point the shear strength was measured at 5 depths using the same 

protocol as the measurements taken as part of the field flume experiment (above). One 



 

122 

 

headwater (3 transects) was sampled at Ella Creek and Stony Creek. At Sunday Creek, 

the shear strength was measured in two replicate headwaters (6 transects).  

 

Some sections of the hillslopes had been affected by surface runoff in the 6 months 

prior to when the measurements were obtained in September 2009. The aim of this first 

sampling campaign was to characterize the fire-affected material which covered the soil 

surface and the measurements were therefore representative of the conditions 

immediately following the fire. The 2 m
2
 quadrate was therefore positioned outside of 

the areas where surface runoff paths had obviously eroded the surface soil. The repeat 

measures in March 2010 were made in quadrats placed on the opposite side of the 

sampling transect in order to avoid potential disturbance effects from the first round of 

sampling. The majority of the hillslopes had experienced some erosion prior to this 

sampling campaign. At this time step, the measurements were sampled randomly from 

eroded and non-eroded surfaces. Soil moisture was measured gravimetrically on soil 

samples collected at each sampling quadrate (composited by hillslope position) and at 

depth intervals that corresponded with the depth of shear vane measurements. 

 

5.3. Results 

5.3.1 Effects of roots on variations in erodibility with depth (laboratory study) 

In this section we report results from the laboratory flume experiments.  The aim was to 

quantify changes in erodibility with depth and to evaluate the effects of soil and root 

properties. This chapter is mainly concerned with the erodibility of near-surface soils 

that had been impacted by the fire. The analysis is therefore restricted to measurements 

in at soil depths less than 5 cm. The erodibility parameter kd (s m
-1

) was obtained for 

each detachment measurement by assuming a linear relation between soil detachment 

capacity, Dc (kg m
-2

 s
-1

) and shear stress, τf (Pa): 

The detachment capacity Dc, at different depth intervals of intact soil in cores was 

estimated from the combined mass of all eroded sediment (D > 0.45 mm) from each 

depth interval. The critical shear stress term was assumed to be negligible because the 

critical shear stress for typical particles (0.063-1.0 mm) is 0.2-0.8 Pa (Moody et al. 

2005; Wiberg and Smith 1987), which is smaller than the shear stress used in the 

experiments (2.2-42.1 Pa). A cluster-average was calculated from four erodibility 
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estimates at each depth interval within each cluster. Each of the four erodibility values 

was measured at a unique depth which fell within some predefined depth interval. An 

average depth of the four measurements was therefore calculated and used as the depth 

value which corresponded to each cluster-average erodibility value. The raw data is 

provided in (Moody and Nyman 2012). 

 

The erodibility of burnt soils decreased exponentially with ds between the soil surface 

and ds = 2 cm (Figure 5.5). The relatively low value of k at 2 cm was therefore assumed 

to represent a constant once surface material was depleted. This assumption does not 

consider potential changes in erodibility for ds > 2 cm. The average erodibility at ~2cm  

depth for Fourmile Canyon (FMC) North, FMC South and Pozo, respectively, was 1.48 

x 10
-4

, 2.03 x 10
-4 

and 1.47 x 10
-4

 s m
-1

,
 
with similar levels of variability for all sites 

(coefficient of variation, CV = 95-100 %). Unburnt clusters consistently displayed the 

lowest erodibility on the soil surface although at the Pozo site the difference between 

unburnt and burnt was very small in 2 out of 3 clusters.  

 

The variability in erodibility of burnt surface soils within sites was almost identical for 

all the three sites with coefficient of variation (CV) ranging from 81to 82 %. 

Interestingly, this variability is higher than the variability in erodibility of surface soils 

between the three sites (CV = 59 %). This means that the variable surface properties at 

scales < 1 m
2 

within sites are more important than site factors in explaining sediment 

availability in near surface soils. Further analysis of variability shows that the ratio of 

CV between clusters to CV between sites (CVcluster/CVsite) decrease with soil depth, 

which suggests that the influence of site factors on erodibility increase with depth. This 

finding supports the notion that surface soil following fire is non-cohesive and therefore 

independent of the site specific geological and pedological factors which contribute to 

cohesion. 
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Figure 5.5 Changes in mean erodibility of burnt near surface soil at a) Fourmile Canyon 

North, b) Fourmile Canyon South and c) Pozo South. Three burnt clusters and one 

unburnt cluster are plotted for each site. Each point is the average erodibility obtained 

from four detachment experiments on four different cores in each cluster. The surface 

erodibility of four burnt soil cores at FMC North ranged from 8.37 x 10
-4

 to 38.8 x 10
-4

. 

At FMC South the corresponding values were 19.4 x 10
-4

 and 122 x 10
-4

 and at Pozo 

they were 15.3 x 10
-4

 and 61.6 x 10
-4

.  

 

The influence of soil, root density (RD) and root length density (RLD) on erodibility 

was initially explored by simple correlations split by soil depth (Table 5.2). Root 

properties are the most important predictor of erodibility at the soil surface (0-1cm).  

The percentage silt and clay and the bulk density were the most influential variables at 

depths 3-5 cm. These were also the  soil variables which displayed the largest 

differences between sites at this depth (Moody and Nyman 2012). These correlations 

should be interpreted in context of the negative correlation between bulk density and % 

silt and clay. At depths of 1-3cm, none of the variables were significantly correlated 

with erodibility. This could indicate a transitional zone where the variability between 

cores meant that no single variable emerged as dominant predictor. All data on soil 

properties are reported in more detail in Moody and Nyman (2012).  
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Table 5.2 Correlations between soil properties and erodibility at different depths. 

Significant correlations are in typed in bold font.  

Depth Statistics 
Bulk Density 

(g cm
-3

) 

LOI 

(%) 

Root density, RD 

(g cm
-3

) 

Root length 

density, RLD 

(cm cm
-3

) 

silt&clay 

(%) 

0-1cm R -0.25 -0.37 -0.58 -0.37 0.12 

 
p-value 0.167 0.84 0.001 0.04 0.52 

       
1-3cm R 0.29 -0.5 -0.26 0.03 -0.42 

 
p-value 0.37 0.87 0.42 0.93 0.17 

       
3-5cm R 0.54 -0.46 -0.127 0.07 -0.53 

 
p-value 0.07 0.13 0.97 0.82 0.07 

 

The variability in erodibility for ds < 3 cm was analysed further using a general linear 

mixed model with site, soil and root variables as predictors. The analysis was restricted 

to measurements in the depth interval, 0 < ds < 3 cm, (i.e. the three uppermost 

erodibility measurements) because we were interested in soils that may have been 

impacted by the fire. Linear interpolation was used to determine soil and root properties 

for the exact depth at which erodibility was measured. For the first erodibility estimate, 

the depth was less than the midpoint of the uppermost soil sampling interval. The 

corresponding soil and root properties were estimated by extrapolation at 1cm and 3cm. 

The variable was given a value of zero if extrapolated values would be negative. 

Predictor variables were not log transformed.  

 

Initially the model was defined so that site represented random effects with ds, RD, and 

RLD modelled as fixed effects. Other soil properties were initially included but were 

subsequently removed from the analysis since they were non-significant and provided 

no additional improvement to the overall fit. Also there were no site-effects so the 

model was reduced to include ds and either RD or RLD as predictors. The best fit was 

obtained using root density and soil depth as predictor variables in the linear model; 

                                . All coefficients were significant 

(p<<0.01) and the overall model explained ~ 60 % of variability in the log transformed 

k (R
2 

= 0.63, F3, 32 = 17.8, MSE = 0.22 p < 0.001) (Figure 5.6). The positive interaction 

effect between soil depth and RD indicates the erodibility-reducing effect of roots 

decrease with depth. This is consistent with the correlation coefficients listed in Table 
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5.2. A similar but weaker (R
2 

= 0.56) relation was obtained when RLD was used as 

predictor instead of RD. 

 

 

Figure 5.6 The observed and predicted erodibility, kd (s m
-1

), from a general linear 

model with depth, ds (cm), and root density, RD ( g cm
-3

), as fixed effects. The analysis 

was performed on log10 transformed erodibility values.  

 

Results from the analysis above show that surface erodibility varies exponentially with 

ds and RD. This analysis of kd as a parameter which varies with depth and root density 

was possible because the laboratory flume provides the controlled conditions required 

for measuring detachment rates at specific depths within the soil profile. Field 

experiments that simulate rill erosion are unable to explicitly capture this variation in kd 

with depth. The exponential change in kd for ds < 0.02 m can be expected to produce an 

exponential dependency between sediment flux and soil loss, which would be apparent 

as a change in sediment flux with time. The next result section is concerned with how 

variation in surface erodibility affects sediment flux during the erosion plot experiments 

 

5.3.2 Depth of transport limited erosion on burnt hillslopes (field study) 

5.3.2.1 Field flumes – the flux and availability of sediment 

The intensive laboratory measurements showed that erodibility was highly variable with 

depth. In this section we carry out field flume experiments which were designed to 

capture how variations in erodibility with depth may influence sediment flux during 
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runoff events on hillslopes. The values measured for slope (S), water depths (hw) and 

flow velocity in the field flume are provided in Table 5.3 along with the range of shear 

stress (τf) values estimated for each flow rate applied during the experiments.  

