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ABSTRACT

In southeast Australia, exacerbated hillslope soil erosion rates immediately following severe
wildfires in dry eucalypt forests cause widespread environmental and human impacts. The
post-fire vegetation regeneration that follows brings these landscapes into intermediate
conditions (nominally five to seven years post-fire) where substantial but incomplete
recovery of the “original” plant canopy, mid and ground-strata has occurred. Furthermore,
heterophylly of many eucalypt species imply that juvenile, post-fire foliage could modulate
rainfall differently from mature, climax-stage (long-unburnt) foliage. Compared to the short-
term (i.e. zero to two years post-fire) timeframe, little is known about the operation of

hillslope hydrological and geomorphological processes under intermediate conditions.

This PhD research sought to examine, with a fresh perspective, the complex
interactions of climate, rainfall, vegetation, terrain and soil factors, and consequent hillslope
erosion processes under intermediate post-fire conditions, through a case study of a hillslope
in the Licola region, southeast Australia that was severely burnt in the 2006/7 Great Divide
Fires. The main questions driving the research were: (i) How do inter and intra-event rainfall
characteristics influence hillslope erosion processes in the study area? (ii) How does
intermediate post-fire dry-sclerophyll forest modulate rainfall vis-a-vis open-field rainfall,
and what are the resultant impacts on throughfall fraction and throughfall splash erosion? (iii)
What are the composite impacts of rainfall and post-fire vegetation factors on hillslope

sediment and litter fluxes?

Field data was collected in six measurement periods (denoted A to F) spanning ten
months across different seasons in 2012, within which rainfall, splash erosion, throughfall
and hillslope erosion rates were simultaneously monitored. High temporal resolution rainfall

data from standard tipping-bucket raingauges were acquired and analyzed. Sand-filled splash



cups were deployed to measure and compare splash energy between open-field and under-
canopy conditions. Throughfall Integrating Funnels (TIFs) were used to compare open-field
and under-canopy water volumes and determine throughfall fractions. Six unbounded
sediment fences (SFs) were installed to quantify the resultant rates of litter, gravel and soil
erosion, composing the gross hillslope material fluxes. Laboratory experiments were
undertaken to elucidate detailed on-leaf dynamics of water drops to uncover the differences
in drop-size distributions between juvenile (orbicular shaped) and mature (ovate-lanceolate

shaped) foliage of Eucalyptus polyanthemos, and with those of open-field rainfall.

Analysis of rainfall events found that Periods A (summer), B (autumn) and F (late-
spring) had the most intra-event high-intensity episodes (e.g. > 20 mm h™) at 22, 20 and 9
minutes that could have contributed significantly to the overall hillslope erosion rates.
Periods A and F displayed day:night event start time ratios of 4.60 and 2.83 respectively,
indicating the dominance of convection-related rainfall generation mechanisms as well as

suggesting possible abstraction of erosive energies through intra-event evaporative losses.

Throughfall fractions varied from 0.60 (Period E, late winter to spring) to 0.91 (Period
D, winter) with a value of 1.17 recorded for Period F that may have resulted from “canopy
funnelling” effects. Throughfall:rainfall erosivity ratios ranged from 1.34 (Period D) to 2.04
(Period C, late autumn to winter), showing how intermediate post-fire eucalypt canopy
enhanced drop erosivity through rainfall modulation processes. Laboratory studies showed
how different on-leaf water dynamics between juvenile and mature leaf shapes generated
distinct drop-size distributions (DSDs) with median drop-sizes of 3.81 mm and 4.16 mm

respectively.

Average sediment flux rate per metre contour per mm of rainfall was 2.2 g soil m*
mm rainfall. Overall rainfall erosion rate (mass of soil eroded in grams per mm of primitive-

event rainfall) was 19.6 g mm™. Periods A and F had the highest erosion rates (35.4 and 27.7
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g mm? respectively). Period E had the most muted erosion rates at 12.2 g mm™. Erosion
responses to different one-minute rainfall intensity thresholds varied with individual sediment
fences. SFs 1 and 2 had strongest soil erosion response to the 5 mm h* threshold. In contrast,
SFs 3 and 4 responded best at 40 mm h*, and SFs 5 and 6 responded optimally at 10 mm ht
and 20 mm h! respectively. The findings from this research provide a useful set of baseline
data to which future studies on various soils and landscapes, altered vegetation structures and

compositions, and changing regional climatic conditions, could be compared.

In addition to the empirical work, this research contributed conceptual developments
for post-fire erosion science in the forms of: (i) alternative post-fire recovery trajectories; (ii)
anisotropic patterns of post-fire vegetation recovery, hydrology and erosion on steep terrain
in the context of connectivity theory; and (iii) Dynamic Zones of Influence (DZI) framework
which incorporates spatio-temporal variations in throughfall at the individual plant (under-
canopy) and hillslope (inter-canopy) scales. This case study has also contributed more

broadly to the domains of biogeomorphology and ecohydrology.

Future research directions include: (i) multi-year, multi-site monitoring studies to
account for broad-scale spatio-temporal variability; (ii) further examination of the temporal
structures of rainfall and throughfall and their hydrological and erosional consequences; (iii)
the dynamic effects of wind on canopy interception and modulation of rainfall; (iv) studying
on-leaf water dynamics of a wider range of leaves from different Eucalypt (e.g. E. melliodora
and E. macrorhyncha) and non-Eucalypt (e.g. Acacia melanoxylon) species; (v) investigating
the effects of various root features, as well as tree throw, on hillslope processes and
evolution; (vi) computer-based modelling work; and (vii) controlled laboratory experiments

for the various hillslope processes under consideration.
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OUTLINE OF THESIS
This thesis presents a field-based study of post-fire hillslope erosion dynamics operating in
the intermediate (5 — 10 years) post-fire period where substantial but incomplete vegetation

regeneration has occurred. The structure of the thesis is as follows:

Chapter One: Introduction

This chapter outlines the research by presenting the aims and rationale of the study, followed
by the key research gaps, context of the study and theoretical framework. These address the
need for post-fire erosion science to develop more detailed understanding of rainfall-canopy
interactions and their consequential geomorphological and hydrological effects of the
resultant splash and runoff erosion. The research questions driving the work in this thesis are
presented with reference to the discussed research gaps. The scope and limitations of the
present study are also briefly discussed. The main hypotheses are: (i) post-fire hillslope
erosion still active in intermediate recovery (5 — 10 years postfire) phase; (ii) post-fire
hillslope erosion dynamics are distinctive from those operating in the immediate post-fire
period because of unique rainfall-canopy interactions; (iii) rainfall event variations are a
major factor controlling intermediate post-fire erosion; (iv) intermediate eucalypt canopies
dominated by juvenile leaf forms have distinctive drop-size spectra compared to mature leaf
forms and open rainfall. The examination of (i) to (iv) will focus on their implications on our
current understanding of post-fire hillslope splash and runoff processes under intermediate
conditions and contribute to theoretical development in hillslope geomorphology and

hydrology.

Chapter Two: Literature Review
This chapter presents a review of post-fire erosion in key regions of the world such as the
western United States, the Mediterranean and southeast Australia. This is followed by a

discussion of the salient gaps in post-fire erosion research that may be found across or



specific to individual regions. Theoretical connections relevant to post-fire erosion are also
established and developed. The main argument of the literature review is the growing need to
study the dynamics and change trajectories of hillslope hydrological and geomorphological
processes in the period 5 to 10 years post-fire. In dry eucalypt forests, the process dynamics
are mainly controlled by the variable combinations and characteristics of individual
vegetation strata (canopy, mid-stratum, shrub and ground levels) ground litter cover and soil
surfaces. These do not all recover at the same rate, nor do they necessarily recover in the
same direction. This means that post-fire erosion rates, even when they decrease as
vegetation “recovery” occurs, are the result of factor interactions across several vegetation
layers that are more complex than may be commonly perceived. Hence, the Dynamic Zones
of Interaction (DZI) framework is introduced to integrate and explain the spatio-temporal

complexity of these post-fire processes on hillslopes.

Chapter Three: Site description

Detailed description of the study area, site location and characteristics, including information
on the climate, weather, soils, geology, topography and vegetation, and post-fire regional and
on-site observations is provided. The site was distinctive in the study of post-fire erosion in
that even though there had been substantial recovery of eucalypt forest canopy and ground
litter cover in some instances, much of the soil surface remained bare and vulnerable to
erosion by splash and surface runoff. Furthermore, the juvenile eucalyptus foliage dominated
canopy of post-fire regrowth, the thin, gravelly and highly erodible sandy loam soils and the
steep terrain of the area, presented good opportunities to contribute new knowledge about
intermediate post-fire erosion conditions and processes that would be generalizable to regions

with similar soil, vegetation, topography and climate.



Chapter Four: Methodology

This chapter describes and discusses the research approach accompanied by the
methodologies applied. The field research apparatus and layout are also described. The main
intention was to measure hillslope material (sediment and organic litter) flux simultaneously
with rainfall characteristics, throughfall fractions and splash erosion. This involved the setup
of six sediment fences (SFs), installation of twenty throughfall integrating funnels (TIFs),
twenty sand-filled splash cups and one tipping-bucket pluviometer. Complementing these
field measurements was a series of laboratory experiments that developed a low-cost dyed
filter paper technique for the measurement of drop sizes, and then examined differences in
drop-size distributions (DSD) between juvenile and mature Eucalyptus polyanthemos leaves.
This served to provide further insights into how intermediate post-fire vegetation canopies
modulate rainfall, generate distinct DSDs and subsequently influence splash and runoff
erosional processes on hillslopes. Chapters Five, Six and Seven then follow, presenting the
results and analyses for rainfall, throughfall effects due to canopy modulation, and then
finally hillslope materials respectively. These have been arranged to follow the logical order

of hillslope hydrological and erosional processes.



Chapter Five: Rainfall

Rainfall drives hillslope erosion both directly and indirectly (via canopy hydrological
partitioning and modulation). Thus, careful, detailed measurement of rainfall characteristics
is needed to reveal the complexities of hillslope erosion processes, particularly under
intermediate post-fire conditions. This chapter describes the methodologies involved in the
collection and processing of rainfall data for the study site. Following this, data such as
rainfall depth and intensity metrics, experienced by the study site are examined in detail, in
view of the importance of rainfall as the main driving factor for canopy processes, hillslope
hydrology and erosion. Recent advancements in rainfall measurement, erosion modelling,
rainfall simulation experiments and field observations have pointed to the centrality of storm
structure in influencing hillslope hydrology and erosion; it is also highly likely that canopy
interception and modulation processes and effects would vary as well, especially in forests.

To enable the analyses of storm structures, high temporal resolution data are essential.

Chapter Six: Throughfall

Plant canopies partly transform rainfall into throughfall, and the resultant sub-canopy
hydrology and geomorphological processes cause soil, organic matter and litter changes, and
plant growth processes. Because post-fire “recovery” is primarily vegetation re-growth and
establishment of new plant canopies and strata, throughfall processes and effects have to be
examined in addition to rainfall characteristics discussed in Chapter Five. This chapter
describes the methodologies for the collection, processing and analysis of throughfall data.
The results for throughfall fraction and erosivity are presented and analyzed with respect to
the rainfall metrics presented in Chapter Five. The examination of throughfall processes is
extended by the description and discussion of drop-size spectra generated by juvenile and

mature Eucalyptus polyanthemos leaves.



Chapter Seven: Hillslope material flux

Hillslope erosion has been a major problem in the field area in the post-fire period (see
Chapter Three). While substantial vegetation recovery would have occurred by the
intermediate post-fire phase, active downslope movement of sediments and litter would still
occur, albeit under conditions more complex than the immediate post-fire phase, due to the
dynamic interplay between open, exposed patches, rainfall modulation by the partial plant
canopy, the under-canopy soil and litter patches, and the wide range of rainfall events; DZIs
(see Chapter Two). Chapter Seven presents the methodologies, results and analysis for the
characteristics of sediment erosion and litter movements at the study hillslope. The results are
analysed and discussed in light of the rainfall characteristics and throughfall dynamics

presented in the Chapters Five and Six.

Chapter Eight: Conclusion

In this chapter, the complex dynamics of post-fire hillslope processes under intermediate
vegetation recovery are discussed with reference to the findings presented across the chapters
on rainfall, throughfall and sediments. An integrated discussion is presented to consider the
dislodgement and transport of hillslope sediments in these conditions, with considerations of
how hillslope hydrology is influenced by vegetation regeneration. This will be done by
integrating the DZI concept presented in Chapter Two. Canopy modulation of rainfall
mediates the volumes and rates of water reaching the ground (soil and litter) surface with the
modulating effects expanding with the canopy zonal growth. The interspaces become sites of
active runoff-runon depending on ground cover conditions, and the resultant anisotropy and
asymmetry of impacts on sloping land are important considerations. The threshold rainfall
intensities required to entrain and transport sediment and litter would generally increase at the
broader annual timescale, but also interact with the local soil availability and erodibility,

ground cover and surface conditions, canopy conditions and upslope vegetation and soils



processes. The upslope-facing, under-canopy patches of sediment and litter accumulation
cause heightened infiltration leading to positive feedback to support plant growth. In parallel,
the under-canopy micrometeorological conditions shift from very exposed in the immediate
post-fire period, to semi-sheltered conditions in the intermediate post-fire situation (e.g. 5 to
10 years after fire), and then onwards to a quasi-equilibrium state. Important links of this
research to the literature on post-fire erosion science, and closely-related discipline areas such

as biogeomorphology and ecohydrology, are established.

In the final section, the key findings and conceptual development of the research are
highlighted. The avenues of investigation in this line of research are by no means exhausted.
The limitations of this research are discussed, and important future research directions for
post-fire erosion science, especially in the light of projected global and regional (i.e.

southeast Australian) climate changes, are identified.



CHAPTER ONE: INTRODUCTION

1.1. Aims and objectives of research

The overall aim of this research was to investigate and contribute knowledge on post-fire
hillslope hydro-geomorphic processes operating in intermediate, regenerating dry sclerophyll
forests in southeast Australia. The intermediate phase examined in this research refers
broadly to the seral stages of vegetation succession where vegetation regrowth at one or more
strata has occurred substantially but is still incomplete — usually five to ten years after fire
occurrence (DeBano et al., 1998). Thus far, there has been a paucity of work done to examine
the hydrological and geomorphic factors and processes occurring in this complex, transitional
post-fire phase. Dry eucalypt forests have unique post-fire seral stage vegetation structures
and assemblages due to their fire-adapted and resilient physiological characteristics and
reproductive strategies (Clarke et al., 2015). They therefore have interestingly distinct eco-
hydrological relationships (Bowman and Boggs, 2006) that differ noticeably from those that
operate in other fire-prone parts of the world such as the Mediterranean (Shakesby, 2011) and
the western United States (Williams et al., 2014). This research conducted a case study of a
representative intermediate post-fire dry sclerophyll eucalypt forest hillslope site, focusing on
key processes of: (a) rainfall event characteristics driving hillslope processes; (b) vegetation
effects of the recovering canopy modulating rainfall; and (c) hillslope sediment and litter
fluxes resulting from the interaction of rainfall and vegetation factors. The main objective of
this research was therefore to develop vignettes into the factors and functioning of these key
processes to enable better understanding of post-fire erosion five years after severe fire where

intermediate vegetation conditions dominate.



1.2. Background and related research gaps

1.2.1. Effects of plant canopies on slope processes

The primary impact of wildfires on forests is the damage to and destruction of plant biomass,
especially leaves and twigs, and organic litter at the mineral soil surface. This is due to the
fuels consumed in the combustion process and the high radiant heat generated causing
damage to plant parts through thermolysis. Tree mortality may also occur at various spatial
extents. Where fires have been particularly severe, plant canopies of the dominant and
substrata can be completely removed in the immediate post-fire period, after which recovery
over the ensuing months and years would commence from “zero”. In this section, we shall
briefly consider how plant canopies affect the operation of hillslope hydrological and erosion
processes. Plant canopies perform important mediating roles in the hydrological balance and
partitioning at the hillslope scale, and subsequent operation of any erosional agents and
processes. This is primarily done through the process of interception when precipitation
(normally rainfall) arrives at, and encounters, the plant canopy. This then leads to the
hydrological partitioning of water into storage on plant parts (leaves, branches and stems) and
flows such as stemflow (Crockford and Richardson, 2000; Dunkerley, 2014a; Dunkerley,
2014b). Losses from the canopy back to the atmosphere through evaporation can be
substantial (Dunkerley, 2008c). Water drops exiting leaves (leaf drip) and other plant parts
(branch drip) (Herwitz, 1987) descend as released throughfall (Dunkerley, 2010a; Geddes
and Dunkerley, 1999), usually when canopy storage is exceeded. Free throughfall is un-
intercepted precipitation falling through gaps in the plant canopy (Nanko et al., 2006). Hence,
throughfall is a composite of the free and released throughfall components. Even though
interception is an essential ecohydrological process, it remains one of the most
underestimated and understudied processes of the hydrological cycle (Tsiko et al., 2012).

Notably, it has been demonstrated that eucalypt species (e.g. Eucalyptus macrorhyncha) in



dry sclerophyll forests in southeast Australia have a distinctly lower interception (11.4% of
total rainfall) and maximum canopy storage capacity (0.39 mm) compared to pine plantations
(18.3% of total rainfall intercepted; maximum canopy storage capacity 2.0 mm) (Crockford
and Richardson, 1990a; Crockford and Richardson, 1990b; Crockford and Richardson,
1990c; Crockford and Richardson, 1990d). For southeast Australian wet sclerophyll forests
dominated by Eucalyptus regnans F. Mueller, Vertessy et al. (1996) estimated cumulative
throughfall at 86.5% of gross rainfall over 17.5 years. Differences in interception rates,
canopy storage and throughfall fractions between different plant canopies help to explain why
Feller (1981) found that wet sclerophyll (E. regnans) forests had highest streamflows
compared to dry sclerophyll (E. obliqua) forests and pine (Pinus radiata) plantations (lowest
streamflow, highest interception losses). For the wet tropical rainforests of northern
Queensland, McJannet et al. (2007) reported interception losses of 19-20%, 24-27% and 6%

for lowland rainforests, lower montane and upper montane forests respectively.

In north Asia, Toba and Ohta (2005) found that Siberian boreal forests had higher
interception ratios (0.2 to 0.3) compared to Japanese coniferous (0.15) and broadleaf (0.2)
forests, even though the plant area index (PAI) for the Japanese forests was higher. These
differences were attributed to the higher-order influence of meteorological conditions. On the
other hand, Li et al. (2016) demonstrated the importance of both leaf and branch
characteristics in explaining the distinctive canopy interception characteristics between young
broadleaf and needle tree species in Northern China. Whelan and Anderson (1996) found that
throughfall of Norway spruce (Picea abies) plantation in southwest England ranged between
33.3% and 61% across six measurement periods between Dec 1994 and Feb 1995. For
savannah vegetation in Zimbabwe, Africa, Tsiko et al. (2012) reported average canopy
interception at 25% of total rainfall with an additional 12% contributed at the forest floor due

to interception by ground-level vegetation (Thatching grass) and leaf litter.



Plant canopies not only influence the volume of water that arrives at the ground
surface; they also modify the rates and drop sizes of water arriving through and via the
canopy, resulting in various possible throughfall spectra (distinct drop-size distributions)
depending on the rainfall event characteristics (e.g. depth, duration, intensity) and the plant
genera, species and growth stages (Pypker et al., 2005; Pypker et al., 2011). Spatial and
temporal variations of throughfall spectra have also been recently demonstrated (Mululo Sato
et al., 2011, Nanko et al., 2016a). Throughfall spectra variations caused by the
abovementioned factors have been found to exert significant controls on splash erosion
processes on hillslope surfaces (Bouten et al., 1992; Brandt, 1989; Calder, 2001; Geiller et
al., 2012a; Geililer et al., 2012b; Nanko et al., 2008; Nanko et al., 2011; Staelens et al., 2006;
Vis, 1986; Wakiyama et al., 2010; Zimmermann et al., 2007). All the eucalypt forests cited
thus far were likely to have been characterized by mature foliage forms, being long
undisturbed by wildfires. In this research, the throughfall spectra of differentially-shaped
juvenile and mature leaves of a common Eucalyptus species in dry sclerophyll forest are
examined, and their possible impacts on post-fire erosion is discussed; there has been no

known previous work on this topic.

Reduction of rainfall volumes, distribution and dissipation of raindrop energy by plant
canopies have been found to be instrumental in controlling soil erosion rates. Their
destruction or removal frequently leads to abrupt increases in erosion rates by several orders
of magnitude from the vegetated “normal” (Williams et al., 2014). Furthermore, the
‘hydrologic vulnerability’ of landscapes has be conceptualized as the integrated outcome of
the relative dominance and spatial arrangements of hydrologically “stable” canopy areas and
vulnerable inter-canopy areas; and the connectivity of these landscape elements (Pierson et
al., 2010), although it could be argued that under-canopy spaces can also be hydrologically

“vulnerable”. Therefore, the destruction of plant canopies and other vegetation strata by

10



moderate to severe wildfires radically reduces the canopy interception processes that would
normally mitigate against direct rainfall impacts on bare soil surfaces, causing heightened
hydrologic and erosional vulnerability (Pierson et al., 2010). It should however be
highlighted that much post-fire erosion research has focused on the prominently heightened
erosion rates typically observed in the first few years after fire, and insufficient work has
been done on the canopy effects of post-fire intermediate-stage vegetation on hillslope

hydrology and erosion.

1.2.2. Wildfire impacts on soils, hydrology and erosion

Wildfires have long been recognized as a distinct and significant hydrological and
geomorphic agent (Shakesby and Doerr, 2006) which can have sudden and enduring impacts
on the soil, ecology, microclimate and hydrology of the catchments in which they occur
(Certini, 2005). It should be recognized however that wildfires play an instrumental role in
the natural operation of ecological systems, for example in plant communities such as
Eucalyptus regnans dominant wet sclerophyll forests of southeast Australia, where fire-
induced seed-fall and germination on suitably bare ash-beds are essential for successful
population rejuvenation (Ashton and Chinner, 1999; McCarthy et al., 1999) or soil microbial
communities of Mediterranean forest soils (Rodriguez et al., 2017). Severe fires cause
substantial or complete defoliation and mortality of vegetation; they also alter soil physical,
chemical and biological properties and result in distinct and accelerated operation of hillslope
hydrological and erosional processes. Direct and indirect effects include: (i) sudden and
increased exposure to rainsplash erosion due to burning of protective vegetation and litter
cover at most or all levels of the vegetation structure (Prosser and Williams, 1998); (ii)
increased overland flow erosion due to increased surface smoothness and connectivity with
the loss of ground-level vegetation and litter (Shakesby and Doerr, 2006); (iii) development

of surface or subsurface soil hydrophobicity leading to reduced surface or subsurface
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infiltration rates and capacities, and higher rates of overland flow (DeBano, 2000; Doerr et
al., 2004); (iv) development of soil surface seals due to structural change from raindrop
impacts or deposition of ash and fine material clogging soil pores of the topsoil (Larsen et al.,
2009) although this can rapidly change over months with successive rainfall events and
coupled with quick recovery of ground-level vegetation (Onda et al., 2008) Where moderate
to severe fires have occurred, the fire-affected soil surfaces suddenly become exposed to
direct solar radiation, rainfall and wind. This disruptive shift from the vegetated pre-fire
conditions renders soil surfaces highly vulnerable to erosion by water in the immediate and
intermediate post-fire periods. Meteorological conditions at the micro, local and regional
scales are also altered in part due to decreased albedo, heightened sensible heat flux and
evaporative water losses (Gleason and Nolin, 2016) and hence affect the patterns, processes

and rates of post-fire ecological recovery (Meng et al., 2015).

Despite widespread recognition of the significant impacts of wildfires on hydrology
and erosion (Prosser and Williams, 1998), the recent expansion of post-fire erosion research
has revealed much variability and non-linearity in post-fire erosion and hydrologic responses
due to complex interactions between the heterogeneous alterations made to land surfaces and
environmental factors (Shakesby and Doerr, 2006). Indeed, Shakesby (2013) has encouraged
researchers to critically evaluate twenty-five years’ worth of ‘established truths’ to drive
renewed work on understanding and predicting post-fire erosion. Furthermore, unique hydro-
climatic, geomorphic and ecological contexts of fire-prone regions around the world
necessitate the treatment of these regions and their sub-regions as distinct species of a
common environmental perturbation (Moody et al., 2013; Shakesby, 2013; Shakesby et al.,
2007). Work done in these regions (southeast Australia, the Mediterranean and western

United States) is reviewed in Chapter Two.
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Southeastern Australia is considered to be one of the most fire-prone regions of the
world (Bureau of Meteorology, 2010) alongside the western United States and the
Mediterranean. In the past 15 years, three major wildfires have occurred in southeast
Australia: (i) the 2003 Eastern Victorian (Alpine) fires which burnt approximately 1.3 million
ha of land, most of which were parks and forest; (ii) the 2006-2007 Great Divide (North and
South) fires which burnt approximately 1 million ha of public land; and (iii) the 2009 ‘Black
Saturday’ fires which saw close to 430,000 ha of land directly affected, and with 173 lives
lost with severe damage or disruptions to almost 78 communities in the region (Department
of Sustainability and Environment, 2009). This high-frequency and severity fire regime
applicable at the regional scale means that many parts of the landscape are vulnerable to
severe erosion at the decadal scale. This heightened vulnerability is likely to be sustained for
long durations of perhaps 10 years or more, if areas sustain repeated fires before full
vegetation recovery is achieved even where rapid post-fire regrowth typical of many fire-
adapted plants of the dry eucalypt forests of southeast Australia, occur. For instance, Leitch et
al. (1983) studied post-fire erosion and nutrient losses in the Warburton region of Victoria
after the 1983 Ash Wednesday fires and suggested the likelihood of dry sclerophyll forests
remaining in a highly erosive state for several months or even longer due to the erosion-
related retardation of vegetation recovery associated with diminished soil fertility,
exacerbating fertility gradients and vegetation distribution differences between ridge and

gully sites in the landscape.

It has been commonly suggested that southeast Australian eucalypt forests have a
distinctive resilience enabled by largely innate ecological factors that contribute to rapid
reductions in post-fire erosion rates vis-a-vis observed rates in other regions in the world.
This is mainly attributed to the rapid re-growth of fire-tolerant plants of the Eucalyptus

genus, the widespread development of litter dam-microterrace complexes and high levels of
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bioturbation activity, even in relatively short time periods after fire (Shakesby et al., 2007).
However, this is likely to be applicable in rather specific conditions and at limited scales, and
negligible at the broader landscape scale. Therefore, a larger volume of evidence through
further regionally-specific research is needed for conclusions to be made across such a wide
variety of vegetation formations, topographical conditions, pedological characteristics and
hydro-climatic contexts. Litter dam-microterrace complexes may not readily form in steep
terrain where material can be readily transported downslope; these may be further limited
where few microtopographic depressions or fallen logs exist to create initial trapping of litter,
and where plant damage by severe fires severely limit the supply of fresh litter to constitute
any significant accumulations dependent on positive feedback processes. Cross-scale
considerations also apply because rapid declines measured at the coarse catchment scale do
not necessarily mean minimal hillslope erosion rates. Sediment and litter may be temporarily
detained behind barriers (e.g. stems of trees and shrubs or exposed rocks/boulders) along the
hillslopes. Furthermore, post-fire regeneration processes and concomitant changes in erosion
rates within this region need to be studied in the varying contexts of the major vegetation
formations such as wet and dry sclerophyll forests, woodlands and shrublands, and their sub-
formations. For example, key wet sclerophyll species such as Eucalyptus regnans (Mountain
Ash) are obligate seeders while dry sclerophyll species such as Eucalyptus polyanthemos
(Red Box) and Eucalyptus melliodora (Yellow Box) are facultative resprouters (Clarke et al.,

2015; Pausas and Keeley, 2014).

Previous studies conducted in southeast Australia on post-fire hydrological and
erosional responses have provided some useful insights into the variable and heterogeneous
responses of catchments in terms of water yield, sediment and solute movements, and stream
water quality (Doerr et al., 2004; Lane et al., 2007; Nyman et al., 2011; Shakesby et al., 2003;

Shakesby et al., 2007; Smith and Dragovich, 2008; Smith et al., 2011; Tomkins et al., 2008;
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Townsend and Douglas, 2004). However, the picture is far from complete and several
knowledge gaps remain. The preponderance of catchment-scale studies has meant a paucity
of research at the hillslope and plot scales examining processes, interactions and effects of
detailed rainfall characteristics and vegetation regeneration during the intervening
intermediate recovery time period (5 to 10 years) between the immediate and short-term (0 to
2 years) and complete recovery (10 to 15 or more years) timeframes, despite the key
importance of these two factors in controlling hillslope processes. Shakesby et al. (2007)
emphasized the rapid post-fire recovery of eucalypt vegetation and litter accumulation in
southeast Australia, and Prosser and Williams (1998) noted that eucalypt vegetation took 4 to
5 years and litter loads 7 years to recover, thereby estimating this duration as the recovery
window for erosion resistance. However, recovery of water yield from mixed-species ash
forest (E. regnans and E. viminalis dominant) has been estimated to occur over timescales of
one order or more (100 to 150 years) (Kuczera, 1987) (see Figure 1-1) than the above-
mentioned recovery rates of vegetation, and by extension, soil erosion. These slow rates of
recovery have been attributed to the much higher consumptive water use of vigorously
growing juvenile plants in competition for environmental resources, compared to the much
lower water uptake of tall mature stands of E. regnans due to lower transpiration rates
(Vertessy et al., 2001) at these “climax” vegetation states (Dunin et al., 2007). Indeed, any
inferred reduction in soil erosion rates might be attributed to the substantive water uptake of

regenerating plants post-fire, rather than decreases in erosional vulnerability per se.
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Figure 1-1. Mean annual water yield (mm) with stand age (years) after disturbance such as
severe wildfire; after Kuczera (1987). The dashed lines indicate the 95% confidence limits for
the modelled relationship. Source: Vertessy et al. (2001).

Therefore, although gross erosion rates may not be high at the catchment scale
indicating a high-level of “recovery”, hillslope sediments may still be rather mobile and
attenuated in interim traps; “sinks” along various topographic and vegetative barriers (de
Vente et al., 2007). Furthermore, the implication from Kuczera (1987) is that the vegetative
cover of the various strata in this long recovery stage — the intermediate stage, would be

intrinsically distinct quantitatively and qualitatively from that of the “mature” stage.

Much work in Australia and abroad has focused on severe erosion rates — sudden
spikes in the immediate post-fire period, usually resulting from “large” rainfall events which
are coarsely identified based on the total event depth and duration (Shakesby et al., 2007).
However, there has been growing evidence that intra-event intensity variations and inter-
event relationships impact upon the activation and operation of canopy and hillslope
hydrological processes (e.g. interception and throughfall; splash processes and runoff
generation) (Dunkerley, 2014b; Dunkerley, 2015a; Dunkerley, 2008c; Nel et al., 2016;

Parsons and Stone, 2006; Wang et al., 2016b), and these need to be integrated into existing
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soil erosion models such as EUROSEM and RUSLE?2 (Khaleghpanah et al., 2016). However,
widespread application of this more nuanced treatment of this key driver by closely
examining intra-event intensity variations and inter-event relationships, to post-fire erosion
science has thus far been sparse, particularly when thinking about intermediate post-fire

vegetation conditions (Moody et al., 2013).

In addition to ongoing questions about rainfall event characteristics and their effects
in the post-fire erosion context, there is presently insufficient understanding of how the
distinct characteristics of post-fire vegetation regeneration of eucalypt trees and forests
through epicormic budding (Meier et al., 2012b) and lignotuber regrowth, alongside the re-
growth of associated shrubs and ground-level vegetation and litter in this ‘regional variant’
(Shakesby et al., 2007), influence splash erosion and overland flow erosion on burnt
hillslopes. As vegetation regeneration progresses substantially one or more years after
extreme defoliation from severe wildfires into intermediate stages, rainfall becomes
increasingly modulated by the re-grown foliage which is likely to exert effects that are
distinct from either the climax vegetation stage or the bare immediate post-fire stage; altered
processes would include canopy interception and storage, throughfall fraction, rates and drop
characteristics (such as sizes, arrival rates, spatial distribution and resultant kinetic energy),
and surface runoff-run-on. The heterophyllic nature of many eucalypt species (Brooker and
Kleinig, 2006; Jacobs, 1955; Penfold and Willis, 1961), with unique juvenile leaf forms
dominating post-fire regeneration canopies several years following fire damage, raises further
interesting questions on whether leaf shapes and areas contribute significantly to rainfall
modulation processes and effects. Additionally, any litter layer recovery means that splash
and runoff processes undergo further modification on the hillslope surfaces. Indeed, litter,
being of low density can be quite mobile on steep terrain. Presently, however, much of the

work done in southeast Australia has focused on the causes of spatial and temporal

17



heterogeneity in the development of soil hydrophobicity due to low-intensity prescribed fire
and the resultant soil erosion processes and rates, e.g. Cawson et al. (2016); Cawson et al.
(2012) and ongoing concerns about water quality due to post-fire sedimentation (Smith et al.,
2011). Also, there has generally been more emphasis on wet sclerophyll forests which are
more important economically (logging) and hydrologically (major water catchment areas)
than dry sclerophyll forests; see for example Smith et al. (2011), Sheridan et al. (2007) and
Sheridan et al. (2011), even though these vegetation formations are much more important in
areal extent in southeast Australia. Furthermore, many dry eucalypt tree species are widely
used in revegetation and landscaping efforts in both rural and urban contexts (Livesley et al.,

2014; Spooner and Smallbone, 2009).

In the light of the present state of knowledge about post-fire hillslope processes in
southeast Australia, and the significance of frequent wildfires in triggering geomorphic
perturbations in this region and the outlined knowledge gaps, there is a need to build more
empirically-based knowledge about the complex and interesting rainfall-vegetation factors
and effects on hillslope processes on intermediate-stage regenerating dry sclerophyll forests.

The need for this research gap to be addressed is illustrated in Figure 1-2.
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Figure 1-2. lllustration of the research gaps in post-fire erosion science for intermediate post-
fire (partial recovery) conditions, particularly for Australian dry eucalypt forests.

The present research was conducted in the Licola area, a steep upland region at the
foothills of the Great Dividing Range covered by dry sclerophyll eucalypt forest in the
southern fall of the Alpine national park in Victoria, southeast Australia. This region
experienced widespread and severe wildfires between Dec 2006 and Jan 2007 (Flinn et al.,
2008a) that had a global as well as regional-scale impacts on atmospheric chemistry and
physics (Dirksen et al., 2009). Various rainfall events during the post-fire period caused
severe soil erosion and debris-flows that denuded the exposed hillslopes in the region, and
contributed to severe flooding and landslides (Tryhorn et al., 2008). Much of the eroded
sediments were delivered to the Wellington and Macalister Rivers, and many of the
environmental problems associated with the rapid soil erosion and flash-flooding such as

infrastructure damage, disruptions to water supply quality and reduced dam capacity (ABC
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News, 2010), have occurred and some issues have persisted. Details of the megafire, its
effects on the study site and post-fire hydrological, geomorphological and ecological impacts
are presented in Chapter Three. In 2012, five years after the fire, the dry sclerophyll forests
had seen substantial but partial recovery of canopy and ground cover, making the area
suitable for fieldwork investigations to address the research gaps highlighted above. With the
exception of work by Nyman et al. (2011) to identify the occurrence of post-fire debris flows
in this area and the broader region, there is no other scientific study of post-fire hillslope
erosion dynamics in this area. The fieldwork presented in this thesis involved the
simultaneous measurement of rainfall-throughfall volumes and erosivities under intermediate
post-fire forest canopy, coupled with collection of hillslope sediment and litter fluxes across

six sediment fences; through six data collection periods in 2012,

This study examines the dynamic interactions between vegetation and erosion in post-
fire conditions, and is in line with the innovative research area at the interface between
ecology and geomorphology identified by Osterkamp et al. (2012). In particular, the
knowledge generated from this study contributes to nascent field of biogeomorphology (Rice
et al., 2012). It is with this biogeomorphological framework that we examine the concepts

and processes applicable to post-fire erosion science, in the next section.
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1.3. Post-fire recovery — conceptual considerations

1.3.1. Hillslope erosion — key factors

The key factors that determine the characteristics of erosion by splash and overland flow on
hillslopes are rainfall, vegetation, soils and topography (see Figure 1-3). These four key
factors have multiple elements within them that variably influence hillslope erosion
processes. However, rainfall is the most variable and unpredictable over human timeframes,
while topography is the least variable and slowest to change. Various interactions between
these factors are also present and need to be considered in the complex processes and
outcomes of hillslope erosion. The consequences of the erosion; sediment and litter removal
from upslope areas and their deposition at downslope positions (or transfer into the riverine
system) would then constitute feedback loops to the main factors of vegetation, soil and
topography. Indeed, interactions between the altered land surface and atmospheric processes
may also affect meteorological conditions such as temperature, humidity and rainfall (Evans

etal., 2010).
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Figure 1-3. Conceptual framework for study on post-fire hillslope erosion.

In the context of the impacts of fires on hillslope erosion, vegetation undergoes the
most dramatic changes that substantially alter the hydrological pathways and partitions that
lead to the variable operation of splash and overland flow erosion. Post-fire vegetation
recovery is also known to be a prime factor for the reduction in post-fire sediment supply
levels, and can vary substantially in space and time, depending on local conditions. Soils can
undergo significant changes due to the heating effects of fire, deposition of ash and burnt
litter and sudden exposure to direct rainsplash and solar radiation. Rainfall and throughfall
are the primary controlling drivers of erosion processes (Calder, 2001; Dunkerley, 2012;
Nanko et al., 2016a; Parsons and Stone, 2006), and can be highly variable in their
characteristics and resultant impacts for any study area. As vegetation regenerates in the post-
fire recovery period, the rainfall modulating effect of the vegetation increases and changes
(Calder, 2001; Crockford and Richardson, 2000; Levia et al., 2017; Nanko et al., 2016b;
Wakiyama et al., 2010). Topography, at the hillslope scale, exerts general controls over the
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distribution of water at and below the ground surface and thus also influences vegetation
growth and soil re-distribution (erosion, transport and/or deposition) (Gonzalez-Bonorino and
Osterkamp, 2004; Larsen and MacDonald, 2007). Micro-topography at the slope segment
scale determines the detailed distribution and movement of water at the soil surface by
guiding and concentrating overland flow to specific pathways, thus exerting self-reinforcing,
positive feedback effects (Asadi et al., 2007; Berg and Azuma, 2010; Bryan, 2000; Parsons,

2006).

1.3.2. Post-fire vegetation and erosion recovery

Vegetation exerts a primary control over the development and movement of hillslope soils
(Amundson et al., 2015). Prosser and Williams (1998) proposed a conceptual framework to
describe the hypothetical effect of fire on runoff and erosion, whereby landscape resistance to
erosion; the inverse of hydrologic vulnerability (Pierson et al., 2010), recovers within a
‘window of disturbance’ following an exponential function as it “relaxes” from a low to high
pre-fire resistance; runoff and erosion rates and impacts being strongly dependent on the
depth and intensity of rainfall events that occur during this intermediate period where post-
fire vegetation recovery is underway (Figure 1-4). However, the duration of the window of
disturbance can be highly variable, depending on the nature and extent of changes to soil and

vegetation, ranging from a few months to several years (Prosser and Williams, 1998).
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Figure 1-4. Hypothetical effect of fire on runoff and erosion resistance, and their changes
with gross vegetation recovery with time. Source: Prosser and Williams (1998).

While this framework is broadly acceptable at the conceptual level, the presumed
monotonic recovery of erosion resistance masks considerable uncertainties and complexities.
Indeed, much past and present thinking about system changes appear to be constrained within
a paradigm focused on convergence and “recovery” towards a stable “climax” state, whereas
non-linear systems theory and complexity in many different natural systems directs us to re-
conceptualize divergence, dynamic stability and different possible “end-states” as the norm,
rather than the exception (Phillips, 2017). Departing from more common deterministic and
mechanistic approaches, Jones et al. (2014) studied wildfire occurrences and rainfall events
as independent stochastic processes in terms of their spatial extent, duration and temporal
distribution of occurrences, and quantified the intersection between storm events and burnt
areas. Indeed, wildfires are more likely to occur in periods of drought and therefore the
likelihood of geomorphically-significant rainfall events is reduced in the immediate and
short-term post-fire period; the importance of aeolian processes during intensely dry
conditions remains an area to be comprehensively explored. Therefore, while the potential for

severe erosion to occur is present, the actualization of this potential is reduced — this is quite
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applicable to ENSO-dominated hydro-climatic regions such as southeast Australia which can
cause regional suppression of uplift and stable atmospheric conditions prevailing for

substantial time periods.

In Figure 1-5, three alternative scenarios departing from the singular, generalized
recovery trajectory shown in Figure 1-5(a) are presented. Truncated recovery is illustrated in
Figure 1-5(b); this would occur where fire recurs before “complete” recovery stage has been
attained. In the present high fire-prone region, and in the broader context of warmer, drying
trends in southeast Australia (less rain-days, but with higher intensity events), this is a distinct
possibility, has increased likelihood with the scale and extent of megafires, and evidenced by
the double-burnt areas, first noted in the 2003 Eastern Victorian Alpine Fires (Williams et al.,
2008) and then the 2006/7 fires (Flinn et al., 2008a) (see Chapter Three for details). The
potential erosional response would be high, being prematurely “reset” and therefore

vulnerable to rainfall events for a long duration after the very first fire.

Prolonged recovery is shown in Figure 1-5(c); wildfires are likely to be more severe
and of greater extent during drought periods. The 2006/7 fires occurred in the midst of the
Millennium Drought (Flinn et al., 2008a). With intense water scarcity coupled with heat
stress particularly during the summer months, vegetation recovery of various strata of the
original formation would be retarded. In the meantime, enhanced litterfall could continue to
contribute to fuel accumulation and vulnerability further outbreaks of fire. This would mean
lowered resistance and extended erosional vulnerability to rainfall events that would have not
necessarily caused much erosion under the original recovery trajectory, within the same
hypothetical time window (cf. Figure 1-5a). Transitioned recovery, as seen in Figure 1-5(d)
could be caused by a distinct shift in the floristics and vegetation structure giving different
(higher/lower) erosion resistance resulting from different combinations of plant

characteristics; from the “original” Figure 1-5(a). It has been postulated that changes in fire
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regimes associated with climate change; alteration of the initial post-fire floristic
compositions could lead to shifted, alternative “climax” vegetation assemblages (Bradstock,
2008; Lindenmayer et al., 2011; Purdie and Slatyer, 1976) due to the high dependence of
many shrub and herb species on the seedbanks in residual ash and soil for recolonization.
These could occur at the broad scale, with post-fire erosion processes affecting seed
availability and distribution together with in-migration of different/alien plant species

(including weedy types) due to wind or animal dispersion.

These three scenarios are by no means exhaustive in the possibilities, but serve to
illustrate various divergent outcomes. Furthermore, combinations of Figures 1-5(b-d) are
possible; for example, the recurrence of fire prior to full recovery - (b), could push the
ecosystem into alternative floristic compositions - (d), especially where some species and
communities may not have achieved reproductive maturity, or where the second fire

destroyed resprouting plant organs or any viable seedbanks.
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Figure 1-5. Different post-fire recovery trajectories. (a) “Standard” pathway after Prosser and Williams (1998); (b) Truncated recovery due to fire
recurrence prior to complete recovery; (c) Prolonged recovery due to effects of drought (note reduced effective rainfall events);
(d) Transitioned recovery due to alternative floristics leading to (i) increased or (ii) reduced erosion resistance. Dotted lines represent “original” pathway.
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Post-fire erosion science has increasingly found that consideration must be given to the
hydro-climatic, ecological (in particular, vegetation-related), geomorphological and edaphic
conditions specific to each of the regions and subregions within these fire-prone regions of
southeast Australia, the Mediterranean and western United States. Hence, the post-fire
“window of disturbance” as proposed by Prosser and Williams (1998) needs to be
investigated more robustly to build more sophisticated models of process-based

understanding, across multiple spatial and temporal scales (Shakesby et al., 2016).

1.3.3. Dry sclerophyll eucalypt forests after severe fire on steep hillslopes

Post-fire recovery of forest vegetation should be distinguished from that of rangelands (e.g.
grasslands, shrublands and woodlands) because of the existence of two or more strata that
recover at different rates. These strata-based differences are likely to be higher especially
after extensive destruction by moderate to severe fires (Cawson et al., 2012; Cawson et al.,
2013; Doerr et al., 2006; Hammill and Bradstock, 2006; Keeley, 2009; Rhoades et al., 2011;
Santin et al., 2015; Shakesby and Doerr, 2006) in Australian dry eucalypt forests.
Consequently, the hillslope erosion responses would also be distinctive. Figure 1-6 illustrates
a possible sequence of post-fire vegetation recovery of the various strata, and the erosional-
depositional processes and patterns after severe fire on steeply-sloping dry sclerophyll
eucalypt forest hillslopes typically found in many uplands of southeast Australia (Florence,

2004; Gill and Zylstra, 2005; Specht, 1970; Williams and Woinarski, 1997).

The initial open forest canopy with grassy-shrubby understorey and widespread litter
cover is illustrated in Figure 1-6(a); also shown in Plate 3-2. Mature foliage is likely to
dominate in the eucalypt canopy layer. Because of the substantial plant and litter cover close
to the ground, soil erosion rates would be minimal. A large, severe fire event burning through
the forest would see most of the litter, grasses, shrubs, twigs and leaves completely

consumed, leaving bare tree trunks and branches with an exposed soil layer with a highly
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vulnerable veneer of ash and scorched foliage as shown in Figure 1-6(b), and suitably
illustrated in Figure 2-1 (iv-vi); a strongly hydrophobic subsurface layer is also likely to
develop in the soil profile (Shakesby et al., 2007). In the immediate post-fire period, soil
erosion will be very active if rainfall occurs; being enhanced by the presence of ash, and
possibly subsurface hydrophobicity that contributes to rapid saturation of the thin soil layers
above it (Gabet and Sternberg, 2008). Much erosion would occur over the large canopy
interspaces and persistent bare soil surfaces resulting from early post-fire erosion episodes.
Small but significant amounts of eroded soil would be re-deposited behind barriers such as
tree trunks and roots, rocks and small topographic hollows. The top 5 to 10 cm of the original
soil profile could be rapidly stripped rapidly away by highly interconnected sheetflow
(Pierson et al., 2010; Williams et al., 2016; Williams et al., 2014) and thin debris flows
(Gabet, 2003; Gabet and Sternberg, 2008). With such steep terrain, rapid colluvial processes
such as dry ravel could also be active, causing sediment “pulses” in the absence of rainfall or

fluvially-induced processes (Roering and Gerber, 2005).

If rainfall of significant depth and/or intensity is received, high erosion rates will
likely occur and continue into the early post-fire recovery period as described by Prosser and
Williams (1998) and Shakesby et al. (2007) (see Figure 1-5). A depleted and infertile soil
layer would now be exposed. Any understorey regeneration would be slow because they
would have to be from the existing (depleted) seed bank, or re-introduced via wind or animal
dispersal; respectively termed autochthonous and allochthonous sources (Huxel et al., 2002).
Therefore, any interception effect by these strata would be minimal. However, most of the
fire-adapted eucalypt trees would not have been killed, even though they were significantly
scorched and defoliated. These trees would commence regeneration from the epicormis
(budding) or lignotubers (sprouting) even just weeks after fire, where local environmental

conditions have stabilized. This epicormic sprouting (Meier et al., 2012b) would lead to a
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“fuzzy”, trunk and branch-aligned canopy profile and Leaf Area Index (LAI) quite different
from the original forest canopy, as illustrated in Figure 1-6(a) (Crockford and Richardson,
2000; Holder, 2016; Vertessy et al., 2001), exhibiting high spatial heterogeneity with foliage
and litter densities high at or around the stem bases of re-growing trees and shrubs. This
would mean that in the intermediate-stages of dry eucalypt forest post-fire recovery, ground
and lower-level strata cover would lag-behind the tree-associated middle/upper-level strata.
Recovery of the litter layer would also be retarded, as biomass accumulation and subsequent
litterfall from senescing foliage operate with substantial time lags after post-fire eucalypt

regrowth.
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Figure 1-6. Suggested phases of post-fire erosion on dry sclerophyll eucalypt forests on steep terrain.
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The intermediate post-fire recovery stage for these forests would nominally
commence around three to five years post-fire. These conditions are illustrated in Figure 1-
6(d) and exemplified by the study area (Plates 3-3, 3-4 and 3-10). Substantial regrowth of the
eucalypts and ground/lower strata shrubs and grasses would have occurred, although it is still
incomplete. By this time, the spatial colonization (Christophe et al., 2003) of the trees would
see clear extension of branches outwards from the main stem, accompanied by some vertical
extension as well. Lignotuber sprouting would also ensue from the lignotuber parts
unaffected by fire (Fairman et al., 2015; Purdie and Slatyer, 1976; Shakesby et al., 2007).
This creates a narrow shrubby layer centered around the main stem of the tree. A distinct,
narrow trunk-biased canopy profile with multiple layers of eucalypt foliage therefore
develops and persists in this intermediate phase of post-fire regrowth that is likely to see
interception and throughfall effects distinctively different from long unburnt forests.

Because of the steep slopes, the transit of litter and soil through the interspaces will be
rapid, with much concentration of litter and eroded soil just upslope of barriers such as the
base of tree trunks, roots and rocks. These patches would also be where the seeds of grasses
and shrubs would germinate. Therefore, much spatial heterogeneity would be seen in the
distribution of protected soil surfaces (undercanopy) contrasting with the persistence of
almost bare, hydrologically vulnerable interspaces, even in the intermediate post-fire
vegetation phase. The post-fire progression of vegetative re-growth can be viewed through
the conceptual framework of the Dynamic Zones of Interaction (DZI) approach discussed in
Chapter Two.

From the phases presented in Figure 1-6, it is argued that post-fire hillslopes can
remain hydrologically vulnerable for several years after fire because ground cover
percentages continue to be low; while a recovering canopy may afford some hydrologic

stability under it (Pierson et al., 2010; Williams et al., 2016). Although somewhat counter-
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intuitive, the splash erosion potential from throughfall could instead be intensified (Geiler et
al., 2012b; Nanko et al., 2008; Nanko et al., 2011), leaving ground litter cover as the only
protective layer attenuating the potentially erosive forces (Geddes and Dunkerley, 1999;
Ghahramani et al., 2011; Larsen et al., 2009). If sub-canopy litter is removed through erosion
or degraded, for instance through fuel-reduction burns, the underlying soil could be strongly
eroded or compacted by splash processes. This is also possible with moderate-intensity fires
where ground and lower-strata live/dead vegetation are consumed, but with minimal canopy
damage (Prosser and Williams, 1998). Coupled with the situation where juvenile leaf forms
dominate in post-fire re-growth, large released throughfall drops could result in intensified
splash erosion on bare soil surfaces. The resultant hillslope splash and overland flow erosion
processes can therefore be seen as the integrated outcome of the quasi-independent recovery
of the various strata, each with its own pace and pathway of recovery proceeding through the
“window of disturbance” (Prosser and Williams, 1998). Presently, minimal work has been
done to examine the rainfall and vegetation factors and processes operating under

intermediate conditions described in Figure 1-6(d) (see also Figure 1-2).
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1.4. Research questions

The previous sections have outlined the main concepts and research gaps relevant to post-fire
erosion in dry sclerophyll eucalypt forests of southeast Australia. The main areas to be
addressed include the need to better understand the interactions between rainfall
characteristics, canopy processes and the subsequent impacts on hillslope erosion in
intermediate post-fire vegetation conditions.

The research questions were as follows:

(i) How do inter and intra-event rainfall characteristics influence hillslope erosion processes
in the study area?

(if) How does intermediate post-fire dry-sclerophyll forest modulate rainfall vis-a-vis open-
field rainfall, and what are the resultant impacts on throughfall fraction and throughfall splash
erosion?

(iii) What are the composite impacts of rainfall and post-fire vegetation factors on hillslope

sediment and litter fluxes?

1.5. Scope of study
This study was implemented at the plot and hillslope scales, and effects on catchment-wide
hydrology and sediment yield may not be ascertained directly. Therefore, relationships found
in the process of conducting this research should be extrapolated to the broader catchment
scale with much caution. Nevertheless, the scale of this study provides important insights into
the key processes occurring during the intermediate (5 to 10 years) post-fire condition, and
will contribute to better understanding of water and sediment responses at the catchment
scale.

Field evidence and observation of steep slopes, skeletal, gravelly soils and the regular
occurrences of rocky outcrops at the study site indicated that erosional processes were very

likely to be governed by Hortonian processes (see Chapter Three). Therefore, any influence
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from subsurface or groundwater processes (Poesen et al., 2003; Valentin et al., 2005) would
be minimal. This study recognized that a comprehensive set of soil properties, such as
aggregate stability, texture, hydraulic conductivity, surface crusting (presence, absence,
extent) and water repellence (hydrophobicity) are likely to be important in the analysis of soil
erosion by splash and overland flow. It is also acknowledged that much work has been done
in past decades to develop detailed understanding of the formation, effects and deterioration
of soil hydrophobicity that has been widely observed to arise as a result of the heating effects
of fire on soil which cause the vaporization of organic compounds and the concentrated re-
condensation at the surface or near-surface subsoil layer (Letey, 2001); hydrophobicity has
also been attributed to the physical impacts of raindrops that cause the compaction of the
topmost soil layer, the clogging of the topsoil pores by fine particles dislodged by rainsplash,
or particular combinations of microtopography, particle size and packing density (Doerr et
al., 2007).

While the causes of the development of hydrophobicity was not the focus of the
present study, it was envisioned that the understanding gained from this research would
complement the substantial body of knowledge of post-fire soil hydrophobicity to enable a
broader and refreshed understanding of post-fire hydrological and geomorphological
processes (Moody et al., 2013; Shakesby, 2013; Shakeshy et al., 2016). It was also likely that
any hydrophobic layers in the study site would have been degraded or removed in the
substantial erosion of surface soil horizons associated with storm events in the immediate
post-fire period (Certini, 2005; Doerr et al., 2000; Gabet, 2003), and therefore would not be a
significant factor in erosion processes in the intermediate post-fire period (Larsen et al.,
2009). Furthermore, many long unburnt “eucalypt soils” have been known to be naturally

hydrophobic (Doerr et al., 2000; Shakesby et al., 2007) and therefore indicate that wildfire-
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induced hydrophobicity is just one of the many causes for the often observed accelerated
post-fire erosion rates (Shakesby, 2013; Shakesby et al., 2000).

Having established the key aspects of this research, we now turn to the literature
review of previous studies and theoretical domains relevant to post-fire erosion science in

Chapter Two.
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CHAPTER TWO: LITERATURE REVIEW

In this chapter, I survey key fire-prone regions and their corresponding studies to evaluate the
current state of knowledge about the specific roles of vegetation in controlling post-fire
erosion across different forests in southeast Australia to discuss the pertinent intra and supra-
regional research gaps for the study of post-fire erosion. The importance of this knowledge
domain is important because projected changes in global and regional climates are likely to
result in increased risks and occurrences of wildfire. Firstly, | present a brief survey of post-
fire erosion work in the western United States and the Mediterranean, two other major fire-
prone regions of the world. The western United States is where post-fire erosion science
developed, and much ongoing scientific development and innovation is ongoing. Hence, there
is a need to survey the knowledge gained from work done in this region to inform the present
research. The Mediterranean region has built-up a substantial body of knowledge in the past
four decades and gives valuable insights into heightened post-fire erosion risks associated
with vegetation transitions resulting from a long history of anthropogenic modification, land
abandonment, and a general rise in fire risks and severity. Notably, the latter has been
attributed to the rather rapid expansion of Eucalyptus globulus plantations in the
Mediterranean countries such as Portugal (Catry et al.,, 2013; Mirra et al., 2017).
Nevertheless, these regions are widely seen to be distinctive from one another, and from
southeast Australia that has unique vegetation, landscapes and hydro-climatic regimes
(Shakesby, 2013; Shakesby et al., 2016; Shakesby et al., 2007), even though they are
similarly susceptible to wildfires.

The broad understanding of these two key regions is then followed by a more detailed
examination of post-fire erosion in southeast Australian dry sclerophyll eucalypt forests
where the main research gap emphasized is the need to garner better insights into

intermediate phase post-fire hillslope and plot-scale hydrology and erosion dynamics. | then
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propose a Dynamic Zones of Influence (DZI) framework which emphasizes the importance
of vegetation-related influences on soil, water, nutrients and erosion-deposition processes
(Dunkerley, 2000) to drive future work in post-fire ecohydrology and ecogeomorphology.
Finally, I consider the increasingly important line of research on how erosion processes are
strongly affected by intra-event rainfall variations and discuss the possible implications on
post-fire hillslope erosional processes under intermediate vegetation conditions, the focus of
my research.

In this chapter, | argue for a tighter, ecohydrologically-framed coupling of the
processes of vegetation change and post-fire erosion studies in southeast Australian eucalypt
forests which are distinct from other fire-prone vegetation formations in the western United
States and the Mediterranean. As outlined in Chapter One, this entails detailed examination
of complex, interacting factors and outcomes further into the post-fire ‘window of
disturbance’ (Prosser and Williams, 1998; Shakesby and Doerr, 2006), the intermediate phase
when vegetation recovery has advanced substantially, albeit incompletely, to exert significant
controls over hillslope hydrology and erosion. This is usually around 5 to 10 years post-fire
for Australian dry sclerophyll eucalypt forests. Indeed, the absence of vegetative cover in the
immediate and near post-fire period and the associated hydrological and geomorphological
processes should be seen as an exception, rather than the norm (Amundson et al., 2015), the
significance of these processes within the narrow timeframe notwithstanding. Overlain onto
post-fire vegetation “recoveries” are projected ecological impacts of climate change that have
clear potential to result in transitions to “alternative” floristic compositions across different
hydroclimatic regions, and therefore vegetation structures that are different from the
“original” vegetation assemblage. These relate primarily to increases in fire-frequency,
potentially keeping many fire-prone forests in seral stages, increased rainfall event intensities

with concomitant lower event frequency, and increased transpiration demands of flora on soil
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moisture with increased CO2 concentration. Furthermore, the influences of human activities
on fire occurrence, frequency, extent and impacts have increased (Kinoshita et al., 2016). In
recent times, workers have also started to analyse how intra-event variations in natural
rainfall events lead to variations in canopy hydrological partitioning, throughfall rates and
drop-size distribution (Nanko et al., 2016a; Nanko et al., 2011; Nanko et al., 2016b) which
impact upon stemflow (Dunkerley, 2014a), splash erosion (GeiBler et al., 2012a), infiltration
and runoff generation (Dunkerley, 2012). The combined effect of all these factors on post-fire
hydrological partitioning and hillslope hydrology and erosion in southeast Australian dry
sclerophyll eucalypt forests remains largely unknown and therefore needs further
investigation.

The importance of understanding post-fire hydrologic and geomorphic processes has
been borne out by the large number of studies on their causes and effects at various scales, in
the wildfire-prone regions of the western United States, the Mediterranean and southeast
Australia. This can be attributed to the clear connections between post-fire erosion and their
consequent environmental and human impacts. Moderate to severe wildfires tend to lead to
sharply heightened rates of soil erosion because of (i) loss of protective vegetative cover at all
structural levels, including ground-level plant material such as grasses, forbs and organic
litter leading to direct exposure to rainsplash impacts and reduced hydraulic roughness
causing increased rates and volumes of overland flow; (ii) addition of a highly erodible ash
layer that increases the volume of fine, mobile material exported from the hillslope; (iii)
increased erodibility of the mineral soil layer due to desiccation and destruction of agents of
soil aggregation resulting from heat damage from the fire; and (iv) development of a sub-
surface hydrophobic (water-repellent) layer caused by the downward heat-driven
vaporization, condensation and concentration of a range of organic substances that adhere to

individual soil particles of, in particular, sandy soils (DeBano, 1981; DeBano, 2000; Doerr et
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al., 2007; Leighton-Boyce et al., 2007; Letey, 2001; Tessler et al., 2012) that limit the water-
holding capacity of soil profiles and cause rapid development of saturated overland flow,
thin, unstable layers of saturated topsoil characterized by strong interflow and the increased
likelihood of debris flows (Gabet, 2003; Gabet and Sternberg, 2008). Interactions between
the outcomes of these changes further enhance the erosional susceptibility of hillslopes. For
instance, structural and depositional sealing due to rainfall impact and ash clogging of soil
pores in the surface topsoil layers further enhance the generation and erosional impacts of
overland flow (Larsen et al., 2009).

Despite the broad agreement on heightened high post-fire erosion rates occurring in
many parts of the world, field observations have found divergent outcomes between different
landscapes which may have experienced similarly severe vegetation destruction by fire
(Shakesby, 2013), indicating that one or more key mediating factors could control the
actualization of high potential erosion vulnerability typical of severe post-fire conditions. For
example, Martin et al. (2011) reported how the remaining duff layer was the primary cause of
limiting soil erosion rates despite severe fire in the closed-canopy sub-alpine forests in the
Canadian Rockies. In California, much further south, Knapp et al. (2005) also pointed to the
importance of duff in mitigating soil erosion rates after fire in the old-growth mixed conifer
forest in Sierra Nevada, Sequoia National Park. It was interesting to note in the two studies
mentioned above, little attention had been given to the specific characteristics of the various
rainfall events that may or may not have led to erosion activation thresholds being exceeded.
Furthermore, there is a need to incorporate the changing conditions of post-fire ground
surfaces through time as various erosive forces work through vulnerable ash or burnt topsoil
layers and encounter lower A2 and even B horizons of the soil profile which would influence
the likely hillslope erosion rates via soil characteristics (e.g. texture) and erodibility, as

demonstrated by Nyman et al. (2013). Hence, although a large body of literature has been
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accumulated from the past few decades, it is important that workers be sceptical of
“established truths” (Shakesby, 2013) about post-fire processes and work to further uncover

new knowledge, or question previous assumptions for this area of research to progress.

2.1. Post-fire erosion in the western United States

Compared to other wildfire-prone regions in the world, the United States has accumulated the
largest body of knowledge about post-fire erosion and vegetation recovery in the past century
of research (Moody and Martin, 2009). Research into the various environmental effects of
fires was pioneered in the United States and only in the recent decades has similar work been
done in other fire-prone regions around the world such as the Mediterranean and Australia
(Moody et al., 2013). Many parts of the western United States such as southern California are
prone to wildfire and severe post-fire erosion because of its Mediterranean-like climate
(Moody et al., 2013). In most years, this region experiences substantial periods of dry
weather rendering many areas susceptible to ignition and spread of fires, coupled with
episodes of intense rainfall occurring as convective thunderstorms, particularly during
summer (Moody and Martin, 2001a). In this region, the Ponderosa pine (Pinus ponderosa)
dominated forests of the cooler northern regions, and the chaparral scrub in the southwest are
considered to be amongst the most fire-prone (Keeley, 2009; Keeley et al., 2008; Keeley et
al., 2009; Yufang et al., 2015).

Much work has been done in the description and categorization of fire-intensity
according to the characteristics of the fire itself (e.g. fireline intensity), the visible changes to
vegetation (e.g. the extent and strata consumed by fire) and soil (e.g. ash characteristics,
aggregate stability, hydrophobicity) (Brown and Smith, 2000; Neary et al., 2005). These
United States derived categorizations have been variably applied in the Mediterranean as well
as Australia, and therefore provide important frameworks for the study of post-fire erosion

and ecosystem transitions beyond the region and at the global scale. In the United States, fire
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regimes are classified into four main types, according to the locations and extent of damage
to plants wrought by the forest fires (Brown, 2000): (i) Understory fire regimes where there is
approximately 20% or less above-ground plant mortality; (ii) Stand-replacement fire regimes
where 20% or less of above-ground vegetation survives, resulting in major changes in the
floristic composition of a large contiguous area; (iii) Mixed-severity fire regimes occupy the
variety of possible extents of fire impacts that may see differences in vegetation damage by
extent, spatial patterns, species selectivity and strata affected; and (iv) Non-fire regime where
there is very rare or nil occurrence of fire naturally (although human-attributed ignitions are
still quite possible).

There is also the distinction between pre and post-settlement fire regimes; the
significance of deliberate ignition by Native Americans in the last 20,000 years and earlier
has been recognized (Brown, 2000), but not yet fully examined. The fire regimes associated
with indigenous practices are in clear distinction from the significant landscape changes
caused by widespread clearance of native vegetation for broadacre monoculture agriculture
and settlements commencing from the turn of the 19th Century — similar to the Australian
experience of pre and post European settlement and clearing of native bushland (Lunt et al.,
2006). According to Youberg (2013), Ponderosa pine and mixed conifer forests used to
experience low to moderate severity fires, but have recently seen a shift towards a fire regime
characterized by large, extensive patches of mixed severity burns or high severity crown
fires; this has been ascribed to the combined outcomes of climate change, widespread
livestock grazing, fire suppression and consequent fuel buildup. This means that the impacts
of fire are complex and past patterns of ignition and burning are imprinted onto current
vegetation patterns and landscape processes. The lack of physiological adaptations of most

forest species to extensive, high-severity fires in the landscape has meant that many forested

42



areas in western United States may not recover fully within the human timescale and
therefore remain hydrologically and erosionally vulnerable for long time periods.

Since the 1900s, there has been an increase in mixed-severity and stand-replacement
“lethal fires” compared to understorey “non-lethal fires” in the western United States. This
has been due to the sharp reduction in traditional burning because of the re-location and
spatial concentration of indigenous Native Americans into reservations (Grissino Mayer and
Swetnam, 2000), accumulation of fuel loads due to extensive attempts at fire exclusion, and
overstocking and growth-stagnation of dense stands of trees (Arno, 2000). Notably, the fire-
prone ponderosa pine forests have been significantly affected and have become vulnerable to
large-scale epidemics due to attacks by bark beetles and other defoliating insects, in addition
to infections from a range of other diseases. The associated die-backs and increased fuel
loads have therefore heightened the risk and extent of stand-replacement fires. For instance,
severe wildfires burnt through close to 400,000 ha of ponderosa pine forest in the decade of
1986 to 1996 (Arno, 2000). Recently in Aug-Sep 2015, 12 large wildfires in California burnt
through large tracts of scrub and forest, with the Valley Fire in Lake County having burnt
67,000 acres (approx. 27,000 ha) and the Butte Fire in Amador & Calaveras Counties having
burnt 71,660 acres (approx. 29,000 ha) (State of California, 2015).

Lodgepole pine (Pinus contorta) forests can be particularly vulnerable to mass
attacks by mountain pine beetles and this can cause severe and widespread mortality and
weakening of large stands (Safranyik et al., 2007), rendering them particularly susceptible to
stand-replacement fires and therefore heightened rates of erosion over long time periods.
Hence, very long “windows of disturbance” (Prosser and Williams, 1998; Shakesby and
Doerr, 2006; Shakesby et al., 2016; Swanson, 1981), possibly in the range of decades would
be expected as forest regeneration would only progress from successful seed germination,

and much time would be taken for the trees to reach maturity, even without any further major
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disturbances. As noted by George et al. (2004), ‘long-term erosion rates in fire-prone
landscapes may be higher than often believed’, and the environmental impacts of the
sediment pulses when activated by significant rainfall events can thus be substantial.

Most studies of post-fire erosion are focused on the first year, or at most the first few
years after fire. This is the period of sudden increase in the availability and erodibility of soil,
ash and other organic detritus in this exposed and vulnerable condition, creating major flood
and sedimentation hazards. However, this means a general paucity of knowledge about post-
fire erosion dynamics after these early years. In a survey of recent works on post-fire runoff
and erosion at the 2013 AGU Chapman Conference by Moody and Martin (2013), there was
similar emphases. Nevertheless, there have been some studies that have examined longer-
term changes of ground and soil conditions, and their responses to erosive hillslope
processes. For example, Benavides-Solorio and MacDonald (2001) conducted rainfall
simulation experiments on 6-year old burnt plots on lodgepole pine in the Colorado Front
Range burnt in the 1994 Hourglass Fire and found that ground cover percentage accounted
for a large percentage of the measured sediment yield. Larsen et al. (2009) have also
conducted longer-term studies (>5 years) and raised doubts about the primacy of the
contribution of soil water repellency on post-fire erosion rates, instead attributing ground
cover as the principal factor controlling rates of overland flow and runoff on burnt hillslopes
of the Colorado Front Range.

Recent regional-scale modelling work using the Disturbed Water Erosion Prediction
Project (Disturbed WEPP) and GeoWEPP by Miller et al. (2011) predicted mean annual
erosion rates of 50 to 155 Mg ha for the forests of north-western California, western Oregon
and western Washington, but much lower rates of 5 Mg ha* for the Rocky Mountains and
inter-montane west. Their sensitivity analyses found greater sensitivity of erosion rates to

mean annual precipitation than to bare soil percentage. More recently, Orem and Pelletier
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(2016) reported that at least 90% of denudation at the geologic time scales (~10° to 10° years)
in the Valles Caldera, New Mexico, could be attributed to wildfire-affected erosion. Short-
term (up to 2 years post-fire) mean watershed (area-averaged) erosion rates were greater than
1 mm yr?, 103 to 105 times more than comparable unburnt areas. Long-term denudational
rates (all causes including wildfire) were estimated at 0.01 to 0.1 mm yr™,

Moody and Martin (2009) provided an excellent synthesis of annual post-fire
sediment yields (up to 2 years post-fire) in the western United States from a total of 70
published references (comprising 135 measurements) from 1927 to 2007. They found that the
average annual sediment yield was 82 t ha* for hillslopes, three times lower when compared
to 240 t ha for channels. However, the runoff responsible for sediment generation from
channels came mainly from the hillslopes. The lower hillslope sediment yield values would
have been due to sediment mass values diffused over larger areal values of all the hillslope
surfaces, compared to the limited “channel areas”. This highlights the centrality of hillslope
processes in influencing sediment processes in catchments and drainage basins. The results
also indicated that sediment availability, rather than topographic slope or soil erodibility, was
more important in predicting post-fire sediment yields; an essential point relevant to the
present research. Based on results from the synthesis, Moody and Martin (2009) concluded
that fire was an important geomorphic agent of landscape change when coupled with
sufficient rainfall, and that increased post-fire erosion could be expected with increases in
wildfire frequency, intensity and extent in the western United States.

In their review and projections of climate change induced shifts in Rocky Mountains
ecosystems, Rocca et al. (2014) found that in the short-term (up to 50 years from present),
fire frequencies were likely to increase due to higher temperatures and increased length and
severity of the fire season. More winter precipitation would also occur as rain rather than

snow/ice, and spring snowmelt would occur earlier, increasing the risks of intensified erosion
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by splash and surface runoff. In the long-term (more than 50 years, over several fire cycles),
reductions in primary production in water-limited regimes would result in reduced fuel
accumulations and lower fire frequencies. These changes were projected to significantly
affect the water-limited pinyon-juniper and lower montane (Ponderosa-pine dominated)
forests. Similar projections were also reported with climate-wildfire-erosion ensemble
modelling work by Sankey et al. (2017). With these projections, it is likely that post-fire
erosion in the western United States in the next 50 years will continue to be more active and
will require sustained efforts in understanding and managing post-fire erosion, and
investigating rehabilitation techniques in a background shifting hydro-climatic and ecological
conditions. At the time of writing, 17 large wildfires had broken out in the state of California,
across the Sonoma, Mendocino, Napa and Yuba counties, burnt 115,000 acres and were yet
to be controlled (CAL FIRE, 2017); and were described as ‘unprecedented’ in simultaneity,
severity and extent (Wong and Gee, 2017), further highlighting the geomorphic significance
of wildfires in the western United States in the past and present (Orem and Pelletier, 2016), as
well as the future, which has been projected to see increased sedimentation in burnt
watersheds, leading to heightened risks to water supply quantity and quality, stream channel

stability and aquatic ecosystems (Sankey et al., 2017).
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2.2. Post-fire erosion in the Mediterranean

The Mediterranean region’s susceptibility to frequent wildfires arises from the distinctive hot,
long and dry summers of this hydro-climatic region - type Cs in the Koppen-Geiger
classification system (Chen and Chen, 2013). These typically lead to low fuel moisture and
ease of ignition, and rapid spread of wildfire especially where regional convection in the
Northern Hemisphere summer promotes high wind speeds. Proximity of natural and post-
agricultural shrublands and forests to human settlements leads to both higher ignition
occurrences and risks to infrastructure, property and lives. The harsh dry summers are
typically followed by substantial rainfall throughout the autumn, winter and early spring
seasons that provide ample amounts of fluvial to rapidly erode soil, ash and litter in the
immediate to early post-fire period (Shakesby, 2011). The hazards to human lives and
property due to fire, post-fire flooding and sedimentation are thus of greater imminent
concern compared to most fire-prone areas in the western United States and southeast
Australia.

Some of the distinctiveness of wildfire occurrence and post-fire erosion in this region
is related to the long history of anthropological interference and disruption to natural
ecosystems; substantial, extensive long-term clearance of natural Mediterranean forests and
shrublands over many centuries (Kaplan et al., 2009), followed by more recent abandonment
of agricultural lands triggering vegetation re-colonization (Kutiel, 1994; Shakesby, 2011).
The contemporary introduction and expansion of fast-growing but fire-prone tree plantation
species such as pine and eucalypts (in particular, Pinus pinaster and Eucalyptus globulus)
into many parts of the Mediterranean such as the Iberian Peninsula for paper pulp, timber and
firewood (Cerasoli et al., 2016) has exacerbated wildfire risks and occurrences, and
heightened the post-fire erosion and hydrological hazards (Shakesby, 2011). Recent work by

Campos et al. (2015) on post-fire erosion from monoculture plantations reported high
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mercury mobilization (30% of Hg content in pre-fire soils) that add to the range of possible
negative environmental impacts. Therefore, it can be surmised that post-fire erosion in the
Mediterranean occurs over landscapes that have been substantially modified by humans;
clearly different from many fire-prone forests, shrublands and rangelands of western United
States and southeast Australia.

Post-fire erosion research in the Mediterranean has a relatively short history compared
with the western United States, with peer-reviewed publications in this domain reported from
the 1980s (Shakesby, 2011) even though human experiences of wildfires in this region would
have been extensive throughout history. Nevertheless, various aspects of the phenomena have
been investigated using a range of approaches, including soil hydrophobicity and infiltration
studies (Cerda et al., 2013; Tessler et al., 2012), catchment-scale monitoring of water,
sediment and nutrients (Machado et al., 2015; Mayor et al., 2007; Moussoulis et al., 2015;
Stoof et al., 2011), erosion modelling (de Vente et al., 2009; Diodato and Bellocchi, 2010),
rainfall simulation studies (Rulli et al., 2006) and scaling issues (Cammeraat, 2004; Ferreira
et al., 2008). Generally, Mediterranean post-fire erosion rates are lower compared to the
western United States and southeast Australia, and these are mainly due to sediment-supply
limited conditions on the thin and stony soils in many parts of the region, although protracted
recovery periods are common due to significant post-fire soil fertility limitations (Rulli et al.,
2006; Shakesby, 2011).

Notably, post-fire erosion research in the Mediterranean has seen many studies
sustaining measurements over several years, giving useful insights into the transitions and
complexities of post-fire processes, with contrasting results and opinions as to which are the
key factors influencing post-fire erosion in their respective study areas. The reader is referred
to the compilation of hillslope erosion rates by Rulli et al. (2006) and the review by Shakesby

(2011) for details. Cerda et al. (2013) advocated the long-term monitoring of soil properties
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beyond the first post-fire year because of the fundamental influences of infiltration rates on
the hillslope hydrological cycle, controlling runoff, water availability to plant growth and
rates of post-fire vegetation regeneration. Ubeda et al. (2005) tested the soil parameters of
various samples obtained 7 years after fire, from the Mediterranean region of Llagostara in
Catalonia, northeast Spain which was burnt at different fire severities in 1994. Amongst
several results, they found that many of the soil parameters had not reverted to the original
values; soil pH of soil burnt at high intensity was significantly higher at 6.49 compared to the
control forest soil at 5.94; organic carbon and N levels were significantly lower for the high-
intensity burnt soil than the control. Ubeda et al. (2005) showed that post-fire recovery of soil
parameters such as cation concentration, soil organic carbon and total soil nitrogen was slow
after high-intensity fires, and this affected the rates and characteristics of vegetation
regeneration (conifers) and their distribution. Mayor et al. (2007) analyzed the catchment-
scale post-fire sediment dynamics in the dry-Mediterranean region of eastern Spain over 7
years and found prolonged periods of heightened sediment generation from burnt catchments.
Rates of runoff and sediment yield increased and peaked at 3 years post-fire, and continued to
remain heightened up to 5 years post-fire. These were attributed primarily to droughts that
delayed plant recovery and diminished soil fertility resulting from post-fire erosion. Cerda
and Doerr (2005), in their 11-year study of post-fire erosion following severe fires in the
Serra Grossa Range in eastern Spain, showed that under trees and small shrubs, substantial
erosion was still occurring, whereas under herbs and shrubs, erosion was practically
insignificant. This highlights the complexities of hydrological and erosional processes when
examining post-fire plant canopy effects at the detailed scale. Long-term work done by Cerda
et al. (2013) on post-fire infiltration rates in the Serra Grossa, Spain over 23 years found that
fire effects on reduced infiltration only applied 2 to 4 years post-fire. Steady-state infiltration

decreased from 53.54 mm h to 34.43 mm h in the first post-fire winter with greatest
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reduction of 35.45 % at 2 years post-fire, and rates recovered close to pre-fire rates after 4
years. This indicated the transience of post-fire hydrophobicity as a contributing factor to
post-fire erosion rates.

Vieira et al. (2016) monitored annual runoff and sediment generation rates from
microplots in three eucalypt plantations which were either ploughed or unploughed during
their pre-fire history and found that unploughed sites had consistently lower sediment losses
(0.11 Mg ha* y1) which were four to eight times lower than two ploughed sites (0.47 and
0.83 Mg ha! y). Runoff volumes and coefficients were also higher for ploughed sites (slope
parallel ploughed: 1257 mm, 26%; contour ploughed: 1915 mm, 40%) than for unploughed
sites (865 mm, 14%) with increasing trends for runoff coefficients observed with time after
fire, contradicting the general “window of disturbance” model and common expectations.
Therefore, it is highly likely that post-fire runoff and erosion rates in the Mediterranean
region are significantly influenced by a persistent imprint of historical human-related
disturbances that influence hillslope hydrology and soil erosion.

Shakesby (2011) reviewed the state of knowledge of post-fire erosion in
Mediterranean ecosystems. Important features of this region included (i) supply-limited
conditions (thin soils and high stone content) leading to low post-fire sediment generation
despite high hydrologic vulnerability, (ii) preferential removal of nutrient-rich and
aggregative fine sediments and organic matter being as important as total soil volume eroded,
(iii) aspect as a particularly important landscape factor at the macro-scale, accounting for
differential erosion rates, with drier south-facing slopes more vulnerable than north-facing
slopes. Key research gaps requiring attention included (i) quantitative study of post-fire soil
nutrient depletion to better understand the impacts of post-fire erosion on soil fertility; (ii) the
impacts of prescribed fire, increasingly being considered and used as a “dirty” fire

suppression solution, on air pollution, carbon losses and soil nutrient depletion; (iii) clarifying
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the scaling impacts of post-fire hydrophobicity on hydrological and erosional processes
operating at the hillslope and catchment scales; (iv) wind erosion effects on post-fire soil loss
and nutrient depletion. These research gaps are underscored by reports of both intensification
and areal expansion of aridity in the Mediterranean region in the past century (Chen and
Chen, 2013).

Climate change is also expected to lead to shifts in fire regimes and ecosystem
functions and patterns in the Mediterranean region due to increased aridity (Gao and Giorgi,
2008); similar to the western United States and southeast Australia (Shakesby, 2011).
Ecosystem modelling by Guiot and Cramer (2016) predicts that the Mediterranean region will
see rapid ecosystem changes outside the Holocene envelope in response to a possible global
warming scenario of 2°C or above because of increased radiative input and reduced
precipitation. The risk of wildfires would be heightened, and changes in vegetation structures
and floristics towards more aridity-adapted, xerophytic forms are likely. Indeed, where fire
effects are severe and frequencies are high, populations of common species such as Pinus
sylvestris (Scots Pine) could fail to re-establish post-fire due to limited seed availability and
dispersal, competition from herbs and sprouters, and high soil aridity, signalling substantial
floristic composition shifts as a strong possibility (Vacchiano et al., 2014). Furthermore, the
combined effects of climate change and increased fire frequency and extent are likely to
result in increased occurrence of flash floods and heightened sediment generation from burnt
catchments (Versini et al., 2013).

This brief review of post-fire erosion in the Mediterranean region illustrates the
complexity of the phenomenon and the importance of further work to ultimately distil the key
factors influencing the rates of soil erosion, their fate and the concomitant impacts on the
source and destination sites especially on soil fertility, the rates and characteristics of post-

fire recovery, and the response to higher-order shifts in environmental parameters due to
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climate change. Fire-induced soil hydrophobicity, frequently cited as a major contributor to
accelerated erosion (Doerr et al., 2006; Doerr et al., 1996; Letey, 2001; Shakeshy et al., 2000;
Tessler et al., 2012), is likely to be only one of the many factors such as inherent soil and
landscape attributes, rainfall characteristics and vegetation re-growth to collectively control
post-fire erosion rates (Shakesby, 2011; Shakesby, 2013). Landscape patches covered by
Eucalyptus and Pine plantations may play distinctive roles in post-fire Mediterranean
sediment dynamics, and work done on regions containing comparable tree species, such as
Eucalypt forests of southeast Australia or Pine forests of western United States could provide
some useful insights. The relatively longer-term studies in the Mediterranean have also
shown how protracted “windows of disturbance” with heightened hydrologic and erosional
vulnerability can be created because of retarded vegetation regrowth arising from a
combination of prolonged drought conditions, diminished soil fertility due to post-fire erosion
itself removing fine sediments and organic matter from top layers, and inherently skeletal
soils to begin with. It is these complex moderate to longer-term patterns of change in
vegetation and erosion that need to be examined in the hydro-climatic and eco-

geomorphological context of southeast Australia, the subject of the following section.
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2.3. The distinctive southeast Australian context

In this section, | examine in some detail, aspects of southeast Australian eucalypt forests as
they relate to fire occurrence, post-fire vegetation regeneration, hillslope hydrology and
hillslope erosion. Shakesby et al. (2007) opined that deeper and more comprehensive
understanding of post-fire erosion and associated hazards could only be attained by ‘adopting
a concept of global regional variants and endemic factors that distinguish some regions in
terms of post-fire erosion characteristics’ (p. 347); the eucalypt forests of southeast Australia,
one of the most wildfire prone regions in the world, are seen to be distinct from other
comparable fire-prone regions of the western United States and the Mediterranean. Recent
reviews by Moody et al. (2013) and Shakesby (2011) provide detailed analyses and
commentary on the state of knowledge in these two latter regions in addition to the overview
provided in the previous two sections. Some of the distinctiveness of post-fire hydrology and
erosion in southeast Australian forests stems from unique biological features of many
eucalypt species, such as rapid post-fire vegetation re-growth, fine root mats, abundant
development of litter-dam microterrace complexes (Shakesby et al., 2007) and high levels of
bioturbation activity especially by ants (Wilkinson et al., 2009) which lead to distinctive
geomorphological impacts manifested as seemingly short periods of erosion vulnerability and
high density of plant and microtopographic sinks for overland flow and hillslope sediments,
when compared to similarly fire-prone landscapes in the western United States and the
Mediterranean. Adding to the specificity of the southeast Australian context is how the
hydro-climatic regime and accompanying meteorological features are strongly influenced by

the El Nifio-Southern Oscillation (ENSO) (see Chapter Three).
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2.3.1. Flammability

The eucalypt forests of southeast Australia are highly flammable (Gill and Zylstra, 2005).
This is due to the combination of hydro-climatic (Sturman and Tapper, 2006) (see also
Chapter Three) and plant physical and biochemical characteristics (Williams and Woinarski,
1997). While many parts of the region are classified under temperate climate regimes: types
Cfb or Cfa (Chen and Chen, 2013), the region typically experiences long hot summers that
dry-out the litter increasing ignitability and fuel loads in the background of increased leaf-fall
from plants due to heat and water stress, after some vigorous growth during the preceding wet
and temperate spring season. Live plant parts and foliage also become dehydrated and above-
ground fuels are also rendered vulnerable to being ignited and combusted. The sclerophyllous
foliage with low water, high natural oil and lignin contents can ignite easily and fuel wildfires
of high severity and intensity (Orians and Milewski, 2007). Hence, southeast Australia
experiences large fire events even though high precipitation amounts (i.e. > 550 mm annual
rainfall) are received (Hantson et al., 2017).