 

Sediment flux measured in the erosion plot experiments at Sunday Creek decreased 

rapidly with time. For all flow rates, the sediment flux, qs (kg m
-1

 s
-1

) from the flume 

decreased rapidly (by up to two orders of magnitude) during the first 20-30 s of erosion 

(Figure 5.7). The detachment capacity, Dc (kg m
-2

 s
-1

), towards the end of the 

experiment (t > 45 s) was used to calculate a steady-state erodibility, kd (s m
-1

), from 

Dc/τf 
 
as per equation (5.2).  The erodibility values beyond this time (t > 45 s, n = 9) 

asymptoted towards a single value and produced an average steady-state erodibility, kd, 

of 1.2 x 10
-4

 s m
-1 

± 0.5 x 10
-4 

(SD). 

Table 5.3 Flow properties measured in the field flume and the associated estimates of 

shear stress and sediment flux parameters. 

Flow rate 
Mean flow 

depth 

Flow 

Velocity 
Shear stress 

a 
Fitted Parameters 

b 
Steady flux 

q hw  τf a b qsmin 

(L s-1) (cm) (m s-1) (Pa)  - (kg s-1 m-1) 

0.2 0.6 – 0.7 0.52-0.71 21.3- 26.9 0.987 0.0047 0.017 

0.5 0.9 – 1.1 0.63-0.89 33.5 – 41.0 0.989 0.0042 0.027 

1.0 1.0 – 1.3 1.04-1.05 37.0 – 47.4 0.984 0.0059 0.031 

1.5 1.3 – 1.5 1.05-1.26 49.6 – 57.7 0.971 0.0431 0.039 

a Slope ranged from 36 to 40 percent 

b Parameter values from equation (5.3) and fitted functions in Figure 5.7. 

 

 

The changes in sediment flux, qs, with time within each flow rate was fitted with a two 

parameter function:  

 

where a and b are fitted and the asymptote (     
) was determined by the steady-state 

sediment flux per unit flow width, w: 

 

 
      

     

         
 5.3 

 
     

 
     

 
 

5.4 
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The denominator in the sediment flux equation (5.3) contains an exponential term which 

captures the temporary effects of a finite supply of near-surface soil which is 

transported more easily than the underlying matrix in which qs approaches qsmin. The 

parameters a and b, respectively, determine qs at t = 0 and δvqs/δt  for qs > qsmin. When 

fitted to data within replicate flow rates the function accounted for 61 – 80 % of 

variability in qs for 0 < t < 60 s. Parameter values are provided  in Table 2.3.Within flow 

rates the qs function (5.3) represent two stages of the erosion process. Initially the 

change in flux with change in time is proportional to the soil loss rate (δqs/δt = -bqs), 

hence an exponential dependence between qs and t, but the available soil is limited and 

then exhausted so δqs/δt approaches 0 (i.e qs is constant) at some minimum values for qs. 

Given unlimited sediment, the initial sediment flux at t = 0 could be constrained by the 

transport capacity of the flow, Tc (kg m
-1

 s
-1

) (the limiting rate at which sediment can be 

transported for a given shear stress). However, the data did not indicate that transport 

capacity was limiting flux for any period of time during the experiments. 

 

 If flux was limited by transport capacity over time, then the rate of change with time 

(δqs/δt) would be low (close to 0) prior to the onset of depletion. The inverse sigmoid 

form of equation (5.3) means that the function can represent such a phase; however the 

sediment flux would need to be modelled as an inverse function of time, qs
-1

(t), with an 

asymptote (       
)  reflecting the maximum resistance of the soil to erosion. It is 

noteworthy for three samples (all from the initial surge from the flume) the sediment 

flux (or concentration, m
3
 m

-3
) exceeded Tc  by up to 1.9 times when Tc was estimated 

from transport equations by Govers (1990) and Foster and Meyer, (1972), and for a 

single sample (1.4 times) when Tc was estimated for steep slopes from the relations 

provided by Zhang et al. (2011; Equation 8). 
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Figure 5.7 The mean change in sediment flux (qs) with time (t) for sequentially 

increasing levels of shear stress (τf) in field flumes (4m long and 0.15 m wide) on a 

burnt hillslope at Sunday Creek (southeast Australia)  

 

Within individual flow rates (particle size distribution averaged for bins at different time 

steps), the particle size of eroding sediment decreased with time (Figure 5.8a). Initially 

the eroded soil contained a large proportion of gravel sized particles with an overall 

median particle size, D50, of 9.6, 6.7, 9.4 and 12 mm for 22, 35, 40 and 50 Pa 

respectively. The particle size declined more gradually for the intermediate flow rates (τf 

= 35 and 40 Pa) than the first and last set of flow rates (τf  = 22 and 50 Pa, respectively). 

Between flow rates (particle size distribution averaged for the full 60 s experimental 

period), there was an overall coarsening in the eroded sediment with increasing shear 

stress for all τf < 40 Pa, with D50 increasing from 3.07 to 7.26 mm between 22 and 40 Pa 

(Figure 5.8b). The lower quartile of distribution (D25) displayed the strongest trend in 

relative terms (log scale), indicating that fine material was preferential eroded from the 

flume bed at the lower τf.  

 

The results in Figure 5.8 shows that for the given range of shear stress values (22 Pa ≤ τf  

≤ 50 Pa) the particle size of transported sediment was primarily affected by a depletion 
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process which acted uniformly across the particle-size distribution within the available 

soil. The depletion resulted in a temporal shift in the composition of the soil that was 

available for transport, and this shift corresponded with a strong reduction in qs (Figure 

5.7). The relatively small shift in particle size distribution with increasing shear stress 

reflected preferential depletion of fine material at low flow rates rather than increased 

capacity of the flow to transport the larger particles on the flume bed. This was expected 

given that the critical shear stress of the largest particles (15 mm = 12 Pa for uniform 

non-cohesive sediments) is well below the minimum τf (20 Pa) applied in the flume 

experiments. 

 

Figure 5.8 a) Median particle diameter (D50) of eroded sediment for different flow rates 

applied sequentially to a confined test area on steep slopes (36-38 %) burnt at high 

severity. b) The particle size distribution as a function of sequentially increasing shear 

stress (τf) shown using the median (D50), upper (D75), and lower (D25) quartiles of the 

distribution. 

 

At low flow rates (q = 0.2 and 0.5 l s
-1

), some of the flume bed did not erode in the 

initial surge of sediment, thus creating flow paths between elevated sections of intact 

surface material. Once established the flow paths were relatively stable with no lateral 

spread and qs was limited by the detachment capacity at the bed of the flume. New 
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material was accessed and flow paths widened once the flow rate was increased. This 

resulted in a return to high qs, followed by rapid depletion once the system reached a 

new equilibrium state. This meant that the initial spike in qs with each new flow rate 

could be interpreted as the effect of increased access to a finite pool of readily available 

soil. The pattern was repeated for each level of τf  up to 50 Pa
 
where all material had 

probably been removed, thus exposing a resistant soil matrix across the entire flume 

bed. At each new τf , an increasing proportion of the overall available sediment was 

transported off the flume bed. 

 

This depletion effect was estimated from equation (5.3) by first estimating the total flux 

as the integral of equation (2) between 0 and 60 s for each τf. The total flux in excess of 

the steady state rate (qsmin) was then obtained by subtracting qs(t)= qsmin  from qs(t).This 

quantity was estimated to be 3.0, 4.9, 3.9, and 0.8 kg m
-2

 for τf  of 22, 35, 40 and 50 Pa, 

respectively. For erosion under constant erodibility (kd = 1.2 x 10
-4

 s  m
-1

, qs = qsmin), the 

total erosion over 60 s would have been 1.6 kg m
-2

, approximately 10 times less than the 

sediment actually generated. The average depth of erosion (measured from erosion pins 

within the three flumes) was 1.1 cm ± 0.2 (n = 30). The analysis above indicate that 

only 8 % of this depth consist of erosion where qs = qsmin. The estimated depth of non-

steady erosion is therefore estimated to be 1.1 cm minus 8 % which is ~1.0 cm. This 

value is defined as the depth on non-cohesive soil dnc. 

 

The sum of modelled erosion for all flow rates (total = 12.6 kg m
-2

) is 11 % higher than 

the estimate obtained from the average total mass of sediment (11.3 kg m
-2

 ± 3.0) 

captured in the bucket and rill bottles at the bottom of the flumes (3.1, 3.5, 3.6 and 1.1 

kg m
-2

 for τf  of 22, 35, 40 and 50 Pa, respectively). Sources of error leading to 

discrepancy between measurement and the estimates from equation (5.2) could include 

i) fine sediment escaping from the overflowing bucket, ii) relatively few data points in 

the regression relative to the large variability in qs and iii) a gradual asymptote in 

equation (2) which consistently over-predicted qs for t > 30 s.  