Post-fire field assessment of burn severity in southeast Australia is usually done using
a visual, qualitative approach categorizing areas of interest by the strata
(ground/shrub/crown) consumed by fire, and whether stems > 10 mm diameter were
consumed by the fire, into six levels: (i) unburnt; (ii) low; (iii) moderate; (iv) high; (v) very
high; and (vi) extreme (Chafer, 2008; Chafer et al., 2004; Hammill and Bradstock, 2006;

Heath et al., 2016). These are shown in Figure 2-1.
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(i) unburnt | (ii) low severity
no visible damage '_ - _(grasses/herbs burnt

(iii) moderate severity (iv) high severity
I(shrubs consumed) (lower canopy scorched)

(V) very hi_gh severity - (V|) extreme severlty
(stems < 10 mm diameter consumed) (stems > 10 mm diameter consumed)

Figure 2-1. (i) to (vi). Fire-severity classes based on visual assessment of vegetation damage
by burning. For (vi) note the bottom-right inset showing a nominal scale comparison between
a pen and a sample burnt twig of diameter > 10 mm. Source: Chafer (2008).
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High to extreme severity wildfires have the potential to cause widespread tree
mortality as well as weaken surviving individuals at the landscape scale, rendering them
vulnerable to toppling by strong wind gusts on what are usually shallow, poorly aggregated
and desiccated burnt soils. Post-fire tree throw has been reported in different regions (Bohlin
etal., 2017; Brown and Smith, 2000; Hancock et al., 2012; Miller, 2000; Phillips and Marion,
2004) and is broadly recognized as playing a role in soil development and landscape
evolution by creating ‘pit-mound’ topographies on hillslope, although this has been poorly
studied (Gabet et al., 2003; Hancock et al., 2012). For Eucalyptus species, lignotubers,
prominent nutrient-rich swellings of the root crown (also called “burls”) are commonly
observed just above or below the soil surface, and can bud and extend shoots very soon,
sometimes in weeks, after disturbances such as fire. (Carr et al., 1982; Chattaway, 1958;
Jacobs, 1955; Penfold and Willis, 1961; Pryor, 1976). While lignotubers are by no means
exclusive to the Eucalyptus genus (Paula et al., 2016; Susanne, 1984), this means that
compared with the fire-prone forest or woodland formations in regions such as the USA and
Mediterranean, many eucalypt forests (especially dry types) have greater volumes of the
hillslope occupied by larger total root mass that includes lignotubers. Therefore, where tree-
throw were to occur, the pit-mound topography could be quite pronounced, and the
consequent pedological changes rather distinct (Amundson et al., 2015; Phillips and Marion,
2004). As discussed by Phillips (2017), the long-term pedological changes from such
disturbances could lead to convergent or divergent development of soilscapes; or a complex

combination of both.

Fire regimes in Australia have shifted in the past, and can be broadly divided into the
following phases: (i) naturally-caused, possibly low-frequency pre-Aboriginal influence more
than 60,000 years ago; (ii) the Aboriginal-influenced, pre-European phase, from

approximately 60,000 years ago to the 1800s during which there would have been increased
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but probably spatially-dispersed fire frequency; and (iii) the European (colonization) phase
from circa 1800 to present times, which has seen early extensive land clearance for
agriculture using fire, and increased fire frequency and extent particularly in recent times,
along with more recent attempts to suppress fire hazards through low-intensity prescribed
burning to reduce fuel loads (Bowman et al., 2011; Bradshaw, 2012; Eamus et al., 2006).
With the rapid expansion of human activities and settlements, human-initiated as well as
naturally-attributed (lightning strikes) ignitions are likely to have contributed to increased
ignition frequency. Although located in the temperate climatic zone where rainfall is
adequate and well-distributed across seasons, supporting year-round growth and large tracts
of dry to wet sclerophyll forests, there can be significant variability in rainfall depth and
distribution on an inter-annual and inter-decadal basis because of regional climatic controls
through the EI-Nino Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and the
mid-latitude ridges and troughs (Sturman and Tapper, 2006); more details in Chapter Three.
The plant species making up much of the fire-prone dry-sclerophyll forest, such as the
Eucalypt and Acacia genera (Eamus et al., 2006), in this region are adapted to survive
drought conditions that recur on an approximately decadal basis, and can extend for several
years. Of particular relevance is the Millennium Drought that affected most parts of Australia
from 2001 to 2009 (van Dijk et al., 2013), and was associated with the occurrence of the
extensive fires of 2006/7 (Great Divide Fires) which affected the study area in the present
research (Flinn et al., 2008a), and the 2009 Black Saturday Bushfires (Cruz et al., 2012). The
abundant organic litter - leaves and twigs of the Eucalypt and Acacia genera are recalcitrant,
resisting rapid decomposition even when moist, due to their sclerophylly and high tannin
contents. Therefore, they accumulate and remain readily available as potential fine fuels for
long periods of time on the forest floors while offering significant protection by attenuating

rainfall and throughfall splash effects and disrupting overland flow.
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During summers, and enhanced by droughts (some multi-year), rapid curing occurs
and dry litter accumulates on forest floors. Elevated fine fuels in the form of shrubs and
saplings and shallow-rooted ground-strata plants (e.g. grasses) also become susceptible. Upon
ignition, these fine fuel sources would burn strongly and spread rapidly upon ignition
vertically and horizontally, especially when strong regional winds accelerate the spread of
fire (Clarke et al., 2011). The results of such extensive burning with high severity over very
large areas - mega-fires (Bradstock, 2008; Fairman et al., 2015) create extensive areas of bare
and dry hillslopes with minimal canopy or ground cover, burnt large diameter litter (trunks
and branches), ash layers of variable thickness, and highly erodible, poorly aggregated soil
depleted of moisture and organic matter that are highly vulnerable to erosion by post-fire
rainfall events, with the possibility of this vulnerability remaining heightened for prolonged

time periods.

2.3.2. Post-fire regeneration

In contrast to many of the forests and woodlands of the western United States, Eucalyptus
and Acacia genera which dominate forests of southeast Australia are well-adapted to the
effects of wildfire (Fairman et al., 2015) and therefore regenerate rapidly after being burnt
during severe wildfire. Many eucalypt species are facultative re-sprouters and are able to
regenerate after fire through new growth from their undamaged epicormic tissues (Meier et
al., 2012a) or from lignotubers (“burls”); new individuals will also readily germinate from
seed should the seedbank still be available and not depleted through erosion or destroyed by
the fire; many Acacia species are prolific seeders and germination is stimulated by heat and

smoke generated by fires (Whelan, 1995).

In contrast, it is uncommon for conifers in the United States to resprout epicormically
from the root collar or root crown after fire (Miller, 2000). Hence, there is little post-fire
resprouting ability of this plant group; similarly, for the broad-leaf evergreen trees.
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Deciduous trees and shrubs would commonly sprout from root collar, root crown or roots,
with some shrubs re-sprouting from rhizomes but these may be severely damaged where
severe fires on the forest floor have caused significant damage to plant organs; most forest
trees in the western USA rely strongly on seedling establishment in severe, stand-replacement
fires because it is likely that most of the above-ground and surface/near surface litter and
mineral horizons and plant parts could be damaged irreparably during fire (Miller, 2000).
Where the fire has been particularly severe and intense and/or severe erosion of the topsoil
has occurred during large post-fire events, the substantial depletion of the seed bank through
heat damage and/or removal would see large tracts of forests populated by dead trees and
slowly recovering ground and shrub cover as long as decades, as recruitment of new
individuals may occur by importation for unaffected areas at the edges of the burnt region, or
from faunal action. Rapid vegetation regeneration due to fire-adapted physiological features
of eucalypts and establishment of ground litter layer have frequently been invoked as reasons
for quick recovery of erosion rates to close to “background” levels from very high values in
the immediate post-fire period (Shakesby et al., 2007). Indeed, Vivian and Cary (2012)
highlight how the specific environmental conditions of mountainous southeast Australia
create limits across all the studied shrub species in terms of post-fire ecological responses

(e.g. leaf traits with respect to nutrient accumulation)

2.3.3. Leaf characteristics

One of the interesting aspects of southeast Australian eucalypt forests that has not been
examined in much detail is the unique leaf characteristics of plant species in this region
compared to those in other fire-prone regions in the world, and how these might influence
forest hydrological and erosional processes. Many Eucalyptus and Acacia species in
Australian dry sclerophyll forests exhibit heterophylly - having different leaf forms (shape

and size) between the juvenile and adult stages (Penfold and Willis, 1961), with both leaf
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forms co-existing near or at maturity (Brooker and Kleinig, 2006; Jacobs, 1955). For
instance, typical dry sclerophyll forest species such as Eucalyptus macrorhyncha (Red
Stringybark) have juvenile leaves that are sessile or shortly petiolate, and are ovate in shape
with dimensions 12 x 5 cm (length x breadth) while the adult leaves are petiolate and
lanceolate, with leaf dimensions up to 15 x 2.5 cm; Eucalyptus polyanthemos (Red Box) have
juvenile leaves that are petiolate, orbicular, emarginated with dimensions 6.5 x 8 cm while
the adult leaves are petiolate, arranged in alternating fashion, are ovate to broad lanceolate to

9 x 3 cm or lanceolate to 14 x 3 cm (depending on subspecies) (see Table 2-1).

Table 2-1. Juvenile and adult leaf characteristics of 3 common Eucalyptus species found in
dry sclerophyll forest in southeast Australia — the Licola study area investigated in this
research (Brooker and Kleinig, 2006).

Species Leaf characteristics Ec'%;re'frlnans Zz)l(l)tgtratlon
(Common '
name)
Juvenile:
Eucalyptus o Sessile or shortly petiolate
macrorhyncha
(Red e Ovate, t0 12 x5cm
Stringybark) Adult:
e Petiolate

e Lanceolate, to 15 x 2.5 cm

Juvenile
Eucalyptus o Petiolate
melliodora e Elliptic, to 11 x 5 cm g Juver e jexies

(% )

(Yellow Box) Adult

e Petiolate
e Narrow-lanceolate to lanceolate, to 15 x 1.8 cm

Juvenile
Eucalyptus e Petiolate, orbicular, emarginate
polyanthemos e 65x8cm
(Red Box) Adult

o Petiolate; Alternating

e Ovate to broad-lanceolate to 9 x 3cm (subspp.
Polyanthemos and vestita); or Lanceolate to 14 x 3
cm (subsp. Longior)

Adult leal (£ 1)
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Most eucalypts have a pendulous, steep hanging habit that presents a small vertically-
facing leaf area; steep leaf angles (i.e. vertical foliage) are widely believed to reduce mid-day
heat stresses, increase water efficiency and carbon gain by focusing photosynthetic activity
towards the early and late daylight hours of the day, especially during summer (Williams and
Woinarski, 1997). With this adaptation, light is also intercepted more efficiently when low
solar elevation angles occur during winter and at the mid and high latitudes; radiative heat
loss during cold, clear nights in late autumn, winter or early spring months can also be
minimized (Anderson, 1981; Brooker and Kleinig, 2006; Falster and Westoby, 2003; Jacobs,
1955; James and Bell, 2000). Furthermore, the leaves of most Eucalyptus species are strongly
sclerophyllous in texture, rendering them quite hydrophobic, and are flat with minimal

curvature of leaf surfaces, meaning that little water is typically retained on the leaves.

In relation to hillslope hydrology and erosion, the interception and canopy storage
capacity of eucalypt leaves and open canopy in dry sclerophyll forests (Eamus et al., 2006)
are likely to be lower than other tree genera and species such as pine, fir or oak that are
widespread in western United States and the Mediterranean (although it should be noted that
Eucalyptus plantations are increasingly popular in this region). The sparse canopy could also
enable higher rates of evapo-transpirative losses from the forest floor, contributing to the
dryness and fire-risk of these vegetation formations. However, the Eucalyptus’ unique leaf
and branching habits may lead to increased interception of rainfall arriving with a strong
wind-induced horizontal component. Also, dense and rapid post-fire regrowth of wider and
larger juvenile leaves are likely to cause higher interception rates and rainfall modulation
effects compared to unburnt individuals and stands with narrower and smaller mature leaves.

The possible throughfall effects are discussed in Section 2.4.5. In the present study, the focus

61



is on the foliage characteristics of Eucalyptus polyanthemos, the dominant species at the

study site, described in Chapter Three.

2.3.4. Crown architecture

Crown characteristics (e.g. overall shape, branching habit, leaf density and orientation) are
primarily the outcome of inherent genetically-determined physiological factors, the prevailing
patterns of solar radiation (direction, intensity) and interaction with other competing
individuals (Pearcy et al., 2005; Penridge and Walker, 1988; Walker et al., 1988). At higher
latitudes, aspect is also a key factor where structural and foliar growth may be oriented
towards the predominant direction of the sun (viz. south-facing in the northern hemisphere
and vice-versa). In many cases, the branches of mature-crowned eucalypts have no specific
growth habit but tend to spread to a typical “mushroom” fashion as clumps of twigs and
leaves; some branches angle downwards at the ends while others reach upwards. This is in
contrast to other tree species like hazel, radiata pine and Douglas fir in North American
coniferous forests, which have branches that slope downwards towards the stem and facilitate
comparatively higher stemflow production (Langford and O'Shaughnessy, 1978). The density
of leaves in the crowns of eucalypts, measured through the Leaf Area Index (LAI) are also
very low compared to other forests; Anderson’s (1981) study of Leaf Area Index (LAI) of 16
locations in southeastern New South Wales mostly covered by eucalypt forest, found that
values were consistently low at the average of 1.5 to 1.9. While leaf characteristics are
inconsequential in the immediate post-fire period, they become increasingly important as the
typically rapid post-fire re-growth by eucalypts take effect in the ensuing years, as the

ecosystem enters the intermediate canopy recovery phase.

The hanging habit, leaf shapes and branching habits contribute to the development of
an open crown, even for fully developed crowns of mature eucalypts (Specht, 1970). This

results in significantly weak overhead shade, even where total leaf areas can be as high as
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those of European hardwoods; the Forestry and Timber Bureau found that leaf area of an
alpine ash (Eucalyptus gigantea) was six times the vertical crown projection on the ground.
The Ponderosa pine, common in the Colorado Ranges of the western United States, has the
typical narrow triangular “Christmas tree”, or pointed top/teardrop crown shapes with dense
foliage for canopy trees younger than 150 years old (Huckaby et al., 2003). Eucalypts provide
substantial side shade but poor overhead shade (Jacobs, 1955). Eucalypt foliage also tends to
“clump”, making it likely to produce distinct rainfall interception and modulation
characteristics, and under-canopy microclimates. Moisture levels of the ‘O’ and ‘A’ horizons
under these open-canopy conditions are therefore likely to be low with the high exposure to
solar radiation increasing ground-level evapotranspiration rates. Crockford and Richardson
(1990d) reported consistently lower rainfall interception rates for dry eucalypt forests
compared to pine plantations for continuous and discontinuous rainfall events; eucalypt forest
intercepted approximately 7% while pine plantation intercepted approximately 12% of a
discontinuous 25 mm rainfall event. This would also contribute to low canopy storage
capacity, interception, distinct throughfall spectra through crown-architecture and foliage-
determined modulation of precipitation, affecting the volume, rates and characteristics of the
water reaching the ground surface affecting hydrology, splash effects and overland flow

generation.
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2.3.5. Canopy modulation and throughfall in intermediate post-fire conditions

When the different factors of crown architecture, foliage habits and post-fire regrowth
characteristics combine, it is highly likely that throughfall spectra, the distribution and range
of drop sizes, their number and rates of arrival at the forest floor during and after rainfall
events, vary considerably between different vegetation formations and species of different
regions at the global scale (Anderson et al., 2005). Different species, subspecies and floristic
compositions would also occur across different forests in the same broad region; for example
southeast Australian dry vs. wet eucalypt forest, and the attendant variations with aspect and
topography. Therefore, one would expect to find varying states and rates of post-fire
vegetation regrowth at different spatial and temporal scales. A selection of studies serves to
illustrate this point. Zhou et al. (2002) reported increased Kinetic energy of throughfall drops
and accelerated soil erosion for rainfall intensities between 5 mm h™ and 20 mm h? for
single-layer canopy Eucalyptus exserta plantations in southern China. Brauman et al. (2010)
demonstrated how increased canopy density and height contributed to levels of throughfall
that were double those found in another similar forest with lower canopy density and height,
primarily because of the differential rate of cloud interception in native forests on the leeward
side of Hawaii island. Mululo Sato et al. (2011) described the spatial heterogeneity and
temporal stability of throughfall in plantations of hybrid Eucalyptus grandis and Eucalyptus
urophylla in southeast Brazil, highlighting the distinctive ‘funnel effect’ of the tree canopy
architecture as a key factor in the observed patterns. One of the sampling arrangements in this
study saw throughfall/precipitation ratio of 146% at positions close to the tree trunks, while
between-trunk locations had ratio of 86%. Looking at non-eucalypt throughfall, Geililer et al.
(2012a) used sand-filled cups to compare erosivity under old and young growth stands of
Schima superba and Castanopsis eyrei with open-field rainfall in Gutianshan National Nature

Reserve (GNNR) in humid subtropical southeast China and found that under-canopy
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erosivity was 2.59 times that of open-field rainfall. They also found that medium and old
growth forests had throughfall erosivity 1.53 times that of young forest, and that significant

differences in throughfall heterogeneity were found between the two tree species.

The literature on the influences of vegetation differences on hydrological and
geomorphological processes; in particular throughfall and under-canopy hydrology and
erosion, across southeast Australia, is rather limited. For intermediate post-fire vegetation, it
is virtually non-existent; most post-fire erosion studies in this area have been concerned
primarily with hydrological partitioning and water resources, rather than hydrology and
erosion at the hillslope and plot scales. Indeed, work by Onda et al. (2008) demonstrated the
dynamic evolution of soil surface and hydrological characteristics over very short timescales.
Hence, even though hydrologic vulnerability in dry eucalypt forests can remain high (see
Chapter One), even when under intermediate recovery conditions, there is little formal
knowledge in this area, and this gap needs to be addressed. Langford and O'Shaughnessy
(1978) found that mixed species of mature dry sclerophyll forest intercepted approximately
23.3% of gross rainfall, with throughfall percentage of approximately 75.4%. In combination
with the leaf characteristics and branching habits of eucalypt trees mentioned above, it is
possible that raindrops encountering a mature or substantially regenerated eucalypt canopy
may be substantially modified by coalescence of smaller droplets into larger ones, and
consequently have greater erosivity than open-field raindrops. No previous work on this has

been found.

Using a rainfall simulator on six Eucalypt tree species, one Acacia species and one
Pinus species, Aston (1979) showed that the proportion of rainfall passing through the
canopy was a function of the leaf area index. Crockford and Richardson (1990a)
characterized the hydrological partitioning of Eucalyptus mannifera and Pinus radiata trees

and found substantially high spatial heterogeneity of throughfall for Eucalyptus compared to
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Pinus due to the development of numerous drip points associated with the clumping of leaves
and pendulous leaf habit of the Eucalyptus canopy. At the catchment scale, Kuczera (1987)
developed a two-parameter model of long-term water yield for the Eucalyptus regnans
(Mountain Ash) catchments following disturbance by bushfires, and suggested that water
yields would recover only after the forest reached maturity, 100 to 150 years after
commencing regeneration. In the intervening years, complex changes in canopy composition
and cover contributed by various strata and plant species would combine to influence forest
hydrological and erosional processes. More recent work on the association between canopy
cover and characteristics of Eucalyptus forests and catchment water balance that explicitly
incorporate considerations of hydrological partitioning include studies by Mitchell et al.

(2012), Webb et al. (2012) and Brookhouse et al. (2013).

Past post-fire erosion studies in Australia have given minimal in-depth treatment of
the vegetation factor. There is usually description of the original vegetation types and cover,
observations of vegetation condition as indicators of fire severity, and the percentage of
ground or canopy cover recovered after several years with little further detail. This at best
represents the key vegetation factor as a grey-box. Although Shakesby et al. (2007)
developed their review based on a noticeable number of studies conducted on post-fire
erosion in southeast Australia, the distribution of studies and the range of methods and scales
adopted in the various work also enabled some gaps in the current research landscape in this
region to be identified. I observed the strong emphasis on sclerophyll forests on sandstone
terrain in New South Wales and more specifically the Sydney Basin, with a smaller number
of studies scattered across Victoria and the Australia Capital Territory. This means that many
of the reported soil erosion rates were based largely on yields from areas with coarse soil
textures. In eastern and southeastern Victoria, many catchments are underlain by Palaeozoic

mudstone and siltstone, as well as sandstone (Birch et al., 2003). Together, these parent
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geologies contribute to the development of fine-textured soils (CSIRO, 2011) that have lower
infiltration rates than coarse-textured sandy soils from sandstone, and are more erodible

(Bryan, 2000; Lal and Elliot, 1994; Song et al., 2005).

At present, the specific effects of vegetation characteristics on hydrological
partitioning and hillslope erosion are treated rather simplistically. Along with the reporting on
the background of the study site in terms of geology, soil characteristics and general rainfall
inputs, there are few clear links made to the operation of the hydrological and
geomorphological processes being investigated. Table 2-2 summarizes the studies conducted
in southeast Australia relevant to this work; with the selection developed initially from the
review by Shakesby et al. (2007), and then updated by searching for relevant articles
conducted on the region of interest - southeast Australia, citing the review. It was observed
that most of the studies focus on the immediate post-fire period, where high erosion rates and
the occurrence of corresponding hazards are reported. These usually halt when the study
areas are seen to have reverted to “background” levels of catchment, hillslope or plot erosion
rates. Furthermore, many studies in the region have been conducted at the catchment scale,
which do not enable detailed insights into vegetation-erosion interactions at the hillslope and
plot scale, the importance and complexity of which are emphasized in this chapter.
Furthermore, the reduction of erosion rates is generally attributed to the regeneration of
vegetation in particular of ground cover without further detailed quantitative treatment or
incorporation of the role of canopy cover. Recently, the review on relationships between soil
burn severity and post-fire runoff and interrill erosion response by Vieira et al. (2015) noted
that only one out of the twenty studies cited was conducted in southeast Australia; the study
by Sheridan et al. (2007). Hence, for this region, there is currently little insight into the
complex influences exerted by recovering canopy cover and other sub-strata on hydrological

and erosional processes that are likely to be of scientific interest and applicability.
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Table 2-2. Survey of selected studies on post-fire erosion in southeast Australia (with focus on Victoria). (Earlier studies in Appendix A)

Authors Location(s) and fire(s) Focus of study Vegetation type(s) Treatment of vegetation factor Experiment/ | Geology and soils Selected findings
observation
timeframe
Nyman et | Various large-scale fires | Investigation of post-fire | Grassy or shrubby dry | Background factor; rapid post-fire | 2003 to 2013 Beechworth and | Two distinct debris-flow
al. (2019) in southeast Australia; | debris-flow occurrences in | sclerophyll forests, | recovery of eucalyptus forests Kilmore-Murrundindi: mechanisms. Runoff-
Grampians 2006, | relation to ENSO-related | floristics varying with | indicated. mostly Silurian | generated type on clay-rich
Wilson’s Promontory | climatic extremes; 21 debris- | study location mudstones (marine); | soils after extreme rainfall
2005 and 2009, | flow clusters identified in the clay-rich loams. | events after/during drought
Beechworth and Kilmore | study area, which occurred Wilson’s  Promontory | (El Nifio related). Landslide-
20009. in 11 periods from 2003 to (granite) and Grampians | generated type on sandy soils
2013. (sandstone), loamy | independent from fire history
sands. from extreme rainfall (La
Nifia related).
Yang et al. | Warrumbungle National | Near real-time prediction of | Grassy and shrubby | RUSLE Cover and management | 2013-17 Geology: For all erosive events (> 12.7
(2018) Park in New South | erosion risk using revised | dry-sclerophyll  forest | (C-factor) determined using Warrambungle mm depth), modelled
Wales; Jan 2013 severe | universal soil loss equation | according to Hunter | MODIS, Landsat 8 and RapidEye Volcanics (basalt) | average hillslope erosion was
fires. (RUSLE) and event/daily- | (2015); similar | satellite imagery combined with overlying Jurassic | 1.35 Mg ha-1 yr-1 from
based rainfall data. Twelve | vegetation structure to | ground survey and on-ground sandstones. Soils: | 2013-17, with  declining
closed erosion plots at | Victorian dry- | hyperspectral soil-vegetation data. Brown to red | trend. Minimum 0.10 Mg ha-
various locations used for | sclerophyll forests. Dermosols; Red and | 1 yr-1, maximum 50.56 Mg
‘ground-truthing’. yellow Chromosols; | ha-1yr-1; standard deviation
Rudosols on recent | 936 Mg ha-1  yr-1.
exposures Significant

Zhou et al. | Yarra River, La Trobe | Quantifying impacts of | Mostly wet sclerophyll | Post-fire  vegetation recovery | 1983-1999 Victorian Central | Results show that for the first
(2015) River and Starvation | bushfire occurrences and | forests dominated by E. | extent affects modelled Uplands composed of | 15 years post-fire, vegetation
Creek catchments. Ash | climate variability on post- | regnans, and including interception storage, Devonian granites | losses (retarded
Wednesday fires, 1983 | fire streamflow in three | E. obliqua, E. | evapotranspiration  losses,  soil fringed by hornfels. | evapotranspiration) and soil
Moderate to severe burns | burnt catchments, using | cypellocarpa moisture  storage, infiltration- Soils mostly deep, well- | surface changes (reduced
affecting 19 to 84% of | (AWRA-L, Xinanjiang and | and E. sieberi. excess/saturation-excess  runoff, structured Ferrosols and | infiltration rates) account for
catchments. GR4J hydrological models. and groundwater storage/drainage. Dermosols with high | streamflow increases.
moisture storage | Climate effects observed
capacity and good | after this period, with
hydraulic conductivity. | continued  effects  from
vegetation and soil recovery.
Nyman et | Eastern Victorian | Field-surveys of post-fire | Dry sclerophyll forests | Forest types and extent of post-fire | 2007-2009 Palaeozoic marine | 315 debris flows; 1st two
al. (2015) Uplands (various research | debris flows to quantify | at lower elevations and | recovery key factors affecting the mudstone, shales and | years sediment yields: 113—
stations). 2007  Great | erosion magnitude, identify | rain-shadows to wet | triggering and magnitude of debris sandstone with sporadic | 294 t ha' (2-3 orders
Dividing Range Fires and | sources and causal storm | sclerophyll (Alpine or | flows with respect to rainfall event granitic intrusions and | magnitude > undisturbed
2009 Black Saturday | characteristics. Evaluate | Mountain ~ Ash)  at | intensity-duration. volcanics forests). Volumes 539 to
Fires topographic ~ factors and | higher / sheltered areas. 33,040 m?3; hillslopes

model/identify risk areas.

contributed 18-62% of total.
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Authors

Location(s) and fire(s)

Focus of study

Vegetation type(s)

Treatment of vegetation factor

Experiment/
observation

Geology and soils

Selected findings

timeframe
Nyman et | 16 locations distributed | Identification and | 15 sites with grassy, | Observed ‘rapid recovery of the | Variable, Mostly Palaeozoic | All debris flows occurred
al. (2011) across the Great Dividing | description  of  post-fire | heathy or shrubby dry | overstorey vegetation... within the | ranging from | marine sedimentary | within 12 months after fire;
Range in Victoria debris flows at wvarious | sclerophyll forest & 1 | first year of after wildfire’. 0 to 8 years | with distinct areas of | triggered by intense short-
locations wet montane forest No specific quantitative | after fire fluvial sedimentary, | duration events of Iz (35-59
description metamorphic  (schists | mm h7); runoff generated
and  gneisses) and | debris flows important post-
patches of granitic | fire process in dry eucalypt
formations forests.
Sheridan et | Slippery Rock Creek and | Catchment-scale discharge | Wet eucalypt forest; E. | Vegetation cover measured using | 3 years post- | Quartz  diorite  and | Maximum non-linearity
al. (2011) Springs  Creek, East | and sediment concentration | delegatansis (lower | 900 cm? frames along transect fire gneiss; friable brown | between  discharge and
Kiewa Research | using weir/flume at | slopes), E. regnans | Vegetation recovery phase was the gradational clay-loams | sediment delivery in
Catchments, NE Victoria | catchment outlets; turbidity | (upper slopes) main cause of irregular patterns in and sandy clay-loams | immediate post-fire period,;
probes; flow stage water sediment rating exponent “b”; no generally not extending | reducing  hillslope  and
auto-sampler details provided on vegetation 1.5 m depth; Acidic | increasing channel
recovery and not utilized Eutrophic Red | contributions of sediment
quantitatively as factor affecting Dermosols. through time; recovered state
sediment exports achieved 24 to 38 months
after fire.

Nyman et | Slippery Rock Catchment, | Combined effects of soil | Wet sclerophyll forest | Rapid vegetation recovery invoked | 2" and 8" | Gneiss and schist from | 70% and 60% of plot areas
al. (2010) East Kiewa Research | water repellency and | of mainly Alpine Ash | as key reason for rapid recovery of | month of the | regionally were water repellent in
Catchments, NE Victoria; | macropore flow on hydraulic | (Eucalyptus infiltration and runoff to “pre-fire | first year | metamorphosed summer and winter
2007 high-intensity fires conductivity on burnt forest | delegatiensis) conditions” following fire | sedimentary rocks; | respectively. Macropore flow
soil using tension (mini- | with scattered Mountain | Fire-induced water repellency is | in 2007. Acidic Eutrophic Red | helped to negate water
disk) and ponded | Gum (Eucalyptus widespread Dermosol with friable | repellency effects;
infiltrometers darlympeana) and highly structured | occurrence  of  ponding

clay-loam A-horizon. important for infiltration
Smith et al. | Northeast Victoria -Flat | The effect of the prescribed | Mature dry to Burnt areas were mapped 0 — 18 months | Ordivician sandstones, | Significant difference
(2010) Creek and Steep Creek; | fires on stream exports of | damp open Eucalyptus | Ground cover for riparian areas | after fire siltstones and | between pre and post-fire
2005 prescribed burns; | suspended forest with dominant | surveyed along 25 m transects mudstones; silty loam to | with peak suspended

2006 prescribed burn to
riparian areas

Sediment using weirs and
automatic water samplers at
catchment outlets

species including
narrow-leaved
peppermint (E. radiata),
broad-leaved

peppermint

(E. dives), red
stringybark (E.
macrorhyncha) and
manna

gum (E. viminalis).

using visual comparison of 0.2 by
0.2-m quadrats.

Rapid riparian area ground cover
recovery was quantified (2006:
47%; 2007:86%) and invoked as a
causal  factor for  reducing
catchment exports.

heavy clay at depth with
variable gravel content

sediment of 11.5 kg ha* yr?
and total P of 0.016 kg ha*
yrt,

Strong correspondence of
catchment  exports  with
rainfall input volume. Period
of erosion vulnerability up to
18 months.
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Authors

Location(s) and fire(s)

Focus of study

Vegetation type(s)

Treatment of vegetation factor

Experiment/
observation

Geology and soils

Selected findings

timeframe
Noske et al. | East Kiewa, northeast | Stream exports of coarse | Eucalyptus delegatensis | Vegetation species as background | 0to 3 yrs Gneiss and  quartz | Coarse matter  exports
(2010) Victoria Slippery Rock | matter and phosphorus after | plus  other ~ Mixed | description of study area; no diorite, some | approached pre-fire levels
Creek and Springs Creek; | wildfire at the catchment | eucalypt (no specifics) further description, exploration or granodiorite; clay loams | after 3 to 4 years; Strong
2003 moderate-severe | scale using  weir/flume, integration quantitatively as a and sandy clay loams | decreases for winter/spring;
intensity fire with almost | bedload samples and causal factor. with strong aggregation | most P exports  with
100% crown scorch turbidity probes catchment suspended sediments.
outlets
Sheridan et | East Kiewa, northeast | Pre and post-fire runoff and | Mature Alpine Ash | Focus of the rainfall simulations | 0to 3 yrs Quartz  diorite  and | Ten-fold increase  with
al. (2007) Victoria erosion rates at the plot and | (Eucalyptus were on the percentage of ground gneiss; Sandy clay | exponential decrease in 2
2003 moderate-severe | hillslope scale using rainfall | delegatensis RT Baker) | contact cover; no discussion of loams and clay loams | years with ground cover
intensity fire with almost | simulation experiments (100 canopy cover (Acidic Eutrophic Red | increase to 90%. Seasonal
100% crown scorch mm/h for 30 mins) Dermosols) water repellency reported.
Smith and | Thredbo, Snowy | Estimation of  post-fire | Sub-alpine  woodland | Focus on ground-level vegetation | 0to 2.3 yrs Granites, gneisses, | Estimated erosion rates: 2.7
Dragovich Mountains, southeast | hillslope erosion and | (Eucalyptus pauciflora) | recovery which remained low; porphyries, Tertiary to 943 t hat; differing
(2008) Australia deposition rates  using | and wet sclerophyll | Qualitative observations of the basalts and | process dominance for burnt
2003 moderate severity | erosion pins forest (Eucalyptus | variable extent and recovery of metamorphosed and unburnt hillslopes;
fire with widespread loss delegatensis-E. canopy but not quantified as a sediments; Chernic | “exhaustion” of sediment
of ground cover and dalrympleana causal factor Tenosols -  alpine | supply likely on some burnt
partial crown scorch alliance) dominating humus (upper/mid- | hillslopes.
lower parts of the slopes slope) and  Brown
Dermosols (lower
slopes)
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2.3.6. Climate change impacts and fire regimes in SE Australia

Global climate change is expected to cause shifts in Australian fire regimes, as also projected
for the western United States and the Mediterranean. Southeast Australia’s climate is likely to
shift with increased global CO2 concentrations and concomitant climatic circulation
adjustments; for instance the poleward expansion of the Hadley Cell in the Southern
Hemisphere (CSIRO, 2012) which may result in the greater persistence of sub-tropical high-
pressure systems causing drier and warmer conditions favourable to wildfire ignition and
spread. On the other hand, in regions where rainfall depth or event intensities are projected to
increase, accelerated soil erosion and nutrient leaching are also likely to cause ecological
problems such as eutrophication of aquatic environments (Sinha et al., 2017). Modelling
projections of future regional climate and wildfire risk by Kelley and Harrison (2014) showed
that the extent of burnt areas would likely increase in southern Australia, but decrease in
northern Australia, and drive an increased dominance of fire-adapted species in wooded
areas. Furthermore, Clarke et al. (2011) predicted longer fire seasons for eastern Australia
with higher Forest Fire Danger Index (FFDI) (Dowdy and Mills, 2012b; Noble et al., 1980)

values in the late spring/early summer seasons.

Fairman et al. (2015) have emphasized that “alternative stable states’ would be very
likely this century, even for fire-adapted eucalypt forests in southeast Australia which can
experience very high fire recurrence intervals of 11 years or less. As these alternative stable
states become increasingly widespread over the southeastern Australian region, the relative
contribution and activity of hillslope hydrologic and erosional processes associated with
intermediate vegetation structures could increase in comparison to the *“original” stable
structures. Fairman et al. (2015) commented that both fire-sensitive and fire-tolerant
vegetation species can undergo substantial shifts in floristic composition through the effects

of recurrent fires that prevent the often assumed “recovery” to the original climax vegetation
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composition and structure, especially when the regenerating species have not yet reached
sexual maturity but the repeat disturbance is imposed on the area. This “double-burning”
phenomenon occurred in the 2006/7 Great Divide Fires when part of the burnt area
overlapped with that of the 2003 Eastern Victorian Alpine Fires (details in Chapter Three).
Hence, changes in vegetation floristics, structure, fuel accumulation and microclimate could
already be in motion over many areas in southeast Australia. Therefore, workers in post-fire
hydrologic and geomorphic sciences need to be able to understand and represent a wide range
of new alternative stable (albeit dynamically changing) states brought about by such
ecological alterations, what Bowman et al. (2013) have termed ‘fire-driven state shifts’.
Indeed, in the present era where the human influence on global systems is indubitable, the
combination of both natural and human activities is likely to have created innumerous
‘landscape traps’ at the global scale (Lindenmayer et al., 2011). In this regard, Fairman et al.
(2015) commented on the ‘surprising paucity’ of work investigating the effects of recurrent

wildfires on tree mortality and regeneration in Victoria’s forests.

If not much is currently known about the alterations in post-fire vegetation
composition and structure under fire regimes of higher frequency of occurrence and likely
higher severity over very large areas — ‘mega-fires’ (Attiwill and Binkley, 2013), there would
be even less knowledge about the complex and variable operation of hillslope hydrologic and
geomorphic processes under these “new normals”. Thus, post-fire erosion scientists need to
look further into the “window of recovery” (Prosser and Williams, 1998) (see Chapter One),
and incorporate detailed observations of the range of vegetation characteristics and their
dynamic changes through space and time into current knowledge of how hillslope erosional
and hydrologic processes operate. This detailed work studying the intermediate post-fire
phase could be enabled by applying and extending the ‘zones of influence’ concept

(Dunkerley, 2000) to the post-fire erosion context, as presented in the following section.
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2.4. Zones of influence of plants in post-fire conditions

2.4.1. Existing studies

Studies of specific vegetation effects on hydrology and erosion at the detailed plot scale may
appear to be unimportant, operating at the lower-order scale and having only minor impacts
on the processes and outcomes of interest at the catchment and drainage-basin scales.
However, from the ecohydrological perspective (Eamus et al., 2006) their cumulative impacts
should not be discounted when scaling-up or down models of erosion and runoff (Parsons et
al., 2006). For arid landscapes where dryland shrubs dominate, Dunkerley (2000)
demonstrated the paramount importance of plant position and physical characteristics in
determining the attributes of ‘zones of influence’ of each individual’s water balance and
throughfall characteristics. This was because these factors controlled the consequent splash
and overland flow processes. Therefore, these phenomena need to be examined carefully in
the light of the different physical attributes of different plant species, including those found in

dry eucalypt forests under intermediate post-fire conditions.

Wainwright et al. (2000) highlighted how individual shrubs in semi-arid regions,
through the preferential accumulation of fine particles by attenuating splash erosion forces
under their canopies in a positive feedback loop, generate localized ‘islands of fertility’ that
enable the retention of nutrients and water in an otherwise meagre environment. Interesting
intra-canopy variations in throughfall erosivity according to canopy architecture of different
plant species with different leaf characteristics, have also been demonstrated by Foot and
Morgan (2005) through laboratory experiments. The result of these ‘patches of fertility” is
increasing land surface and soil heterogeneity favouring the dominance of desert shrubs, and
subsequent rapid desertification of Southern New Mexico and the Sahel (Schlesinger et al.,

1990).
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Ludwig et al. (2005) showed the importance of vegetation patches in exerting clear
but complex effects on the spatio-temporal distribution soil moisture, plant growth and
runoff/erosion at the broader landscape scale for semi-arid regions in Australia, Europe and
North America. Most recently, Kidron (2015) highlighted the instrumental influence of
under-canopy biocrusts in increasing runoff and sediment yields in arid dunefield shrublands
of the wester Negev Desert in Israel. While much potential insight can be gained by adopting
these eco-hydrological and eco-geomorphological approaches in post-fire erosion studies in
southeast Australia, their application is at present quite limited. This is discussed in the

following section where | propose the Dynamic Zones of Influence (DZI) framework.

2.4.2. Dynamic zones of influence (DZI) in post-fire eucalypt forests

In view of the various knowledge gaps highlighted in the previous sections, some questions
should be addressed when considering post-fire erosion applied to dry eucalypt forests in
southeast Australia. If these forests have such distinctive characteristics, what are the higher-
order controls and influences over hillslope erosion processes under intermediate post-fire
conditions where substantial vegetation regrowth has occurred? How can the dynamic
changes to the vegetation canopy be described? What are the ways in which rainfall events
are modulated by the changing canopy structure and extent? What are the possible changes to

the soil surface and subsurface horizons?

Building on the earlier ecohydrological work by Wainwright et al. (2000) and
Dunkerley (2000), I propose a Dynamic Zone of Influence (DZI) framework that can be
applied to post-fire landscapes, as well as other environments where significant perturbations
have resulted in extensive vegetation loss (e.g. clearfell logging). This is illustrated using a
model sequence of post-fire vegetation regeneration of tree canopy species in dry sclerophyll
forests (see Figure 2-2). Firstly, 1 consider the zone of influence of an individual tree, for
instance Eucalyptus polyanthemos (as described earlier) that exhibits distinctive leaf
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characteristics including heterophylly, regenerates post-fire readily from lignotubers and/or
epicormically (Eamus et al., 2006), and has a generally “bullet-shaped” crown shape. Active
outward and upward expansion of the canopy is led by new leaf buds at the outer edges of
branches and twigs. Inwards from the canopy edge, larger, fully-developed leaves with their
typical pendulous hanging habit occur in clumps. As older leaves on the inside of the canopy

senesce, they fall off the twigs and are deposited on the ground.

As highlighted by Dunkerley (2000), the arbitrary binary division between patch
(vegetated) and inter-patch (unvegetated, exposed) areas obscures important variations within
plants’ zones of influence, especially when the growth-correlated dynamic spatial
colonization by the plant (Christophe et al., 2003) is considered. Therefore, three component
sub-zones under the eucalypt canopy are suggested: (i) the inner zone which has the highest
volume of leaf litter but less foliage above it, except for new foliage growing at the apex of
the growing crown; this zone would also be the primary recipient of stemflow (Dunkerley,
2014a); (ii) the middle zone which has the highest volume of overhanging foliage with
numerous vertical overlaps of branches, twigs and leaves; and (iii) the outer zone which is
where active lateral expansion of the plant is occurring, and is importantly a transitional zone

between the under-canopy and open, exposed non-canopy areas.

Having established the structure of the individual zone of influence (Figure 2-2), |
consider the dynamic changes of this zone by commencing with the near-term post-fire
situation where noticeable active re-growth has commenced (Figure 2-3a). The zones of
influence of individual plants on the hillslope therefore, through spatial colonization, expand
laterally and extend vertically through time as post-fire regrowth proceeds further, exerting
their effects at the expense of the contracting open areas (Figure 2-3b). Ground cover would
concomitantly increase as the regeneration proceeds but may be variable depending on micro-

scale conditions (see Figures 1-6 c-d).
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Figure 2-2. Proposed Dynamic Zone of Influence (DZI) model composed of 3 sub-zones: (i) inner, (ii)
middle and (iii) outer. Each zone has differing ground, canopy and hydrological/erosional process
responses to rainfall input.
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Figure 2-3. Hillslope-scale DZI model. (a) Near-term post-fire conditions. Small zones of influence
with large inter patch zones. The zones of influence would be expected to grow dynamically laterally
and vertically as post-fire recovery proceeds. (b) Intermediate post-fire conditions. Substantial but
incomplete vegetation regeneration has occurred. Zones of influence have expanded substantially
while inter-patch zones concomitantly contract; extent of ground cover recovery may be spatially
variable depending on micro-scale differences in water availability, soil conditions and availability of
grass/forb/shrub seedbank.
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Vegetation-erosion interactions are presently under-examined even though they are
fundamentally important and are complex and variable through time and space. The Dynamic
Zone of Influence (DZI) framework could be applied at the scale of the individual plant, and
should also be applied at the broader hillslope scale, to better synthesize knowledge of plant
ecology and physiology with the geomorphological interests of hillslope erosion and
hydrology in post-fire erosion science for southeast Australian eucalypt forests. With the
increased extent and complexity of responses of vegetation assemblages to regional and
global climate changes, and heightened probabilities of major perturbations to vegetation at
the landscape scale due to the likely increased occurrence of large wildfires in this region, the
DZI framework has good potential for application in the fields of ecogeomorphology and

ecohydrology.

The preceding discussion has delved into the various aspects of regionally-specific
vegetation characteristics, the general hydro-climatic contexts and the likely impacts of
climate change within the next century. However, one key factor still needs to be
incorporated into the discussion — that of detailed rainfall characteristics that has been largely

missing from many post-fire erosion studies.
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2.5. The importance of detailed rainfall event characteristics

Thus far, much focus in this thesis has on establishing the need for increased study of post-
fire hydrology and erosion in intermediate vegetation conditions, and these transitions can be
framed in the aforementioned DZI model and the associated transitions in hydrologic
vulnerability. However, being the main driver of post-fire erosion, rainfall event
characteristics such as intra-event intensity variations, peak intensity-durations and rainfall
erosivity, also need to be carefully investigated in terms of their complex interactions with
vegetation canopies and strata, ground-level litter layer and soil surfaces as to how erosional
processes operate on burnt hillslopes — particularly in intermediate vegetation conditions.
Even though these rainfall characteristics have a key role to play in controlling the operation
of splash impact and runoff generation (and run-on losses) on hillslopes (Dunkerley, 2012)
that are essential for understanding post-fire erosion dynamics, minimal work has been done
in either the immediate or intermediate post-fire conditions. Indeed, plants’ DZIs would
operate differently according to the characteristics of rainfall events arriving at the canopy,
for example depths and intensities, duration, event stage (early, middle, or late), time of day
(e.g. day or night), micro-meteorological conditions during the event, and antecedent
conditions. By extension, throughfall processes and patterns resulting from variable canopy
interception and modulation effects on rainfall events of varying characteristics, also play an
integral role in hillslope hydrological and erosional processes under intermediate post-fire

vegetation conditions.

In their modelling of post-fire rainfall-runoff responses using the Kinematic Runoff
and Erosion Model (KINEROS2) and Automated Geospatial Watershed Assessment Tool
(AGWA), Sidman et al. (2016) demonstrated that varying the temporal and spatial
characteristics of a range of post-fire rainfall events led to large changes to the modelled peak

flow, with events synthetically represented at uniform intensity giving the least accuracy in
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model output by underestimating peak flows. Therefore, post-fire erosion rates derived from
commonly conducted constant-intensity rainfall simulations, e.g. Rulli et al. (2006); Sheridan
et al. (2008); Leighton-Boyce et al. (2007), could have resulted from incomplete
characterizations of hydrological and erosional behaviour under natural rainfall conditions
(Dunkerley, 2008b), although these well-controlled studies have provided useful knowledge
on key hydrological and erosional processes. Mohamadi and Kavian (2015), working on
moderately steeply sloping rangelands in Iran reported positive linear relationships between
soil loss and rainfall intensity at lower intensities. However, non-linear, logarithmic and
exponential relationships were found at higher rainfall intensities, therefore demonstrating the
operation of processes-response thresholds - often overlooked complexities when trying to
understand post-fire hydrological and erosional responses to natural rainfall events (Larsen

and MacDonald, 2007).

The temporal scale at which rainfall is represented and utilized as a causal factor or
correlate, is of fundamental importance because vast differences can be found in the derived
erosional energy (Dunkerley, 2010b). Most workers would agree in-principle that rainfall
depths integrated over yearly, monthly, weekly or even daily timescales provide rather coarse
approximations of the actual events, and would therefore be insufficient to enable the
determination of sediment yields with much confidence. Despite this, rainfall events have
generally been treated rather simplistically in many previous post-fire erosion studies,

possibly out of convenience or limited data resolution.

Rainfall events need to be of sufficient albeit variable combinations of depth, intensity
and duration for any discernible operation of splash erosion or surface runoff; for an
activation threshold to be crossed (Larsen and MacDonald, 2007; Rémkens et al., 2002). The
acquisition of these detailed metrics is now increasingly feasible with modern rainfall

measurement equipment and processing techniques. Various levels and extents of structural
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and functional (dis)connectivity on the hillslope could then be examined (Fryirs et al., 2007;
Reaney, 2013; Wester et al., 2014; Williams et al., 2016). Furthermore, the treatment of the
rainfall data and the partitioning of rainfall events, and the subsequent statistics derived from
them, also require detailed examination (Dunkerley, 2008a). Barros et al. (2013)
demonstrated how the space-time structure of rainfall, modulated by terrain and regional
climatic patterns, was fundamental in influencing surface and subsurface flows, with
interflow being one of the key processes involved in the triggering of debris flows in the
southern Appalachian mountains. Youberg (2013) described how the hydro-geomorphic
response of burnt catchments could be categorized according to the different rainfall regimes
that they experienced across the southwestern United States. When examining post-fire
rainfall-runoff processes related to 5 fires over 40 years in the eucalypt forests of the Nattai
catchment in southeast Australia, Tomkins et al. (2008) found that rainfall characteristics
exerted higher-order influence on surface runoff. They reported that moderate-high intensity
falls of around one-year average recurrence interval (ARI) produced substantial surface
runoff, indicating threshold rainfall characteristics for sufficient erosive energy to be present.
While these events were not exceedingly rare, they were nevertheless found to be quite
unreliable in their occurrence in the several ensuing post-fire years, possibly due to these fire
and post-fire rainfall events occurring during drought years. Hence, quite high levels of
uncertainty are inherent in predicting post-fire erosion and vegetation recovery rates. For
inter-regional comparisons to inform post-fire erosion science at the global scale, more work
needs to be done with a certain degree of parity, in establishing rainfall energy thresholds,

their impacts and outcomes on post-fire hillslopes of varying soil and vegetation conditions.

IHluminatingly, more than half-century ago, Horton (1945) discussed the causes and
effects of “rain-wave trains” associated with intra-event intensity peaks that drove surface

runoff and soil erosion as accelerated, non-linear pulses down hillslopes, rather than as single,
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continuous overland flow events which may be commonly visualized and conceptualized.
Hence, intra-event high-intensity “bursts” of rainfall over very short time periods (possibly
over a few seconds) are likely to have strong accelerative impacts on post-fire hillslope
erosion processes (Moody and Martin, 2001a; Moody and Martin, 2001b). Therefore,
commonly-used rainfall intensity values across 30-minute or even 15-minute time periods
could significantly mask the effects of these “bursts” that impart strong erosional forces
through the abrupt increase in mass of water and the momentum provided for erosional
“pulses” of splash and overland flow to work above their averaged competence levels, and
account for non-linear outcomes (Rémkens et al., 2002). Indeed, Moody and Martin (2015)
found that rainfall acceleration, the rate of change in rainfall intensity within the event,
strongly affected the time to ponding and the generation of overland flow which accounted
for a large proportion of post-fire eroded sediments on hillslopes in the Fourmile Canyon,
Colorado. The actions of these intra-event high-intensity rainfall pulses, over heterogeneous
post-fire hillslope surfaces, exert considerable influence over the spatial and temporal
patterns of hydrological and sediment connectivity (Reaney, 2013) but have not been studied

sufficiently to be understood comprehensively.

As demonstrated by Angulo-Martinez and Barros (2015), numerous uncertainties
exist in current understanding and representation of relationships between rainfall kinetic
energy and intensity that can seriously confound attempts to link specific rainfall-intensity
thresholds to the initiation of the important hillslope erosional processes of splash, overland
flow, or debris flows, and therefore to predict with much accuracy soil erosion rates through
computer modelling. Further complicating this problem would be the rainfall modulating
effects of different plant covers and canopy architectures that would increase or decrease any
under-canopy drop erosivity and overland flow generation rates, as discussed earlier for post-

fire intermediate conditions.

82



Brogan et al. (2013) reported that spatial variability in rainfall from thunderstorms
exerted key primary controls over the operation of erosional and depositional processes in the
streams of Hill Gulch and Skin Gulch watersheds in Colorado that had been burnt at
moderate to high severities. Although this study did not specifically examine hillslope
sediment dynamics, the importance of detailed rainfall event characteristics on channel
processes at the watershed scale, and by implication hillslope-scale processes, was
demonstrated. Moody et al. (2013) argued that, as part of the range of research gaps to be
addressed in post-fire erosion science, more work was needed to investigate the spatial and
temporal variability of precipitation events at the meso-scale in the post-fire erosion and
hydrology contexts. This was because of the possibilities of better representation of rainfall
events at the sub-daily scale with improved monitoring equipment, the sophistication of
current numerical models in being able to process high temporal resolution data over long
time periods, and the inherent problems of time-averaging on simplifying the hydrological
and erosional impacts of intra-event intensity variations that lead to losses in the ability to
identify the timings and relationships of intensity peaks, acceleration/deceleration and
troughs or interludes. Even though rainfall metrics such as Alis (rainfall amount multiplied
by maximum 15-min intensity) (Mayor et al., 2007), varied-duration intra-event rainfall
intensities (Dunkerley, 2012; Dunkerley, 2015a; Dunkerley, 2016) and geomorphically
effective events (Huang, 2006) have been occasionally examined, more consistent attention is
needed to draw clear links between their physical bases and the theorized or observed post-

fire erosion processes (Moody et al., 2013).
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2.6. Synthesis

In this chapter, | have reviewed existing studies on post-fire erosion and their key controlling
factors for the eucalypt forests in southeast Australia. While the distinctiveness of post-fire
vegetation and recovery in this biogeographic region has been generally established vis-a-vis
the western United States and the Mediterranean, more work needs to be done to establish
deeper understanding of the specific and dynamic controls and interactions post-fire
vegetation, particularly tree canopy species, have over hillslope erosional and hydrological
processes under intermediate post-fire recovery conditions. For the dry eucalypt forests of
southeast Australia, this entails examining the influences of key factors such as distinctive
leaf shapes and sizes of juvenile eucalypt leaves, branching habits, the resultant canopy
architecture, rates of growth, leaf litter deposition and the consequent impacts of rainfall
modulation by the regenerating post-fire canopy which control throughfall fraction, erosivity
and overland flow processes that drive hillslope material (soil and litter) fluxes. This means
that workers need to pay more attention to the time periods deeper into the post-fire “window
of disturbance” (Prosser and Williams, 1998) even though impressive hillslope erosion rates

may not necessarily be observed.

The DZI framework has been proposed to describe and analyze vegetation-erosion
relationships, particularly canopy modulation of rainfall events, across a landscape. Climate
change is expected to bring important shifts to rainfall, temperature and humidity patterns
that are quite likely to result in altered fire regimes in terms of higher fire frequency, and
longer durations and larger extents of vegetated areas remaining in “recovery” phases. This
also means that vegetation structures and distribution of fire-prone regions such as southeast
Australia are likely to shift in response to these changes. Accompanying the projected
changes in climate will also be changes in rainfall patterns and the normal rainfall event

characteristics. With the ongoing scarcity of knowledge of how post-fire erosion varies with
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rainfall event characteristics, the need to understand this in the shifting background of
changing rainfall patterns associated with climate change in southeast Australia makes this

even more important.

This research has been developed to address the various research gaps and needs
reviewed in this chapter. I now proceed to Chapter Three where the geophysical and
ecological context of the study site are presented. This will set the groundwork for Chapter

Four where the materials and methods for this study are described.
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CHAPTER THREE: SITE DESCRIPTION
In this chapter, the key attributes of the study site and region are described to provide an
integrative view of the key systems controlling intermediate post-fire hydrological and
erosional processes and outcomes in the area. Firstly, the location of the study site is
identified. Secondly, the 2006/7 Victorian Great Divide megafire that affected extensive
areas in the state of Victoria, southeast Australia is described to frame the discussion that
follows of the key factors and processes operating in this landscape. Thirdly, the geology and
topography of the study area are presented to account for the general landscape attributes
such as slope, aspect and soils along with the attendant geomorphic processes, and to also

relate the terrain attributes to the climatic patterns experienced by the study area.

Fourthly, the climate and rainfall regime of the region and study site are described to provide
a regional, meso-scale understanding of the range of meteorological mechanisms that
determine rainfall event occurrences and characteristics, including their temporal and spatial
distribution which are illustrated through an examination of selected synoptic charts and
rainfall radar images during major precipitation events in summer and winter. The patterns of
diurnal-nocturnal rainfall occurrence are also explored to drive a discussion on the
implications of this poorly-examined factor on intermediate post-fire hydrological and
geomorphological processes with respect to soil and vegetation canopy hydrology. Lastly, |
discuss the pre-and post-fire vegetation and soils to provide a clear idea of the intermediate
conditions five years after the fires; the focus of this research. The abovementioned
components of this chapter will help to establish the relevance of the study site as a useful
exemplar of intermediate post-fire hillslopes in the broader region, develop sufficient
understanding of the study site, and support the discussion on materials and methods in

Chapter Four.
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3.1. Location

The study site (Coordinates: UTM 55H 465990E 5845220S; Elevation: 330 m a.s.l.) was
located 15 km north of the town of Licola (refer to Figure 3-1). Situated in the foothills of the
southern flank of the Great Dividing Range in the Alpine National Park in Victoria, southeast
Australia (Parks Victoria, 2016), the steep upland topography represented well the terrain of
many catchments in the region, where the extensive loss of vegetative cover and soil
degradation caused by the 2006/7 Great Divide Fire and subsequent severe erosion episodes,
had significant downslope and downstream impacts (Shakesby et al., 2007; Smith et al.,

2011).

Victoria

Australia
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Figure 3-1. Location of study area. Source: State Government of Victoria (2015).

The study area was selected also because it was representative of the broader geology,
soils and vegetation of this substantial physiographic and ecological sub-region of southeast
Australia. The general hydroclimatic conditions driving rainfall and runoff experienced in the
area were also broadly similar across the region. Therefore, findings from this field area
could provide some insights into intermediate post-fire hillslope erosion processes operating

in other similar locations and catchments. The site was located within the Alpine National
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Park which was declared in 1989 and spans 646,000 ha. Prior to 1989, major modern-era
anthropogenic disturbances in the region were grazing and logging. Logging in the area
ended in 1981 (Lloyd et al., 2005) and grazing licences were terminated in 2005 (Williamson
et al., 2014). Presently, the range of activities in the area include recreational camping,
fishing, hiking and off-road (4WD car and motorcycle) trail driving, representing potential
causes of ignition or accelerated soil erosion in specific locations. Compared to the
predominantly agricultural land use outside the park boundaries, most parts of the Park
therefore would not have experienced very major recent anthropogenic disturbances to the
forests to artificially affect wildfire occurrence, vegetation recovery and soil erosion
processes - the focus of this study. Nevertheless, it should be acknowledged that traditional
Aboriginal burning practices over many millenia would have already left their imprints on the

landscape and ecology in post-European settlement times (Gammage, 2011).

The earliest known relevant scientific survey of the region was the reconnaissance
study of the ecology and land-use of the region comprising the catchments of the Glenmaggie
Reservoir conducted by Rowe and Downes (1960) of the then Soil Conservation Authority
(SCA), Victoria. This report provided useful descriptions of the terrain, soils, climate and
hydrology and vegetation of the Snowy Plains, Barkly, Yangoura, Glenmaggie, Macalister
and Wellington land systems. The present study area was part of the Wellington land system
and where relevant, information from Rowe and Downes (1960) has been included to help

establish a clear picture of the study area in its “original” conditions.

3.2. Geology

In this section, we briefly examine the geology of the region to provide an understanding of
the landscape, soils and vegetation of the study area. This region is mainly underlain by
poorly-bedded middle to late Devonian mudstone, with minor occurrences of sandstone and

conglomerate. These are part of the Snowy Plains Formation in the upper region of the Avon

88



River Group (State Government of Victoria, 2015). This region of the Great Dividing Range,
an intraplate highland belt (Bishop, 1988), was formed as part of the Lachlan Orogeny during
the Paleozoic era that involved widespread folding, thrust faulting and wedge accretion
associated with plate convergence and subduction (Gray and Foster, 2004). Indeed, the
southeastern Australian highlands have been identified as having one of the highest bedrock
erosion rates, estimated at 20 to 50 m Ma™ (McPherson et al., 2014). It has been widely
assumed that subsequent tectonic stability during the Cainozoic (Sandiford, 2003), and
subaerial denudation of the uplifted landmass led to the present steep, dissected landscape of
the study area. However, it is likely that broad-scale tectonic activity would have caused
general uplift of the highlands resulting in the rejuvenation of fluvial erosion causing the
pronounced topography and seemingly entrenched drainage patterns; these have been
variably attributed to passive isostatic uplift in response to erosional unloading, dynamic
isostatic rebound, and intermittent, short periods of volcanically-associated uplift (Bishop,

1988).

Neotectonic activity further helps to explain recent and contemporaneous
geomorphological processes and forms of the region. Sandiford (2003) highlighted the high
spatial intensity of seismic activity in a narrow belt including the southern and eastern
highlands of Victoria. These have helped to provide good evidence for the high level of in-
situ, intra-plate stresses causing ‘active deformation’ characterized by Quaternary reverse
faulting that, in our area of interest specifically are thrust-strike slip with maximum stress
oriented in the southeast-northwest direction (Sandiford, 2003), and are probably responsible
for driving the ongoing denudational activity, although broad-scale regional variations and
spatial occurrence of the mechanics and outcomes of such neotectonic uplift across southeast

Australian highlands exist (McPherson et al., 2014).
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The physiography of the area is dominated by north-south oriented ridges determined
by the folding of sedimentary beds of the Lachlan Orogen (Rowe and Downes, 1960), and
these have therefore determined directions of river flow and led to aspect-associated spatial
distributions of vegetation and soil types elaborated upon later in this chapter. The parent
material — mudstone and siltstone, have contributed to the development of highly erodible silt
sandy loam and loamy sand soils in many parts of the region, facilitating active, ongoing

hillslope erosion by fluvial activity and maintaining the steep terrain over time.

3.3. Topography

The topography of the study area is presented in Figures 3-2 and 3-3. This area is part of the
Wellington land system of the Glenmaggie catchment which Rowe and Downes (1960)
described as ‘narrow and gorge-like’ (p. 13) ‘low montane land’, steep to very steep
topography and with “fairly high’ erosion hazard (p. 42). The Wellington River (see Figures
3-2 and 3-3) flows generally from north to south towards the town of Licola where it meets
the Macalister River flowing through the Barkly land system which covers higher elevations
to the west and north of the Wellington land system. Williamson et al. (2014) described the
Wellington River as a “stony upland river’ in “pristine condition” with riverbed geology of
Quaternary alluvium and Silurian siltstone and mudstone, with the catchment ‘well

forested with native vegetation... ... ‘[mostly] native open [dry eucalypt] forest’ (p. 376-377).

Rowe and Downes (1960) reasoned that the Barkly land system situated to the west of
the Wellington, was likely to be causing a rain-shadow effect over the study area with respect
to the westerly frontal systems dominating over the region, therefore causing higher aridity
and influencing vegetation structure and distribution (see Section 3.5). The local-scale
rainfall regime and event characteristics would also be influenced and consequently affect the

study site’s ecological, hydrological and erosional processes and outcomes.
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Following the classification scheme of the National Committee on Soil and Terrain
Australia (2009), the landform patterns were Rolling hills (RH) to Steep hills (SH) with high
relief at 140 m. Across the landscape, elevation above sea level ranged from 280 m in the
valley of the Wellington River to around 1000 m at the tops of the dissected plateau (see
Figure 3-2). Slope profiles were generally concave at the lower slopes to convex at the upper
slopes. Gradients of the lower slopes ranged between 18° and 30°, while those of the upper

slopes ranged between 32° and 50° with the latter dominant towards the summit.
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Figure 3-2. General topography of the study area 15 km north of the town of Licola (study
site indicated by the black rectangle). Source: State Government of Victoria (2015).

Aspect of the study site slopes was westerly to northwesterly (see Figure 3-2). These
slopes were also distinctly steeper than the southwest-facing slopes in the neighbouring area
just southeast of the study site across the watershed marked by the Mount Margaret Track.
Plate 3-1 provides the aerial view of the study area. Detailed descriptions and photographs of
post-fire erosion conditions are presented in section 3.7.2 This would be related to the active
fluvial erosion of slopes directly adjacent to the Wellington River. Hillslope hydrological and
erosional processes were likely to be active and rapid on these steep slopes. In such hilly and
mountainous terrain, aspect and topographic position exert higher-order controls on

vegetation distribution in dry eucalypt forests due to differences in temperature, water
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balance and soil development with xeric species dominating on the northwest-facing upper
slopes. These are due to the growth-limiting high heat and poor soil water conditions of
exposed aspects and topographic positions, that impact particularly strongly during late-

afternoon evapotranspirative peaks, (Kirkpatrick and Nunez, 1980).

For the study site, it was likely that these microclimatic factors exacerbated the
associated differences in post-fire vegetation recovery rates, structure and floristics, and
therefore soil erosion, deposition and recovery patterns as discussed by Leitch et al. (1983).
For example, exposed north, northwest and west-facing upper-slopes were more likely to
have sparser and retarded post-fire recovery of tree canopy and ground cover, with more
active erosion. In contrast, more well-sheltered south, southeast and east-facing lower slopes

would have more rapid post-fire vegetation recovery and lower soil erosion rates.
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Plate 3-1. Aerial (oblique) view of study area looking east, 3 Jan 2017. The Wellington River flows in an east-west direction (left-side of image)
before entering the study area to flow in a north-south (image foreground); note the asymmetry in slope steepness and vegetation density
discernable via brown and green shades between north and south-facing slopes respectively. Source: Google Earth (2017). Imagery:
CNES/Airbus. Region surrounding the study site location: UTM 55H 465990E 5845220S.
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3.4. The 2006/7 Great Divide Fires

Leading up to the major series of ignitions on 1 Dec 2006, the region was already deep in the
grip of the Millennium Drought (van Dijk et al., 2013), with the large 2003 Alpine wildfires
having occurred just 3 years prior. EI Nifio conditions had persisted prior to, and through
2006, which would have led to regional-scale accumulation and curing of fuels as large tracts
of forests, shrublands and grasslands would have responded to the drought conditions with
extensive leaf drop. Furthermore, die-off of many plants would have added to the total dry
fuel available, contributing to warmer and drier forest microclimates, increasing likely fire-
intensities and rates of spread (Ruthrof et al., 2016) which eventually occurred. Rainfall totals
for Victoria in Sep — Nov 2006 were in the lowest decile for the entire record for the state.
Streamflows for October 2006 were lower than 10% of the long-term average. Air
temperatures across Victoria were also at very high levels, exacerbating fire risks (Flinn et
al., 2008a). With reference to Figure 3-3 illustrating the locations of the main weather
stations in Victoria, Figure 3-4 presents the maximum air temperatures for Mt. Moornapa
weather station (Lat: 37.7481 S, Long: 147.1428 E; Elevation: 480 m) the nearest to the study

site at similar elevation, from Nov 2006 to Feb 2007.
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Figure 3-3. Weather station locations in Victoria. Red star indicates study area.
Source: Bureau of Meteorology (2017c).
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Figure 3-4. Maximum air temperatures for Mount Moornapa in (a) November, (b) December
2006; (c) January and (d) February 2007. Source: Bureau of Meteorology (2017c).
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The Keetch-Byram Drought Index (KBDI) (Heim, 2002; Keetch and Byram, 1968)
anomaly for Victoria ranged from 25% to 100% drier than average, with the study region in
the 50 to 75% drier range (Flinn et al., 2008a). Within the latter ranges, any ignited fires were
likely to sustain overnight, especially if warm (and dry) conditions persisted. Most live/green
and dead/dry fuels would be consumed by fire and towards the higher end of the KBDI range,
heavy fuels such as logs and stumps would also ignite and burn. The Macarthur’s Forest Fire
Danger Index FFDI (Mark V) (Noble et al., 1980) for the study area on 30 Nov 2006 (1600
hrs) was in the 15.0 to 25.0 range (“high”) with much of western Victoria above 35 (“very
high” to “extreme”) (Flinn et al., 2008a). Figures 3-5 and 3-6 present the calculated FFDI and
KBDI values respectively for three most relevant stations (Lucas, 2010): Omeo (Lat: 37.1017
S, Long: 147.6008 E; Elevation: 690 m), Sale (Lat: 38.1156 S, Long: 147.1322 E; Elevation:
5 m) and Melbourne Airport (Lat: 37.6655 S, Long: 144.8321 E; Elevation: 113 m) stations
for the entire month of November 2006, the period leading up to the major fire outbreaks on 1

Dec 2006.
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Figure 3-5. MacArthur’s Forest Fire Danger Index (FFDI) for Omeo, Sale and Melbourne
Airport (AP) stations from 1 to 30 Nov 2006. Data source: Lucas (2010).
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Figure 3-6. Keetch-Byram Drought Index (KBDI) for for Omeo, Sale and Melbourne Airport
(AP) stations from 1 to 30 Nov 2006. Data source: Lucas (2010).

In the spring of 2006, the Bushfire Co-operative Research Centre (CRC) had already
predicted, based on increased fuel loads, drought and climatic outlooks, an earlier start than
average “above normal fire potential” for the Victorian fire season (Bushfire Cooperative
Research Centre, 2006). By 1 Dec 2006, the then Department of Sustainability and
Environment (DSE) had already attended to 312 fires from 1 Jul 2006, compared to the 30

year average of 127 (Flinn et al., 2008a).

This major wildfire episode began with multiple ignitions across the forests, shrub
and grasslands of the Great Dividing Range due to intense lightning activity on 1 Dec 2006
(Flinn et al., 2008a). Over the following weeks, the multiple fire areas merged to form a large
megafire complex which consequently became very difficult to suppress and contain because
of the extreme fire weather, large areal extent, and steep, difficult terrain in most parts of the
Eastern Highlands of the Range. The fire was finally controlled on 6 Feb 2007 and by then

huge tracts of forests (including the study area), approximately 1.048 Million ha had been
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burnt at moderate to high severity (Smith, 2007). Figure 3-7 illustrates the extent and
distribution of this megafire; refer to Section 2.4.1 (Figure 2-1) for field-based fire-severity

classifications by Chafer (2008).

These “‘exceptionally intense forest fires’ affected atmospheric conditions at the global
scale due to the massive smoke aerosol plume (Dirksen et al., 2009). As will be described
later in this chapter, in addition to the extensive vegetation damage and defoliation, and loss
of property and infrastructure to the fire (Smith, 2007), widespread damage was also caused
due to the severe post-fire erosion and floods triggered by the rainfall events in the following
months. The extent of the 2003 East Victoria Alpine Bushfires is also indicated in Figure 3-7;
just adjacent to the east and northeast of the 2006/7 fires. There was substantial overlap of
130,000 hectares in burnt area between these two fires, meaning that large tracts of forest
were also “double-burnt” (Sinclair Knight Merz, 2009). The very frequent occurrence of
extensive fires in this region indicated its high susceptibility to ‘megafires’ that cover
millions of hectares (Attiwill and Binkley, 2013). These could mean possible state shifts of
massive areas of dry eucalypt forests towards alternative vegetation floristic compositions

and structures (Fairman et al., 2015) and under intermediate vegetation recovery conditions.
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Figure 3-7. Map of the extent of the 2006/7 Eastern Victoria Great Divide Fires on 7 Feb 2007. Bold black line indicates boundaries and extent of
the fire complex. Red arrow indicates location of study site. (Source: Department of Sustainability and Environment, State of Victoria (2007).
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The study area, amidst the main fire complex, was also extensively burnt and at high-

intensity, as shown in Figure 3-8.
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Figure 3-8. Fire severity map of the study area. Black arrow indicates study site location in
relation to the towns of Licola (UTM 55H 466782 E, 5835405 S) Glencairn (UTM 55H
460240 E, 5846235 S). Source: Flinn et al. (2008Db).
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The satellite images of the study presented in Figures 3-9a (before fires) and 3-9b
(after fires) illustrate the widespread, near-complete loss of foliage cover from all live
vegetation strata, ground cover, litter layers and the exposure of the underlying soils and
rocks, making them extremely vulnerable to erosional processes. Details of the deleterious

erosion outcomes in the post-fire period are discussed in Section 3.7.

On 17 January 2013, the Aberfeldy-Donnelly’s Creek bushfires ignited, spread
rapidly and ‘unexpectedly’ to become yet another ‘extreme fire’ (Quill and Sharples, 2015),
this time affecting forests in the Mt. Useful and Macalister Gorge Natural Features and
Scenic Reserves, and agricultural lands approximately 15 km south of Licola town (Evans,
2013) and burning close to 86,000 ha (Victoria Country Fire Authority, 2013b) (see Figure 3-
10). From on-ground observations, these fires were, like the preceding ones, very severe and
at high-intensities, burning out large tracts of dry sclerophyll forests. This prevented access to
the study site via Licola Road from Heyfield (the nearest large town) for further data
collection in 2013, and also underscored the continued susceptibility of the region to wildfires
and post-fire hydrological and erosional hazards, and the need for better understanding of the

factors and processes involved.

Most recently in February 2019, another large bushfire broke out in the Licola region
and by mid-March had burnt through more than 80,000 ha (Gippsland Times and Maffra

Spectator, 2019; VicEmergency, 2019).
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Figure 3-9a. Aerial view of the study region before the 2006/7 fires, circa 2003. Source:

: erraMetrics; Map data; Google, Whereis , Sensis Pt

Figure 3-9b. Aerial view of the study region in the e_aimmediate post-fire peiod in 2007.
Source: State Government of Victoria (2012).
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Figure 3-10. Area and extent of the 2013 Aberfeldy-Donnellys fire. Red star indicates study site location.
Source: Victoria Country Fire Authority (2013a).
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Thus far, | have described the geology and topography of the study area, and broadly
described the causes, characteristics and impacts of the Great Divide Fires of 2006/7. The
occurrence, extent and severity of this megafire, and indeed many others in the past, have
been and will continue to result from the multi-scale interactions of climatic and
meteorological systems with ecosystems, associated vegetation formations and their
distributions, at the continental, regional and local scales. Indeed, climate remains the
primary determinant of fire regimes in different regions of the world, even where human
efforts in “fire suppression” are active at the various local areas (Khabarov et al., 2016;
Marlon et al., 2008). In the next section, we turn to examining the regional and continental-
scale climate systems that exert higher-order controls of rainfall, temperature and vegetation
re-growth, in relation to pre and post-fire weather, for our region of interest. It is also
important to be cognizant that these broad-scale natural systems and patterns drive the
hydrological and geomorphological processes operating on hillslopes and in catchments, the

key focus of this thesis.
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3.5. Climate and weather

3.5.1. Continental and regional scale systems

3.5.1.1 General description

Situated at 37.54 °S, 146.61 °E, the climate of the study site and the wider region in southeast
Australia is classified as Cfb in the Kdppen-Geiger climate classification: warm temperate
climate with sufficient precipitation throughout the year with warmest month > 22°C; > 4
months with temp > 22°C (Crosbie et al., 2012). Broadly, the climate is composed of the
typical four seasons: summer from December to February (DJF); autumn from March to May
(MAM); winter from June to August (JJA); and spring from September to November (SON)
(Sturman and Tapper, 2006). Based information from the Bureau of Meteorology (2017b),
southeast Australian climate and weather is influenced by an assemblage of regional and
continental-scale systems that vary in their spatial extent and influence through the seasons.
These include the mid-latitude frontal systems; East Coast Lows (ECLSs); Southern Annular
Mode (SAM); Sub-tropical Ridge (STR); easterly troughs, and northwest cloud bands. At the
broader temporal scale, the ElI Nifio-Southern Oscillation (ENSO) (NOAA, 2017) exerts
higher-order controls over conditions at the continental and regional scales by influencing the

activity, strength and positions of the various systems mentioned above (see Figure 3-11).
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Figure 3-11. Illustration of the key climate drivers on Australian climate.
Source: (Bureau of Meteorology, 2017b)

Because of variations in the mean positions and activities of these systems, winter
(JJA) precipitation tends to be driven by west-east moving frontal systems and East-Coast
Lows. Summer (DJF) precipitation tends to be characterized by convection-related easterlies
and sometimes, southerlies (Aldrick et al., 1984). The pronounced terrain of the Great
Dividing Range with the general north-south orientation of highlands in the study area (see
section 3.3) interacts with the major weather systems, causing orographic and aspect-related
influences on rainfall, although the results can vary over different seasons (Pepler et al.,
2014). For instance, the rain-shadow effect of the Barkly Land System on the Wellington
Land System (Rowe and Downes, 1960) would be more pronounced during winter (westerly

systems) compared to summer (southerly/easterly systems).

The weather of southeast Australia has been found to be distinct from those in similar

temperate latitude locations in the Northern Hemisphere, because of distinct frontogenesis
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patterns compared to North America or Europe. While the latter two regions have their land
masses orientated in a general north-south manner adjacent to the Pacific and Atlantic oceans
respectively, the Australian continent has a long east-west coastline delineating the hot dry
continental interior equatorward, and large uninterrupted cool ocean expanse (the Southern
Ocean) on the poleward side (Sturman and Tapper, 2006). We now examine these systems
with some general consideration of the higher-order influences on rainfall and consequent

hillslope erosion in southeast Australia where the study site is located.
3.5.1.2 Mid-latitude frontal systems

Mid-latitude frontal systems account for much of the rainfall in southeast Australia, and tend
to dominate rainfall events during winter months (JJA) (Bureau of Meteorology, 2017b).
Generally, these systems are driven by the continental-scale interaction between the cold,
moist maritime air masses with origins in the Antarctic and Southern Ocean, and the warm,
dry continental air from the interior of the Australian mainland. Frontal systems generally
move from west to east, affecting weather conditions from durations spanning days to one
week. These are central in bringing important “cool season” rainfall to southern Australia that
typically recharges surface, soil and groundwater storages (CSIRO, 2012). However, regional
climate change projections point towards generally lowered average cool season rainfall in
autumn and winter (Timbal and Jones, 2008). In terms of hydrological and geomorphic
processes, rainfall events from frontally-induced stratiform clouds tend to be of lower-
intensity and longer duration, as compared to shorter, higher-intensity rainfall events from

convection-induced cumuliform clouds (Dunkerley, 2010b).
3.5.1.2 East Coast Lows

East Coast Lows (ECLSs) are intense regional-scale low-pressure systems that develop off the

eastern coast of the Australian continent, usually extending towards the southeastern corner

109



(Bureau of Meteorology, 2007a). Their occurrences have been shown to be consistently
independent from the Indian Ocean Dipole and ENSO systems (Pepler et al., 2014). With
higher frequency of occurrence in autumn and winter, and highest in June, ECL development
in winter is usually attributed to the deepening of low pressures from pre-existing troughs or
in the wake of cold fronts moving eastwards from southeast Australia to the Tasman Sea.
ECLs tend to bring very heavy and widespread rainfall with strong winds south of the low
centre, lasting a few days (Bureau of Meteorology, 2007a). ECLs contribute strongly to the
meteorological conditions that bring high amounts of rainfall and erosive energy to the study
region during winter, and tend to be overlain onto the pattern of westerly rain-bearing frontal
systems; they have also been cited as a main contributor of heavy rainfall on coastal regions

of Australia’s Eastern Seaboard that includes the present study area (Pepler et al., 2014).
3.5.1.3 Prefrontal troughs

Prefrontal troughs (PFTs) are particularly important during the Australian summer months
(DJF) in terms of fire weather; these regional-scale, linear (north-south oriented) low pressure
zones develop and precede the arrival of the main front itself (Sturman and Tapper, 2006).
They generate strong northwesterly flows of warm and dry air from the Australian
continental interior and extend any existing fire fronts. Fire risks are heightened and existing
conditions exacerbated because the further drying-out of existing vegetation, ground and litter
cover increases fuel ignitability. As the main front arrives over the region, the abrupt shift to
westerly winds that signal the impending cool change expand the existing fire front and cause
even larger areas to be burnt (Sturman and Tapper, 2006). This sequence of meteorological
conditions helps to account for the regular occurrence of megafires in southeast Australia

(Boer et al., 2008; Bradstock et al., 2010).
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3.5.1.4 Southern Annular Mode (SAM) / Antarctic Oscillation (AAO)

The Southern Annular Mode (SAM) / Antarctic Oscillation (AAQ) largely controls the
strength and mean latitude of westerly winds in relation to the Australian mainland (southern
Australia) and the Southern Ocean. “Positive” SAM conditions tend to lead to weaker than
usual westerlies with the corresponding wind belt contracted towards the South Pole, leading
to reduced rainfall from the mid-latitude frontal systems in southeast Australia and hence
generally drier weather; and the converse for “Negative” SAM conditions. “Positive” SAM
conditions tend to be more frequent during summer (DJF) and autumn (MAM) (Bureau of
Meteorology, 2017b; Hendon et al.,, 2007). During these conditions, thermally-induced
convective storms bring short-duration, high-intensity rainfall events of variable spatial
extent from storm cells of cumuliform clouds (Dunkerley, 2010b) bringing concentrated
bursts of energy that would have stronger erosive impacts on bare, exposed soil surfaces, and
greater capacities to “breakthrough” any existing vegetation canopies without necessarily
saturating their storage capacities. The biannual/triannual oscillation of SAM/AAO is a likely
contributor to “wet” years” giving favourable plant growth conditions increasing biomass that
then becomes an accumulated fuel load during the “dry” years when wildfires are more likely

to ignite and spread (Russell-Smith et al., 2007).
3.5.1.5 Subtropical ridge (STR)

During the summer months (DJF), the subtropical ridge (STR), associated with large,
regional surface high pressures and stable weather on the poleward edge of the Hadley Cell,
tends to migrate further south and suppress frontal activity and weakens weather associated
with any cold fronts that do break through the ridge (Bureau of Meteorology, 2017b). Present
throughout the year, these semi-stationary anticyclonic cells migrate slowly from west to east,
usually enabling frontal systems to follow. STR positions and effects are clearly associated
with “positive” SAM conditions in summer described above. Thus, rainfall amounts in
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southeast Australia and the study site can be on average slightly lower compared to the winter
months; this is borne out in the rainfall data for the study site presented in the following
section. Rainfall event characteristics and the resultant throughfall would also be different

between seasons.

Heightened fire risks and severity tend to be associated with the warm, dry and stable
conditions of the STR during summer that lead to increased fuel accumulation (through
increased leaf drop due to evapo-transpirative stress) and ignitability (by strong drying and
curing) (Bradstock et al., 2010; Bureau of Meteorology, 2010). The risks of fire ignition by
lightning are also heightened due to strong surface heating inducing rapid convection and
cumuliform cloud development at the local and regional scales (Albrecht et al., 2016). These
have the potential to lead to short, intense thunderstorms that will have high erosive impacts.
However, these are likely to be of relatively restricted spatial extent compared to frontally-
induced stratiform rainfall events. As the STR migrates northwards during winter, more
frontal rain events arrive in southeast Australia as the cold fronts extend further onto
mainland Australia. Stronger southwesterlies and lower temperatures are associated with the
moist and cold maritime air with origins in the Antarctic and Southern Ocean (Bureau of
Meteorology, 2017b). In terms of vegetated hillslopes, canopy and soil moisture storages may
be more quickly attained and exceeded during winter, and throughfall and overland flow
processes may operate with higher frequency (albeit perhaps with lower intensity) compared

to summertime.
3.5.1.6 Easterly Trough (EST)

The Easterly Trough (EST) is a linear low-pressure system normally positioned along the
western, leeward flank of the Great Dividing Range that is oriented north-south along the
eastern Australian coastline and then east-west in the southeast corner in Victoria. The EST
exerts major influences on synoptic patterns during summer (Bureau of Meteorology, 2017Db).
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Driven by terrestrial heating during the Australian summer, the EST can generate convective
circulations driving southerly and easterly airflows from the Southern Ocean and Tasman Sea
respectively. Combined with orographic effects caused by the Great Dividing Range,
widespread and intense rainfall events in areas such as the study region can be generated.
When the EST interacts with any low pressure troughs or cold fronts moving through the
region from the west, rainfall events may be further enhanced in depth, intensity and duration

(Bureau of Meteorology, 2017b), and hence lead to higher water erosion rates.
3.5.1.7 Northwest Australia cloud bands

The continental-scale northwest Australia cloud bands tend to span the autumn, winter and
early spring months from March to October, extending from the northwest to the southeast of
the Australian continent (Bureau of Meteorology, 2017b). Characterized by heavy stratiform
cloud with origins in convective activity in the Indian Ocean they can bring heavy rainfall
across south and southeast Australia due to moisture-laden air advected from tropical
maritime regions, especially when they combine with the more southerly-situated frontal
systems and cut-off lows (Sturman and Tapper, 2006). This seasonally-active system thus
contributes to slightly higher rainfall during the cooler seasons over the study area and could

also therefore drive higher activity of erosive processes on hillslopes.
3.5.1.8 ENSO cycles

In addition to the systems described above that tend to fluctuate on a seasonal basis, southeast
Australian climate and weather patterns are further influenced strongly at broader temporal
scales by the multi-year EI Nifio-Southern Oscillation (ENSO) cycles (NOAA, 2017).
Reduced rainfall and streamflow in southeast Australia tend to be closely associated with El
Nifio conditions, particularly during spring and summer due to enhanced atmospheric

stability caused by the STR. On the other hand, La Nifia conditions see higher than average
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rainfall depths and increased streamflow due to the enhanced regional and continental scale
convection due to higher than average sea-surface temperatures in the western Pacific (Chiew

and McMahon, 2003; Tomkins et al., 2008).