 

The depletion of soil which was non-cohesive (dnc) was presented as a cumulative 

function of τf, using measured and modelled values for erosion (Figure 5.9), both of 

which displayed similar trends. The relation between cumulative sediment availability 

and τf shows that the majority (~70 %) of the material was eroded for τf between 20 and 



 

132 

 

40 Pa, with only residual soil left for τf  > 40 Pa. However, if the depth of non-cohesive 

soil (dnc) was lower, then it is possible that a lower τf would be required for all the soil 

to be effectively submerged and transported away from the flume bed. The cumulative 

availability was therefore also plotted as a function of flow depth (hw) relative to the 

depth of non-cohesive soil (dnc = 1.0 cm). The sediment availability increased sharply 

when hw /dnc was close to 1. Less than 10 % of soil remained on the flume bed when hw 

/dnc >1 (τf = 40 Pa). The pattern indicates that the non-dimensional ratio, hw /dnc, could 

be a more meaningful and transferrable variable than τf when determining the proportion 

of soil within dnc that is available for a given flow rate. 

 

 

Figure 5.9 The cumulative availability of sediment as a function of shear stress (τf ) and 

the non-dimensional ratio,  hw/dnc (i.e. flow depth relative to the depth of available 

material). The plots are generated from i) measurements of total erosion (kg m
-1

) and ii) 

modelled erosion from the fitted sediment flux functions (Equation 2; Figure 5.7).  

 

5.3.2.2 Non-cohesive soil linked to variations in soil shear strength with depth  

This section aims to link variations in soil shear vane strength (τv) with depth (ds) with 

the depth of soil (dnc) which was non-cohesive and transported from the flume bed 

under condition where qs > qsmin. The average of five τv measurements from outside of 

each flume bed at Sunday Ck (n = 15) were plotted as a function of soil depth, ds, 

(Figure 5.10) and represented by the function, 
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 5.5 

 

This function is analogous to the sediment flux function (5.2), the only difference being 

that the dependent variable (τv) is inversely related to sediment availability and increases 

rather than decreases with the explanatory variable (ds). Hence a positive sign on the 

exponential effect-term in the denominator. The parameter τv (max) is the constant value 

which τv approaches at depth, whereas f and p, determine τv  at ds = 0 and  δvτ/δds. 

The function accounted for 99 % of variability in mean τv with ds for the depth-averaged 

data of τv. The strong gradient in τv between ds of 1.25 and 3.25 cm and the sigmoid 

relation shows that surface and subsurface soil display different properties, with a strong 

gradient of change between them. In this analysis we use the depth of non cohesive soil 

(dnc) from the previous section to determine a shear strength value above which the soil 

is easily eroded by overland flow. The aim to characterise the soil as two discrete layers; 

a non-cohesive surface layer with low strength overlying a cohesive and resistant 

subsurface layer. The value of τv at the transition from non-cohesive to cohesive soil 

was obtained by solving τv(ds) (equation 4) for  ds = dnc = 1.0 cm (i.e. the depth of non-

cohesive soil in the adjacent flume).  In this way, the τv threshold for non-cohesive soil 

was estimated to be 5 kPa (Figure 5.10). 

 

 

Figure 5.10 Mean vane shear strength (τv) and standard deviation (SD) as a function of 

soil depth (ds) for 15 sample points along the outside edge of the flume experiment test 

area at Sunday Creek. The depth of highly erodible soil, dnc, was used to define the 

point (+) of transition from non-cohesive to cohesive material. 
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5.3.2.3 Availability of non-cohesive soils (extensive sampling) 

In the following section the aim of the analysis is to i) quantify changes in the vane 

shear strength distribution with depth, τv(ds), as per equation (5.5), during recovery from 

wildfire and ii) characterize the depth of non-cohesive soil, dnc, on hillslopes in burnt 

headwaters (Ella Creek, Sunday Creek and Stony Creek)  as a function of time since 

fire, tsf (years). The τv values obtained in September had to be adjusted for the effect of 

24 to 33 % higher soil moisture at ds ≥ 3 cm at this measurement campaign, compared to 

the measurements obtained in March. The adjustment ensured that τv(ds) was interpreted 

independently from the temporal variation caused by soil moisture fluctuations. A linear 

correction function (τv March = 0.9τv Sept + 0.15; n = 9: R-square = 0.97) was obtained by 

plotting September measurements (ds  ≥ 3 cm) for all three sites with the corresponding 

measurement in March. The variability in the depth-averaged τv with ds was well 

represented by equation (5.5) (R
2 

= 0.94 - 0.99), although the variability within depths 

within sites was often high as shown by the large standard deviation (Figure 5.11). 

 

At the two sites which burnt in February 2009 (Stony Creek and Sunday Creek) the τv at 

the soil surface in September (0.5 years after fire) was very low (τv = 1.7-2.4 kPa), 

homogenous (SD < 1.0 kPa) and similar in the two burnt headwaters (Figure 5.11a and 

b). The shear strength increased to between 3 - 4 kPa at ds = 1.25 cm and became more 

variable (SD ranging from 2.9 - 3.2 kPa). The shear strength of surface soils increased 

markedly in the 0.5-year period between September and March. At Stony Creek in 

March (1 year after fire), there was no discrete surface layer of erodible soil, the shear 

strength on the soil surface was higher (12.2 ± 5.6 kPa) and there was a linear (as 

opposed to sigmoid) increase in τv with ds between the soil surface and ds = 3cm. 

Sunday Creek displayed a more modest increase in surface τv from September (τv =2.4 

kPa) to March (τv = 7.1± 6.5 kPa). At Ella Creek (burnt 2007) the soil remained more or 

less unchanged between September (2.5 years since fire) and March (3 years since fire) 

so that a single function was used to represent both sets of measurements (Figure 5.11c). 

The average τv at the soil surface for both measurement campaigns at Ella Creek was 

11.4 ± 9.1 kPa and there was a linear increase in τv for ds between 0 and 3cm. At ds  >  3 

cm, the shear strength approached a constant value of τv max = 55 kPa. 
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Figure 5.11 Changes in shear strength (τv) with depth (ds) at two time steps (September 

2009 and March 2009) at a) Stony Creek (n = 27) b) Sunday Creek (n = 50) and c) Ella 

Creek (n = 27), systems in different stages of recovery from wildfire.  The shear 

strength at 0.5 yrs since fire was measured on non-eroded sections of the hillslope and 

therefore represents the surface properties without depletion effects that may have taken 

place between the initial fire impact and the sampling campaign (i.e. taken to represent 

conditions immediately following the burn). At Stony Creek and Sunday Creek the 

number of sampling points was about 10 % lower for ds at 6.5 and 10 cm, due to the 

rock and gravel encountered during sampling.  

 

The high spatial variability in τv of near-surface soil in the sampled headwaters (n = 36) 

meant that the τv at each depth was a distribution which included cohesive and non-

cohesive soil even if the average τv was greater than the average non-cohesive threshold 

of 5 kPa (determined in section 3.1.2). The dnc (where erosion requires little or no 

detachment prior to transport) was therefore quantified at each sampling depth as the 

proportion of sampling points (reflective of the proportional area) where τv < 5kPa 

(Figure 5.12a). At Sunday Creek and Stony Creek all the sampled points (100 %) at the 

surface were non-cohesive on non-eroded surfaces 6 months after fire. At 1 year after 

the fire the proportion on non-cohesive points across the headwaters reduced to 54 % 

and 7 % for Sunday Creek and Stony Creek, respectively. Less than 20 % of surface soil 

was non-cohesive at Ella, 2.5 to 3 yrs after fire. 

 

An exponential cumulative distribution function (          ) was fitted to the 

cumulative proportion of non-cohesive soil with increasing ds (R
2
 = 0.84-0.98) and 

plotted as a probability density function (pdf) (Figure 5.12b). All soil particles at ds = 0 

were assumed to be non-cohesive in the fitting procedure. The expected value of the 
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pdf, E[ds] = 1/λ, is the average depth of non-cohesive soil (dnc) across the sampled 

headwaters and could be represented as an exponential decay function of time since fire 

(R
2 

= 0.96) (Figure 5.12c). The measurements collected 0.5yrs after fire were obtained 

from non-eroded sections and assumed to represent a maximum depth immediately 

following the fire. The two parameter exponential function represented both the initial 

production (by wildfire) of non-cohesive soil and the decline in availability over time.  

 

 

Figure 5.12 a) The percentage non-cohesive soil plotted as function of depth (ds) by 

applying a vane shear strength (τv) threshold of 5 kPa. The threshold was defined based 

on the average depth of soil removed from the flume bed in sediment flux experiments 

at Sunday Creek (Figure 5.10). b) A cumulative density function was fitted to the data 

in a) and presented as a probability density function (pdf). c) The expected depth E[ds] 

of the pdf in b) as a measure of the average depth of non-cohesive soil, dnc, (cm) as 

function time (years) since fire (tsf). 

 

In the preceding sections we combined flume experiments with shear vane 

measurements to characterize variability in sediment availability as function of soil 

depth. The analysis showed that sediment availability changed due to a shift from non-

cohesive to cohesive soil near the surface. Over short time-scales within flow 

experiments (seconds to minutes), the sediment availability decreased exponentially 

with time due to depletion and exhaustion of the available soil on the flume bed. 

Between flow rates, the proportion of sediment that was available increased with 

sequentially increasing shear stress. Over time during recovery (months to years), the 

availability of non-cohesive soil, decreased exponentially between the fire and 2.5 years 

into recovery.  
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5.5. Discussion 

5.5.1 Transport limited erosion on burnt hillslopes 

Flume experiments in the laboratory and in the field showed that burnt hillslopes erode 

initially, in a layer of highly erodible surface soil. This highly erodible soil lacks 

structure and has been shown to consist of ash, partially combusted organics, gravel and 

mineral soil (Badia and Marti 2003; Moody and Ebel 2012; Woods and Balfour 2010). 

The largely non-cohesive properties meant that no detachment was required to initiate 

erosion, therefore resulting in transport-limited case (Hairsine and Rose 1992; Zhang et 

al. 2009). Once depleted however, the erosion process shifted towards a detachment-

limited case where the detachment rates and sediment flux was determined by flow 

properties and the erodibility of the cohesive soil-matrix. At Sunday Creek, the shift 

from the transport limited erosion to detachment limited erosion corresponded with a 

threefold shift in shear strength within the 1-3 cm depth interval of the soil profile. The 

strong anisotropic variability in soil strength within 1-3 cm of the soil surface contrasts 

with undisturbed forests and agricultural systems where most erosion models were 

originally developed, parameterized, and tested. Traditional methods for characterizing 

erodibility and erosion processes may therefore prove ineffective at capturing the fire-

effect. 

 

In this study we considered the soil as a two-layered system where the availability of 

non-cohesive surface soil was represented in general as a decay function of time or soil 

depth which approached a constant value that reflected a cohesive subsurface soil 

matrix. The non-cohesive surface soils and the cohesive soil matrix were distinguished 

by coupling field-based flume experiments with shear vane measurements to define a 

shear-strength threshold below which the soil was transport limited. The measurement 

focus then shifted to the spatial distribution and depth of transport-limited material. The 

proportion of non-cohesive soil could be represented as a cumulative distribution (cdf) 

of non-cohesive soil as a function of ds. The cdf was parameterized using shear vane 

measurements at multiple depths and at several time steps following the burn impact. A 

spatially distributed sampling regime ensured that the distribution was representative of 

an entire converging headwater unit (~1 hectare), and provided a simple, yet effective 

representation of fire-effects. The measure incorporates spatial variability in the depth 

of transport limited soil through the single parameter, λ, in the exponential distribution. 
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The parameter can be determined for large areas at different stages of recovery (time 

since fire) using a relatively simple measurement technique.  

 

The exponential decline of non-cohesive soil depth, dnc, during recovery (Figure 5.12c), 

indicates that the dnc parameter was responsive to fire-related impacts on sediment 

availability and recovery of soil system. Initially after the burn, the entire surface 

consisted of non-cohesive soil that was readily available for transport. The average 

depth of non-cohesive soil was estimated to be between 0.7 and 0.9 cm. With an 

average bulk density of 1.3 g cm
-3

 (measured for soils 0-3 cm), this non-cohesive soil 

equates to 97 - 117 t ha
-1

 of transport limited soil on the recently burnt hillslopes. 

Failing to incorporate this non-cohesive soil as a part of the overall sediment availability 

could be an important source of error in existing models that are used to predict post-

fire erosion. The depth, dnc, diminished exponentially with time in response to 

depletion, redistribution and recovery of the soil profile. At 2.5 - 3 years since fire the 

dnc was reduced to reflect a thin (< 0.04 cm, < 5 t ha
-1

) layer of non-cohesive soil, 

essentially corresponding to a single-particle layer. 

 

The initial depth of non-cohesive soil and the change with time during recovery could 

be represented across three sites by a two parameter exponential function with one 

parameter reflecting the initial production of material and the other describing the 

decline with time (Figure 5.11c). The initial magnitude of dnc can be seen as a function 

the fire severity in relation to intrinsic properties of the soil-vegetation system while the 

rate of decline with time depends on the depletion of soil and the recovery of the soil 

profile. Depletion is a function of erosive rainfall inputs relative to the initial depth of 

non-cohesive soil that was made available through burn impacts on the soil and inputs 

of vegetative ash. Recovery would tend to operate as a deterministic process through the 

re-establishment of fine root networks and through cycles of wetting and drying, both 

acting to increase cohesiveness by increasing aggregating and consolidating loose soil 

and ash (Bryan 2000; De Baets and Poesen 2010; Kemper et al. 1987; Nearing et al. 

1988).  

 

5.5.2 Effect of roots on sediment availability 

The depth of burn impacts in the soil can be linked to fire severity (DeBano et al. 2005; 

Hungerford et al. 1991; Parsons et al. 2010). However, no explicit link has previously 
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been drawn between burn impacts on the soil systems and the erodibility of the soil. In 

this study, we coupled measured soil properties with measurements of erodibility and 

show that fine (< 2 mm diameter) roots play an important role in limiting detachment 

rates in fire-effected soils.  The averaged surface erodibility of burnt soils ranged from 

20 x 10
-4

 - 63 x 10
-4

 s m
-1

. These values are very high resulting in high detachment 

capacity  relative to transport capacity and hence a under field condition producing 

transport limited conditions where qs → Tc  (Zhang et al. 2005). The erodibility declined 

by 1 to 2 orders of magnitude between the surface and a depth of 2 cm.  As such, the 

results are consistent with the two layered system described earlier. Below the highly 

erodible surface soil the erodibility across the three sites ranged from 1.5 x 10
-4

 - 2.0 x 

10
-4

 cm s
-1. 

These values are slightly higher but similar in magnitude to the steady state 

erodibility measured in the field flume at Sunday Creek (1.08 x 10
-4

 s m
-1

) and similar 

to steady-state erodibility reported for burnt forest soils elsewhere (Wagenbrenner et al. 

2010). 

 

Roots reinforce the soil matrix by introducing extra cohesion in addition to the intrinsic 

cohesion of the soil (De Baets and Poesen 2010; Fattet et al. 2011; Gyssels et al. 2005). 

In burnt soils the effect of root density on erodibility was strongest at the soil surface, 

thus supporting past observations that root can act to reduce erosion after fire (Gould 

1998). A linear model with soil depth and root density (and their interaction) as 

predictors accounted for 62 % of the variability in log transformed erodibility, 

indicating that fire-induced changes to erodibility can be predicted using a variable such 

as root properties that is directly related to heat impacts on the soil (Parsons et al. 2010). 

The results show that effect of roots on erodibility diminished with depth.  It therefore 

seems that for the intact soil cores used in the flume experiments there was a relatively 

shallow critical zone where the roots provided the main source of cohesion and where 

the absence of roots is associated with large increase in erodibility.  

 

In higher severity burns with larger impacts on the soil this zone may extend deeper 

than what was observed in this study. The reduced importance of roots with depth may 

be due to the increasing importance of other soil properties such as the percentage silt 

and clay which was the only explanatory variable which significantly explained 

variability in erodibility at ds > 3 cm.  This pattern is consistent with observations by 

DeBano et al., (2005) that at greater soil depths the amount of organic matter decreases 
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and inter-particle bonds become increasingly important as sources of soil structure and 

cohesion. The inorganic binding agents associated with clays provide cohesion and is an 

important predictor of soil erodibility (Sheridan et al. 2000; Tisdall and Tisdall 2006; 

Wischmeier and Mannering 1968) 

 

5.5.3 Large scale implication – a conceptual model 

The strong anisotropic variability in soil strength (cohesion) with soil depth after forest 

fire translates into a transient effect of burning on sediment availability. This effect is in 

some ways analogous to other disturbed soil systems such as road fills and freshly tilled 

agricultural soil which initially display a of low soil resistance to erosion and hence high 

sediment availability (Kemper et al. 1987; Megahan 1974; Nearing et al. 1988). The 

initial conditions following these soil perturbations can be viewed in relation to the soil 

system under undisturbed conditions (Figure 5.13). There is an initial production of 

non-cohesive soil with a corresponding increase in erodibility. The subsequent return to 

pre-fire conditions can take different trajectories depending on the initial production of 

non-cohesive soil by fire (related to fire severity and pre-fire soil conditions) and the 

local factors that contribute to depletion and soil recovery. High burn severity may 

result in deeper burn impacts, deeper layer of non-cohesive soil, and delayed onset of 

depletion and recovery. In systems with low background erodibility the fire effect on 

sediment availability represent a larger perturbation than in system with high 

background erodibility (Figure 5.13 a and b). In highly erodible systems (Figure 5.13b) 

the transition from the non-cohesive soil produced during burning to the underlying soil 

matrix is poorly defined and erosion is likely to be dominated by detachment and 

sediment entrainment at the base of rills. This represents a different process to the 

lateral migration of shallow rills within a non-cohesive surface layer and above a soil 

matrix where the erosion rate at the base of the flow is restricted by low erodibility and 

high critical shear stress (Figure 5.13a). 