Thus, post-fire vegetation recovery and erosion processes need to be considered in the
context of ENSO cycles; vegetation recovery may be retarded by prolonged periods of El
Nifio induced drought and the landscape could remain vulnerable to wind and water erosion
for longer than expected periods of time (Mayor et al., 2007); erosion rates may not
necessarily correspond with the high soil erodibility and availability characteristic of post-fire
conditions due to the limited rainfall depth, duration or intensity during these drought years,
although even low-moderate sized events could have substantial hydrologic and geomorphic
impacts. When there is a shift from EI Nifio towards wetter neutral or La Nifia conditions
(NOAA, 2017), rainfall events of sufficient magnitude to deliver significant erosive power
would be more likely. Water erosion processes would then be more active and effective as
vegetation recovery would lag the increased water and erosive energy in the form of higher
rainfall frequency, larger rainfall depth and/or higher-intensity events; these dynamics were
reported by Mayor et al. (2007) for the Mediterranean region, and discussed by Tomkins et
al. (2008) for the southeast Australian context. The ENSO cycles are themselves influenced
by the broader temporal scale Inter-decadal Pacific Oscillation (IPO) (Meehl et al., 2016),

and therefore affect the overall fire and rainfall regimes of southeast Australia.
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3.5.1.9 Discussion

In this section, | have briefly examined the main systems affecting regional weather and
climate. Other than exerting higher-order influences on the occurrence of rainfall events that
are the primary drivers of post-fire erosion processes and vegetation recovery, it has also
been demonstrated that the frequent occurrence of large-scale fires in southeast Australia can
be ascribed to the spatio-temporal extent and distribution these systems and their interactions.
At the landscape scale, these systems integrate and further interact with the local
physiography to give specific rainfall and temperature patterns that influence vegetation
distribution, fire impacts and post-fire erosion and vegetation recovery. Consequently,
specific patterns and processes of hillslope material flux under intermediate post-fire

conditions would occur in complex, transitory landscapes such as the study area.

In addition to post-fire vegetation recovery rates, between year variations in
temperature and rainfall also exert broader-scale influences on pre-fire rates of vegetation
growth, biomass and fuel accumulation, and thus fire risks. Like many evergreen forests
around the world (Liu et al., 2017), Eucalyptus species deal with drought conditions by
restricting their stomatal conductance reducing transpirative losses. These would be
accompanied by reduced foliage growth and increased senescence. However, in favorable
non-drought years where more soil moisture is available, their stomatal conductance
increases rapidly and results in vigorous flushes of new leaves and extensions of twigs and
branches (Zeppel et al., 2008). This would then later result in increased live or dead fuels
available for burning if fire breaks out. In this way, the ENSO cycles discussed above
strongly influence the pulses and ebbs of vegetation growth and fuel accumulations, and also

fire regimes at the inter-annual and decadal timescales.

Having provided the context of major climatic systems and meteorological conditions
affecting southeast Australian dry eucalypt forest ecology, hydrology and erosion, I now
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provide, in the next section, a brief but important study of lightning in relation to the

occurrence of wildfires applicable to the present study region.
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3.5.2. Lightning

Lightning is the most important natural cause of wildfire ignition (Krause et al., 2014),
accounting for 26% of all ignitions in Victoria, Australia, second only to human-caused
ignitions (Flinn et al., 2008a). Lightning has been defined as “‘an energetic electrical discharge
caused by the separation of positive and negative charge in clouds leading to voltage
differences of order 10 — 100 MV’ (Latham and Williams, 2001, p. 376). This charge
separation is primarily caused by turbulent cloud microphysical processes that concentrate
negative charges at the lower-altitude regions of clouds and vice-versa. The resultant positive
dipole causes two main types of lightning (i) intracloud (IC); and (ii) cloud-to-ground (CG)
lightning - the main agent for natural wildfire ignitions (Latham and Williams, 2001). CG
lightning is initiated when, within a region of high electric field, an ionized path is forged
toward the ground as a ‘stepped leader’ carrying a large negative potential. As the stepped
leader comes into close proximity with the ground surface, an intense electric field is
developed between them. Electric streamers are then propagated upwards from high points on
the ground (e.g. tree crowns) to the downward-moving leader within the intense electric field.
Upon connection, a bright, high-current 10-100 KA return stroke occurs and spreads upwards
approximately 1-2 x 108 m s, This entire process is called the leader-return stroke sequence
(Latham and Williams, 2001). However, the duration of the return stroke (a few
microseconds) generally limits its ability to ignite fuels and light fires because of the
inadequate fuel temperature reached. Instead, actual ignition is frequently enabled by the
occurrence of a continuing current (CC) which is a sustained current of low amplitude that
flows within the channel to the ground lasting from milliseconds to hundreds of milliseconds
(Fuquay et al., 1972). CC occurrences are also variable; 90% of CG lightning transfer

negative charge to the ground and almost 50% of these contain CC. The other 10% of CG
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lightning transfer positive charge to the ground and almost all of them contain CC (Latham

and Williams, 2001).

Convective Available Potential Energy (CAPE), the key factor driving convective
thunderstorm development, is strongly correlated to lightning frequency (Kuleshov et al.,
2006). Notably, “dry lightning” (lightning that occurs without any significant rainfall depth)
that tends to occur in association with strong convective conditions has been found to exert a
strong positive influence on the probabilities of fire per lightning stroke especially over
Victoria in southeast Australia (Dowdy and Mills, 2012a). The significance of “dry lightning”
in accounting for wildfire occurrences has also been reported in other fire-prone landscapes
such as the western United States (Hall, 2007) and the Mediterranean (Garcia-Ortega et al.,
2011). The meteorological mechanisms favouring the development of strong convective
systems mean that the late spring, summer and early autumn months are associated with
higher lightning occurrence frequencies. Furthermore, these generally coincide with low fuel
moisture conditions and hence increase the risks of wildfire ignition and spread. However, it
should be noted that in temperate mid-latitude regions of southeast Australia, lightning also
occurs during the colder winter months in association with strong frontal storm activity
generally associated with steep cold fronts (Kuleshov et al., 2006). Nevertheless, successful

wildfire ignition and spread is much less likely in the cold and wet conditions of winter.

Lightning occurrence can, in return, be influenced by large fires. Pyrocumulus and
pyrocumulonimbus clouds, driven by the convective heating from the fire, and the massive
addition of cloud condensation nuclei from combustion byproducts, have been widely
observed in association with southeast Australian wildfires (Cruz et al., 2012; Fromm et al.,
2010; Gatebe et al., 2012). These clouds are a prime source of positive CG lightning strikes
providing numerous CCs for further ignitions to occur (Latham and Williams, 2001). From

data by Kuleshov et al. (2006), southeast Australia nominally experiences average lightning
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ground flash densities ranging from 0.70 km? y! (Mt. Burnett) to 0.87 km2 y* (Melbourne);
at the continental scale, lower latitudes experience higher lightning occurences (e.g. Brisbane
1.43 km2 y1, Darwin 6.67 km y1). In their study of wildland fire ignitions on public land
by lightning over 9 years (2000-2009) in southeast Australia, Dowdy and Mills (2012b)
found that lightning occurrence was not significantly related to the time of day. Instead, time
of the year was significant, with heightened ignition risks seen in October (late spring)
(~0.45%), peaking in January at around 0.72% and then declining to around 0.42% in
February (late summer). Dowdy and Mills (2012a) also examined lightning occurrence,
ignitions and fires on public lands in southeast Australia, and found a seasonal summer bias,
with 96% of lightning fires occurring between November and March with modal occurrences
in January, albeit with large inter-annual variability from 60 in the year 2000, to 380 in the
year 2007. On a diurnal basis, lightning fires were usually firstly observed in the afternoon,
after 1300 hrs to 1900 hrs Australian Eastern Standard Time. These results indicate the
importance of factors such as fuel moisture, humidity and wind speeds in successful lightning

ignitions of wildfires, their sustenance and spread (Dowdy and Mills, 2012a).

Collins et al. (2015) examined the spatial patterns of wildfire ignitions in south-
eastern Australia and found some positive spatial correlations of lightning ground flash
density with natural vegetation cover percentage (R?> = 0.12), mean elevation (R? = 0.28),
terrain (elevation standard deviation) (R? = 0.47). These provide some indications that
forested, mountainous terrain have a higher incidence of lightning-ignited wildfires. In their
study of 12 months of lightning data for the Mediterranean region, Kotroni and Lagouvardos
(2008) found that lightning was positively correlated with elevation only during spring and
summer; positive correlation between lighting and elevation slope through spring, summer
and autumn but not winter, and high lightning yield for woodland areas and low lightning

yield for bare-ground areas. They explained that the forest and woodland canopies helped to
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mitigate soil moisture losses which then led to the increased lightning “yield”. Furthermore,
the tree-tops formed natural high points at which leader-return stroke sequences and CCs
were more likely to occur. The existence of these conditions and processes are also plausible
when applied to Australian dry eucalypt forests across the Great Dividing Range,
corroborating with the findings reported by Dowdy and Mills (2012a); Dowdy and Mills

(2012b).

However, vegetation canopies also intercept rainfall, reducing, smoothing-out or even
eliminating the proportion of canopy-incident rainfall that eventually reaches the ground-
level litter and vegetation, and before any infiltration occurs (Sidle and Ziegler, 2017). This
could therefore contribute to curing of fine fuels and heightened ignitability, particularly
during dry summer conditions, and exacerbated in extended drought periods where effective
rainfall events would be less likely; and also in general because of the strong positive skew in
rainfall event magnitudes towards low event depths (Brown et al., 1985). On the other hand,
more arid forest micrometeorological conditions can lead to greater fuel ignitability where
lightning might strike, due to increased soil and fuel moisture losses giving dry fine fuels
resulting from canopy “opening”, and increased fuel load with disturbances such as logging
(Lindenmayer et al., 2009) or widespread die-offs, defoliation and canopy cover decline due

to landscape-scale drought stress (Flinn et al., 2008a).

At the broader spatial and temporal scales, the patterns and frequency of lightning
activity leading to wildfires are projected to shift as global climate changes. Modelling
projections by Krause et al. (2014) showed that CG lightning occurrences over land could
increase by up to 21.3% by the end of the century under RCP85 conditions. However, the
spatial distribution of these increases leading to fire activity was variable. While decreases
were projected for Europe (-10.80%) and South America (-10.71%), there could be increases

in Australia (+7.42%) (where southeast Australia was well-represented), Southeast Asia
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(+32.88%), continental Asia (+18.03%), North America (+10.77%) and most parts of Africa
(+2.79%) where the estimated extent of burnt areas was influenced by fuel load availability

as well as the projected CG lightning frequencies and locations.

This section has briefly examined the processes of lightning occurrence and their
association with wildfire ignition to build some basic understanding of the occurrence of the
2006/7 Great Divide Fires, as well as other major fires in Victoria in the past, as well as in the
future. This should be understood in the context of the main climatic patterns of southeast
Australia outlined in section 3.5.1. While human-caused ignitions may continue to be the
most significant cause of fire ignitions, the projected increases in lightning occurrence in
southeast Australia in the near to medium-term are likely to contribute to some increases in

the frequency of wildfire occurrence by natural causes in this region.

Having sketched out the macro-scale systems influencing the broader region within
which the study area is situated, | now narrow the focus to describe and analyze the specific
climatic and meteorological conditions of the study site in the next section, using data

synthesized from various sources.
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3.5.3. Study area climate

3.5.3.1. General rainfall patterns

According to Bureau of Meteorology (2017c), the mean annual rainfall of the study site is
802 mm (median 845 mm); see Figure 3-12. The probabilities of occurrence of various
rainfall depth and duration for the study site are presented using the Intensity-Duration-
Frequency curves in Figure 3-13. The distribution of rainfall, while generally evenly
distributed through the year, is slightly biased with higher average rainfall during the winter
(JJA) and spring (SON) months, compared to summer (DJF) and autumn (MAM). Rowe and
Downes (1960) had earlier observed that rainfall minima for Licola and Licola North
occurred from February to April (late summer to autumn). It was also suggested that rainfall
of the central parts of the Glenmaggie catchment (within which the study area was located)
was likely to be influenced by the rain shadow caused by high mountains at the western
boundary of the catchment (Rowe and Downes, 1960) where west-east moving frontal
systems over the Dividing Range would bias rainfall contributions towards the western
portion of the catchment and reduce average rainfall receipt over the more centrally located
study area. Thus, such rainfall variability over the study area also contributes to the

uncertainty of erosion activity under post-fire intermediate vegetation conditions.
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Figure 3-12. Mean

(2017c).
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monthly rainfall for study region. Data source: Bureau of Meteorology
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Figure 3-13. Intensity-Duration-Frequency curves for the study site. Source: (Bureau of
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Seasonal variations in the dominant rainfall-generating meteorological mechanisms
over the region are also likely to generate rainfall events of differing character, contrasting
interactions with vegetation canopies and soils, and varying hillslope erosion responses
between summer-autumn and winter-spring periods, at the study area. As noted in section
3.5.1., the summer-autumn convection-related rainfall events are more likely to generate
high-intensity rainfall events of limited spatial extent that could penetrate the intermediate
post-fire canopies and exceed erosion thresholds as high-intensity and energy “pulses”,
generating substantial hillslope material flux even where actual event depths and seasonal
totals may not be high. However, during winter-spring, frontally-generated rainfall events
normally associated with broad-scale stratiform clouds generating long-duration, low (< 2
mm hr?) to moderate (> 2 mm hr; < 5 mm hr?) intensity rainfall events (Tokay and Short,
1996), would likely cause more gentle wetting-up of vegetation canopy storages, higher
interception and intra-storm canopy moisture losses (Dunkerley, 2014b; Dunkerley, 2008c¢).
Released throughfall drip points be activated gradually and possibly sustained over long
durations to cause splash erosion. Soil moisture would slowly increase to reach saturation to
generate overland flow erosion processes, depending on antecedent conditions. However,
ECLs occur with higher frequency during winter (JJA) and contribute long-duration, large-
depth and widespread rainfall with strong erosive impacts, adding on to the impacts of the
gentle to moderate-intensity frontal events. In terms of the geomorphological outcomes, main
seasonal differences between rainfall event characteristics and interactions with the ground
(i.e. vegetation cover, litter and soil) conditions may not just cause differential erosion rates
and volumes, but also the selectivity/non-selectivity of sediment size ranges transported with

the varying strengths and durations of erosive energies exerted.
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3.5.3.2. Temperature, relative humidity, solar radiation and potential evapotranspiration

Detailed and comprehensive climatological data was not available for the study area. As an
alternative, interpolated daily rainfall data from 1889 to 2016 (total 128 years) from the SILO
climate database “Data Drill” (Queensland Government, 2017) covering the study area region
(Latitude 37.6 °S, Longitude 146.6 °E) was acquired and processed to describe the
temperature, relative humidity, solar radiation and potential evapotranspiration parameters for

the study area and their expected annual seasonal variations.

Figure 3-14 shows the derived mean maximum and minimum temperatures for the
Licola region. The temperature variations and transitions are typical of a mid-latitude
temperate climate. Maximum temperatures range from highest of 25.9 °C in February to
lowest of 11.0 °C in July. Minimum temperatures range from highest of 11.6 in February to

lowest of 2.9 °C in July.
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Figure 3-14. Mean monthly maximum and minimum temperatures for the Licola region. Data
source: Queensland Government (2017).
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The mean daily solar radiation received for the Licola region through the months of
the year is presented in Figure 3-15. Maximum mean solar radiation received was 23.8 MJ m

2 in January. Minimum mean solar radiation received was 6.8 MJ m2in June.
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Figure 3-15. Mean daily solar radiation (MJ m) (by month) received for the Licola region.
Data source: Queensland Government (2017).
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Figure 3-16 shows the mean monthly maximum relative humidity (%) for the Licola
region. Peak mean maximum relative humidity occurred in June at 63.2% with a gradual
decrease in the following months. Lowest mean maximum relative humidity was in January
at 42.7%, followed by a moderately rapid increase over the following months to the June

peak.
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Figure 3-16. Mean daily relative humidity (%) by month for the Licola region. Data source:
Queensland Government (2017).

Figure 3-17 presents the estimated daily potential evapotranspiration (PET) using the
FAO Penman-Monteith equation (FAO56) (Allen et al., 1998). Highest mean daily PET is
found in January at 4.8 mm d*, while lowest mean daily PET is found in June at 0.8 mm d.
PET patterns closely reflect temperature (Figure 3-14) and solar radiation (Figure 3-15)
patterns which are prime controls over evaporation and transpiration rates, and therefore also
indicate plant photosynthetic activities. These affect soil moisture conditions which influence
the operation of splash and runoff erosion processes, as well as canopy storage and

evaporation losses during and between rainfall events, influencing throughfall processes.
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Figure 3-17. Mean Daily Potential Evapotranspiration (PET) by month for the Licola region.
Data source: Queensland Government (2017).

In the following section, | examine the diurnal-nocturnal occurrence of rainfall over
the study area. This aspect of rainfall is presently underexplored in the context of hillslope
hydrology and geomorphology, and not been applied so far to our study area and region of
interest, the time-of-day of rainfall occurrence can have important influences on processes

such as soil moisture content, litter content, plant canopy wetness and evaporation rates.
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3.5.3.3. Diurnal-nocturnal rainfall distribution

3.5.3.3.1. Background

Rainfall has high spatio-temporal variability which manifests at the sub-daily timescale, other
than at the monthly and seasonal timeframes. Key factors affecting these patterns include
general land surface characteristics such as terrestrial or oceanic locations, aspect, vegetation,
land-use and terrain, all of which affect local and regional convection and mobility as well as
the location of temperate-climate frontal systems. Global and continental-scale climatic
systems and their oscillations, such as monsoonal systems and global atmospheric circulatory
cells are also important. At the global scale, Chiu (2001) reported the dominance of peaks in
land rainfall in the afternoon hours (1500 to 1800 hrs) with these patterns particularly
pronounced in the equatorial regions of Africa and Amazonia. In the mountainous western
US and central America, evening to nocturnal (2100 to 0300 hrs) maxima were found.
Similarly, the southern slopes of the Himalayan ranges were dominated by rainfall occurring
in the late-night hours. Land rainfall tends to have more pronounced diurnal rainfall
differences. In contrast, oceanic rainfall tends to peak in the afternoon and early evening
(1200 to 2100 hrs), although the diurnal differences are much less pronounced (Chiu, 2001).
For lowland equatorial rainforests in Indonesia, Vernimmen et al. (2007) found that while
three-quarters of all rain fell at night, higher mean event intensities were found for afternoon
events (8.3 mm hrt) compared to mean night-time (6.0 mm hr!) and mean morning (5.9 mm

hr'1) event intensities.

Yang and Smith (2006) offer a range of explanations for the range of diurnal
variability of tropical rainfall at the global scale. It is generally agreed that mid to late
afternoon rainfall maxima over continental surfaces can be attributed to land surface heating
by solar radiation which is diurnally regulated and differs seasonally in the tropics and mid-
high latitudes, for instance over the Australian continent (Rauniyar and Walsh, 2010). Dai et
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al. (2007) presented strong global-scale evidence of the control of the daily (24-hour) cycle
over sub-daily precipitation variations. Over land areas, summer months clearly had
afternoon-evening dominant rainfall and mean to peak amplitude of 30% to 100% of daily
mean precipitation amount. Nevertheless, nocturnal summer precipitation maxima can also be
found in regions where nocturnal environments exert only minor controls over broader-scale
convective processes, for example over the central United States and southeast China where
continental-scale pressure patterns dominate. Over maritime areas, peak rainfall times were
midnight to early morning. On the other hand, the cold seasons during and around winter
correlate with weaker diurnal-nocturnal rainfall differences with morning maxima observed

over most land areas (Dai et al., 2007).

Although it may seem trivial in passing, the time-of-day of rainfall occurrence can be
both interesting and significant in relation to hydrological and geomorphological processes.
Diurnal-nocturnal rainfall occurrence can, in many cases, be intimately linked to their
meteorological formation mechanisms, interactions with terrain, and resultant cumuliform or
stratiform rainclouds that can differ substantially in terms of rainfall intensity and spatial
extent (Kendon et al., 2012). Therefore, the actual impact of a rainfall event or series of
events on a catchment and its landscape can vary substantially. Intra-event evaporative losses
can be significant, especially during high-temperature, low-humidity conditions that prevail
during summer in the mid-latitude regions, other than areas in the Australian arid and semi-
arid interior (Dunkerley, 2008c) and Mediterranean-climate regions in Western Australia. At
the daily timescale, peak intra-event and near-event (pre and post) evapo-transpirative losses
would occur during the late afternoon to early-evening hours (Kirkpatrick and Bridle, 1998;
Kirkpatrick and Nunez, 1980). These will determine the net amount of water that reaches the
plant canopy and saturates it, infiltrates into the soil for plant uptake and growth processes,

and also erosive energy (Dunkerley, 2008c). On the other hand, where rain falls during the
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cooler night-time hours, intra-event evaporative losses from plant canopy, soil surfaces and
from the hydrometeors themselves, together with minimal plant water uptake, will be lower
compared to warm and dry daytime rainfall conditions. This will then lead to higher rates of
water arrival at the plant canopy and soil surfaces, volumes of water available for infiltration
into soil and runoff generation, and therefore also greater splash and overland flow erosion
activity. The long-term impacts on vegetation distribution in the landscape can be substantial
(Kirkpatrick and Bridle, 1998; Kirkpatrick and Nunez, 1980) and so would be the consequent

feedback loops for hillslope hydrological and geomorphological processes.

The research examining diurnal-nocturnal rainfall occurrences around the world is
presently quite sparse, with the exception of the continental United States (Dai et al., 2007).
In Australia, not much work has been done to comprehensively characterize and explain the
diurnal-nocturnal rainfall occurrences at the regional or local scales. Rauniyar and Walsh
(2010) studied the effects of the Madden-Julian Oscillation (MJO) categories (active,
suppressed and weak) on diurnal rainfall rates over monsoonal northern Australia (Darwin
and adjacent regions). They found that suppressed/weak MJO led to higher evening rainfall,
while active MJO days saw greater occurrence of rather unusual nocturnal (past midnight)
rainfall maxima; active MJO days also saw 1.5 times more morning rainfall than during other

MJO phases.

For southeast Australia, our area of interest, Verdon-Kidd and Kiem (2009) examined
the regional (synoptic) and large-scale climate drivers of rainfall, and identified 20 key
regional synoptic patterns using monthly records from nine rainfall stations distributed across
Victoria, and Mean Sea Level Pressure (MSLP) charts from 1948 to 2007. These were then
categorised into 8 “wet”, 8 “dry” types and 4 wet-dry types being spatially-variable across
Victoria. Notably, the station for the Macalister catchment, of which the present study area is

a part, was also included. The broad-scale, albeit seasonally variable, influence of ENSO,

132



10D and SAM systems on Victorian rainfall (and its spatial variability) was demonstrated (cf.
section 3.5.3.1.). However, while the various multi-scale meteorological mechanisms of
rainfall occurrence over Victoria are quite well-described (Keim and Verdon-Kidd, 2009)
minimal work has been done to examine time-of-day rainfall occurrence in hilly and
mountainous parts of central and eastern Victoria where these various factors and processes
can combine to influence the spatio-temporal distribution of rainfall events and their

characteristics, that then affect hydrological and geomorphological processes.

Furthermore, Australia’s large continental area, combined with the large maritime areas
adjacent to it, present prime conditions where continental-scale, rather than regional-scale
conditions, can dominate meteorological conditions and rainfall occurrence to give diurnal
alongside nocturnal rainfall peaks in the mid-latitudes (Dai et al., 2007). Indeed, the strong
diurnal rainfall variations in southeast Australia being identified by Dai et al. (2007) deserve

some detailed study.

This section aimed to systematically examine the diurnal-nocturnal occurrence of
rainfall over the study location in region of Licola town, situated on the southern fall of the
Great Dividing Range where wildfire occurrence and post-fire erosion vulnerability can be
heightened. This was done using 14 years of hourly rainfall records selected from the years

between 1992 and 2012.
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3.5.3.3.2. Materials and methods

i. Data processing and filtering

Hourly rainfall records from 1993 to 2012 were extracted from DELWP (2016)

(http://data.water.vic.gov.au/monitoring.htm) for Licola town (Station no. 225209; rainfall

records for Licola weather station commenced only in 9 Oct 1992). This station was selected
because, being just 15 km south, it was most proximal to the study site and also had a
sufficiently long, good-quality rainfall record to enable the study of diurnal-nocturnal rainfall
occurrences. Hourly rainfall rates integrate depths over a substantial time period, and can
considerably mask intra-event rain rate variations (Dunkerley, 2008b). Nevertheless, the 60-
minute integration time was used for this exploratory work as it was the most consistent sub-
daily dataset available for examination, and had also been used by several other workers such

as Dai et al. (2007).

The records were then examined in Microsoft Excel™ for completeness and accuracy
with reference to Quality Codes (QC) indicated by DELWP (2016), as shown in Table 3-1.
Firstly, year-long records for 1993, 1994, 2002, 2004, 2007 and 2009 were excluded from the
analysis because they contained unacceptably high proportions (more than one month of
rainfall records) with QC > 100. This gave 14 years of rainfall records, very close to the
nationwide average of 15 years for availability of detailed pluviometric data (Jennings et al.,
2010). Secondly, records with QC < 100 were examined for their veracity and accuracy. For
records with QC = 76 and QC = 80, checks against other nearby weather station records and
radar images (The Weather Chaser, 2017) to corroborate the occurrences of rainfall and the

likely depths and intensities on a nominal basis.
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Table 3-1. Quality Code (QC) and Descriptions of rainfall records. Source: (DELWP, 2016)

Quality Code  Description
2 Good quality data - minimal editing required. Drift correction
11 Raw data used for operational purposes. (Not validated)
76 Reliable non-linear interpolation using other data sources, not a correlation.
80 Accumulated (Rainfall or Flow totals only).
100 Irregular data, Use with caution. Beyond QC=50 or unexplained
151 Data lost due to natural causes / vandalism
180 Data not recorded, equipment malfunction.
255 No data exists

ii. Rain rate classification

Classification of rainfall intensity was applied following the scheme by Tokay and Short

(1996); also see (Dunkerley, 2008b) which was based on the derived boundaries between

different raindrop spectra corresponding with different rain rate ranges associated with

stratiform and convective rainfall types (see Table 3-2). Following this, classification could

also enable direct inference of rainfall erosivity with respect to the drop-size distributions

reported by Tokay and Short (1996).

Table 3-2. Rainfall rate categories of Tokay and Short (1996). From Dunkerley (2008b).

Rain rate category Rain rate R (mm h)

Very light R<1

Light 1<R<2
Moderate 2<R<5
Heavy 5<R<10
Very heavy 10<R<20
Extreme R=>20
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iii. Diurnal-nocturnal rainfall classification

To explore possible seasonal patterns of diurnal rainfall occurrence, the records were collated
into individual months. These were then sorted by hour of occurrence in a 24-hour format.
The data was segregated into months, because day-night hours for the region in the latitude
38 °S vary through the year. Specific sunrise-sunset times were obtained from Geoscience
Australia (2015). Generalised monthly sunrise-sunset times, correct to the nearest hour, were
generated (see Table 3-3). Rainfall records were firstly categorized into nocturnal and diurnal
rainfall occurrence times-of-day (hours). Nocturnal (evening, night or early morning) rainfall
as regarded as all rainfall recorded in the hour after sunset, up to and inclusive of the sunrise
hour. Diurnal rainfall (morning and afternoon) was regarded as all rainfall recorded in the

hours after the sunrise hour, up to and including the sunset hours.

Table 3-3. Generalised sunrise-sunset times (to the nearest hour-of-day) to categorize rainfall
occurrence as either diurnal or nocturnal. Adapted from Geoscience Australia (2015).

Month J = M A M J J A S O N D

Sunrise 0500 0500 0600 0600 0700 0700 0700 0700 0600 0600 0500 0500

Sunset 1900 1900 1800 1800 1700 1700 1700 1700 1800 1800 1900 1900

The grouping of rainfall data by months was adopted because the specific climatic
conditions and rainfall-generating mechanisms (and concomitantly spatial distribution of
rainfall) can vary significantly by seasons (see section 3.5.). | could also ensure that rainfall
occurrences in similar climatic conditions were compared without any a priori assumption of

rainfall variations by seasons.

To determine how “wet” a particular hour of the day was throughout the 14-year

record, three key variables were calculated for each month. Rainfall hours were obtained by
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counting the number of hours a specified hour of the day (0000 hrs — midnight, to 2300 hrs —
11 p.m.) that any rainfall was recorded; minimally 0.2 mm (the value of a single pluviometer
tip). Rainfall hour-depth was calculated by summing the rainfall depths for each rainfall hour.
Total rainfall percentage was calculated by expressing the rainfall hour-depth as a proportion
of all recorded rainfall for the month, to account for the quantitative contribution of each hour
to the total rainfall depth. Using this approach, | was also able to determine and examine the
distribution of rainfall depth values and their averages (mean and median), across the diurnal

and nocturnal hours for each month.

Using SPSS, One-way ANOVA was conducted on the summed rainfall hour depth for
each month to discern any differences in the distribution of rainfall values between months
(between group differences), and Post-hoc Tukey HSD to identify groups of months with
similar rainfall hour depth value distributions. Non-parametric Kruskal-Wallis Test was used
to analyze skewed and non-normal distributions of wet-hour rainfall depth values, being

highly skewed towards low values of 0.2 mm in an hour.

3.5.3.3.3. Results

i. General findings

The diurnal-nocturnal occurrence of rainfall varied through the year. Figure 3-18 presents the
percentage occurrence of total rainfall depth occurring during the day or night. Daytime
rainfall tended to dominate, beginning in November (58.3%) through to a peak in February
(70.9%). In contrast, nocturnal rainfall dominated from April (55.7%) through to the peak in
August (64.9%). Almost equal rainfall percentages between day and night were found in

March, September and October.
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A—Day (%) ==l=Night (%)

Figure 3-18. Day-night rainfall percentage as a proportion of total recorded rainfall depth for
each month from January (J) through to December (D) (read clockwise).

Table 3-4 presents the mean and median rainfall intensities for all identified “wet”
hours during day and night times identified in Table 3-3. Mean diurnal intensities were
clearly higher than nocturnal intensities for the summer months of December, January and
February, and also in May (late autumn). March, June, September and October had rather
similar mean diurnal and nocturnal rainfall intensities. April, July and August saw higher
nocturnal than diurnal rainfall intensities, with somewhat marginal figures for November. For
median rainfall intensity values, statistically significant differences between diurnal and
nocturnal rainfall intensities were only found for January and April using the non-parametric

Kruskal-Wallis Test (p < 0.05).
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Table 3-4. Mean and median hourly rainfall intensities (in mm ht) for Day or Night hours of each month (cf. Table 3-3). Superscripts a and b for
median values indicate statistically significant different medians and distributions from non-parametric Kruskal-Wallis Test (p < 0.05).

D J F M A M J J A S O N

Mean Daytime 110 157 19 100 070 094 101 068 079 075 095 120
Mean Nighttime 09 112 135 09 089 082 102 074 092 069 091 127
Median Daytime  0.40 0.60* 060 060 0.30*®* 040 040 040 040 040 040 0.60

Median Nighttime 0.40 0.40° 0.60 040 040° 040 040 040 040 040 040 0.60

139



Table 3-5. Modal and minimum rainfall occurrence hours of the day. Mean rainfall hours and standard deviation (s.d.) of rainfall hours
calculated are included for more complete description of the distributions.

D J F M A M J J A S O N

Total Rf hours 646 432 526 473 601 751 982 953 1152 1200 985 851

g’g’/da' REUMe of 1200 1600 1700 1900 1300 0000 °2°% 1700 2000 1300 2100 1000

1600
(Total hrs) ) 9 (@ @® 63 (9 Lz @O ) 69 ©6B) @

Min Rf time of 0800 0400 1000 2300 0800 1100 0300 1200 2100 0400 0700 1400
day (Total hrs) 17y (11) (@15 (12) (16) (20) (33) (30) (35 (36) (30) (14)

Mean — rainfall oo 180 219 107 250 313 409 397 480 500 410 355
hours mth?

el (ainfall )0 43 45 40 41 40 40 50 76 53 78 49
hours)
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Table 3-5 presents the modal, minimum, mean and standard deviation of rainfall hours for
each month. Generally, 7 out of the 12 months (Dec -Feb; Apr; Jul, Sep and Nov) had high
rainfall occurrence during daylight hours. November and December appeared to be
dominated by rainfall occurring at late morning (1000 hrs) and mid-day (1200 hrs)
respectively. However, mid-day rainfall (1300 hrs) also occurred frequently in April and
September. In contrast, January and February were dominated by late afternoon rainfall (1600
hrs and 1700 hrs respectively). However, this was also seen in July (1700 hrs). Late evening
to night-time rainfall frequencies were highest for May (1900 hrs), August (2000 hrs) and
October (2100 hrs). Only May had the modal rainfall hour at midnight, and only June had
modal rainfall hour in the early morning (0600 hrs). The highest modal value of 71 hours was
found for August (2000 hrs); interestingly, the following hour at 2100 hrs had the lowest
rainfall occurrence. June had two rainfall hour peaks, each at 48 hours — pre-dawn at 0600 hrs
and late afternoon at 1600 hrs. September had the highest mean monthly rainfall hours at 50.0
hours, while January had the lowest mean rainfall hours at 18.0 hours, showing that mid-
spring was generally the wettest while mid-summer was the driest (in terms of rainfall

occurrence).

The standard deviation (s.d.) in rainfall hours was used to determine the variation for
each month over the 14 years of records. The highest variability in the number of rainfall
hours per month was in October (7.8), with August in a close second at 7.6. Lowest
variability, showing most consistency in the number of rainfall hours in any year, was seen in

December, March, May and June (all at 4.0); April also was similarly low at 4.1.
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ii. Seasonal and monthly variations

In this section, | examine in detail the times of occurrence and contribution of rainfall
according to seasons and months. Figure 3-19 summarizes the total rainfall hours and total
rainfall depth for each month. While there was a general positive correspondence between
total rainfall hours and total rainfall depth, some contrasts occurred, for example in February
and November where there were low rainfall hours but high rainfall depth, indicating possible
dominance of short-duration, high-intensity events; and contrastingly in July where high
rainfall hours were accompanied by low total depth, indicating possible dominance long-

duration, low-intensity events.
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Figure 3-19. Total rainfall hours and depths for the Licola 14-year record.
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iii. Between-month differences in hourly rainfall depth values

One-way ANOVA was conducted on the distribution of total rainfall depth values across

individual hours of the day for all the 12 months. Significant between group differences were

found (F = 10.462, p < 0.001). Post-hoc Tukey HSD found 4 groups of months that had

similar mean rainfall depths at the 0.05 significance level, as shown in Table 3-6.

Table 3-6. Results of Tukey HSD post-hoc test on mean rainfall depth values in mm (N = 24
for individual hours of any day for each month). Notes: Months 1 = Jan and 12 = Dec.
Groups 1 to 4 were homogeneous subsets and their arithmetic means (no. of hours) displayed.

Month Group 1 Group 2 Group 3 Group 4
3 19.2500

4 19.8167

1 25.1292 25.1292

5 27.2542 27.2542 27.2542

12 28.1250 28.1250 28.1250

7 28.5000 28.5000 28.5000

9 35.9417 35.9417 35.9417
2 38.0167 38.0167
10 38.2292 38.2292
6 41.3667
8 41.7417
11 43.5417
Within-group

significant 0.370 0.156 0.140 0.679
differences

From the ANOVA test, at least two distinct groups of months could be discerned: (a)

Lower mean rainfall range in December, January, March, April, May and July; (b)

Higher mean rainfall range in February, June, August, September, October and November.
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iv. Intra-day variability in rainfall depth — 3 main categories

Standard deviation of rainfall depth hours, providing a measure of intra-day variation in
rainfall across the different hours of the day were also examined (see Figure 3-20). Three
groups could be discerned: (i) High variability (> 15 mm) in January (17.5 mm) and February
(28.7 mm); (ii) Medium variability (> 10, < 15 mm) in December (13.6 mm), August (12.8
mm), September (11.0 mm) and October (11.9 mm); (iii) Low variability (< 10 mm), in
March (7.1 mm), April (4.7 mm), May (8.3 mm), June (6.5 mm), July (5.9 mm) and

November (8.8 mm).

Figure 3-20. Standard deviation of rainfall hour-depth values for all months at Licola.

Detailed examination of rainfall hours and percentages to discern patterns of rainfall

occurrences at different times of the day was also conducted. This information is available in

Appendix B.
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v. Heavy rainfall

For the dataset, a nominal rain rate threshold for “heavy rainfall” was adopted by selecting
the top 52 hourly rainfall depths from the total 14-year rainfall record. This constituted
0.005% of the entire record. Hourly rainfall depths in this subset ranged from minimum of
9.2 mm to maximum of 60.8 mm, placing them in the upper-end of the “heavy” to “extreme”
ranges of rain rates described by Tokay and Short (1996) (see Table 3-2). Intense rainfall
events are particularly important in causing post-fire soil transformations (Francos et al.,

2016).

a. Monthly distribution

Occurrence of heavy rainfall events was quite unevenly distributed through the year, with
primary dominance in late-spring and summer; and secondarily in late autumn-early winter
(see Figure 3-21). Summer (DJF) had 57.7% (30 hours) of all large depths, dominating the
record. Preceding this, November (late spring) also made a significant contribution of 5 hours
(9.6%). These appeared to coincide closely with the daytime rainfall occurrences during these
months described above. There was a secondary cluster of high hourly rainfall occurring
during early winter in June (15.4%, 8 hours), and preceding it in May (late spring) (4 hours,
7.7%) which coincided with the dominantly nocturnal rainfall occurrence in May and pre-
dawn occurrence in June. Only August and October each recorded 2 hours (3.8%) of high
hourly rainfall; No top 52 hourly rainfall rates occurred in March-April (early-mid autumn),

July (mid-winter) and September (early spring).

145



[any
[e)]

N
s

[N
N

=
o

Frequency
(0]

Figure 3-21. Temporal distribution (by month) of “heavy” rainfall events > 9.2 mm™ using
one-hour time-resolution.

The occurrence of heavy rainfall events is therefore highly temporally selective,
concentrating in the period November to February, and then a minor cluster during May to

June.

146



b. Time-of-day distribution

Figure 3-22 shows the occurrence frequency of heavy rainfall according to time-of-day. Peak
occurrences of heavy rainfall were in the mid-afternoon (1500 hrs) and early evening (1900
hrs). Furthermore, the afternoon hours (1400 hrs to 1800 hrs) dominated heavy rainfall
occurrence, with 4 or more events during these times. In contrast, there was a distinct lack of

heavy rainfall events; 2 or less events, from night-time (2200 hrs) to mid-morning (1000 hrs).

Figure 3-22. Occurrence of top 52 heavy rainfall events according to time-of-day. The
perimeter indicates times with O indicating 0000 hrs (midnight) and 23 indicating 2300 hrs
(11 p.m.).
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3.5.3.3.4. Discussion

Daytime dominant rainfall occurrence was found in November through to February (Figure
3-18); this is corroborated by modal rainfall occurrences during daylight hours for these
months, as seen in Table 3-5, although specific times of the day at which these peaks
occurred, varied from late morning to late afternoon. As seen in Table 3-4, mean wet-hour
intensities were clearly higher for the diurnal than nocturnal rainfall hours with median
intensities for February showing statistical significance for the abovementioned patterns. The
concentration of heavy rainfall events in these months, as shown in Figure 3-24, was also
evident. Therefore, there must have been a set of regularly occurring meteorological
conditions over the region of the study area that accounts for these rainfall event
characteristics. It was likely that warm “summery” conditions exerted some controls over the
weather during these months, with strong regional (associated with the Australian continental
interior) and local convection, along with topographical forcing (Kendon et al., 2012) being
particularly dominant during these months. Specifically, strong updrafts in the late afternoon
hours were very likely to occur due to high thermal gain from intense solar insolation,
resulting in local and regional convection flows being activated. In addition to uplift of air
from local surfaces, there would also have been active advection of moister air from adjacent
near-coastal and coastal areas in the region south, west and east of Licola. Enhanced by
regional orographic effects of the Great Dividing Range (see Section 3.3), this would cause
higher-intensity rainfall to be generated from cumuliform clouds. While November is
conventionally treated as the “late-spring” period in the southern hemisphere, the rainfall
characteristics appear to be more like summer, rather than spring conditions. Hence, it could
be deduced that summer-type local-regional scale convection driven rainfall events have a

strong influence on the rainfall patterns during November for the study region.
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It could be argued that one of the confounding factors to these findings, is that the
variable times of day and night determine the classification and resultant amount of rainfall
hours and depth (cf. Table 3-3). However, it should be noted that the diurnal-nocturnal
rainfall peaks did not correspond to the months in which the summer and winter solstices
occurred (Figure 3-18). Although the summer solstice for this location fell on 22" December,
peak diurnal rainfall occurred in the month of February; while the winter solstice falls on 21

June, peak nocturnal rainfall occurred in the month of August.

The highest variability in rainfall hour-depths was found during the summer months
of December to February. These were likely to be related to the spatially-limited extent of
many convective storm cells (Kendon et al., 2012) that occurred over this area resulting in a
“hit-or-miss” occurrence of rainfall being recorded for the locality of Licola itself (while
other adjacent areas may have been “missed-or hit”. However, where the convective rainfall
events prevalent in summer “hit” over Licola, large rainfall depths and intensities were
recorded during the mid to late diurnal hours, as shown in Figures 3-18 and 3-21. Secondary
peaks in the evening to night hours could represent lags in time from which moisture
advection from distant coastal areas to the southwest and southeast occur (nominally 150 km
and 100 km respectively) while the land surface continues to remain warm, encouraging
ongoing convection into the evening, and for rainfall-generating mechanisms in clouds to

operate fully and finally result in rainfall occurring.

During the “warmer” months, the STR would exert a strong influence on regional
pressure patterns, pushing rain-bearing frontal systems further south from their median
position and thus reducing frontally-induced stratiform cloud rainfall. Furthermore, low-
humidity air emanating from the arid Australian continental interior would have reduced the
chance of cloud formation. However, natural variations in the shape and extent of the STR

would have still enabled some fronts to break through and provide rainfall over locations in
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and around the present study area. Also, strong summer regional and continental-scale
heating, generating broad-scale convection and moisture advection from the maritime areas to
the west and south would have caused higher-intensity but temporally and spatially-limited

cumuliform cloud rainfall.