 

The interplay between background erodibility and influence of fire on sediment 

availability can have important implication for the type and magnitude of post-fire 

erosion responses. For instance Larsen (2006)  showed that the frequency of debris 

flows were insensitive to fire-effects on weathering-limiting systems with low sediment 

availability on hillslopes. Similarly, Nyman et al. (2011) found that weathering-limited 

catchments in plutonic granite terrain in north-east Victoria (southeast Australia) were 
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less susceptible to runoff generated debris flows after fire than the adjacent sedimentary 

catchment, where the soil mantled hillslopes provided a major source of fine sediment 

to post-fire debris flows(Smith et al. 2012). Cannon et al. (2003) observed a similar 

pattern where the presence of non-cohesive soil on hillslopes resulted in earlier 

initiation of debris flows than on hillslopes with less available sediment. These studies 

therefore suggest that explicit representation of fire effects on sediment availability is 

important for predicting both type and magnitude of erosion responses on burnt 

hillslopes. The relation between fire-effects and background erodibility ultimately 

determines the sensitivity of geomorphic systems to fire in terms of the sediment 

availability. 

 

Figure 5.13 Conceptual models of sediment availability on burnt hillslopes in systems 

with a) low and b) high background erodibility. The low and high background 

erodibility scenarios represent hillslopes from Sunday Creek, southeast Australia (clay 

loam soil) and Arroyo Seco, California (sandy soil) (see Kean et al. 2011). The fire-

effect in the conceptual models is equal for both systems in terms of the depth of non-

cohesive soil produced during burning. The impact on sediment availability however is 

different due to contrasting background (fire-independent) soil properties. 
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5.6 Conclusion 

In burnt soils there is an upper layer of non-cohesive soil which can provide an 

important source of available sediment during the post-fire period, particularly for 

events shortly after the initial burn impact. Instead of measuring steady state erodibility 

parameters of burnt hillslopes, we should therefore focus on quantifying fire-effects as 

the amount of non-cohesive soil produced by the fire through burn impacts and ash 

deposition. The non-cohesive properties of burnt surface soils mean that transport is 

initially a direct function of transport capacity, and independent of the background 

erodibility of the forest soil. During recovery, the availability of non-cohesive soil is 

depleted or incorporated back into the soil matrix and the system trends back towards a 

cohesive state. This shift could be represented spatially and temporally as a probability 

distribution of non-cohesive soil depth with a mean that decreases exponentially with 

time since fire. 

 

Background variability in sediment availability can be predicted using information on 

soil texture, bulk density and soil organic matter. However, in unburnt states the erosion 

rates in forests are usually low due to stable and highly structured soils. When burnt, the 

soil system shifts to a different state and new variables may drive the variability in 

erodibility within and between systems. The study shows that root properties represent 

an important variable that can be used to predict erodibility of burnt soil. This means 

that an explicit link can be made between sediment availability and a property which is 

directly impacted by burning. Linking root distribution in near surface soils with burn 

severity and the depth distribution of non-cohesive material is a particularly interesting 

avenue for future studies and something which may provide useful insight into the 

quantitative link between soil burn severity and sediment availability on hillslopes. 

 

A conceptual model of sediment availability was presented and provides a new 

framework for quantifying changes in sediment availability due to fire-effects in 

different soil-vegetation systems. The explicit representation of fire-effects means that 

sediment availability can be explored in context of burn severity and its interaction with 

intrinsic catchment properties such as soil, geology and vegetation. The model can also 

be coupled with information on fire-effects on runoff to assess the relative importance 

of sediment availability versus runoff generation mechanisms as fire-sensitive 

components which determine how different geomorphic systems respond to fire.   
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Chapter 6: Sediment availability and infiltration as controls on the 

initiation and magnitude of runoff-generated debris flows – a synthesis 

 

6.1 Introduction 

Post-fire erosion responses in southeast Australia and elsewhere are variable and exhibit 

distinct differences in the types of processes operating in different ecosystems and 

geological settings. Geology, topography, vegetation and local climate vary across 

landscapes and cause variability in the properties that control the post-fire hydrologic or 

geomorphic responses. Variability in soil properties within catchments at small scales is 

often considered to be random  (Elliot et al. 2001; Robichaud et al. 2007) while at large 

spatial scales the systematic changes in for instance climate, vegetation and geology 

means that the proportion of variability that is systematic and predictable increases 

while the proportion of random variability decreases (Lane et al. 2011; Larsen et al. 

2006; Moody et al. 2008a; Robichaud et al. 2007; Shakesby and Doerr 2006; Wondzell 

and King 2003). Systematic variability can be predicted by linking response parameters 

(properties) to the local climate, geology and biogeography, and thus providing a basis 

on which to explore the synergy between extrinsic sources (fire and rainfall regimes) 

and intrinsic sources (e.g. geology, vegetation) of variability in post-fire erosion 

processes and responses (Larsen et al. 2006; Moody et al. 2008a).  

 

In Chapter 2 we showed that post-fire debris flows in burnt forests of southeast 

Australia are produced from progressive sediment bulking on hillslopes and in channels. 

This was an important finding in that it provided new insights into the processes that 

dominate sediment delivery to streams following wildfire. In the past, the post-fire 

erosion research in the southeast Australian regions was largely confined to 

instrumented catchments and the role of extreme events as a geomorphic agent and as a 

source of hazard was therefore poorly understood. The underlying processes, the 

landscape controls, and the magnitude of events had not been documented previously. 

Forest „dryness‟ was found to be a driver of heterogeneity in terms of how burnt 

catchments in eastern uplands of Victoria generate runoff after. The forest ecosystems 

(or ecological vegetation class, EVC) of the region vary over short geographic distances 

due to strong moisture gradients which form in response to variable rainfall (orography, 

shading and climatology) and variable incoming solar energy (cloud and slope 

orientation). Differences in EVC can have large implications for how systems respond 
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to wildfire and storms. Hillslopes in wet EVCs (annual rainfall usually > 1600 mm) for 

instance, recover quickly; they have porous, aggregated and structured soils, high 

infiltration rates and hence relatively low erosion rates (Lane et al. 2006b; Nyman et al. 

2011; Sheridan et al. 2007a; Smith et al. 2011b). These wet ecosystems (typically 

dominated by Eucalyptus regnans and E. deligatensis) appear to be resilient in terms of 

erosion (Lane et al. 2011), when compared to the dry mixed-species EVC (typically 

containing a combination of peppermints and box species such as E. dives, E. dives, E. 

albens) (Nyman et al. 2011; Smith et al. 2011a).  

 

Chapter 2 also showed that the geology and its effects on sediment availability was a 

source of variability in the response of burnt catchments to intense storms. At the Mt 

Buffalo intrusion in northeast Victoria for instance, the granitic outcrops and the large 

sections of exposed bedrock on hillslopes meant that sediment was limited and that the 

debris flow initiation from surface runoff and sediment bulking was less likely when 

compared to the surrounding catchments in soil mantled terrain (sedimentary and 

metamorphic geologies). Geologic controls on debris flow and other post-fire erosion 

processes have also been documented in the intermountain western US (Larsen et al. 

2006; Moody et al. 2008a). When combined with research findings from other regions 

in southeast Australia, the results from Chapter 2 highlight that the response of burnt 

catchment to storms is highly variable within this landscape and that it is therefore 

problematic (and potentially misleading) to evaluate the distinctiveness of this region 

(southeast Australia) as a single geomorphic unit. 

 

In Chapter 3 the aim was to i) measure debris flow magnitude, ii) quantify the potential 

delivery of water quality constituents to rivers, and to iii) parameterize an erosion model 

for runoff generated debris flows. A total of 10 debris flows were surveyed and used to 

generate a dataset of event magnitude as function of the erosion depth on hillslopes and 

in channels. The rainfall underlying the debris flow events was quantified for each site 

using a combination of ground-based rainfall measurements and radar data. The depth 

of channel erosion (Ech) was highly variable within catchments but could be represented 

as a linear function of slope (S) and rainfall excess (Q30) in the transport equation, 

S
m
Q30

n
 (Chapter 3; Equation (3.2), where m and n were fitted using channel survey data. 

The rainfall excess (Q30) was calculated as the difference between rainfall (I30, mm h
-1

) 

and steady state infiltration capacity (Kp, mm h
-1

) using ponded infiltration 
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measurements from Chapter 2. Channel initiation by debris flows was assumed to be 

determined by the same erosion processes operating during channel erosion and 

modelled as a threshold function of S
m 

and Q30
n
. Hillslope erosion was modelled in a 

similar way, although using rainfall intensity at 15-minute time steps (I15) since this 

produced a better fit and was considered to be more representative of the timescales of 

peak runoff on hillslopes in upper catchments (typical slope lengths: 150-250 m).  

 

Wildfire results in temporal changes to infiltration and erodibility, which may have 

implications for sediment availability and transport parameters in the erosion equations. 

In Chapter 4 and 5 the aim was therefore to measure and model temporal changes in 

erodibility and infiltration during recovery from wildfire. In Chapter 4 the infiltration 

experiments showed that the sensitivity of infiltration to macropore flow (Kmac) meant 

that the availability of macropores contributed to large differences in infiltration rates 

between forest ecosystems (dry and wet) with different soil structure. The flow potential 

of the soil matrix (Kmat) was found to be related to dryness (the monthly weather 

pattern) and degree of water repellency. In Eucalypt forests the soil was naturally 

repellent and the fire had no detectable impact on this soil property. Presumably the fire 

would cause more widespread and uniform water repellency due to the initial drying 

during soil heating and the subsequent increases in soil evaporation due to high 

exposure to wind and radiation on burnt hillslopes. Chapter 5 showed that hillslope 

erosion occurred primarily in a layer of non-cohesive, and thus highly erodible soil. The 

depth of this non-cohesive soil, dnc, on hillslopes decreased exponentially during the 

first year of recovery from wildfire.    

 

Landscape variability in infiltration and sediment availability can contribute to 

differences in debris flow susceptibility after fire. Ultimately it is the interplay between 

these two factors which determined how hillslopes and catchments respond to wildfire. 

The effects of these properties on debris flow initiation are represented conceptually in 

Figure 6.1. The diagram draws on observations from Chapter 2. The burnt catchments at 

Mt Buffalo were sediment limited and produced flash floods in response to intense 

storms. At East Kiewa in the wet forest environments there was insufficient runoff to 

trigger major erosion events, despite large storm events. In dry forest (e.g. Rose River 

and Myrtle Creek) there was sufficient runoff and sufficient sediment availability for 

debris flow initiation during intense rainfall.  
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Figure 6.1 Conceptual representation of hillslope controls on debris flow initiation after 

a high severity fire. The responses at different sites are based on observation and data 

from Chapter 2. Sediment availability and infiltration excess are affected by fire but 

differ in different landscape units resulting in debris flows susceptibility which varies 

depending on geology and forest ecosystems. Landscape units such as exposed bedrock, 

shallow soil (dry forest) and deep soils (wet forest) are represented as red bars 

positioned in hypothetical locations along the two axes. The fractions above and below 

each bar are hypothetical storm return intervals. The bars shift around on the two 

depending on the severity of the fire and subsequent recovery. The site names are from 

post-fire erosion surveys in Chapter 2.  

In the following sections we revisit the infiltration and sediment availability parameters 

from Chapter 4 and 5 respectively, and develop a framework for representing how these 

parameters may vary in space and time. The section provides a summary and a synthesis 

of the concepts developed in Chapters 2 to 5. A broad distinction is made between the 

„dry‟ and „wet‟ forest types (see detailed description of these categories and their 

geomorphic and hydrological significance in section “2.2 Regional Setting” in Chapter 

2). The aim is to analyse how spatial and temporal variability in infiltration and 

sediment availability may influence hillslope erosion and debris flow initiation in burnt 

catchments in the eastern uplands of Victoria (southeast Australia). 

 

 

 



 

147 

 

6.2 Spatial and temporal variability in infiltration and sediment availability 

6.2.1 Infiltration 

The steady-state infiltration capacity (Kp) in the transport equations in Chapter 3 were 

parameterised from a limited set of measurements and assume that the proportion of 

exposed rock was the only source of variability in infiltration between catchments. 

Clearly there are other sources of variability in infiltration rates due to surface storage, 

water repellency and macroporosity being highly variable in space and time. In the 

following section, the infiltration equations in Chapter 4 (see Figure 4.6 and 4.7) are 

used to model the temporal dynamics in infiltration capacity (Kp) of dry and wet forests 

types (EVCs) of eastern uplands of Victoria (Figure 6.2). The aim is to explore how 

differences between the two systems are captured by the model and what this may mean 

in terms of debris flow processes. The equations represent a synthesis of the infiltration 

model and the data from Sunday Creek, Stony Creek and Ella Creek (Chapter 4) and the 

previous data collected in the East Kiewa Catchments (Nyman et al. 2010).  

 

The maximum steady state infiltration capacity or ponded hydraulic conductivity (Kp) is 

the sum of matrix flow, Kmat (mm h
-1

), and macropore flow, Kmac (mm h
-1

). 

 

              6.1 

 

Matrix flow varies temporally due to changes in water repellency status, CSTmin (dyn 

cm
-1

): 

 

                                   6.2 

 

The initial matrix flow parameter (Kmat(i) ) is the matrix flow potential (Kmat) under 

highly water repellent conditions. The water repellency, CSTmin, in the eucalypt forest 

was independent of the fire event but varied with changes in monthly weather patterns 

(KBDI); 

                                        6.3 

 

The initial water repellency, CSTmin(i), is the CSTmin for dry field conditions (monthly 

KBDI > 100) and corresponds with the matrix flow potential (Ki) in equation (6.2).  
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Macropore flow (Kmac) increases linearly with time since fire tsf (yrs), and is 

proportional to macroporosity (θmac) and the soil matrix which is active and not water 

repellent (Kmat). Macroporosity (θmac) is the total volume of pores with radius > 0.5 mm 

and was determined by from the water holding capacity (cm
3
 cm

-3
) between pressure 

heads ( h) of -15 and 0 mm (Figure 4.8, Chapter 4);  

 

                      6.4 

 

The matrix flow (Kmat)
 
is obtained from the matrix flow equation (6.2) above. In this 

equation (6.4), the macropore flow (Kmac) increases indefinitely with tsf. This is not 

realistic since the effect of recovery should be diminishing with time where Kmac 

approaches some value representative of undisturbed conditions. The data used to derive 

the rations in equation (6.4), however, did not provide sufficient evidence to 

characterise the asymptote. The interpretation of the function is therefore restricted to a 

single year following the fire impacts. 

 

The parameter values for Kmin(i), CSTmin(i) and θmac in dry forest ecosystems (EVC) were 

1.57 cm h
-1

, 30.0 dyn cm
-1

 and 1.2 x 10
-2

 cm
3
 cm

-3
, respectively (these are the average 

values from Stony Creek, Sunday Creek and Ella Creek reported in Chapter 4.). 

Corresponding values for wet EVC at Spring Creek (East Kiewa) were 2.13 cm h
-1

, 30.0 

dyn cm
-2

, 6.0 x 10
-2

 cm
3
 cm

-3 
(from Nyman et al. 2010). All parameters were obtained 

from sites burned at high severity. The modelled changes infiltration capacity during 

recovery is presented in Figure 6.2. The change in surface storage potential (H) with tsf 

(Figure 4.8b) is not presented here in this chapter, because the comparison between wet 

and dry EVCs is focused infiltration under steady state conditions. 
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Figure 6.2 Model of infiltration capacity, Kp, as a function of time since fire (tsf) in wet 

and dry forest ecosystems (EVC) at different levels of dryness (KBDI) in eastern 

uplands of Victoria, southeast Australia. The infiltration capacity is a function of 

macropore availability (θmac), matrix flow potential (Kmat) and its dependency on 

temporal dynamics in water repellency (CSTmin). The model is restricted to conditions 

where tsf  ≤ 1 yr, because there not sufficient data to support the model for wet and dry 

EVCs beyond this point. 

 

The model captures changes in infiltration capacity (Kp) due to increased macropore 

availability with times since fire (tsf) and temporal dynamics due to weather induced 

changes to water repellency (CSTmin). The data in Chapter 4 did not indicate that the fire 

itself impacted on CSTmin, so this property did not vary with tsf. The model indicates that 

initially after the fire, there is only a slight difference between infiltration in dry and wet 

EVCs. This effect suggest that the soil surface after fire is homogenised through heat 

impacts and ash deposition, consistent with the notion that fire can act to reduce 

landscape variability (Ebel 2012). More data is required, however, to determine how Kp 

varies between systems at tsf  = 0. The infiltration capacity (Kp) of soils in dry and wet 

EVCs diverge rapidly with tsf in the model. This divergence can be interpreted to be a 

result of highly contrasting background soil properties. The relatively high levels of 

macroporosity in wet EVCs (θmac = 6.0 x 10
-2

 cm
3
 cm

-3
) and the dominant role of 

macropore flow in determining Kp means the changes in Kp in wet forest is more 

sensitive to the recovery of the heat impacted surface soil. In other words, the wet 
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forests display a much large change in Kp for every unit of tsf when compared to dry 

EVCs where background macroporosity is relatively low (θmac = 1.2 x 10
-2

 cm
3
 cm

-3
).  

 

The model of infiltration capacity has obvious limitations in its current form. There is 

only limited data set to support the different behaviour of soil in wet and dry ecosystems 

and the relations have been parameterised using small scale infiltration measurements 

which have yet to be linked to large scale runoff behaviour on hillslopes. The role of 

macropores is clearly important, but the strong sensitivity of Kp to macropore flow 

(Kmac) means that more work may be required to get refine the infiltration parameters in 

the highly variable uplands of eastern Victoria. The application of the model in this 

section should therefore only be seen as an example of how the infiltration parameters 

from Chapter 4 can be used to represent recovery processes in spatially variable 

landscapes. As such the model provides a first step towards developing a validated 

model of runoff generation in a landscape with high spatial-temporal variability. 