Nocturnal rainfall was dominant from April through to August, and could be
explained by the STR retreating north and allowing a higher frequency of the passage of
fronts over the study area. With lower solar insolation, cool land surfaces, lower temperatures
and higher relative humidity, soils and plant canopies remaining moist for longer time periods
compared to summer conditions, convection processes were thus muted and therefore
contributed little to diurnal occurrence of rainfall. Concomitantly, East Coast Lows (ECLS)
were likely to have been more frequent in late autumn to winter because of large gradients in
sea surface temperatures, and were also more likely to develop in the evening because of the
highest likelihood of instability in the maritime boundary layer (Bryant, 1997), therefore
helping to account for the greater dominance of nocturnal rainfall hours and depths during

this season of the year.

In the following section, to illustrate the seasonal variation that is an important part of
rainfall regime affecting the study area, we examine the contrasting synoptic and
meteorological conditions between summer-autumn and winter-spring dominant systems
during the immediate post-fire period in 2007. These will support some initial discussions on
how different rainfall events may drive hillslope erosion in the study area at different times of
the year. The following sections also help to illustrate the rapidity and scale of post-fire
hillslope and catchment responses to rainfall inputs to explain the severe and extensive

erosion and flooding that occurred in the study region during first post-fire year.
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3.5.4.1. Summer 2007 post-fire storms

In late February 2007, the study region had been rendered highly vulnerable to water erosion
in this immediate post-fire period due to the very large areas of steep hillslopes that were bare
and exposed after the extensive and severe vegetation damage by the 2006/7 Great Divide
Fires (see section 3.4). The rainfall events and ensuing hillslope erosion and floods that
occurred on 23-24 Feb 2007 caused major damage to Licola town (Houghton, 2007). As
reported by the Australian Associated Press (2007), a near-stationary trough over the region
in southeast Australia brought substantial, sustained rainfall to the broader region with
localized intensive convective cells causing spatially variable rainfall in the study area.
Figure 3-23 shows the location of precipitation gauges relevant to the study area: Mt Useful
(Lat: 37.7000 S, Long: 146.5167 E; Elevation: 1440 m), Glencairn (Lat: 37.5277 S, Long:
146.5458 E; Elevation: 380 m) and Mt. Tamboritha (Lat: 37.4667 S, Long: 146.6883 E;
Elevation: 1446 m). Table 3-7 shows the corresponding daily rainfall depth for the three
stations from 21 to 24 Feb 2007. Because of the localized, spatially heterogeneous nature of
these summer storms, the sparse distribution of gauges may have failed to capture the true
rainfall intensities and depths received at many other ungauged locations, with the radar

images provide only nominal, approximate indications of the rainfall parameters.
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Figure 3-23. Locations of precipitation gauges at study region. Red star indicates study site
location. Source: State Government of Victoria (2016).

Table 3-7. Daily rainfall (mm) for Glencairn, Mt. Tamboritha and Mt. Useful precipitation

gauges 21 to 24 Feb 2007. Source: Bureau of Meteorology (2017c).

Date Glencairn (380 m) Mt. Tamboritha (1446 m)  Mt. Useful (1440 m)
21/02/2007 0.0 0.0 0.0
22/02/2007 4.2 30.4 14.4
23/02/2007 1.0 0.2 12.8
24/02/2007 5.8 3.4 16.2

*Note: No data available for Licola station between 2003 and 2009 either from DELWP
(2016) or Bureau of Meteorology (2017c).

The development of the relevant weather system is shown in the synoptic charts in

Figures 3-24 a-d. On 21 Feb 2007, 1800 hrs (Figure 3-24a), a trough extended from the

continental interior of Australia, and across and beyond southeast Australia into the Tasman

Sea; this was likely to have been caused by the intense regional terrestrial heating in summer.

This trough was wedged between two high pressure cells; one just west of the study area over

the Southern Ocean and the other due east over the Tasman Sea. As a result, the near-
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stationary trough generated convective air flows over the region that drew-in southerly and
easterly moist maritime air (from the aforementioned high-pressure cells) that were then
further modified with orographic uplift caused by the high relief of the Great Dividing Range.
By 22 Feb 2007, 1800 hrs (Figure 3-24b), this had caused some rainfall over the study region
in southeast Australia including the study area, with the eastward movement of the trough
restricted by the twin high pressure cells dominating over the Tasman Sea. This led to rainfall
depths of 4.2 mm 30.4 mm and 14.4 mm recorded at Glencairn, Mt. Useful and Mt.

Tamboritha respectively (Table 3-7).

By 23 Feb 2017, 1800 hrs (Figure 3-24c), the high pressure cell positioned over the
Southern Ocean had moved further east over New Zealand and therefore enabled the trough
to shift slightly eastwards. Nevertheless, rainfall in the region continued. Very modest depths
of 1 mm and 0.2 mm were recorded at Glencairn and Mt. Useful respectively. However, 12.8
mm rainfall was recorded at Mt. Tamboritha (see Table 3-7). By 24 Feb 2017, 1800 hrs
(Figure 3-24d), the trough had dissipated over the Tasman Sea but the convective clouds that
had developed over the Range contributed rainfall depths of 5.8 mm, 3.4 mm and 16.2 mm

for Glencairn, Mt. Useful and Mt. Tamboritha respectively (see Table 3-7).
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Figure 3-24. Mean Sea Level Pressure (MSLP) Analyses charts at 1800 hrs for 21 to 24 Feb
2007. Source: (Bureau of Meteorology, 2017a).
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The storm cells generated from summer convective processes are also well-illustrated
with a snapshot view of the rainfall radar on 22 Feb 2007, 5.40 p.m. (Figure 3-25), where
thunderstorm cells with localized high-intensity rainfall and lower-intensity fringes occurring

over parts of the Great Dividing Range in Victoria, can be observed.
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Figure 3-25. Rainfall intensity distribution over Victoria on 22/2/2007, 5.40 p.m. as shown
from the Bureau of Meteorology Radar (128 km radius) at Sale (IDR573). Each pixel
represents an area 0.25 km?. Star indicates study site location. Radar image source: The
Weather Chaser (2017). Legend source: Bureau of Meteorology (2017d). Image copyright of

Bureau of Meteorology, Australia.
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As discussed earlier in section 3.5.3, the development of extensive troughs and
interactions with the mid-latitude high and low-pressure cells can lead to the greater
occurrence of convective rainfall from cumuliform clouds giving localized, high-intensity
thunderstorm cells during summer that generate sudden bursts of erosive energy on selected
hillslopes within the catchment. This could be further exacerbated with wet antecedent
conditions caused by previous rainfall events. The rain gauge network in the region was
probably too sparse to record the rainfall supplied by many of the quite localized convective
cells. This can be seen through the considerable variability in catchment-scale rainfall
recorded by the three gauges (Table 3-7). The main convection-related rainfall generating
systems during summer would therefore lead to different hydrological and geomorphological
outcomes compared to the rainfall from frontal-related systems during winter. As seen in
Figures 3-24 a-d, the positions of the mid-latitude high pressure cells and fronts are further

south than what is experienced during winter.

The steepness and large catchment area of the upper Macalister, where the study site
was located, frequently causes ‘rapid, fast-flowing and turbulent floods’ (Wellington Shire
Council, 2016). As a result of the rainfall events described above, major flash flooding (river
gauge height more than 3.6 m) (Bureau of Meteorology, 2017¢) occurred on 23-24 Feb 2007
(Australian Associated Press, 2007; Goulburn Broken CMA, 2009) during which the river
gauge at Licola was damaged. Indeed, the rainfall event depths experienced (Table 3-7) were
quite modest. However, it was likely that the burnt-out, exposed and vulnerable hillslopes had
high hydrologic connectivity, low infiltration rates and high rainfall-runoff ratios and steep
topography all conspired to cause rapid erosion and swift increases in stream discharge. This
scenario was repeated in November 2007 during which more late spring/early summer storms
occurred, with the consequent flooding causing extensive damage, including the loss of

infrastructural repair works that had already commenced.
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Flash floods are a frequent and major post-fire hazard due to highly localized (and
difficult to detect in sparsely distributed gauge network) thunderstorms that supply ‘pulse wet
microbursts’ that recur with stationary/semi-stationary cell regeneration, and cause enhanced
runoff generation due to fire-induced soil hydrophobicity, and heightened soil erodibility and
availability (Gallucci et al., 2011). Rain-wave trains (Horton, 1945) are likely to be
instrumental to the spikes in the volumes of material eroded from hillslopes. Peak flood
levels at Licola gauging station on 4, 5 and 6 November were: 3.28 m, 3.24 m (ARI: 12 years
approx.) and 2.83 m (ARI: 6 years approx.) (2.7 m being the minimum flood level) (State
Emergency Services Victoria, 2013; State Government of Victoria, 2016). These events
certainly underscore the importance of being able to understand and predict post-fire
hydrological and geomorphological processes that operate in response to complex rainfall

inputs in the region.
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3.5.4.2. Winter 2007 post-fire storms

This section describes the winter rainfall resulting from meteorological conditions that are
more active during this season — ECLs and frontal systems. With the ground surface of the
region remaining highly vulnerable to erosion, winter storms during 26 to 28 Jun 2007 caused
major floods and damage in the Macalister catchment. Notably, the gauging station at Licola
was washed away (Wellington Shire Council, 2016) and Cheynes Bridge further downstream
on the Macalister River was destroyed (State Emergency Services Victoria, 2013). There
were also reports of losses of livestock and damage to other property and infrastructure
(Miletic, 2007). The Department of Sustainability and Environment and Parks Victoria
(2010) observed that areas that had been burnt extensively, had particularly exposed and
vulnerable soils and suffered noticeably greater flood damage than other areas less or
unaffected by the 2006/7 fires. These events and observations served to emphasize the
importance of vegetative cover in mitigating hillslope erosion and runoff rates, and being able
to understand post-fire hydrological and geomorphological processes driven by the rainfall

events generated by meteorological mechanisms described in this section.

Figure 3-26 a-d illustrate the meteorological conditions leading to an East Coast Low
(ECL) (see section 3.5.2) and subsequent passage of a cold front over the south and southeast
of Australia during winter from 28 Jun to 1 Jul 2007 that contributed large total rainfall
depths and widespread flooding in the Glenmaggie catchments (see also Table 3-8) (Bureau
of Meteorology, 2007b). State Emergency Services Victoria (2013) would later report 24-
hour rainfall totals at Murderers Hill, Mt. Wellington, Callignee North and Koornalla to be
greater than 1 in 100-year ARI; 24-hour rainfall depths for Mt. Tassie and Reeves Knob were

estimated at between 50 and 100 years ARI.
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Table 3-8. Daily rainfall (mm) for Glencairn and Mt
Jul 2007. Source: Bureau of Meteorology (2017c).

. Useful precipitation gauges 27 Jun to 1

Date Glencairn (380 m)  Mt. Useful (1440 m)
27/06/2007 24.6 6.6
28/06/2007 92.6 136.0
29/06/2007 4.6 5.0
30/06/2007 1.6 0
01/07/2007 2.2 1.2

*Notes: No data for Mt. Tamboritha 28 Jun to 12 Jul 2007, likely due to storm damage to

equipment.
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(d) 2 Jul 2007. Source: (Bureau of Meteorology, 2017a).

163



As shown in Figure 3-26a, the ECL (seen as a deep low-pressure over southeastern
Australia) on 26 to 28 June brought heavy rainfall of extended durations and widespread
flooding to many parts of east and southeast Australia, including the study area (Bureau of
Meteorology, 2007d; State Emergency Services Victoria, 2013); no high-resolution rainfall
data was available from any sources to discern specific intensities. Very high daily rainfall
depths of 24.6 mm and 92.6 mm on 27 and 28 Jun 2007 respectively at Glencairn, and at Mt.
Useful, 6.6 mm and 136 mm on 27 and 28 Jun 2007 respectively, were recorded (Table 3-8).
The extent of the meteorological impact of the ECL is illustrated through the rainfall radar

snapshot for 27 Jun 2007, 2200 hrs in Figure 3-30.

By 29 June 1800 hrs (Figure 3-26b), as the ECL shifted further east across the
Tasman Sea, a cold front moved in from the west towards southeast Australia. By 30 June
1800 hrs (Figure 3-26c¢) the cold front had arrived at Victoria and moved quickly past
southeast Australia, bringing light, widespread rains across the region. However, the
catchment would have been saturated from the preceding rains and much runoff would have
been generated on the hillslopes and erosion would have occurred. At this point of time, a
second cold front had reached the southwest corner of the Australian continent. By 1 Jul 2007
(Figure 3-26d), this second front was already over the Gippsland region and even more
rainfall was received. At this time, yet another strong cold front was approaching South
Australia and Victoria from Western Australia, moving quickly westwards across the Great

Australian Bight.

164



Mansfield"
.Mt Buller

JEildan
.Jamiesnn

Buxton ]
- mboritha
Myl e -

Omeo Mchillop Bridge

u
Gelartipoy

.Buchan

k LD UthiEn Orbost |
[ 5

ERald ale
iiﬁlﬂlnlli'ug rlgdale

1 Lakes Entrance
-F # nt Wil zan
JEast Sale i

oot T

m

[raralgon
re I

1y o

100 ki -Mﬂf:
Mnrwa.

u
Mirboash

u
‘Warragul

Koru:nburra

.Lannatha

Fostér

Cape Liptrag

(% B sons Prommontory

Ll

Rain Rate

Light
Wed, 27 Jun 2007 04:40:00 GMT

Seaspray

Moderate Heavy
G/27/2007, 2:40:00 PM

Figure 3-27. Rainfall intensity distribution over Victoria on 27/6/2007, 1440 hrs as detected
by the Bureau of Meteorology Radar (128 km radius) at Sale (IDR573). Each pixel represents
an area 0.25 km?. Red star indicates study site location. Source: The Weather Chaser (2017).
Image owner: Bureau of Meteorology, Australia.

Figure 3-28 presents the rainfall radar image snapshot for our region of interest at 29

Jun 2007, 1800 hrs which provides good insights into the cloud formations and precipitation

associated with the mid-latitude frontal systems that are more active during winter than

summer. Note the long, broad cloud band associated with the cold front, moving from west to

east, bringing light rain over broad areas in the region. These are quite distinct from the

localized convection-generated storm cells bringing high-intensity rainfall, as shown in

Figure 3-25.

165



Hain Rate ' I

Light
Fri, 29 Jun 2007 08:00:00 GMT

Mansfiald™ Omeo McKillop Bridge
Mot Buller u i
ﬁlmﬂ P e e %’ L]
~Swifts Creek Gelarti
glamizzon L - " Py
F P g ENEAY
S Mt Tarmboritha Dargo, Al
Jarysville g R * ®  Tambo Crossing, 4 aBuchan
& Ehn::aurt‘ ¥ \
‘Woods Poi N
o T Bullumwazl |
Mt Useful A T uthen ' Orbost,
."#I'bl.l'lﬂnn ! ~ 'S i - .B?lin.i_ll:llll
M B Bairnsdale
N~ Ul o e uCfi2golong Y Lakes Entrance
' ":Erh:a Maffra "'-,.-:ir},:; i
Jipyid ke ¢ s ? = - J__.L;:‘?l_._.z P&Ti Wil son |
[ ] | ) T [ § _'_ -~ ) |
j - Sale, gEast SaleAp~ < | |
L] | 100 fer .I'.'Ine ' 50 b i | |
Warr e gty | /
agul | [ 'Trara[gnn ] |
Morwell L { ]
1 " "Bormandale /
1 e i ‘ " #
Korumburrea | M Narth il Sexspray
2 : Ealook.
1_enng_ath*,
= =
Foster ._.4._,." |
- - .IL"
Lo g :
i__. N L _}
Cape Llptrq / :
% ’;I' -'iﬁ‘lim Promortory
3

Moderate

|

Heavy
6/20/2007, 6:00:00 PM

Figure 3-28. Rainfall intensity distribution over Victoria on 29/6/2007, 6.00 p.m. as detected
by the Bureau of Meteorology Radar at Sale (IDR573). Red star indicates study site location.
Source: The Weather Chaser (2017). Image copyright of Bureau of Meteorology, Australia.

The description of ECL and frontal systems in this section helps to explain why

slightly more rainfall is usually received at the study site during winter, as well as specifically

accounting for the massive post-fire floods and sedimentation experienced in the Licola

region in late June/early July (Environment and Natural Resources Committee, 2008; Miletic,

2007; Wellington Shire Council, 2016). During this near-immediate post-fire period, the
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weekly rainfall totals for the region far exceeded the long-term averages (see Figure 3-29 and

Table 3-9).

Rainfall (mm)
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Figure 3-29. Rainfall distribution for the week ending 3 July 2007. Source: Victorian

Government (2007) using data from the Bureau of Meteorology, Australia. Red star indicates
approximate study site location.
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Table 3-9. 4-day rainfall totals, 12 hr and 24 hr maximum rainfall for selected locations.
Source: Victorian Government (2007) using data from the Bureau of Meteorology, Australia.

12 hr max rainfall 24 hr hr max rainfall

Location* 4-day total Amount | ARI** Amount ARI**

(mm) (mm) (Years) (mm) (Years)

Briagolong 150.6 86.0 10-20 131.0 20-50
Callignee North -na- 124.0 > 100 180.0 > 100
Mt. Useful 147.6 92.0 2-5 135.0 5-10
Mitchell River at -na- 68.0 2-5 113.0 10-20

Rosehill

Mt. Tassie 212.6 124.0 20-50 198.0 50-100
Mt. Moornapa 210.2 131.0 50-100 157.0 20-50
Mt. Wellington 377.0 205.0 > 100 318.0 > 100
Murderers Hill 226.0 141.0 50-100 215.0 > 100
Reeves Knob 321.2 141.0 20-50 228.0 50-100
The Channel 123.8 72.0 2-5 118.0 10-20

u/s Cowwarr Weir -na- 44.0 1-2 68.0 2-5

*Refer to Fig. 3-31 for map of locations. **ARI: Annual Recurrence Interval.

The river heights of the Macalister at Licola could not be presented accurately here
due to the loss of equipment from the flood, but an unprecedented 5.15 m gauge height, and
flood ARI of 1 in 200 years were estimated, which made it the largest flood on record for the
Macalister River (Goulburn Broken CMA, 2009; State Emergency Services Victoria, 2013).
There was thus a large data gap between 22 Jun and 11 Jul 2007 (State Government of
Victoria, 2016), but Forest Fire Victoria Inc. (2007), Environment and Natural Resources
Committee (2008) and Gippsland Emergency Recovery Committee (2007) provided detailed

qualitative insights into the dramatic processes and impacts of post-fire rainfall, flooding and
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erosion in the burnt hillslopes in the Glenmaggie catchment, as well as the downstream
damage to infrastructure such as the Glenmaggie Reservoir weir and regional water supplies,
and environmental impacts including sedimentation of the Thomson River and Gippsland
Lakes. A similar set of rainfall and flood events also occurred in early June 2012 (State

Emergency Services Victoria, 2013), within the measurement period of the present study.

The rapid passage of fronts over our region of interest, at higher frequencies
compared to summertime conditions, tends to bring successive “waves” of rainfall events of
light to moderate intensity over a broad area, moving from west to east, where “rain shadow”
impacts (Rowe and Downes, 1960) on the Wellington River catchment might occur. When
the ECLs, which also tend to develop more frequently in winter, extend into the study region,
large and long-duration rainfall is likely to occur, and the prolonged heavy rain strongly drive
throughfall, overland flow and hillslope erosion processes. Furthermore, the higher humidity
and lower temperatures during winter are likely to contribute to lower intra-event evaporative
losses (Dunkerley, 2008c) and higher percentage mass of water reaching the ground surfaces
to drive overland flow and erosion processes. Instantaneous plant water uptake and
transpiration rates are also likely to be much lower during winter compared to summer
(Dawson and Pate, 1996) and these would contribute to quicker saturation of upper soil

horizons and rapid generation of overland flow.

With a clear understanding of the rainfall regime driving hydrology and erosion in the
study region, we now turn to examining the “targets” of rainfall - the vegetation strata that
modulate rainfall, and the soil that ultimately gets eroded, transported and deposited, as they

occurred in the pre and post-fire time periods.
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3.6. Vegetation

The key features of southeast Australian dry sclerophyll forests in general, and main
structural and physiological features relevant to the present study area were described in
section 2.4. In this section, detailed features of the pre and post-fire vegetation discerned

from field observations and information from existing databases are presented.

3.6.1. Pre-fire vegetation

The original vegetation in the study area was classified by Rowe and Downes (1960) as Short
Dry Sclerophyll Forest composed of the E. melliodora - E. macrorhyncha - E. polyanthemos
alliance approaching woodland-type distribution and structures in these rain-shadow parts of

the catchment (see Plate 3-2).

Plate 3-2. Dry sclerophyll forest vegetation typical of the study area in long unburnt
condition. Eucalyptus spp. comprise the canopy layer with tussock grass (Poa spp.) ground
cover and substantial litter layer. Note the discontinuous and open canopy. Image source:
Gupta et al. (2015).
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Associated with this formation was patchy ground cover comprising kangaroo grass
(Themeda australis) and tussock grass (Poa spp.). Situated within the Highlands — Southern
Fall bioregion, the Ecological Vegetation Class (EVC) groups (Parkes et al., 2003; Woodgate
et al., 1996) of this area were Grassy Dry Forest on the exposed west and north-facing lower
slopes (the study site location). Neighbouring slopes with more sheltered south and east-
facing aspects, and riparian areas were covered by Valley Grassy Forest. Shrubby Dry Forest

was found on the middle and upper slopes (DEPI, 2013); see Figure 3-30.
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These were taken to be the pre-fire climax vegetation, while keeping in mind the high
fire frequency in the region. It was therefore assumed that mature foliage dominated the area
during the pre-fire period. Adult leaves of Eucalyptus polyanthemos (the species of interest in
this study) are petiolate and vary from ovate to broad-lanceolate with dimensions up to 9
(length) x 3 (width) cm (Brooker and Kleinig, 2006; Costermans, 2009), and are quite distinct

from juvenile leaf forms typical of post-fire regrowth, as discussed below.

Dry sclerophyll forests, even when unburnt, have an open canopy with crown cover
ranging between 20 and 50% and foliage cover ranging between 10 and 30% (National
Committee on Soil and Terrain Australia, 2009). The vertically-hanging foliage of the
Eucalyptus tree species (King, 1997) enable strong sunlight penetration through the canopy at
high solar zenith angles. Along with the sparse woodland-like distribution of trees at the
study site, this leads to relatively exposed sub-canopy and forest floor microclimates where
the litter of dry sclerophyll forests can accumulate as fine fuels and dry-off rapidly during

summer, increasing fire risks over a broad region (Price and Gordon, 2016).

Equilibrium surface fuel loads in dry sclerophyll eucalypt forests of southeast
Australia, usually reached 5 to 8 years after fire, have been estimated to range from 15 t ha!
(Brooks et al., 2004; Gilroy and Tran, 2009) to 19 t ha® (Clarke et al., 2016); it is likely that
these fuel loads were reached in the study area (and the wider region) leading up to the
megafire of Dec 2006 to Feb 2007 (Flinn et al., 2008a). In comparison, for dry open “jarrah”
Eucalyptus marginata forests in Western Australia, Gould et al. (2008) reported lower
surface fuel loads of 10 to 11 t ha 10 years after fire which then slowly increased to reach a
steady 13 to 14 t ha* at 25 years after fire. Under the fuel load classification system by Luke
and McArthur (1978), pre-fire fuel load conditions for the study area were very likely to have

been in the ‘Severe’ to ‘Catastrophic’ ranges (Chen et al., 2017).
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3.6.2. Post-fire vegetation

As described in Section 3.4, large contiguous areas of the dry sclerophyll forests in the Great
Dividing Range in Victoria were burnt at moderate to high severity (see Section 2.4 and
Figure 3-8) in the 2006/7 megafires. Therefore most trees in the affected region either had
severe crown scorch or had their crowns burnt, causing the removal of the protective canopy
cover over very large areas. Attiwill et al. (2014) reported that close to 90% of the Eucalypt
mixed species forests in Victoria burnt in the 2006/7 fire were classified as moderate or
severely burnt or had crown-scorch. Post-fire storm events caused damaging floods, erosion
and sedimentation in the affected catchments (Forest Fire Victoria Inc., 2007) (see also
section 3.5.2). Field observations of near-immediate post-fire conditions, of areas close to the
study site by Nyman et al. (2011) noted almost complete defoliation of the existing
vegetation with ample evidence of crown burn. Nevertheless, because of the fire-adapted
nature of the plant species in these forests (Clarke et al., 2015) there was successful and

ample regeneration that occurred over the ensuing years.

In line with the focus of this research on intermediate-stage post-fire erosion a ground
survey of the study hillslopes over an approximately 0.5 ha area (see section 3.1) was
undertaken five years after the fire in Nov/Dec 2011 in preparation for the fieldwork
campaign in 2012 (see Chapter Four). With reference to Costermans (2009) for plant
identification, the main tree canopy species identified were regenerating Eucalyptus
polyanthemos (Red Box) (most dominant), E. macrorhyncha (Red Stringybark), E.
melliodora (Yellow Box). Shrub-level species were mostly Acacia implexa (Lightwood)
Acacia verniciflua (Varnish Wattle), and Acacia melanoxylon (Blackwood). Live ground
cover was characterized by fragmented, isolated patches of what appeared to be Themeda
triandra (kangaroo grass) and Poa labillardierei (tussock grass). Some of the ground was

bare, especially the inter-spaces between patches of regenerating trees, shrubs and grass
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patches. Organic litter, mostly in the form of dead leaves and small twigs, could be found
sparsely distributed over the mostly bare inter-spaces, but accumulated behind barriers such

as the stems of regenerating Eucalyptus trees, fallen logs and large rocks.

Stem-density of all Eucalyptus trees was estimated at 181 stems ha™*. In comparison,
Stewart et al. (1979) reported stem density at 123 stems ha™ and biomass at 344 Mg ha for
mixed-species eucalypt forests containing E. agglomerata, E. muellerana and E. sieberi in
Genoa, Eastern Victoria where there was higher annual rainfall (927 mm) than the present
study site. By the time of initial site visits in 2011, post-fire regrowth and spatial re-
colonization of the Eucalyptus spp. was already substantial with dominance of basal
sprouting from near surface lignotubers and some examples of epicormic growth from the

trunks of the few trees that had survived the fire damage (see Plate 3-3).

Plate 3-3. Regenerating Eucalyptus polyanthemos individual at the study site. Yellow tape
measure at 1 m length provides scale. Note mostly bare ground outside the edges of the
regenerating plant. (Photograph by author)
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I observed some substantial re-growth of the Acacia spp. (wattles) at slope bases
where slope gradients were gentler (see Plate 3-4a) and, presumably, much of the seed bank
had accumulated due to transportation from upslope sources, caused by hillslope erosion and
deposition processes. Occurrence of the juvenile wattles was much sparser on the bare inter-

spaces (Plate 3-4b).

(a) (b)

Plate 3-4. Vegetation conditions of study site. (a) Dense post-fire regrowth of Acacia
(wattles) at the slope bases of the study site (photo taken from side of Tamboritha Road); and
(b) Bare inter-spaces with sparse re-growth of Acacia spp. individuals. (Photographs by
author)

Of particular interest was Eucalyptus polyanthemos, because of its very distinct
heterophylly. Juvenile leaves of E. polyanthemos are petiolate, orbicular, emarginate with
dimensions approximately 6.5 cm (length) x 8 cm (width), which are quite different from
mature leaf forms. Hanging habits of eucalypt leaves are also unique with steep leaf
inclination (60 - 70°). These were verified with the use of a handheld clinometer at the study
site. With their sclerophylly and hydrophobicity, it was hypothesized that the open forest
canopy still in recovery would have limited canopy storage capacity, and there would be
distinctive interception and throughfall characteristics compared to other plant species with
different leaf habits and characteristics. Field observations of post-fire vegetation

regeneration found a dominance of juvenile leaf growth of E. polyanthemos in the study area
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(see Plate 3-5). The pendulous hanging habit of the E. polyanthemos leaves can be observed

in the upward-looking photo of the plant canopy in Plate 3-6.

Plate 3-5. Post-fire foliage of Eucalyptus polyanthemos dominated by orbicular, juvenile leaf
forms. It was postulated that distinct throughfall fractions and rates, and drop-size spectra
could be the outcome of modulation of rainfall on this regenerating canopy. There would thus
be interesting and important controls by canopy characteristics on ground-level splash
erosion, infiltration and runoff generation. (Photograph by author)
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Plate 3-6. Pendulous hanging habit of E. polyanthemos leaves observed at field site. Part of
the plant stem can be seen in the left foreground. (Photograph by author)
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3.7. Soils

3.7.1. Pre-fire soils

According to Rowe and Downes (1960), soils of the study area ranged from solodic soils at
the gentle to moderate gradient footslopes, to leptopodsols with some lithosols on moderate
to steep upper slopes. Solodic soils were found at or near the crests of the high ridges. These
soils were likely to have developed due to the combination of the steep terrain, the dominant
climatic conditions and associated meteorological occurrences, vegetation characteristics and
the underlying geology - nutrient-poor Devonian sedimentaries (mudstone, sandstone and
conglomerates) described in section 3.2. These soils were mainly composed of thin ‘A’
horizons with medium to coarse sandy loam textures with weak or non-existent structure,

with gravelly to sandy-clayey ‘B’ horizons.

More recent data from CSIRO (2011) for the study area prior to the 2006/7 fires
classified soils in the study area as texture-contrast Chromosols (Isbell, 2002). Soil pH (1:5
CaCl2) was 4.6 to 4.8 with loamy sand/sandy loam textures (< 10% clay) and shallow profile
depths of 0.3 to 0.5 m (CSIRO, 2011) (Australian Soil Resource Information System Level 4
data). Just adjacent to the study area, the neighbouring hillslopes with more sheltered south
and easterly aspects had Dermosols (Isbell, 2002). From the classification and descriptions of
soils in the study area, the fire-induced defoliation reducing protective vegetation cover, and
the likely loss of soil organic material and aggregate stability, post-fire erodibility of the
topsoil would have been very high. In combination with the steep topography and the lack of
barriers to impeded sediment movements, the volume of hillslope sediment and organic
material lost in post-fire erosion would have been very high. The outcomes of the severe soil

erosion on the study site are described in the following section.
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3.7.2. Post-fire soils

With the extensive fires and numerous reports of post-fire erosion and floods in the region
(Australian Associated Press, 2007; Department of Sustainability and Environment and Parks
Victoria, 2010; Gippsland Emergency Recovery Committee, 2007; Houghton, 2007), many
changes to the soil, in addition to the vegetation, occurred. Post-fire ground survey of the
soils at the study site by the author in Nov 2011 found rather depleted, skeletal soil
conditions. Much of the original topsoil had been stripped away by severe post-fire erosion
and debris flows, and voluminous amounts had been exported from the hillslopes to the
stream system (Nyman et al., 2011). This can be observed in Plate 3-7 which shows how the
existing gullies had been widened and deepened, and acted as concentrated pathways for
large volumes of sediment and water as debris flows to be evacuated downslope to the bases
of the steep hillslopes and into the stream network. Plate 3-8 provides an impression of the
voluminous post-fire debris flow deposits in the study region reported by Nyman et al.
(2011). Much of the eroded material entered the adjacent Wellington River (Plate 3-9) and
contributed to the major floods and damage to Licola town, Glenmaggie Reservoir and
Cowarr Weir (ABC News, 2010; Department of Sustainability and Environment and Parks
Victoria, 2010; East Gippsland Catchment Management Authority, 2007; Gippsland

Emergency Recovery Committee, 2007; Goulburn Broken CMA, 2009; Tryhorn et al., 2008).
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Plate 3-7. Large gully in the study area. Note the large boulders deposited in the gully and the
bark stripped-off bark on the upslope portion of the trees, indicating the likely height, volume
and impacts of the post-fire debris-flows. Photo credit: Bushfire and Natural Hazards CRC
(2017).

Plate 3-8. Debris-flow deposits hindering access along Tamboritha Road near Licola in late
February 2007. Source: Flinn et al. (2008a). Photo credit: Department of Sustainability and
Environment (DSE).
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Plate 3-9. Post-fire sediment washout to Wellington River at the base of study site slopes
circa 2012. Flow direction indicated by blue arrow - south towards the confluence with the
Macalister River at Licola town. (Photograph by author)

Evidence of the severe erosion that had already occurred at the study site included
very thin, unstructured stony topsoil containing high percentages of gravel and rock, and the
occurrence of fine sedimentary bedrock (mudstone, siltstone and sandstone) within 10 cm of
the soil surface; the average soil depth. There were also large mounds of unconsolidated and
unsorted sediment, including large rocks, at slope bases, with intermittent evidence of the
original soil horizons protected under the occasional fallen, burnt out logs. The original
topsoil of the Chromosol profile would have been stripped away by the erosive processes
prior to the commencement of the study period triggered by storms in the immediate and
short-term post-fire period, leaving behind what would have been the original ‘B’ and ‘C’
horizons. The state of the depleted, skeletal post-fire soils at the site is illustrated in Plate 3-
10.
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Site soil profile as observed from a Thin topsoil at the study site. Fallen Foreground: Patchy ground cover at
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Observed topsoil depth was variable; than current) from erosion. eucalyptus regrowth in background.

10 to 30 cm and very stony.

Plate 3-10. Post-fire soil conditions in 2011, approximately 5 years after fire occurrence; (a)
soil profile from gully wall; (b) thin, gravelly soils; (c) bare, patchy soil surface.
(Photographs by author)

Six topsoil samples were obtained from lower slope positions about 20 m from one
another roughly along the 340 m contour in the study area and then bulked for particle size
analysis using laser diffraction (Eshel et al., 2004), pH (H20) using 1:5 soil:water ratio
(Rayment and Lyons, 2010) and organic material using the Loss-On-Ignition method
(Rayment and Lyons, 2010). The soil profile was extremely shallow, ranging from 7 to 15
cm, with large rocks deterring any deeper sampling (cf. Plate 3-8). The topsoil texture was
gravelly-sandy silt loam with moderate to high stoniness and would have been of moderate to
high erodibility (Bryan, 2000; Lal and Elliot, 1994; Song et al., 2005). The soil was
extremely acidic with pH (H20) of 4.0. Such acidic forest soils are widely distributed across
southeast Australia and usually have high, toxic levels of exchangeable Aluminum to which

many native plants (e.g. Eucalyptus and Acacia spp.) are well-adapted (Khanna et al., 1994).
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Field measurements found that topsoil depth was limited to around 7 cm in most
positions, below which large stones (mudstone and siltstone) were encountered (see Plate 3-8
a-b). There was no textural or colour differentiation between these thin upper layers, except
for certain locations where a thin layer of organic material (about 5 mm) had accumulated.
The topsoil was generally poorly aggregated and had minimal structure with minimal visual
evidence of soil organic matter. The soils were thus classified as Leptic Lithic Rudosols,
where minimal pedological development had occurred (Isbell, 2002). This substantial
contrast with the pre-fire soil classifications (see 3.7.1.) also underscores the importance of
post-fire erosion processes in pedological development and classification, particularly where

there is redistribution of large volumes of soil across the landscape (Shakesby et al., 2007).

Ground cover by live plants was patchy and limited (see Plate 3-8c) with many large,
bare interspaces. Litter cover was heterogeneous across the study site, with much more litter
found directly under the recovering trees and shrubs, especially upslope of the stems where
there was likely to have been some accumulation of litter transported and detained from
upslope sources. This was quite similar to the Faulconbridge site, 70 km west of Sydney in
the Blue Mountains, studied by Dragovich and Morris (2002) where it was noted that ground
cover recovery was patchy and limited even though the trees and shrubs had recovered

relatively rapidly.

The plant-soil interactions at the study site appeared to reflect the “Nutrient-
Poverty/Intense-Fire Theory” (Orians and Milewski, 2007). Because of the low macro (e.g.
phosphorus) and micronutrient (e.g. zinc) availability in the thin gravelly soils, plants such as
the Eucalyptus spp. channel excess energy to the rapid production of high-lignin, nutrient
poor biomass that limits herbivory and organic litter decomposition. This results in the rapid

accumulation of fuel loads particularly in dry sclerophyll forests in the present study area.
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This recalcitrant, spatially heterogeneous and relatively mobile litter load influences hillslope

processes in a variety of ways.

Firstly, and the most obviously, would be a rapid rise in fire risk accompanying the
quick recovery of the plant canopy. At the microscale, the copious fuels at the base of stems
will increase the likelihood of crown fire due to the vertical “laddering” of fuel. If fire were to
break out again in the area, conditions would revert to the high vulnerability of the immediate
post-fire period. Secondly, the presence of litter would provide a protective layer to mitigate
rainsplash impact (Geddes and Dunkerley, 1999), disrupt overland flow paths, increase
infiltration rates and mitigate soil moisture losses. Under these “intermediate” conditions (see
Chapter Two) they are, however, mostly situated under individual regenerating plants.
Thirdly, their sclerophylly and hydrophobic surfaces could, somewhat counter-intuitively,
transform free and released throughfall drops to surface runoff because of their low
infiltrability and protective mulching effects of maintaining soil moisture levels. Fourthly, the
litter can be highly mobile in the steep terrain being of low density, they can be easily
transported by flowing water and/or wind down or across hillslopes. Depending on their

location and concentrations, hillslope processes could be accordingly influenced.

3.8. Prolonged post-fire erosion vulnerability

Despite reports of rapid post-fire re-establishment of vegetation in dry eucalypt forests (Heath
et al., 2016; Shakesby et al., 2007) with substantial regrowth observed within a year after fire,
it seems that the region has displayed prolonged vulnerability to erosion even into the
“intermediate” recovery period where resistance to erosion is meant to be relatively high
(Prosser and Williams, 1998). Frequent bouts of erosion and flooding have continued to
occur in the Licola region even though the upstream areas have seen substantial vegetation
recovery. One notable event reported in the media in Feb 2010 was the damage caused by the

significant flooding and sedimentation to the town of Licola (ABC News, 2010). This was
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followed moderate floods, three years after the fire, in Sep 2010 (3.53 m) and Dec 2010 (3.33
m) (Wellington Shire Council, 2016). In Aug 2011, winter storms caused major flooding at
3.62 m. In 2012, flooding at Licola was again reported, with river gauge heights of 4.27 m on
5 Jun 2012 (major flooding) and 2.90 m (minor flooding) on 7 Jun 2012 (Bureau of

Meteorology, 2017e; DELWP, 2016).

Hence, post-fire erosion vulnerability does not necessarily have a simple negative,
monotonic relationship with the number of years after fire, or even with the extent of
vegetation recovery. Indeed, while the stochastic interplay between rainfall regime, fire
regime, catchment “priming” and the occurrence of extreme erosion events is important for
modelling and prediction (Jones et al., 2014), there is still a need to investigate the complex
post-fire erosion and hydrological factors and responses deeper into the “window of
disturbance” (Prosser and Williams, 1998; Shakesby, 2013) in this geomorphic and

hydroclimatic region, because these are of both practical and scientific significance.

Having established a good understanding of the landscape, fire regime, hydro-climatic
conditions, vegetation and soils of the study region which continues to manifest extended
erosion vulnerabilities even in the intermediate post-fire period, we now turn to the methods
used to investigate the rainfall, vegetation, throughfall and hillslope material fluxes of the

study area in Chapter Four.
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CHAPTER FOUR: METHODOLOGY

4.1. Introduction

In this chapter, the methods adopted in this research will be presented. Firstly, | describe the
layout of the measuring apparatus for a good picture of the site setup within the partially-
vegetated hillslope in intermediate post-fire conditions. Following this, the specific methods
will be described in the following order: (i) rainfall measurements and analysis, (ii) canopy
cover measurements of intermediate post-fire vegetation, (iii) throughfall fraction (iv)
erosivity of throughfall and rainfall, (v) laboratory-based throughfall drop-size
measurements; and (vi) measurement of hillslope material fluxes using sediment fences. The
adoption of the suite of methods in the field enabled the concurrent measurement and
subsequent investigations of possible relationships between the various factors, processes and
outcomes of hillslope erosion in intermediate post-fire vegetation conditions, important
research gaps discussed in Chapters One and Two.

The laboratory experiments were conducted to develop essential insights into how
intermediate post-fire vegetation canopies of dry sclerophyll forests dominated by juvenile
leaf forms might modulate rainfall distinctly from long unburnt canopies with mostly mature
leaf forms. The field experiments were conducted over 6 time periods across 10 months in
2012. While this was a relatively small number of measurement periods, this was thought to
be sufficient to capture the wide range of rainfall types and event characteristics that would
elicit a range of responses from the plant canopies in rainfall modulation and hillslope
erosional processes.

Higher temporal data resolution was hindered by the long distance of the study site
from the university, the need to select non-rain days for field data collection and limited
manpower resources available. Furthermore, several site visits within each of the 6

measurement periods found that, in some cases, minimal or no sediments had been
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transported across the hillslope surface to be deposited at the sediment fences because there
had been insufficient erosive energy from small rainfall events during the intervening time. In
view of these reasons, the workload for this research was thought to be suitably scoped for
insights to be gleaned into the intermediate post-fire hillslope hydrological and erosional

processes, the focus of this research.
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4.2. Site selection and instrument layout

Informed by reconnaissance visits of the study area in 2011 (see Chapter Three; Figure 3-4),
a suitable study site with intermediate post-fire vegetation conditions was selected (Lat:
37.54° S, Long: 146.61°; UTM: 55H 465948 E, 5845213 S). The selection criteria included:
(1) similarity of soil and intermediate vegetation conditions to the broader region that had
been burnt in the 2006/7 fires; (ii) low likelihood of recent human disturbance in the area
(e.g. dirt-bike riding, bush-walking or camping) since Feb 2007; (iii) accessibility from a
sealed road that would not hinder transport, installation and maintenance of equipment and
apparatus, and sample collection; (iv) reasonably safe in terms of slope stability and
movement across the terrain; (v) well-hidden from public view to minimize the chances of
vandalism, equipment theft or tampering by passers-by. Figure 4-1 shows the layout of the
various instruments for simultaneous measurement of rainfall, throughfall and hillslope
material fluxes were deployed at the study site. The local topography, geology, soils and
climate were described in Chapter Three. Details of the methods and instruments adopted are

provided in the following subsections.