 

6.2.2 Sediment availability 

In Chapter 5 the sediment availability on burnt hillslopes was modelled as the depth of 

non-cohesive soil, dnc (cm), and quantified in headwater catchments during a 3 year 

recovery window. The depth of non-cohesive soil (dnc) was initially 0.9 cm, and then 

decayed exponentially: 

 

                  6.5 

 

The measurements of sediment availability in Chapter 5 were restricted to dry EVCs.  

In wet EVCs the parameter for initial dnc after fire was obtained using rill erosion 

experiments from the East Kiewa Catchments reported in Sheridan et al. (2007a). The 

parameter was calculated using the method developed in Chapter 4 when analysing of 

sediment flux from flumes at Sunday Creek (see: 5.3.2.1 Field flumes: the flux and 

availability of sediment). The initial depth of non-cohesive soil (dnc) for the wet EVCs 1 

months after the burn was 1.0 cm, similar to dry forest, indicating perhaps that the heat 

effect from wildfire is restricted to some maximum depth. The bulk density of surface 

soils in wet and dry EVC were 0.6 and 1.3 kg m
-3

, respectively, which means that the 

mass of available soil was much higher in dry forest systems (Figure 6.3). The large 

difference in bulk density between the two systems may attributed to the much higher 
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gravel content in soils of dry EVCs (31-54 %: see Table 3.1) than wet EVCs (3-11 %: 

Rowe 1972), a feature most likely linked to the different moisture regimes and its 

effects on site productivity. 

 

Figure 6.3 Mass of non-cohesive soils on burnt hillslopes in of wet and dry forest 

ecosystems (EVCs) in Eastern Uplands of Victoria, southeast Australia. 

 

6.3 Modelling response during recovery: transport equations revisited 

6.3.1 Rainfall excess 

This section revisits the transport equations (3.3) in Chapter 3 and incorporates the new 

parameter information on spatial variability and recovery on burnt hillslope in dry and 

wet Eucalypt forests in the uplands of eastern Victorian. In Chapter 3 the rainfall excess 

(Q) was calculated by subtracting steady state infiltration capacity (Kp) from rainfall 

intensity (I). The infiltration capacity was based on a limited number of samples (n = 

15) and the geometric mean was taken to represent the average infiltration rate 

(assuming a log-normal distribution). The data from intensive sampling of ponded 

infiltration rates in Chapter 5, however, indicate that the steady state infiltration capacity 

Kp is exponentially distributed (Figure 6.4a).  

 

In this section the rainfall excess (Q) was calculated using the analytical framework 

presented for steady-state conditions in (Hawkins and Cundy 1987) (Figure 6.4d). The 

apparent infiltration rate was then estimated as the minimum infiltration rate in the 

envelope curves presented in (equation 3: Hawkins and Cundy 1987), assuming that 
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each point on the hillslopes drain independently to the outlet (i.e. no run-on infiltration). 

This assumption is acceptable during debris flow initiation since the rainfall rates are 

high relative to Kp (Nahar 2003). The mean infiltration capacity (Kp) at each debris flow 

sites was adjusted for the percentage of exposed rock on the soil surface (from Table 

3.1). 

 

Figure 6.4 Exponential probability distribution function, g(Kp), of infiltration capacity 

(Kp) measured at a) Ella Creek in July 2009 (Kp = 161 mm h
-1

), b) Sunday Creek in Sept 

2010 (mean Kp = 143 mm h
-1

), and c) Stony Creek in December 2009 (mean Kp = 31 

mm h
-1

). The distributions were exponential for all time-steps at all other sites. d) The 

envelope curves for the apparent infiltration rate as a function of rainfall intensity. In 

this example the mean infiltration capacity (Kp) is 17.5 mm h
-1

, representative of 

hillslopes in dry Eucalypt with 15% rock content two months after fire.  

 

6.3.2 Debris flows initiation and erosion 

The rainfall excess was estimated from 30 and 15-minute rainfall intensities (I30 and I15) 

and steady state infiltration rate, f‟min(I), taking into account the changes in infiltration 

capacity (Kp) with time since fire. See Chapter 3 for details regarding the erosion data 

and fitting procedure and the used parameterise the parameters in this section. The 

results from the fitting are shown in Figure 6.5 and Figure 6.6. 
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Figure 6.5 a) Depth of channel erosion and deposition and b) channel initiation as a 

function of contributing infiltration excess and local slope.  

 

The erosion depth on hillslopes was initially fitted using the data from Target Creek and 

Mt Tamboritha. The debris flows at these sites occurred within one month of the fire 

events and were therefore considered to be representative of sediment availability 

immediately following the burn. The parameters m and n from this fitting were retained 

while fitting the sediment availability parameter, ke, using the data from the other sites 

where the debris flows occurred at some point within the first year of the fire (Figure 

6.4a). Interestingly the sediment availability parameter decays exponentially at the 

similar rate (decay constant = -1.5, R
2 

= 0.49) (Figure 6.4b) as the decay in depth of non 

cohesive soil, dnc, in see Chapter 5 (decay constant = -1.6) (Figure 5.12c).  
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Figure 6.6. a) Hillslope erosion as function of rainfall excess (Q15) and local slope (S). 

Each site represents erosion at different stages of recovery so the sediment availability 

parameter kb varies from site to site. b) Changes in sediment availability, ke, with time 

since fire, tsf. 

 

6.3.2 Model applications 

The empirical relations in Figure 6.5and 6.6 link rainfall excess (Q) and local slope (S) 

to channel initiation and local erosion rates. This type of model can be used to explore 

the effects of topography and landscape-scale variability in infiltration properties on 

catchment response. One obvious application is the opportunity to determine the 

probability of debris flow initiation. Channel initiation by debris flows is a threshold 

driven process which can be expressed in terms of rainfall excess and local slope 
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(Figure 6.5b). Spatial and temporal variability in infiltration properties and variable 

topography means that the rainfall events required for channel initiation varies 

depending on location of events and their timing in relation to recovery. The probability 

of exceeding this threshold can be obtained by linking the 30-minute storm intensity to 

rainfall probabilities from design storm parameters. This approach can be used to 

evaluate the changes in debris flow probability due to changes in infiltration capacity as 

a result of recovery or spatial variability between forest ecosystems. This type of output 

can help inform land mangers about variation in hazard across burnt landscapes. The 

model also provides estimates of the actual probability of debris flow initiation given 

local catchment conditions (topography and infiltration capacity) and local rainfall 

regime. 

 

Another application is the prediction of channel and hillslope erosion once the initiation 

threshold has been exceeded (see Chapter 3). Sediment loads from hillslopes and 

channels can be modelled separately, something which is important when predicting 

water quality impacts, given the different properties of the two source contributions (see 

Chapter 3). In channels, the effects of soil properties on response magnitude is driven by 

variability in infiltration capacity which impacts on infiltration excess and hence erosion 

rates. On hillslopes, both infiltration capacity and sediment availability change during 

recovery, thus influencing the rate of erosion for a given rainfall event. The rate of 

deposition in channels was represented as a function of the same variables and 

parameters which determine erosion. The rate of sediment deposition by debris flows 

varies depending on the magnitude of the debris flow as well as the catchment and 

channel configuration. This modelling approach provides estimates of debris flow 

magnitude which take into account the reduced sediment delivery once deposition starts 

dominating the debris flow process. This means that the catchment outlet does not need 

to be defined a priori to make predictions of event magnitude. In summary, the 

equations for hillslope erosion, channel initiation, channel erosion and channel 

deposition can be combined to predict the initiation and magnitude of post-fire debris 

flows. In future research we will aim to build a data set which can be sued to test the 

how well the model is able to predict debris flow response in landscapes with properties 

which vary in space and time. 
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6.4 Conclusions and future research priorities 

Sediment delivery from headwaters to stream networks in upland catchments is often 

dominated by events such as landslides and debris flow which are patchy and episodic 

in space and time (Kirchner et al. 2001; Meyer et al. 2001; Meyer et al. 1992; Miller et 

al. 2003a). Most of the time the forested headwaters experience local redistribution of 

sediment which means that the headwater systems behave as temporal sediment stores 

(Benda et al. 2005; Gomi et al. 2002). It is the interplay between rates of sediment 

accumulation and the frequency of evacuation which determines how headwaters 

contribute to the overall sediment dynamics at larger scales. Understanding this 

interplay between storage and delivery of sediment provides is necessary in order to 

determine the effects of forest disturbance on catchment processes and aquatic 

ecosystems.  

 

The overall objective of the thesis was to improve the capacity to predict hydrological 

responses leading to water quality impacts after fire in forested catchments, focusing in 

particular on high magnitude events, since these were documented to represent a 

considerable risk to water supply systems in the southeast Australian region (Sheridan et 

al. 2007b; Smith et al. 2011c). The large fires in 2003, 2007 and 2009 were used as an 

opportunity to explore in detail the linkages between debris flow responses, rainfall and 

landscape controls. Chapter 2 provided a regional context and documented the dominant 

processes underlying high-magnitude events that resulted in water quality impacts. 

Chapter 3 quantified the event magnitude, sediment source contributions and triggering 

rainfall. The results from this chapter formed the basis for developing a set of 

parameters which could be used to predict initiation and magnitude of debris flows.  