189



CROOKAYAMN

T
Y
(]
S —

N
[

LICOLA, 32

A | )
0 e— 7 | /

Copyright © State Govermimand of Victona. Sarvice provided by www knd vic.gov.au ri

Figure 4-1. Detailed topography and instrument layout of study site. Notes: (i) Blue cylinder symbol denotes position of pluviometer in a natural
clearing; (ii) Blue line with round ends indicates transect layout of TIF funnels and (iii) Red line with square ends indicates transect layout of splash
cups, perpendicular to contours. (iv) Open-field TIFs and splash cups were installed in a circular pattern surrounding the pluviometer. (v) Numbered
boxes 1-6 indicate positions of sediment fences. Map source: (State Government of Victoria, 2014).
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4.3. Rainfall

Study area rainfall was measured using a Hydrological Services Tipping Bucket rain gauge
(TB3) (0.5 mm resolution, 200 mm diameter) equipped with a Hobo® event logger (Onset
Computer Corp.) which recorded the date and timestamp for each recorded tip of 0.5 mm
rainfall depth. Similar to the study by Stoof et al. (2012), the pluviometer was located in a
circular naturally-occurring treeless clearing approximately 10 m in diameter. It was installed
on a 30 x 30 cm square concrete slab on the ground surface and levelled with the aid of a
bubble level (see Plate 4-1). An earlier attempt to install the pluviometer on a steel pole
driven into the ground was thwarted by the shallow profile and underlying rocks that
prevented any firm footings to be gained. After installation, initial attempts at rainfall
measurement were foiled because rainsplash had caused substantial amounts of fine clay and
silt-sized particles to be detached from the adjacent bare soil surfaces and then deposited at
the orifice of the pluviometer funnel, clogging it. While this delayed the progress of the
project, the high rates and volumes of splash erosion from the soil surface were shown to be
very significant. To mitigate against this, around 4 m? of HDPE UV-stabilized shadecloth
were lain on the ground surface bordering the pluviometer to attenuate any rainsplash energy
and enable it to operate much more reliably without the funnel clogging. Rainfall records
from Glencairn weather station (DELWP, 2016) approximately 4 km west of the study site

(elevation 380 m) were used as reference and backup data for the study site.
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Plate 4-1. Pluviometer installed at study site. Photo was taken prior to installation of
shadecloth border to attenuate splash erosion from adjacent bare soil surfaces. Note the
evidence of rainsplash erosion and deposition on the outside walls of the instrument.
Regrowing seedlings seen in the background of photo were trimmed regularly to prevent any
interference with accurate rainfall measurement.

Boxcar Pro 4.0 software (Onset Corp.) was used to download the readings from the
datalogger. It was then imported into Microsoft Excel for data preparation and processing.
Following Haile et al. (2010), ‘primitive’ rainfall events of 1 mm minimum depth, and 60
minute minimum inter-event time were identified. Primitive events at this initially high
temporal and quantitative resolution allow the examination of the various factors influencing
resultant erosional impacts such as antecedent soil moisture (affecting soil infiltration rates
and runoff generation) and can be aggregated to form “composite” events where necessary or

desired, especially for studies of processes leading to soil erosion (Brown et al., 1985).

The prepared rainfall dataset was processed using the Rainfall Intensity
Summarization Tool (RIST) (version 3.88) (Agricultural Research Service, 2013) to develop
a range of statistics for all the recorded storms, in particular the l1 min, 15 min, 1120 min, 115 min, 20
min, 130 min @nd leo min intra-event rainfall rate values. The I1 min Values were used for detailed

analysis of threshold intensity-duration effects on overall hillslope material eroded, and also
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for studying threshold erosional relationships with the different sediment size components.
The equation by McGregor et al. (1995) was used to derive event energy and erosivity in
RIST, based on rainfall erosivity parameters developed for the Revised Universal Soil Loss

Equation (RUSLE) (Renard et al., 1997):

e =0.29 [1 - 0.72¢ 098D ‘where e is kinetic energy expressed in MJ ha™* mm

and i = rainfall intensity expressed in mm hr.,

Event Kinetic energy was expressed in MJ ha; and

Mjmm
ha.hr

Erosivity of rainfall was (presented in this document as MJ*mm ha* h1).

All descriptive and inferential statistical analysis was performed using IBM SPSS

Statistics Version 22.

4.4, Canopy cover

Canopy cover measurements were taken at the start of each measurement period. | used the
vertical photography method described by Dunkerley (2010a) who examined throughfall
fractions under sub-alpine snowgum woodland and closed shrub heath canopies in Victoria,
Australia, with good results. To determine the canopy cover as foliage projective cover
(FPC), vertical photographs recording the branch, twig and foliar cover directly overhead of
each sampling point (TIF and splash cup) were taken using a Panasonic Lumix FZ5 digital
camera (5MP) in the widest possible lens angle. Canopy photographs included branches and
twigs together with foliage because of the inherent difficulty in separating foliage and non-
foliage portions of each image. Furthermore, these woody plant parts were also interception
surfaces for vertically-falling raindrops, and would also contribute to canopy hydrological
partitioning and rainfall modulation. The photographs of leaves, branches and twigs with the
sky as background were captured in overcast conditions or during dusk to mitigate any image

over-exposure to direct sunlight while the sun was at a high zenith angle in the sky, or from
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reflection of sunlight off leaf surfaces even at low solar zenith angles. This was important to
enable accurate derivation of canopy cover data by subsequent image conversion and

thresholding.

The images were imported into the Java-based Image J software (National Institutes
of Health, USA, v.1.46, downloadable from http://rsb.info.nih.gov/ij/), and converted by
thresholding of greyscale images into binary (black and white) format to obtain the closest
possible representation of vertical canopy cover in black (foliage, branches and twigs) and
white (open sky). The canopy cover percentage was determined by calculating the proportion
of total pixels (4,915,200) occupied by black (i.e. canopy cover) pixels. Figures 4-2a and 4-
2b show the original vertical photo and thresholded image used to derive canopy cover

percentage, respectively.

Figure 4-2. Sample image used to obtain canopy cover percentages: (a) Original photograph
(note small patch of blue sky in background amidst generally overcast conditions); and then
(b) Thresholded 8-bit binary black and white image processed in Image J software.
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4.5. Throughfall fraction
Throughfall volume and fraction were determined using a chemical time-integration approach
using Throughfall Integrating Funnels (TIFs) and Plaster of Paris (calcium sulfate

hemihydrate) tablets following the design by Dunkerley (2010a), as shown in Figure 4-3.

support wire

/ collecting funnel

bronze mesh strainer

eo0s00 00/~ silastic adhesive

tent peg
- ~ screw top lid
of phial
= 50 mL phial

plaster tablet

vYYN

drainage holes

bronze mesh support

@ (b)

Figure 4-3. Throughfall Integrating Funnel (TIF). (a) Schematic; Source: Dunkerley (2010a)
and (b) TIF (#6) installed at the field site (Photo by author).

Each TIF assembly comprised of a stainless-steel collecting funnel attached to a steel
tent peg driven into the soil to hold it in place. A circular mesh strainer was installed inside
the funnel orifice to trap any large litter fragments that might clog the funnel, but still allow
water to freely drain through. The funnel was itself attached to the screw top phial lid in
which a hole was drilled to fit the funnel neck through to converge water flow directly onto
the calcium sulfate hemihydrate (Plaster of Paris) tablets (detailed in the following
paragraph), which were themselves held in the phial body resting on another mesh strainer at
the base. Drainage holes were drilled at the base of the phial to allow free evacuation of water
after it had passed over the tablet surface. The measure of tablet weight loss from their

original weights resulting from dissolution provided an indication of the rainfall or
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throughfall depth volumes that had occurred. This method was demonstrated by Dunkerley
(2010a) to have high correspondence to traditional measurement methods using throughfall
troughs. Over eight integration time periods (251 days, 871.1 mm total rainfall depth) for
low-lying Eucalyptus pauciflora (snowgum) canopy in the Bogong High Plains in Victoria,
Australia, the TIF method (14 TIFs were deployed) gave throughfall fraction of 0.82 (s.d. =
0.23) which was extremely close to independently derived figures of 0.84 (s.d. = 0.06) from
the “normal” throughfall trough method (4 were deployed). Compared to troughs, TIFs have
the advantages of flexibility in spatial distribution of sampling points and ease of installation
especially under low plant canopies, such as that encountered in post-fire vegetation
regeneration conditions of the study site, or alpine snowgum-closed heath vegetation studied

by Dunkerley (2010a).

Individual tablets were prepared by slicing Plaster of Paris cylinders formed in tubular
moulds created from standard polyvinyl chloride (PVC) drainage pipes. | used a commonly

available Uni-Pro brand (www.unipro.com.au) Plaster of Paris obtained from a local

hardware shop. Each circular plaster tablet was approximately 36 mm in diameter and 20 mm
in thickness. Tablets were oven-dried at 105 °C, left to cool to room temperature and then
weighed to the nearest 10 mg using a precision laboratory balance to determine the uneroded
mass. Subsequently, the tablets were carefully placed in 50 mL plastic phials padded with
cotton wool and bubble wrap to minimize plaster loss by vibrations or knocks, for transport to
the study site; this had been identified by Dunkerley (2010a) as a source of error to be
mitigated. The fresh tablets were then deployed by carefully unwrapping them and
transferring to the 50 mL phials as part of the TIF assembly (Figure 4-3b). At the end of each
measurement period, the eroded tablets were carefully removed from the phial-funnel
assembly and transported in the same padded phials back to the Monash University Soils

Research Laboratory. Eroded plaster tablets from the TIFs were returned to the lab and oven-
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dried for 24 hrs. They were then cleaned by extracting any visible fragments of organic litter
using pincers and a soft paintbrush. Figure 4-4 shows the tablets’ appearance after field

deployment and in the laboratory environment for cleaning prior to weighing.

(b)

TIF tablets post field deployment. Tablets (#16-20) in TIF #10 post-field deployment. Cleaning
front row (foreground) were exposed to open-field was done using soft brush and tweezers
rainfall. (Photo by author) (Photo by author)

Figure 4-4. TIF tablets after field deployment ready for drying and cleaning.

Open-field TIFs, receiving rainfall directly without any canopy interception, would
experience greater weight loss compared to under-canopy TIFs which would have had some
of the rainfall intercepted by the plant canopy and detained on leaves and twigs, lost through
evaporation, or diverted to stemflow prior to their arrival at the TIF’s orifice. Throughfall
fraction for this intermediate post-fire canopy cover was determined by calculating the mean
weight loss of plaster tablets #1 to #15, as a fraction of the mean weight loss of the 5 open-

field TIFs (#16 to #20) (Dunkerley, 2010a).

A total of 20 TIFs were installed on the field site to determine relative throughfall
volumes in open-field rainfall (5 TIFs) and under-canopy conditions (15 TIFs) (see Figure 4-
1). The 5 open-field TIFs were positioned in the clearing (see section 4.3.), surrounding the

pluviometer in a roughly circular manner, each about 30 cm from one another and the
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pluviometer. Only 5 open-field, compared to 15 under-canopy, TIFs were deployed as it was
expected that un-intercepted rainfall would have much lower variability in rainfall depth
received over a small area of the clearing, compared to the heterogeneous under-canopy
conditions (Nanko et al., 2016a). These were borne out in the TIF throughfall data reported in
Chapter Six. The 15 under-canopy TIFs were arranged in an uphill transect on average 5 m
from one another (Figure 4-1). Each TIF was positioned about 30 cm from the main stem of a
regenerating E. polyanthemos tree. In their paired-catchment study of post-fire runoff and
erosion, Stoof et al. (2012) similarly installed a total of 15 throughfall collectors fabricated
from 5L jugs, divided equally under 3 shrubs, for the 9.7 ha Valtorto burnt catchment and the
4.9 ha Espinho catchment. This method was similar to that described by Dunkerley (2010a)
in his study of throughfall under sub-alpine snowgum woodland and closed shrub heath in
Victoria, Australia which yielded good results when compared to the “traditional” throughfall
trough method that, having a large-linear collection area, integrated measurements over a
substantial area giving poor spatial resolution and could not be flexible in spatial distribution
of sampling points. Because this study necessitated the measurement of throughfall beneath
the low branches from E. polyanthemos individuals due to the substantial post-fire epicormic
growth and lignotuber sprouting that had already occurred since the fire five years prior, the

TIF method was thus very suitable.
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4.6. Throughfall erosivity

To measure splash erosion by throughfall and rainfall drops, sand-filled splash cups
following the Tlbingen splash cup (T splash cup) design by Scholten et al. (2011) were used
with slight modifications based on locally available materials. As shown in Figure 4-5, the
assembly consisted of: (i) sand-filled cylindrical splash cups (height: 50 mm, diameter: 43
mm; sampling area 14.5 cm?) fabricated from PVC drainage pipes. Each cup had a permeable
polyester fabric “base” which enabled constant hydraulic connection with the water reservoir
while preventing any sediment losses from the bottom of the cup; (ii) cup holder using PVC
pipe coupling with cotton facial pads at the base to enable good hydraulic contact with the
cups; (iii) 500 mL LDPE bottle acting as water reservoir with a hydraulic connection
maintained with the splash cup via the cup holder using a cotton wick threaded through a
drilled hole in the bottle’s polypropylene screwcap. It was important that the sand cups were
kept at close to saturation, and that any changes to sand moisture content due to
rain/throughfall or evaporation would be rapidly adjusted to nominally near-saturation or
field capacity levels, as splash erosion processes and impacts are critically dependent on this
factor (Poesen and Savat, 1981; Truman and Bradford, 1990). The PVC cup holder was
securely attached to the screwcap using silastic adhesive. The screwcap-cupholder assembly
could be easily unscrewed to allow the water reservoir to be refilled with stream water
collected from the nearby Wellington River. A small aperture was drilled on the top of the
main body of the bottle to allow air to freely enter and displace any water being wicked up to
the sand cup, and also to allow excess water contributed by rainfall or throughfall to be
evacuated without the splash cup assembly being inundated. As demonstrated by Scholten et
al. (2011), the constructions were robust and reliable, making them suitable for measuring
throughfall and rainfall splash energy in remote areas, harsh environments and on steep

terrain.
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Each cup was filled with dry-sieved oven-dried medium sand of 212-500 um particle
size range, up to ~2 mm from the rim of the cup. Medium sand, rather than fine sand (125—
200 um particle size range) used by Scholten et al. (2011), was used because of its higher
availability, acquired by sieving sand purchased from a local gardening shop. It was also less
vulnerable to aeolian erosion that could have caused sediment losses that could not be
attributed to rainfall and throughfall splash effects, leading to erroneous results. As found
from initial trials, the use of medium sand also saw minimal losses by displacement during
preparation, packing, transport, field deployment and retrieval of the sand cups. This was
especially important because of the long distance of 240 km between the University and the
study site, and the rough terrain to, and at the study site. In the laboratory, each cup was
weighed to the nearest 10 mg using a precision laboratory balance to determine the uneroded
“initial” mass. They were then sealed using LDPE food packaging clingfilm and securely
transported in polyethylene boxes padded with bubble wrap and cotton wool pads to
minimize sand loss from jolts and vibrations during transport. The same method was used for
retrieving and transporting the eroded sand cups from the study site. The 15 under-canopy
splash cups (#1 to #15) were arranged in a transect in a similar manner as the TIFs (see
Figure 4-1). The 5 open-field splash cups (#16 to #20) were also arranged in the similar
manner as the open-field TIFs while ensuring that they were placed far enough to not affect
the accuracy of the TIFs, other splash cups or the pluviometer by having sand particles
deposited into their funnels. Under-canopy splash cups were positioned approximately 30 cm
from the main stem of each tree, as was done by GeiBler et al. (2012b). All splash cup
assemblies were secured using nylon cable ties to a stainless-steel tent peg driven firmly into
the ground (see Plate 4-2). Similar to the TIFs, the splash cups had a low vertical profile
(~230 mm height) and could be flexibly deployed under low vegetation canopies and

provided for good spatial distribution of sampling points.
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Plate 4-2. Splash cup assembly deployed in the field.
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At each site visit, eroded sand cups were collected from their individual positions and
replaced with fresh sand-filled cups, with the water reservoir replenished each time if water
levels were low. The eroded sand cups were carefully re-packaged and returned to the

laboratory and oven-dried for 24 hrs.

As can be discerned from Plate 4-3, the sand cup surfaces for (a) open rainfall were
quite distinct from those that had been exposed to (b) under-canopy throughfall. (a) had
small, evenly-distributed and shallow pits; in contrast, (b) had large, unevenly-distributed and
deep pits. Together, they provided clear, qualitative indications of the small water drop sizes
and low splash impacts of open-rainfall conditions, and the opposite for under-canopy
throughfall conditions. Prior to any weighing, it was quite apparent that for most cups the
sand surfaces for under-canopy throughfall were distinctly lower than those for the open-
rainfall conditions, providing initial indications of the higher erosivity of the throughfall

drops.
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(@) (b)

Plate 4-3. Sand cup surface conditions for (a) open-rainfall conditions and (b) under-canopy
throughfall conditions.

Upon return to the laboratory, the cups were cleaned by extracting any visible
fragments of organic litter (see for example Plate 4-3) using a pair of stainless-steel pincers.
Following that, a soft brush was used to gently remove any sand grains deposited on the
narrow rim of the cup and on its external surface, because these were deemed to have been
removed by the splash impacts of rain and throughfall drops. Each sand cup was weighed to
the nearest 10 mg. Sand weight loss was determined by subtracting the post-exposure dry
weight from the original pre-exposure dry weight. Following this, an erosivity ratio
representing the extent of under-canopy splash erosion against open-rainfall splash was
determined by dividing the mean weight loss of plaster tablets #1 to #15, by the mean weight

loss of the 5 open-field splash cups (#16 to #20).
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4.7. Throughfall drop-sizes (Laboratory experiments)

The quantification of drop sizes was a key aspect of this research to shed light on how
intermediate juvenile leaf-form dominant Eucalyptus polyanthemos foliage modulated
rainfall, and examine if there were discernable differences with mature leaf forms. However,
this project did not have access to advanced equipment such as a laser (Angulo-Martinez and
Barros, 2015), or optical disdrometer (Fernandez-Raga et al., 2010). Hence, | decided to
employ an improved low-cost method using dyed filter papers after reviewing various options
examined by Kathiravelu et al. (2016).

4.7.1. Low-cost dyed filter-paper method

The initial step for this method was to trial and evaluate the use of the dyed filter-paper
method for indirectly measuring water-drops of varied sizes and masses using readily-
available, low-cost materials such as hypodermic needles, syringes, water-soluble food dye
and laboratory-grade filter paper. This was performed in the laboratory environment.
Whatman™ No.3 (Grade 3) standard qualitative cellulose filter papers (185 mm
diameter) were stained using a solution of standard tap water and water-soluble blue food dye
(QueensTM), mixed in a 1:10 dye:water ratio. The filter papers were fully saturated with the
food dye mixture in a shallow tray and then removed and left to air-dry on stainless-steel wire
racks at room temperature (~20°C) for 48 hours in the laboratory. Whatman™ No.3 filter
papers were used because they were strongly hydrophilic, preventing any beading-up of
water drops arriving on the surface and at 390 um thickness, were more than double that of
the No. 1 (Grade 1) filter papers (190 um) used in earlier reported studies such as Hall and
Calder (1993), and gave excellent wet strength mitigating any tearing, which was particularly
important during the wet dyeing (and subsequent drying) process during the experiments.
These thick filter papers also proved to be robust and easy to handle before, during and after

any water drop experiments were conducted. The 185 mm diameter size was selected because
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it was large enough for sufficient numbers of drops to be collected at any one time (compared
to smaller-area filter papers) while still small enough to be easily handled with one hand.
Using standard tap water from the metropolitan reticulated water supply network
(Melbourne Water), a range of drop sizes was generated using seven hypodermic needles of
different gauges (Largest: 16G, 1.19 mm inner diameter; Smallest: 27G, 0.21 mm inner
diameter) (Sigma-Aldrich, 2017); hypodermic needles have frequently been used to generate
target drop sizes, with strong positive correspondences between needle gauge and drop
diameters (Zhao et al., 2014a) indicating high precision and reliability in drop-size
generation. 50 drops from each needle gauge size were generated to fall on the filter paper
targets positioned 10 cm below the tip of each needle. Each drop created a stain of a lighter
shade of blue compared to the original dyed colour, and had a thin dark-blue border that
delineated the perimeter of each drop stain. This occurred because the water from each drop
would dissolve some of the dye and spread outwards from the area of initial drop incidence
with the filter paper; and the dissolved dye that had been transported would then be
concentrated at the edge of the drop stain, forming a distinct circular perimeter containing a
lighter-coloured interior (see Figure 4-6). The shape of each stain was not fully circular but
slightly elliptical (see Table 4-1). During the process of dripping on the filter papers, care was
taken to constantly reposition the filter paper by hand to ensure minimal merging between
stains created by individual drops; any merged stains were excluded from the data set. As the
experiment was conducted, it could be seen that the stain areas created by drops from the
same needle gauge were quite consistent, and that stain areas of water drops from different
needle gauges were distinct, with coarse needle gauges creating larger water drops and vice-

versa (see Figures 4-6a and b).
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(a) (b)

Figure 4-6. Drop stains on dyed filter paper for (a) 16G (largest) and (b) 27G (smallest)
needle gauge. Filter papers were 185 mm in diameter. Note that large stains created by
overlapping water drops were excluded from the analyses.

To determine the volumes of water drops from the needles, 15 mL polypropylene
centrifuge tubes (Centristar™) were initially weighed dry (with cap) using a precision
laboratory analytical balance (0.0001 g resolution). The tubes were then positioned 10 cm
vertically beneath the needle tip and were each used to collect 25 water drops generated from
each needle gauge. After recapping, they re-weighed to ascertain the mass of the 25 water
drops collected. After subtracting the dry weight of the centrifuge tube, the difference in mass
(giving the mass of water in the tube) was divided by 25 to determine the mass of an
individual water drop. The count of 25 drops was used because of the increasing likelihood of
experimental error after this number (e.g. pushing too hard on the syringe to generate a
stream of water rather than drops or miscounting of total drop numbers) and to minimize
evaporative losses from the tubes. For each needle gauge, 4 replicates of this experiment were

conducted for a total of 100 water drops.

The water drop stained filter papers were scanned at 400 dpi (colour) using a Toshiba

EStudio 555 multi-function machine (Toshiba Corp.). The acquired colour images in Tagged
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Image Format (.tif) were prepared and analyzed using Image J software (National Institutes
of Health, 2017). TIF format was used to maximize the retention of the original image details,
being a lossless image compression format compared to the JPEG lossy image format. The
wand (tracing) tool was used to identify the perimeter of the individual stains (using threshold
setting of 30; 4-connected mode). The identified area for each stain was then flood-filled with
black pixels to facilitate accurate image thresholding. The original colour images were
converted to 8-bit black and white images, and then thresholded again so that the stains

appeared as distinctive individual black silhouettes against a white background.

The Analyze Particles function was used to determine the area and circularity of individual
stains; stain area would increase with drop size reflecting volumetric differences (Best, 1950;
Hall, 1970; Kathiravelu et al., 2016). The measurements generated by Image J on the
individual drop stains were transferred to Microsoft Excel for data processing. Statistical
analyses of the data were performed using IBM SPSS Version 22. Independent sample t-tests
were conducted to compare the means of drop stain area, circularity and roundness between

different groups (needle gauges and later, leaf sizes and mature/juvenile E. polyanthemos leaf
types).

Area of each stain was calculated automatically using the scale information in the Tagged
Image Format (.tif) files. Image scale in pixels per unit area was determined using the Set

Scale function in Image J.

Roundness of stain was expressed as a ratio between 0 (straight line) to 1 (perfect circle)

determined by:

4 x [Area] / (m x [Major axis]?) where Major axis was the length of the primary axis

(longest line) of the best fitting ellipse of the stain shape.
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Following this, all data on drop stain areas (generated in Image J — Analyze Particles
function) and drop masses were prepared in Microsoft Excel and then analyzed for standard
descriptive statistics with linear regression analysis applied to quantify and evaluate the
relationships between drop stain size and drop mass. Table 4-1 presents the summary

statistics of the drop size areas and drop size mass experiments.

Table 4-1. Summary statistics of drop stains and drop mass experiments.

Needle gauge sizes

Parameter 27G 25G 23G 22G 21G 19G 16G

Mean m?f;s:piggmp (mg) 5368 6407  9.064 11408 12535 16903  22.309

Mean stain area in cm? (n = 50) 0.552 0.602 0.883 0.998 1.165 1.510 1.858
Standard deviation stain area 0.011 0.015 0.021 0.040 0.034 0.076 0.132

Mean m“”drzgfi)'”dex ofstain 943 0908 0920 0907 0916 0908  0.919
Standard de}’r:?jte'g” roundness 18 0018 0013 0021 0020 0016  0.020
Inferred mean individual drop

. 2.172 2.304 2.587 2.797 2.882 3.184 3.492
diameter (mm)

Linear regression analysis between drop size area on the filter papers and measured
drop mass showed a very strong linear relationship as seen in Figure 4-7.
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Figure 4-7. Scatterplot and linear regression between mean stain size and mean drop mass
from different needle gauges.

Hence, drop mass could be predicted with a high degree of confidence from drop stain
size on dyed filter paper using Equation 1 with the regression equation with x and y

intercepts set at zero:
y = 0.01131x
Where X is stain size in cm? and y is the drop mass, with R? = 0.982.

Drop diameter in millimetres was calculated using Equation 2 (assuming water

density at 1 g cm™):
D = 20 /3V.(4x)1]3

Where D is the drop diameter, and V is the volume of individual water drop in cm?; assumed

to be equivalent to drop mass in grams.
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The results of Experiment 1, from which Equations 1 and 2 were derived, provided
sufficient confidence in the evaluated dyed filter-paper method to discern, through
Experiment 2, drop size distributions from Eucalyptus polyanthemos juvenile and mature
foliage, and open rainfall, the subject of the following section. The results of Experiment 1
showed that a reliable linear relationship could be derived between drop mass (and by
inference, drop diameter), and stain sizes on standard Whatman No. 3 filter paper (185 mm
diameter) impregnated with standard food dye. This technique used relatively low-cost and
commonly available materials. While the dyed filter paper technique does not eliminate the
problem of accurately measuring drop sizes during very heavy rainfall (Kathiravelu et al.,
2016), it is amenable to executing many replicate attempts to measure drop sizes in such
“difficult” conditions that could then eventuate in a small number of successful attempts to
capture individual drop stains. For reference, Tokay and Short (1996) classified light intensity
rain rates at < 2 mm hr?, moderate intensity from 2 to < 5 mm hr?, and high intensities
(heavy) > 5 mm hrl. Nevertheless, this method would yield more success for rainfall events
at light to moderate intensities. Also, this method can be readily used to determine how well
the drop size distributions of rainfall simulators represent those of natural rainfall events at
varying rainfall intensities; where possible, drop arrival rates, another important pluviometric
parameter, could also be reliably measured where the corresponding exposure duration are

measured as well (Dunkerley, 2008b).
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4.7.2. Drop size distributions from foliage and open-rainfall

With good confidence in results from the first experiment, | then proceeded to examine the
drop sizes released from juvenile and mature leaves of Eucalyptus polyanthemos (Red Box);
comparing drop spectra between these two types of leaves and then also comparing them with

open-field rainfall.
4.7.2.1. Leaf samples

100 juvenile leaf samples were obtained at eye to chest level from Eucalyptus polyanthemos
individuals in a patch of dry sclerophyll forest in Victoria, southeast Australia, north of the
town of Licola, that was in the process of recovering from the Great Divide Wildfires in 2007
(Flinn et al., 2008a). 100 mature leaf samples in a similar way from unburnt E. polyanthemos
individuals close to Licola town. From each pool of 100 samples, four leaves, representing
the entire range (large to small) of the encountered leaf sizes were selected. Areas of juvenile
leaves ranged from 9.8 to 35.6 cm?, while for mature leaves the range was from 9.5 to 43.6
cm?. Figure 4-8 presents images of the leaves used in the experiment. The leaves were used
fresh with no applications to preserve them. Experiments were conducted within 48 hours of

harvesting and no visible deterioration of leaf surfaces or edges were observed.
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Figure 4-8. (a) Orbicular shaped juvenile leaves of E. polyanthemos used in the experiment.
Leaf areas were: (i) 9.8, (ii) 17.0, (iii) 23.8 and (iv) 35.6 cm?; (b) Broad ovate-lanceolate
shaped mature leaves of E. polyanthemos. Leaf areas were (i) 9.5, (ii) 13.2, (iii) 23.4 and (iv)
43.6 cm?. (Scale: Arrows are 2 cm across). Note the characteristic notched tips for this
species, for both juvenile and mature specimens.
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4.7.2.2. Foliage drop-generation and rainfall drops

Individual juvenile and mature leaves were positioned at a steep 70° hanging angle to
replicate natural conditions of pendulous hanging habits of leaves observed in the field and
reported in the literature (Bell and Williams, 1997; Brooker and Kleinig, 2006; Cerasoli et al.,
2016; Crockford and Richardson, 1990a; Jacobs, 1955; King, 1997). Hanging angles were
verified using a small hand-held clinometer prior to and after each experimentation run. No

noticeable changes were found in leaf hanging angles after each experiment.

For each experimental run, mist spray was gently applied using a hand-spray bottle to a
twig of either mature or juvenile leaves to saturate them and then allow drops to be released
naturally from their surfaces. The dyed filter papers were positioned approximately 10 cm
beneath the leaves and observed drip points to intercept drops that naturally detached from
the foliage. A rigid plastic shield was used to minimize the direct deposition of mist spray
onto the filter paper. To minimize overlapping of drop stains created, the filter paper was re-
positioned constantly. Because of the diffuse nature of the mist spray, drops also developed
on the apparatus. To avoid these erroneous drops, the appendages of the apparatus, e.g. clip
and stalk holding the leaf, were tilted downwards and away from the leaf so that water drops
would travel downwards and away from the filter paper. Care was also taken to ensure that
the filter paper was positioned beneath the leaf to collect drops developed from it. Drop stains
made in error were immediately marked with an “X” using a ballpoint pen and a fresh area

selected for the remainder of the experiment.

For comparison with a nominal rainfall event drop size spectrum, open rainfall drop
sizes were measured during a storm event on 16 Jun 2015 occurring over the Monash
University Clayton Campus car park C11 open area (no obstructions from nearby buildings)
using a standard passenger sedan car as a rain-shelter. Drop stains from a burst of heavy
rainfall during the storm were also obtained opportunistically; this enabled the collection of
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some stains from larger drop sizes associated with higher than average intensity rainfall. The
dyed filter papers were exposed to falling rainfall drops for approximately 5 seconds at a

time.

After exposure, the drop-stained filter papers were transferred indoors and air-dried
lying flat on a wire rack for 48 hours. These were then scanned and digitally analysed using
Image J software by the same method as described in section 4.7.1. Drop masses were
inferred from drop stain area (in cm?) using Equation 1, and equivalent drop diameters
calculated using Equation 2 (cf. section 4.7.1.). It was noted that free-falling raindrops were
encountered at a much higher velocity than those from syringes in the laboratory condition,
and some splatter from larger raindrops creating minute stains on the filter paper occurred.
The main drop stains from raindrops also created slightly scalloped boundaries. Nevertheless,
in the absence of any perfect solution, these issues were mitigated by the high absorptive
capacity of the filter paper (minimizing most splatter), and careful, minute adjustments to the
calculated stain area were made to nominally account for areal loss due to splatter, enabling
the same equations to be used for both laboratory experiments and free-falling raindrops.
IBM SPSS™ Statistics 22 was used to describe and analyse the data using One-way ANOVA
and related post-hoc tests where significant between-group (mature/juvenile leaves; leaf

sizes) were found.
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4.8. Hillslope material flux measurements

4.8.1. Sediment fence (SF) design and installations

To measure hillslope material fluxes caused by the erosional processes in these post-fire
intermediate vegetation conditions, six 1.5 m wide sediment fences (SFs), adapted from the
design of Robichaud and Brown (2002) (see Figure 4-9) were installed perpendicular to the
main slope direction, approximately along the 340 m contour to trap downward moving
hillslope sediment and organic litter. Two differences from the original design were made.
Firstly, instead of using geotextile fabrics with a choice of different Apparent Opening Sizes
(AQOS) to allow water to flow through, acting as a sieve, | used Polyethylene builder’s film
(Grunt™: extra heavy-duty; 200 pum thickness) to create a non-permeable surface for the
deposition of eroded sediments. The main reason for this alternative was the dominance of
fine silt-sized sediments in the study area’s soil texture derived from the mud and siltstone
parent material composing much of the local and regional geology (see section 3.2). Most of
these fine sediments would have escaped through the comparatively large opening sizes
described by (Robichaud and Brown, 2002) of which the finest aperture diameter was 0.177
mm.

The builder’s film was then reinforced by a layer of porous HDPE UV stabilized
shadecloth behind and below it. Secondly, iron pickets rather than wooden stakes were used
as installation posts. These were driven through the shallow soil and into the underlying rocks
to create a firm upright structure to support the film, shadecloth and the deposited sediments.
Nylon UV-resistant cable ties were used to secure the film and shadecloth to the iron pickets.
Earlier attempts using wooden stakes had failed to establish any proper foothold in the
shallow soil and rocks.

Plate 4-4 shows one of the SFs installed at the study site. While six SFs may appear to

be a rather small sample size, because of the rugged terrain preventing proper installation at
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many positions, and the intensity of resources needed for the fieldwork, six was considered to
be an appropriate number of installations to be managed by a single field worker, alongside
the other measurements of rainfall, throughfall and canopy cover described above. Similarly,
Vieira et al. (2016) installed four microplots per condition to monitor runoff and sediment
losses when comparing long-term post-fire erosion processes of ploughed and unploughed

sites in eucalypt plantations.

e T
68 ncres (15-20 om) | F\‘?'\H
_~ - ) _‘: ) - ~ —
44 inches (10-15 cm) S . "
1. Dig trench and place fill 2. Lay fabric along bottom and uphill 3. Compact soil back into trench
downhill. side of trench. to hold fabric.

Bnes(t5cm) —— b

5. Attach fabric to stakes a) wire or plastic —_ b) staples
4. Drive stakes 4-6 ft (1-2 m) to form a storage area to zip ties / \
apart and 6 inches (15 cm) catch sediment. .""f ‘§ 3 A
below trench. (&=

¢) roofing nails
with plastic washers

6. Sediment accumulated
behind silt fence.

Figure 4-9. Steps for installing silt fence (termed ‘sediment fence’ — SF in the present work).
Source: Robichaud and Brown (2002).
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Plate 4-4. Sediment fence (#1) installed at the study site. Width of collecting area was 1.5 m.
The large rocks seen on the left of the image were used to weigh-down the black
impermeable sheet to maintain a relatively flat and smooth surface flush with the thin, rocky
soil surface.

Earlier initial attempts to install 3 m width fences in Nov-Dec 2011 were unsuccessful
because of the rugged terrain and thin, rocky soils that hindered the establishment of
sufficiently smooth collection surfaces acceptably flush with the existing soil surface. Under
intermediate post-fire recovery, there was significant growth of canopy cover but it was
incomplete and variable, creating a high-degree of heterogeneity. Ground-level soil surface
conditions were also heterogeneous, with distinct patches (of variable area) of bare and
exposed soil, sometimes rocky areas with variable amounts of litter and post-fire debris
scattered around. The six sediment fences were installed in positions that represented the
range of different ground cover, vegetation and slope angles observed at the study area that
were likely to exhibit different factors, hydrological and erosional process operations, and

soil erosion outcomes (Table 4-2). The layout of the SFs was presented in Figure 4-1.
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Table 4-2. Sediment Fence (SF) descriptions

Description

SF Gradient Distance % exposed
No. from tree (m)  soil surface

1 16.1° 4.9 85

2 18.2° 2.5 70

3 25.3° 15 80

4 30.7° 15.5 95

5 16.6° 3.0 30

6 20.1° 15 40

Minimal ground contact cover; small amounts of twigs
and leaf litter; fallen log upslope; Small regrowth of
Acacia verniciflua of 15-30 cm tall. Large substantial
regrowth of Eucalyptus polyanthemos approx. 5 m
upslope of fence.

Rill observed upslope of fence; noticeable leaf litter
and regrowth Acacia verniciflua up to 60 cm tall.

On open, steep, and bare (~75%) site with minimal
ground plant re-growth or litter cover within 3m of
fence except for recovering Eucalyptus polyanthemos
tree 1.5 m upslope.

On very open, steep, stony and bare site (~90%) with
minimal plant re-growth or litter cover within 5 m of
the fence.

Dense canopy, sheltered area with mix of Eucalyptus
polyanthemos, Acacia verniciflua and Eucalyptus
macrorhyncha. Substantial amounts of plant litter,

gravel and charcoal on ground surface (~70%) — rough
ground surface to fence with minimal live ground
cover.

On steep, moderately bare patch with some Acacia
verniciflua up to 60cm tall. Substantial postfire
regrowth of Eucalyptus polyanthemos tree just 1.5 m
upslope of fence.
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4.8.2. Hillslope material — lab procedures

At the end of each measurement period, all the trapped sediment and organic litter were
collected from the 6 sediment fences using a Nyglass trowel and stored in resealable plastic
bags for secure transport back to the Monash University Soils Research Laboratory. The
collected material from each sediment fence were transferred to aluminum foil pans and
allowed to air-dry at ambient room conditions or, where required in cases where excessive
water had been collected together with the fine sediments, dried at elevated air temperature of
40 °C until sufficient moisture had evaporated. The material was first dry-sieved using a two
mm Endecotts™ stainless steel woven wire laboratory test sieve (Endecotts, n.d.) to separate
the soil (fine earth fraction) from gravel and larger-sized organic litter such as leaves, twigs
and large organic fragments. The organic litter was then carefully separated from both the
gravel and soil components by hand, and for finer fragments, using tweezers. The soil
component was then oven-dried to remove any remaining water. Soil, gravel and litter
components were weighed separately using a precision laboratory balance to the nearest 10

mg.

The soil component of eroded sediment collected from each sediment fence was
subsampled for particle size analysis (PSA). A 10 g subsample was obtained from the sieved
and oven-dried primary sample and placed in a 250 mL capacity glass beaker. 100 mL of
sodium hexametaphosphate (Calgon™) was added to the sample. The soil-dispersant mixture
was heated to and maintained at 95 °C and stirred regularly for 45 minutes before removing
from heat and left to cool overnight. The mixture was then poured out and sieved through a
1000 um laboratory sieve. De-ionised water was used for the wet sieving. Particles >1000 um
and <2000 um were retained and oven-dried on small aluminum foil trays for weighing of the
coarse sand fraction. The sieved mixture containing particles <1000 pm was then agitated for

re-suspension in a glass beaker using a magnetic stirrer. A small pipette was used to obtain a
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subsample of the suspension for PSA using the Beckman-Coulter LS 200™ laser particle size
analyzer (http://www.beckmancoulter.com). The system provided data on particle size
distribution of the subsample of all particles <1000 pm based on laser diffraction (Eshel et al.,
2004). This data was used to build the particle size distribution characteristics of each
individual soil sample from each SF between 0 and 2000 pm (i.e. fine earth fraction).
Sediment size limits for sand, silt and clay followed the World Reference Base (WRB)

system (IUSS Working Group WRB, 2015).
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4.9. Measurement periods

Data was collected between 8 Feb to 5 Dec 2012. There were 6 periods within this period
where hillslope sediment and organic material flux (section 4.8.) were measured
simultaneously with rainfall (section 4.3.), canopy cover (section 4.4.), throughfall fraction
(section 4.5.) and erosivity (section 4.6.). This was done to enable the exploration of possible
relationships between the various factors (canopy cover, rainfall event characteristics, SF
characteristics) with the outcomes (throughfall fraction, throughfall erosivity, erosion of
hillslope sediment and litter). The dates of data collection were primarily determined by the
likely occurrence of significant rainfall events in the preceding time since the last data
collection to ensure that substantial rainfall, throughfall, splash and downslope erosion
transport could be clearly detected and measured by the various instruments. These also had
to be non-rain days so as not to interfere with the operation of the processes of interest
(rainfall, throughfall, hillslope erosion processes), and for safety reasons in the remote
location and rugged terrain. The measurement periods were (Table 4-3):

Table 4-3. Measurement periods for simultaneous measurement of rainfall, throughfall
(fraction and erosivity) and hillslope material flux.

Period From To Days Season(s)
A 8-Feb 2-Mar 22 Summer
B 3-Mar 27-Apr 95 Autumn
C 28-Apr 27-Jun 60 Late autumn to winter
D 28-Jun 7-Aug 40 Winter
E 8-Aug 5-Oct 58 Late winter to spring
F 6-Oct 5-Dec 60 Late spring to early summer

In the following chapters, the results and analyses of rainfall, throughfall fraction,

throughfall erosivity and hillslope material flux will be presented.
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CHAPTER FIVE: RAINFALL
In this chapter, | present the results and analyses of the rainfall received at the study site.
Firstly, | describe the main aspects of rainfall for the 10-month measurement period in the
context of the entire year (2012). Based on the primitive event definition of 1 mm minimum
depth, and 60 minute minimum inter-event time (Haile et al., 2010) (see also Chapter 4), |
present statistics for the 106 primitive rainfall events identified for the measurement period in
the forms of event depth, duration, intra-event intensities at various integration durations (e.g.
5, 10, 15 minutes), as well as event energy. Secondly, I examine the rainfall statistics for the
individual measurement periods, labelled A to F. Because of the differences between periods
in the rainfall event characteristics (depth, duration, intensity, erosivity) and the inter-event
temporal distribution, each period served as specific, distinct “treatments” applied to the

study site.

Thirdly, | present the results of the exploratory analysis of one-minute intra-event
rainfall-intensities in each of the periods. Here, the one-minute intensities are also examined
in the context of individual primitive events, specifically focusing on the 5 mm h intensity
as the threshold rain rate between light rain from stratiform clouds and moderate to heavy
rain from cumuliform clouds. As demonstrated by Tokay and Short (1996), high-temporal
resolution of one-minute integration times enable physically-relevant proxy insights into the
cloud microphysical processes that result in the stratiform/cumuliform sources, their
accompanying drop-size distributions (DSDs) and drop arrival rates; all of which would
strongly influence canopy processes (e.g. interception, evaporation and throughfall), as well
as hillslope hydrologic and erosional processes (Dunkerley, 2008b). Furthermore, modern
optical disdrometers measure raindrop diameters in single ‘raining minute[s]’ (Carollo et al.,
2018) and so one-minute intensities present congruent temporal bases for comparison of

“traditional” rainfall metrics with data derived from more high-precision, technologically-
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advanced techniques. These analyses have been done to develop insights into the rainfall
features that could help to explain possible non-linear throughfall and hillslope erosional

responses presented in Chapters 6 and 7.