 

Chapter 4 and 5, respectively, were concerned with infiltration and sediment availability 

as controls post-fire erosion response. The aim of these chapters was to develop new 

ways of characterising soil properties of burnt systems which incorporated the effects of 

recovery and variable ecosystem properties. These two chapters provide improved 

predictive capacity as well as new knowledge relating to fire-effects and the factors 

which drive spatial and temporal variability in soil properties after fire. In this last 

chapter (Chapter 6) we have shown how these new insights could be combined to 

predict the initiation and magnitude of post-fire debris flows in a modelling approach 
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that allows for more direct representation of soil parameters, fire-effects and recovery 

than existing statistical models of debris flow initiation and magnitude.  

 

The thesis has improved our understanding of how fire impacts on hydrologic and 

geomorphic properties and has enhanced the capacity to predict where, when and how 

debris flows occur in burnt catchments of southeast Australia. The key contributions can 

be summarised as follows; 

 The study first identified the dominant erosion processes underlying post-fire 

debris flows in the study regions and quantified the magnitude of debris flows, 

sediment source contributions and triggering rainfall events. Post-fire debris 

flows were previously not documented in the southeast Australian region and 

there was a paucity of information relating to processes, controls and magnitude 

of events. 

 Models were then developed in order to represent sediment availability and 

infiltration capacity as parameters which respond to the effects of fire and 

subsequent recovery. The layered soil profile in burnt systems means that many 

of the traditional methods for measuring and modelling sediment availability and 

infiltration are often unsuitable. This meant that the properties required new 

conceptual representations and new types of measurements in order to capture 

the key elements of the system. 

 Infiltration capacity and sediment availability were finally incorporated into a 

model of debris flow initiation and magnitude. The modelling approach means 

that the debris flow response can be modelled as a function of the temporal and 

spatial variability in the hillslope parameters which are affected differently by 

fire in different systems. The data produced during the field surveys was used in 

the calibration of the model, and in future work we aim to generate additional 

data sets which can be used to test the ability of the model to capture the effects 

of topography and variable soil properties on initiation and magnitude of debris 

flows. 

 

There is scope for building further on the model. First, in its current form, the model 

represents transport through a combination of topography and a simple expression for 

rainfall excess. The conversion of rainfall excess to runoff is not represented and the 

effect of surface roughness is therefore not included in the model. Future improvements 
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would be to model runoff more comprehensively using either a geomorphic approach or 

a more parameter intensive dynamic and distributed approach. This leads to a second 

topic for further research: modelling the transition from surface runoff to debris flow 

conditions. This process involves complex feedback between runoff generation, 

sediment entrainment and changes to viscosity, fluid density and subsequent effects on 

rheology. This modelling challenge is important in terms of understanding the 

processes. However this type of research may not enhance predictive capacity, given the 

dominance of surface runoff in terms of initiation mechanism.  

 

The model of infiltration and sediment availability in burnt soils were developed and 

parameterized for a limited set of sites and burn conditions. There is scope for building 

on these models and incorporating new data sets from other regions and from fires with 

different levels of severity. In this context it would also be useful to explore how water 

availability in the landscape interacts with ecosystem processes, soil development and 

ultimately how it impacts in the hydro-geomorphic response to wildfire. The categories 

of „wet‟ and „dry‟ ecological vegetation classes reflect differences in climate and 

dryness. A more meaningful approach to characterising this effect would be to develop 

a dryness variable that responds to spatial variability in solar exposure, temperature and 

precipitation. This would allow for better linkage between the climatic drivers, 

topography and fire-effects as controls on erosion rates in the region. 
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Appendices 

Appendix A 

 
Figure 1. The Wellington River near Licola (Victoria, southeast Australia) after multiple 

debris flow events in headwater catchments. Photo: Adrian Murphy, Melbourne Water. 

 

 
Figure 2. Sunday Creek near Kinglake (Victoria, southeast Australia) after debris flow 

events 1-2 months after wildfire. Sunday Creek flows into the Sunday Creek Reservoir 

which feeds into the Goulburn Murray Water supply systems  
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Figure 3. The confluence of the Goulburn River and the Jamieson River above Lake 

Eildon. The local Catchment Management Authorities (CMA) experienced water 

quality issues in the Goulburn River due to the large volumes of sediment that had been 

deposited by debris flows in the Goulburn River after wildfires in 2007. The Jamieson 

catchment was burned at lower severity the river did not experience similar sediment 

concentrations; hence the strong contrast in colour. Photo: Wayne Tennant, Goulburn 

Murray CMA. 

 

Figure 4. Debris flow deposit in Rose River, in 2009, three years after wildfires in 2007. 

Photo: Hugh Smith 
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Appendix B 

 

 

Figure 1. Channel scour after a debris flow event at Dingo Creek in the upper Buckland 

River, 2003. A fire fighter died after being caught at a road crossing. Photo: Gary 

Sheridan 

 

 

Figure 2. Debris flow event across Mt Tamboritha Road, near Licola in 2007. The town 

was closed off due to the road damage caused by the debris flow. Photo: Adrian 

Murphy 
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Figure 3. Debris flow processes in the headwaters of Target Creek impacted directly on 

the downstream township of Licola after wildfires in 2007. Photo: Jodi Halliwell 

  

 

Figure 4. A damaged shack near Harrietville after debris flows in wildfire-affected areas 

of the Upper Ovens River in 2013. Photo Gary Weston 
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Figure 5. Scour on trees, and the channel eroded to bedrock; two key indicators of 

debris flow processes. Photo from Rose River headwaters in 2008. 

 

 

Figure 6. A large debris flow events in the headwater of the Wellington River, 2007. 

Scour on trees, large boulder deposits supported by a matrix of fine material and 

channel eroded to bedrock are key indicators of debris flow processes. 
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Figure 7. Measuring channel cross sections in headwaters of Rose River that were 

scoured by debris flows in December 2007 

 

 

Figure 8. A channel initiation point in headwaters at Yarrarabula. 
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Figure 9. Intact pedestals used to obtain a measure of erosion depth on hillslopes. Photo 

is from Yarrarabula in November 2007. 

 

 

Figure 10. Survey work in wet and bleak conditions with Hugh Smith in the background 

and Petter Nyman in front. 
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Appendix C 

 

Figure 1. Wide and shallow rills forming in response to stripping of surface soil on 

hillslope near Sunday Creek, April 2009. 

 

 

Figure 2. No surface soil left after widespread sheet erosion on hillslope at Myrtle 

Creek, June 2009. 
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Figure 3. Convergence zone (or hollow) above the channel initiation point, Myrtle 

Creek, 2009. The Stanley-Myrtleford road is visible in the background. 

 

 

Figure 4. Channel initiation, Sunday Creek, 2009.  
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Figure 5. Deposits in three distinct levees reflecting multiple debris flow surges. Sunday 

Creek, 2009. 

 

 

Figure 5. Terminal deposit at intersection with Sunday Creek. The debris flow supply 

large volumes of coarse material to streams and can create large pools as a result. 
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Appendix D 

 

 

Figure 1. Mini-disc infiltrometers and soil cores held in place using a clamp and stand. 

A buchner funnel was used to create a negative pressure at the bottom of the core (this 

can be seen in the clamp and stand positioned to the left of the basin). The cores were 

placed in the tension table (far right hand side) between infiltration experiments in order 

to (eventually) obtain saturated soil cores.  
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Figure 2. Using min-disc infiltrometers from Decagon to measure infiltration rates at 

Ella Creek, 3 years after wildfire. Peter Mercurio is carefully taking a reading. 

 

 

Figure 3. Infiltrometers require little water and are easily carried around headwaters 

enabling widespread sampling of infiltration properties. Water was carried in a 15 L 

bladder inside the backpack. 

 



 

D-xiii 

 

 

Figure 4. Evidence of preferential flow at Stony Creek (March 2010) after 15 minutes of 

infiltration under ponded conditions. The soils were highly repellent during this 

measurement campaign. 

 

 

Figure 5. Rainfall simulation setup on steep slopes (25°) at Sunday Creek. With help 

from Sina Moshirvaziri, Craig Mason and Gary Sheridan.  
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Appendix E 

 

Figure 1. Depth stratified soil sampling on a burnt hillslope near Pozo, California, 

January 2011. 

 

 

Figure 2. A laboratory flume used to measure detachment rates from intact cores. The 

core (diameter 5.1 cm) is located at the centre of the flume bed. The flow depth was 

measured using point gauges at the centre the rails above and below the core. 
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Figure 3. Extracted roots from 3-5 cm below the soil surface from burned sites. A. 

Fourmile Canyon-North. B. Fourmile Canyon-South and C. Pozo. The tray is  22 cm 

wide by 30 cm long and each grid cell is 5 mm x 5 mm. 
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Figure 4. Flume experiments on hillslopes at Sunday Creek. Water was pumped through 

a rotameter and introduced to the test area from a small retention basin at the top of the 

flume. The test area is 4 m long and 0.15 m wide. Sediment was collected at the pipe 

outlet in 0.5 L containers at set time intervals.  Philip Noske is walking off to start the 

pump. 
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