Lastly, I discuss the results of the rainfall analyses, casting them as the key, albeit
complex factor driving post-fire hydrology and erosion under intermediate conditions. The
stage is then set for examining the processes and outcomes of interest: throughfall and

hillslope erosion, in Chapters 6 and 7 respectively.
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5.1. General patterns

The total annual rainfall depth for the study area in 2012 was 916.2 mm. This was
significantly “wetter” than the mean annual rainfall of 802 mm (median 845 mm) for the
years 2003 to 2013 (Bureau of Meteorology, 2017c; Queensland Government, 2017). For the
field study period (8 Feb to 5 Dec 2012), onsite rainfall data was collected using a tipping-
bucket pluviometer (details in Chapter 4). The entire field measurement duration was
subdivided into six measurement time periods (A to F) during which throughfall and hillslope
erosion data were simultaneously obtained. The total rainfall depth during these ten months
was 738.9 mm, with primitive events (Haile et al., 2010) contributing 683.3 mm (92.5% of
total study period rainfall). Figure 5-1 shows the mean monthly rainfall for the study area.
The data was from Bureau of Meteorology (2017¢) and DELWP (2016) for Licola station,
and would not completely correspond with the study site’s rainfall records. On average, slight
higher rainfall is received in the winter months (Jun — Aug) compared to spring (Sep — Nov)
the second-wettest season, and distinctly higher than summer (Dec — Feb) and autumn (Mar —
Apr). It is worthwhile to highlight that the decade leading up to the occurrence of the 2006/7
bushfires that affected the area extensively, was during the Millennium Drought period of
1997 to 2009 (van Dijk et al., 2013) which saw 512 mm average annual rainfall (CSIRO,
2010; CSIRO, 2012); far below the long-term average of 802 mm. However, above-average
rainfall occurred from 2010 to 2012, and this was attributed to La Nifia conditions which
brought eastern and southeast Australia out of the EI Nifio conditions and broke the drought

(Bureau of Meteorology, 2015).

Figure 5-2 compares monthly rainfall distribution for 2006 (drought and bushfire year)
(Flinn et al., 2008a), 2012 (data collection year) and the average monthly rainfall calculated
from the 2003 to 2013 data. The significant departures of monthly and annual rainfall depths

from the ten-year mean demonstrate how this region is subjected to significant variations in

224



rainfall amounts and distribution on a year to year basis, to give high frequencies of high
wildfire risks and occurrences in drier years, interspersed with wetter years that encourage
rapid plant growth, biomass increases and consequently accumulation of fuels that enhances
fire risks when the climate swings to warmer and drier conditions. This observed oscillation
between multiple wet and dry years is a likely contributor to the region’s high susceptibility
to wildfires, as well as to inter-annual variations in hydrologic and erosional responses to the

total rainfall depth and accompanying rainfall event characteristics.
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Figure 5-1. Mean monthly rainfall for the study area for the years 2003 to 2013. Data sources:
Bureau of Meteorology (2017c) and DELWP (2016).
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Figure 5-2. Comparison of mean monthly rainfall for 2006 (green; wildfire year), 2012 (red,;
study year; intermediate conditions) and mean (blue) for the decade 2003 to 2013. Data
sources: Bureau of Meteorology (2017c) and DELWP (2016).

The below-average rainfall in 2006, preceded by multiple years of drought would have
exacerbated the significant water deficiency stress on the vegetation in the study region, and
also contributed to extensive curing and accumulation of litter and other above-ground fuel
for the severe bushfires that eventually burnt through the area in Dec 2006 to Jan 2007 (Flinn
et al., 2008a). With higher than average rainfall received in 2007 by a bare, burnt-out
landscape, massive rates of erosion and multiple debris flows occurred (see Chapter 3),
extensively altering soil conditions with intense stripping away of upper soil horizons and
their translocation to the bases of hillslopes, or loss to the riverine system (Wellington River
and downstream). 2012 was a particularly wet year with 900.8 mm total rainfall depth. In
contrast, 2008 and 2009 saw 601.2 mm (lowest annual depth of station records excluding
2006) and 664.4 mm respectively. Although less rain is likely to fall during an extended

drought period, the hydrologic and erosional significance of rather moderate rainfall depths
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could be amplified due to the high post-fire vulnerability of the bare, exposed soils to rapid
runoff generation and erosion (Prosser and Williams, 1998), and would have led to the
significant erosion events across large parts of the catchment as reported by Australian
Associated Press (2007), Houghton (2007) and (Department of Sustainability and
Environment and Parks Victoria, 2010), and described in Chapter 3. With depleted soil
moisture storage capacity and fertility of the now skeletal soils, these conditions would also
have delayed vegetation recovery and extended the “window of disturbance” (Chapter 1,
Figure 1-5c) even though more water may have been supplied to the system in the ensuing
years. However, 2010 and 2011 were wetter with 887.0 mm and 894.4 mm total rainfall
depths respectively and would have had significantly higher hydrologic and erosional impacts

than in the previous years.

In total, 106 primitive events were recorded for the study period. Table 5-1 shows the
main rainfall statistics for all the primitive events, together with intra-event rainfall intensity
values at different integration-time resolutions (ls-s0). Note that event energy was derived
from RUSLE-based calculations and presented as an area-specific unit (MJ hal). Rainfall
erosivity (R) (as shown in Table 5-2) is a compound factor presented as a rainfall depth-
intensity and area-specific unit (MJ*mm ha™ hr) (Gonzalez-Bonorino and Osterkamp, 2004;
McGregor et al., 1995; Renard et al., 1997; Risal, 2016; Salles et al., 2000; Wischmeier and

Smith, 1978).

Table 5-1. Rainfall event statistics for all primitive events (N = 106) and intra-event intensities
(|5 min, 120 min, 115 min, 120 min, 130 min and leo min).

Depth Duration Is l1o lis 120 I30 leo EEI,]\;erI;ty

(mm) (hr) (mm hrt) (MJ ha')
Mean 6.3 3.4 8.4 6.2 5.2 4.5 3.7 2.6 0.9
Median 2.6 1.9 5.4 4.5 3.8 34 3.0 1.8 0.3
Max 109.0 31.9 98.4 69.6 56.8 46.8 35.6 218 17.3
Min 1.0 0.3 2.4 1.2 0.8 0.6 0.4 0.4 0.1
s.d. 125 4.5 11.0 7.7 6.2 5.2 4.0 2.7 2.0
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There were wide variations in rainfall event depth, duration and energy values.
However, the distributions of these values were strongly positively skewed as indicated by
the median compared to the mean values. These show the dominance of “small” rainfall
depth events; for instance, the mean rainfall event depth was 6.3 mm while the median was
2.6 mm. As integration durations of rainfall intensity increased from 5 through to 60 minutes,
the mean, median, maximum, minimum and standard deviation values decreased. These were
likely to be due to the averaging effect on higher-intensity “pulses” within the event by the

more abundant lower rainfall intensity episodes.

5.2. Individual measurement periods (A to F)

Figure 5-3 presents the depth-duration values for all rainfall events for periods A to F. Period
C, followed by Period A looked to have the greatest and second-greatest significance in terms
of erosional impacts. Period C had the largest event depth (109.0 mm) and longest duration
(31.94 hrs). Period C also recorded the second-longest event at 23.04 hrs with a rather large
23.4 mm depth. Two large events during Period A were notable; one with 42.6 mm depth and
21.73 hrs duration; the other with 36.4 mm depth and 6.66 hrs duration. Numerically, small
short-duration events dominated the dataset, shown in the clustering of values on the lower
ranges of both axes, indicating how the strong positive skew in the distribution of rainfall

values were present in all the individual periods.

The key rainfall statistics for the six measurement periods A to F (refer to Table 4-3
for start/end dates and durations) are shown in Table 5-2. Rainfall statistics for each period
differed substantially from one another, and thus constituted a range of distinct “treatments”
that caused the varying outcomes for throughfall fraction, throughfall erosivity and sediment
fence results presented in the following chapters. Notably, Kampf et al. (2016) demonstrated
and emphasized the importance of rainfall intensities in driving erosion and geomorphic

change across scales within a catchment, and this research has worked to examine the
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impacts of widely varying natural rainfall events rather than using highly-controlled

simulated rainfall experiments.
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Figure 5-3. Scatterplot of Depth-duration values for all events, categorized by Periods A to F.
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Table 5-2. Rainfall statistics for the measurement periods A to F in 2012,

Total
No. Primitive \1x Event Mean Event Mean Event Mean Event Meéan EVent Toq) Event Mean Total Mean Inter-
. Total Depth Lo Event s.d. Event - . Ener Erosivity Erosivity -
Period Primitive Depth Depth Duration Intensity 9  Energy (MJ " - Event Time
(mm) Events ~ DePtn(Mm) oy (mm) Depth (hr) (mm hrY) 4 ha'l) (MJ*mm - (MJ*mm (hr)
(% of total (MJ ha') halhr?)  halhr?)
depth)
A 128.2 11 123.6 42.6 11.2 145 4.2 3.1 1.8 19.7 31.2 343.7 44.4
(96.4)
B 89.5 23 76.5 18.0 3.3 4.7 15 2.7 0.5 10.8 5.6 128.5 54.2
(85.5)
C 218.0 17 206.0 109.0 121 26.8 51 2.6 2.3 38.6 24.2 411.0 77.4
(94.5)
D 80.8 13 79.4 8.5 3.3 2.5 15 3.3 0.4 5.2 10.2 132.8 80.2
(98.2)
E 1254 28 110.8 11.8 4.0 3.3 2.7 1.7 0.5 13.3 18 50.0 44.5
(88.4)
F 97.0 14 87.0 18.0 6.2 5.9 19 4.2 0.9 12.7 8.2 114.6 105.0
(89.7)
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Total rainfall depth for each period varied markedly from one another, and so did other
key statistics such as total energy, mean erosivity and total erosivity. For mean inter-event
time (IET), values for Periods A, B and E were markedly lower than those for Periods C, D
and F, indicating higher event occurrence frequency of the former group compared to the
latter. Nominally, Periods A, B and E could be classified as high event frequency periods,
Period C and D as moderate event frequency periods, and F as low event frequency periods.
The dominance of primitive events increased as total depth increased. The periods with high
dominance of primitive events were A (96.4%), C (94.5% and D (98.2%). On the other hand,
periods with relatively lower dominance of primitive events were B (85.5%), E (88.4%) and

F (89.7%) — indicating more rain from smaller “sub-primitive” events.

Periods A and C saw the highest total rainfall depth of 123.6 mm and 206.0 mm from
primitive events respectively. They also stood out with highest mean event erosivity of 31.2
and 24.2 MJ*mm ha! hr'! respectively. Associated with these were significantly higher total
erosivity values of 343.7 and 411.0 MJ*mm ha?! hrl. However, mean IET differed
substantially between Periods A and C at 44.4 and 77.4 hrs respectively. Period E, in contrast,
had the lowest mean erosivity (1.8 MJ*mm ha™ hr!) and total erosivity (50 MJ*mm ha* hr?).

Mean inter-event time was 44.5 hrs and almost the same as that for Period A.

Period D, with only 13 primitive events recorded, had the second lowest total primitive
rainfall depth (79.4 mm) with joint-lowest mean event depth (3.3 mm) and associated with
this were the lowest mean event energy (0.4 MJ ha?) and total energy (5.2 MJ ha?).
However, Period D also had the third-highest total erosivity (132.8 MJ*mm ha* hr') and
mean erosivity (10.2 MJ*mm ha* hr'). While having the lowest mean event energy (0.4 MJ

hat), it had the second-highest mean event intensity (3.3 mm/hr?).

Period E had 28 primitive events, the highest amongst the other periods with a
moderately high total depth of 110.8 mm, but had the lowest average mean event intensity

231



(1.7 mm h), mean erosivity (1.8 MJ*mm ha* hr!) and total erosivity (50 MJ*mm ha* hr?)
even though it showed moderate mean event duration of 2.7 mm and total energy of 13.3 MJ

hat).

Period F had the longest mean IET of 105 hrs and relatively low total rainfall depth
from primitive events of 87.0 mm. Mean event erosivity was moderately high at 8.2 MJ*mm
ha! hr! compared to Periods D and E, indicating the high erosive energy of many of the
individual rainfall events during this relatively dry period. Total erosivity was therefore high

at 114.6 MJ*mm hathr?,

5.3. One-minute rainfall intensity thresholds

To enable the examination of rainfall events at high temporal resolution, all the identified
primitive events in each period (A to F) were disaggregated into one-minute rainfall
intensities, also called intra-event rain rates (Dunkerley, 2008b; Dunkerley, 2010b). The
number of minutes at or above a particular set threshold rainfall intensities were then
summed. The 5 mm hr?! intensity was selected as the threshold because of its relevance as a
proxy for the cloudforms (convective or stratiform) responsible for the rainfall, and the
consequent implications for the interception of rainfall by vegetation cover, hydrologic
processes and erosional impacts. As discussed in Chapters 3 and 4, the meteorological
mechanisms for rainfall associated with different seasons and periods of the year over
southeast Australia can be quite distinct, resulting in rainfall events (and sequences) of certain
characteristics, and thus varying hydrologic and erosional impacts on intermediate post-fire
hillslopes. Tokay and Short (1996) demonstrated that stratiform-regime type rainfall was
mostly light to moderate with rain rates up to 5 mm hr; whereas convective-regime type
rainfall was heavy to extreme with rain rates of more than 5 mm hr. Although this approach
effectively filtered-out many low rain rate components of the rainfall events, this importantly

enabled the distillation of specific intra-event episodes during which relatively higher
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intensities, with the potential ability to exert higher-order hydrologic and erosional impacts.
Their possible impacts could then be further explored. The statistics for one-minute rainfall

intensity thresholds of 5, 10, 15, 20, 30 and 40 mm hr! are presented in Table 5-3.

Table 5-3. Number of minutes (N) above threshold intra-event intensities of 5, 10, 15, 20, 30
and 40 mm hrt.

Period N>5 N >10 N> 15 N> 20 N> 30 N > 40
mm hr? mm hr? mm hr mm hr mm hr? mm hr?

A 329 122 47 22 16 10

B 186 78 39 20 10 2

C 520 140 34 3 0 0

D 65 24 2 1 1

E 183 56 8 3 1 0

F 177 54 20 9 4 1

Each of the periods had varying numbers of minutes at the different threshold
intensities. Period A had the highest number of very high-intensity minutes, with 22, 16 and
10 minutes at and beyond 20, 30 and 40 mm hr? respectively. Period B, although having
lowest total rainfall depth (76.5 mm from primitive events; Table 5-2), had more high-
intensity minutes; 20, 10 and 2 minutes at 20, 30 and 40 mm hr?! levels. Period C, on the
other hand, had the highest rainfall depth (206 mm total from primitive events) and 520, 140
and 34 minutes at 5, 10 and 15 mm hr? threshold rainfall intensities but zero minutes at the
30 and 40 mm hr! levels. Period D was largely characterized by low-intensity rainfall (only
65 minutes at or above 5 mm/hr) but had only one minute above 40 mm hr rainfall intensity.
Period E tended towards low-moderate values with only 8 and 3 minutes of rainfall at or
above 15 and 20 mm hr? intensities respectively. Period F, in comparison, had moderate
rainfall intensity distributions with 20, 9 and 4 minutes at or above 15, 20 and 30 mm hr*
rainfall intensities. These threshold rainfall intensity-durations will be examined later in terms

of their influences on hillslope material flux.

The one-minute rainfall intensity dataset was also examined for intra-event rainfall

intensities of > 5 mm hr, for all primitive events. The number of minutes that met this
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threshold criterion were counted, and then expressed as a percentage of the entire duration of
each primitive event to gauge the extent of their occurrence and influence. Overall, it was
found that 62.3% (66 events) of the 106 primitive events had at least one minute of rainfall
intensity at > 5 mm hrl. The mean percentage composition of event occupied by > 5 mm hr?
was 10.0% while the median percentage was 5.8%. Minimum percentage was 0.5% while
maximum percentage was 50%. Standard deviation of the values was 10.0. In terms of the
numbers of events that had at least one-minute of rainfall intensity > 5 mm hr?, the count by

Periods was: A: 9; B: 16; C:6; D: 7; E: 17 and F: 11.

In addition to the selected primitive events that contained one-minute rainfall intensities
of > 5 mm hr?, the analysis also found 8 sub-primitive events (rainfall events that failed to
meet the 1 mm depth and 60 minute minimum inter-event duration criteria) that nonetheless
contained at least one-minute of rainfall intensities > 5 mm hr. The details of the individual

events are presented in Table 5-4.

Table 5-4. List of sub-primitive events that had at least one-minute of rainfall with intensity >
5mm hr,

Event date in 2012 Depth Duration One-minute intensity Comments
(Period Ato F) (mm) (minutes) value(s) (mm hr?)
3 Mar (B) 0.4 5 14.4
6 Apr (B) 0.8 7 14.4,6 and 18 In consecutive minutes
26 Jul (D) 0.4 5 14.4
18 Aug (E) 0.4 5 14.4
22 Aug (E) 0.6 5 14.4
13 Sep (E) 0.8 13 14.4
8 Nov (F) 0.6 7 6, 6 In consecutive minutes
19 Nov (F) 0.4 5 14.4

It was notable that these high-intensity sub-primitive events occurred only in Periods B,

D, E and F. While most of these “bursts” were recorded in single minutes, two of the sub-
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primitive events (Period B, 6 Apr and Period F, 8 Nov) showed consecutive minutes of high-

intensity rainfall with the former displaying notably high intensities.

5.4. Temporal distribution

5.4.1. Multiple intra-day occurrences

The temporal distribution of events and event depths for Periods A to F is presented in Figure
5-4 (A-F) with the individual primitive events occurring within the same day distinguished
from one another. Some rain days recorded up to four primitive events. Wilks (2006)
explained that the occurrence of precipitation events display ‘persistence’ or ‘positive serial
dependence’ (p. 15) to a particular limit; a key feature of the nature of episodic atmospheric
events. In the present case of precipitation, the passage of fronts over a specific region on the
ground over two to three days bring a series of discrete but causally-connected rainfall
events. Alternatively, during summer months, several discrete “showers” could occur within
a day with the development of convection-related thunderstorms that usually occur in the
late-afternoon and early evening hours, although these may be quite spatially-limited and not
register accurately on pluviometer records. This indicates that attributing hydrologic and
erosional outcomes to a single coarse measurement such as daily rainfall depth may not
necessarily be sufficiently meaningful because the hydrologic and erosional processes (and
intermediate plant canopy rainfall interception, partitioning and modulation processes) set
into operation by a series of short-duration bursts of rainfall compared to an extended session
of lower-intensity rainfall for a similar depth of rainfall, are likely to differ substantially

(Kampf et al., 2016).

Periods A and D did not have more than two primitive events occurring on the same
day. However, Periods B and E had greater occurrences of three or more primitive events in

the same day. Period C mostly single or double event occurrences in any one day, but
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interestingly also had four small primitive events occurring on Day 96. Period D had mostly
single-event days, with double-events only on Days 143 and 162. Notably, the observed event
depths were quite modest, with the largest events at 9.6 mm (Day 181), 8.5 mm (Day 157)
and 7.5 mm (Day 170). In contrast, Period E had 3 days of four distinct primitive rainfall
events; Days 205, 234 and 235, with 8.4 mm, 18.8 mm and 6.6 mm total daily depths
respectively. At longer time-integration periods, days 234 and 235 could be considered as one
single long event with some rainfall “interludes” across one hour or more. It was also notable
that day 205 was also bookended by single-event wet days 204 (2.6 mm) and 205 (4.2 mm).
For Period F, only Day 294 was a triple-event day with total 20.0 mm total rainfall depth with
double-events on Days 252 and 274 with total daily rainfall depths of 11.0 and 8.5 mm

respectively.
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Figure 5-4. Rainfall event occurrence for individual days in Periods A to F. Discrete, individual
primitive events within a single day are displayed in blue, red, green and purple sequentially. Note
different y-axis (depth) scales to accommodate the wide range of event depths.
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5.4.2. Clustered and single wet days

At the slightly coarser timescale, rainfall event occurrences could be examined whether they
occurred as single or consecutive “wet days” ( > 1.0 mm daily rainfall depth; see (Bureau of
Meteorology, 2007c)) from Figure 5-4. Period A showed two clusters, the first from days 2-4,
and the second from days 9-10; interestingly, days 4 and 9 were themselves double-event
days. In Period B, consecutive wet days occurred from days 28-30 with days 29 and 30 being
double and triple-event days respectively, and increasing total daily depth over these three
days. A four-day long cluster could also be observed for days 75-78. with double-event day
75 followed by single-event day 76; then triple event day 77 followed by single-event day 78.
For Period C, clusters were seen for days 107-108 with both days themselves being “double-
event” days, and days 117-120, all four of those days single-event days. Within this cluster,
days 118 and 119 had the largest recorded total daily depths for the entire measurement
period, of 92.5 mm and 71 mm respectively. Days 135-136 also constituted a small cluster,
with day 136 being a very small double-event day (total 3 mm depth). Notably, the single-day

occurrences on days 85 and 96 were both multiple-event days.

Period D had five 2-day clusters on days 145-146, 154-155, 157-158, 170-171 and
180-181. All of these clusters were single-event days. All event depths remained below 10
mm. Period E had five clusters in total, on days 192-193, 197-199, 204-206, 211-213 and
234-235. These were a heterogeneous mix of single-event day clusters (211-213) and
multiple-event day clusters (e.g. 234-235), giving a wide range of hydrologic impacts and
erosional energies during this period. Period F only had 2 clusters, on days 246-247 and 273-
275. All the other events were single-day events, albeit with a triple-event day on day 294

(total 18 mm).
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5.4.3. Diurnal-nocturnal occurrences

I also examined the rainfall event start-times for all events (primitive and non-primitive
events) for each period (Figure 5-5). The number of daytime and nighttime event starts were

summed for each period, and a day:night (D:N) ratio was calculated (see Table 5-5).
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Figure 5-5. Rainfall event start times for Periods A to F.
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As seen in Figure 5-5, Period A saw only single rainfall events starting at the hours
around midnight. On the other hand, 0700 hrs, 1300 hrs and 1800 hrs had 3 rainfall events
starting at those specific daytime hours. There were also 2 rainfall events occurring for each
of the hours of 0900 hrs, 1500 hrs and 1600 hrs. Period F had a similar pattern, albeit with
more rainfall events in total; for example 6 rainfall event start times at 1300 hrs, and 4 at
0800 hrs, 0900 hrs and 1900 hrs. These have played out to give the highest D:N ratios for
event start times shown in Table 5-5, with Period A at 4.60 and Period F at 2.83; distinctively
higher than the other Periods. Period B (see Figure 5-5) appeared to have a rather even spread
of rainfall start times. For instance, 4 rainfall event start times were each recorded at 0200
hrs, 0600 hrs, 0700 hrs, 1200 hrs and 2100 hours; as seen in Table 5-5, Period B had a low
D:N ratio of 1.25. Period C was rather distinctive in that 7 rainfall start events occurred
around 1500 hrs, dominating the daytime rainfall. Therefore, there could be some specific
mechanisms leading to the observed concentration. However, this was somewhat balanced by
3 rainfall start times each at midnight, 4 at 0400 hrs and 4 at 0700 hrs. These played out to

give a D:N ratio of 1.35 as seen in Table 5-5.

Table 5-5. Summary of rainfall event start times and day:night start ratios.

Period Total Day Night D:N Ratio
A 28 23 5) 4.60
63 35 28 1.25
C 54 31 23 1.35
D 62 32 30 1.07
E 83 39 44 0.89
F 46 34 12 2.83

As seen in Table 5-5, Periods D and E had the most balanced D:N ratios of 1.07 and
0.89 respectively, indeed with only Period E having more night-time event starts than the
other periods. The rainfall start occurrence patterns for Periods D and E seemed quite

different, as observed in Figure 5-5. Period D had more night-time rainfall start times in the
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2300 hrs to 0500 hrs in a “spiky” pattern of occurrences, with 4 rainfall event starts at 2300
hrs and 0300 hrs. Daytime start-time was dominated by 6 events at 1800 hrs. On the other
hand, Period E had night event start-times occurring largely (although not exclusively) across
1900 hrs to 0100 hrs with less uneveness. 5 event start times were recorded for each of the
hours from 1900 hrs to 2200 hrs, after which there was a “dip” to 2 event starts at 2300 hrs
and then increasing up to 5 event starts at 0100 hrs. Daytime event starts for Period E

appeared to be more frequent in the 1400 hrs (6 events) to 1600 hrs (5 events) period.
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5.5. Discussion

At the broad temporal scale, large inter-annual variability in rainfall depths was observed.
These also manifested as significant variations in average rainfall received in the individual
months of each year. The wide rainfall variations are the result of oscillations in regional and
continental-scale systems such as the ENSO, 10D and SOI (see Chapter Three). Furthermore,
projected global and regional-scale climate shifts are likely to be further overlain onto these
existing systems at the decadal timescale, strongly affecting temperature and rainfall at and
around the study site. Rainfall, as well as temperature and humidity patterns determined by
these large systems therefore exert higher-order influences on the hydrogical and erosional
processes on post-fire hillslopes; these also interact with the complex vegetation responses to
increased or decreased temperature and water availability in any year, season or month.
Depending on the particular favourable or unfavourable growth conditions, these manifest
their impacts in the form of rapid or retarded leaf, branch and stem growth and drop/loss, root
growth patterns (which would be largely unmeasurable), and evapo-transpiration rates, that

can impact soil moisture changes and patterns.

In the pre-fire period the region would naturally oscillate between wet and cooler
favourable “growth” periods characterized by pulses of rapid biomass accumulation. Drier,
particularly drought conditions would see much of that biomass being transformed into
abundant fuels that are recalcitrant to decomposition, ripe for fire ignition and spread with
high potential for the development of megafires. During the post-fire period, these climatic
oscillations would variably combine to direct the regional systems through one or

combination of the various post-fire recovery trajectories discussed in Chapter One.

The examination of one-minute rainfall intensities, in particular the “search” for high-
intensity occurrence have helped to show the distinctiveness of each period’s rainfall
“treatment” applied to the site. These also help to explain the site’s responses of throughfall
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fraction and erosivity and hillslope material fluxes (as will be presented and discussed in the
chapters that follow). While rainfall depths, the most frequently reported metric, are very
important as they have a positive correlation with erosivity, they do not reveal important
details of the rainfall-runoff-erosion parameters and processes. By examining whether intra-
event “pulses” occur, and their intensity, we could better understand and explain the observed
hydrologic and erosional outcomes. Higher-intensity pulses have greater likelihoods of
“breaking through” vegetation canopies, whether as free throughfall drops or by momentarily
saturating and exceeding canopy storages which, in dry eucalypt forests can be limited and
unevenly distributed under intermediate post-fire conditions. The sudden input of energy
could also cause physical perturbations in the canopy, causing more water drops to be
released from the foliage as well as activating, connecting and accelerating canopy flow
pathways to create a cascading, as well as a “funnelling” effect (Mululo Sato et al., 2011)

with higher erosional impacts in a very concentrated, short (sub-minute) time period.

As proxy, albeit on-ground indicators of attribution of rainfall to particular
meteorological mechanisms and conditions (Tokay and Short, 1996), high-intensity pulses
may help to indicate the presence cumuliform supplying precipitation at high-intensities.
Alternatively, where high-intensity pulses have been enclosed within lower intensity rainfall,
these may indicate the presence of cumuliform clouds embedded within larger, mobile frontal
systems, or agglomeration of stratiform clouds in a quasi-stationary system (Catto and Pfahl,

2013).

In terms of the activation and operation of hillslope hydrologic and erosional
processes, one-minute rainfall integration durations are considerable and physically
meaningful when thinking about the speeds and rates at which rain drops arrive at plant
canopies or ground litter/soil surfaces, and the near-instantaneous hydrologic and erosional

responses. As soon as a rain drop falling through the air encounters the surface of a leaf or
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twig, the physical conditions of the surface (e.g. hydrophobic/non-hydrophobic; occurrence
of existing water; rigidity), as well as the prevailing environmental conditions (e.g.
temperature, humidity, wind) (Nanko et al.,, 2006), and the size of the drop (and
concomitantly its kinetic energy) would together determine the percentage of the raindrop
mass that will adsorb to the leaf/twig surface, deflect off it, impart its momentum to other
water droplets on the surface, or be lost to evaporation. Similarly, as soon as rainfall or
throughfall arrives at the soil surface, the fate of the raindrop and its associated energy will
interact instantaneously with the physical conditions of the soil, for example, extent of
surface crusting, matric suction determined by soil texture, soil moisture content and
dynamics (Hillel, 2004), extent and type of biological soil crusts (Dunkerley, 2011; Kidron,
2015) and soil erodibility (Bryan, 2000), to determine the proportion of water that will
infiltrate into the soil, develop as surface runoff, and deflect off the soil surface while also
dislodging and entraining any soil particles or organic material. Dunkerley (2008b)
highlighted how important it was to consider drop arrival rates for rain event properties;
citing, for example, 56 impacts m2 s at the simulated constant rainfall rate of 10 mm h; at
a one-minute integration time, this equated to quite a numerous and physically significant
3360 drop impacts over one square meter. Furthermore, drop arrival rates for natural rainfall
events have been found to vary widely, from < 100 to > 5000 m? s (Dunkerley, 2008b)
adding to the complexity of processes that could occur within the space of a single minute. In
view of how rainfall rates can vary drastically within individual events, even at sub-minute
timescales albeit with significant hydrologic and erosional impacts, examining rainfall at one-
minute integration intervals could yield significant insights into the processes and factors of

interest in many studies.

Period A (see Table 5-3), having the highest number of very high one-minute

intensity rainfall rates N > 15 mm hr?, were likely to have resulted from the dominance of
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summer thunderstorm systems typically experienced during this time of the year, typically
attributed to continental-scale processes (the SAM/AAO and EST) regional and local
convection patterns, as well as orographic effects on the moist maritime air being drawn from
the coastal regions (see Section 3.5). These high-intensity episodes also occurred with high-
frequency — within the short space of 22 days. These also corresponded with the long-term
average rainfall patterns for the study which indicate highest summer rainfall hours and high
depth for the month of February, as shown in Figure 3-19 (section 3.5). With such high-
intensity rainfall pulses occurring at high frequencies within the period, substantial erosive
energies and impacts were expected to be observed in terms of both throughfall erosivity and
hillslope material movements. Despite the high frequency of occurrence, there were only a
few “wet day” clusters (section 5.4.2.). The high D:N ratio of 4.60 for this period (similarly
for Period F detailed below) can largely be attributed to the strong positive feedback between
soil moisture, evapotranspiration and precipitation, particularly during summer, to cause

daytime (in particular, afternoon) bias in rainfall occurrences (Findell et al., 2011).

Period B likely reflected the combination of late summer conditions and the transition
towards autumn-type climatic and meteorological systems. While having a lower total
number of one-minute intensities > 5 mm hr! than Periods A and C, Period B still had the
second-highest number of one-minute intensities > 15 mm hr?, and likewise for the higher
intensity values. However, these rainfall events and high-intensity episodes occurred over a
longer duration and occurred with lower frequency compared to Period A (Table 5-2; mean
IET of 54.2 hrs), as well as being composed of a larger number (23; Table 5-2) of smaller
primitive events (mean event depth: 3.3 mm; Table 5-2). This pattern of rainfall event
characteristics and occurrence is also possibly indicated by the presence of two isolated sub-
primitive event, high-intensity rainfall spurts as seen in Table 5-2. The rather even ratio of

day:night rainfall event start times (Table 5-5) in Period B indicate the diminished operation
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of the convective soil-atmosphere-precipitation mechanisms so prominent in Period A and F;
giving way to the increased dominance of frontally-dominated, stratiform cloudforms that
would have caused the high number of double/triple event days as well as wet-day clusters

(section 5.4.2.) with mainly gentler (i.e. lower rainfall-intensity) rainfall events.

Period C covered late-autumn to early-winter, during which the site’s weather would
have been strongly dominated by the mid-latitude frontal systems, as well as the impacts of
any ECLs that might have extended south and inland over the study area, alongside the
concomitant northwards contraction of the STR (section 3.5.1.). The meteorological
conditions led to the highest number (520) of one-minute intensities > 5 mm hr? | albeit
restricted to zero occurrences of recorded rainfall at > 30 mm hr?; in contrast with the
observed one-minute intensities for Periods A, B and F (see Table 5-3). The developed
rainfall events appeared to give rise to a moderate number of 17 primitive events of largest
mean event depths and event energy, and moderate frequency (mean IET of 77.4 hrs; Table
5-2). An examination of Figure 5-3C shows this, as well as the two large events on Days 118
and 119. Notably, no isolated high-intensity sub-primitive events were detected for Period C
(see Table 5-4). These indicate that stratiform clouds supplied much of the rainfall during this
period that at times led to rather large and long-duration rainfall events that enclosed
numerous higher intra-event intensity episodes of > 5 mm hr? but below 30 mm hr* which
would be expected from particularly strong and steep cold fronts. The day:night event start
time ratio of 1.35 for Period C might have indicated similar meteorological mechanisms
influencing cloud and precipitation development as Period B; the concentration of rainfall
event start times at 1500 hrs appeared to be quite similar to peak rainfall intensities clustered
around 1500 to 1700 hrs reported by Buytaert et al. (2006) for the Paramos region of the
south Ecuadorean Andes where the large diurnal temperature differences in the mountainous

landscape cause a “day-summer”, “night-winter” convective-orographic mechanisms for mid-
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late afternoon precipitation. It may be that an analogue of these mechanisms operate in this
study region, but more focused meteorological examination is needed for any firm parallels to
be drawn. Nonetheless, it was clear that the rainfall event characteristics for Period C were

therefore likely to be quite different from those of Periods A and B.

Period D rainfall would have resulted largely from winter-dominant systems; the mid-
latitude frontal systems and the ECLs (section 3.5.1.). Displaying the lowest number of one-
minute intensities > 5 mm hr! and the lowest number of events with at least single one-
minute intensities > 5 mm hr? indicate the strong dominance of stratiform cloudforms during
this period. Because of the dominance of west-east movements of frontal systems in the study
region, the rain-shadow effect of the higher-elevation Wellington Land System could have
led to the smaller number of rainfall events, depressed rainfall depths and erosivity, as well as
the second-highest mean IET (see Table 5-2) although it should be noted that Period D was a
shorter 40 days compared to Periods B (55 days) and C (60 days). Nevertheless, significant
rainfall intensities probably associated with large frontal systems or ECLS, occurred with 4
minutes > 5 mm hr? and a single subprimitive high-intensity event at 14.4 mm hr? (Table 5-
4). The day:night ratio of rainfall event start times was second-lowest and indicated the lack
of day-processes (convection-related) bias shown in Periods A and F (Table 5-5) with the
dominance of stratiform clouds giving long-duration, low-intensity rainfall, sometimes in

duple “wet days” (Figure 5-3D).

Period E rainfall reflected the impacts of the climatic and meteorological systems of
late-winter and spring conditions. While there would have been some effects of the mid-
latitude frontal systems and ECLs in the early part of Period E, the impacts of regional and
continental-scale warming and convection, as well as more localized convection systems
developing with the shift to longer daylight hours and land-surface heating would have

started to take effect, moving into September. This translated into a higher N > 5 mm hr?! of
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183 compared to 65 for Period D (Table 5-3), as well as three high-intensity sub-primitive
events (Table 5-4). These indicate the increase in occurrence of cumuliform clouds bringing
higher-intensity rainfall episodes, either embedded within larger frontal systems or falling as
small, isolated events. Correspondingly, there were also the largest number of primitive
events and shortest mean IET. However, the event mean and total erosivity for Period E were
the lowest in the record (Table 5-2) and the dominance of numerous small events can be
observed in Figure 5-3E. However, the events occurred as clusters that might have, together
exerted stronger hydrologic and erosional impacts than expected with high antecedent soil
moisture more likely to generate runoff. Interestingly, Period E had the highest nocturnal
rainfall occurrence, although these were concentrated in the evening hours of 1900 to 2200
hrs (Figure 5-5E), perhaps because the slower development of convection-attributed clouds
from regional and local daytime insolation that supplied rain only in the evening, rather than

in the afternoon.

Period F, spanning mid-spring to early-summer would have seen the significant return
to the broad-scale impacts of regional and continental-scale convection with some
contribution of rainfall from the mid-latitude frontal systems to bring the typical wet
conditions for the study area (see section 3.5.3. and Figure 3-21). The outcomes were that
Period F saw a moderate number of N >5 mm hr?, but with a notably high N > 15 mm hr? of
20 as well as relatively high figures for the other threshold intensities presented in Table 5-3.
The conditions gave the longest mean IET (105 hrs) (see Figure 5-3F), but interestingly also
led to the highest mean event intensity (Table 5-2), as well as two sub-primitive high-
intensity events (Table 5-4). The more isolated occurrence of rainfall events was also borne
out in the limited multiple-event days (Figure 5-3F). Furthermore, the strong D:N rainfall
event ratio of 2.83 (Table 5-5) hints at the likely meteorological mechanisms responsible for

the rainfall received in Period F for the study site. Together the findings indicate the strong
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dominance of convection-attributed cumuliform clouds causing high-intensity rainfall
occurrences, largely unaffected by the rain-shadow effects on the mid-latitude frontal systems

likely exerted during Period D.

The examination of rainfall event occurrences and very detailed analysis of short
interval rainfall data has shown that each time period, composed of a spectrum of differing
individual events, constitute a specific and distinct composite rainfall treatment applied to the
study site progressing through the study duration. The huge variation in individual rainfall
event characteristics underscore the range and complexity of mass and energy inputs into the
intermediate post-fire soil-vegetation system, that have to be grappled with in order to
develop in-depth understanding of hydrologic and erosional responses. Much remains to be
examined in the realm of climatic, meteorological and land surface-atmosphere interactions
to explain many of the observed patterns which are mostly beyond the scope of this work.
However, in terms of the hydrologic and erosional responses of the intermediate post-fire
canopy, ground cover and soils, a range of distinct processes and outcomes corresponding to
each time period would also be expected. Hence, we now turn to examining the patterns of
intermediate plant canopy response to these varying rainfall inputs in the form of throughfall

fraction and erosivity in Chapter Six.
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CHAPTER SIX: THROUGHFALL

Throughfall results from the interaction of open-field rainfall with a plant canopy and is an
important process both hydrologically and geomorphologically (Calder, 2001). In any
rainfall event occurring over a vegetated area, raindrops may pass through gaps in the
vegetation canopy without encountering any plant parts (free throughfall) while others
would be intercepted as they come into contact, and the form and flow of water is modified;
a proportion of the intercepted water is stored in the canopy (canopy storage) and may then
be lost through evaporation back to the atmosphere (Valente et al., 1997) or redirected as
stemflow (Dunkerley, 2014b). Importantly, some of that water proceeds to drip or even
flow from the foliage, branches or twigs (released throughfall or “gravity drops’) when the
canopy storage capacity is exceeded or momentum is imparted to the plant surfaces to
dislodge the detained water drops (Geddes and Dunkerley, 1999; Hall and Calder, 1993).
Throughfall has three components: (i) free throughfall, (ii) drips and (iii) splash droplets
(Nanko et al., 2006; Nanko et al., 2011). In
forested environments, one of the key effects of the vegetation canopy is therefore to result
in reduced proportion of total water reaching the lower vegetation strata or the ground
surface — the throughfall fraction (Crockford and Richardson, 1990a) and is an essential

component of canopy interception models (Valente et al., 1997).

Currently, canopy interception and storage, and associated throughfall fraction, have
been widely examined, as these are important factors determining the quantification and
prediction of soil moisture changes, water availability to plants for uptake, catchment water
supplies and various hydrological processes (Brauman et al., 2010; Calder et al., 1993,;
Crockford and Richardson, 1990d; Crockford and Richardson, 2000; Germer et al., 2006;
Levia and Frost, 2006; McJannet et al., 2007; Mululo Sato et al., 2011). These have the

potential to shift with projected temperature increases in most parts of the globe (Klamerus-
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Iwan and Btonska, 2018). These would be mediated by shifts in leaf area indexes (LAIS) as
plants respond to elevated atmospheric CO2 that will vary according to specific biomes
(Norby et al., 2016), which will also influence feedback pathways via changes in
microclimate (Hardwick et al., 2015). Despite much work done in this domain, numerous
knowledge gaps remain in current understanding of canopy interception and rainfall
interactions with workers moving towards detailed process-based monitoring (Li et al.,
2016). For instance, the spatial patterns of throughfall input have been found to exert,
minimally, secondary influence over the estimation of overall storm precipitation inputs at

the hillslope scale (Hopp and McDonnell, 2011).

Throughfall spectra, the range and distribution of water drop sizes arriving at the
ground surface after partial modification by the plant canopy due to interception and release
of water drops from plant surfaces, is an aspect that has not been as thoroughly researched
as throughfall fractions (Levia et al., 2017). However, their impacts on hydrological and
geomorphological processes such as infiltration and splash detachment respectively, are
equally important (Armstrong and Mitchell, 1988). The kinetic energy of raindrops and
released throughfall drops have been studied for humid subtropical forest species in China
(Geiller et al., 2012a; GeiBler et al., 2012b), open tropical forest in Brazil (Amazonia)
(Germer et al., 2006), Japanese beech forest (Ghahramani et al., 2011), Japanese cypress
plantation (Nanko et al., 2008; Nanko et al., 2011; Nanko et al., 2016b; Wakiyama et al.,
2010), temperate deciduous forest species in northeast USA (Nanko et al., 2016a), various
tropical forests in Columbia (Vis, 1986) and tropical plantation tree species (Hall and
Calder, 1993). Previous throughfall work on Eucalyptus species has focused largely
commercially important species such as E. globulus in Portugal (Valente et al., 1997), E.
exserta in southern China (Zhou et al., 2002) and hybrid E. grandis-urophylla in

southeastern Brazil (Mululo Sato et al., 2011), and streetscape trees such as E. nicholii and
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E. saligna (Livesley et al., 2014). So far, no work has been done to evaluate drop size
spectra of intermediate post-fire regrowth canopy of dry sclerophyll eucalypt forests
dominated by post-disturbance juvenile leaf forms, particularly those of Eucalyptus
polyanthemos (Red Box), a commonly occurring species that exhibits strong heterophylly
between juvenile/regrowth and mature stages (Bell and Williams, 1997; Brooker and
Kleinig, 2006; Teuliéres et al., 2007). This heterophylly sees contrasting shapes between
juvenile (orbicular) and mature (ovate-lanceolate) leaves (Costermans, 2009; Jacobs, 1955;
King, 1997) (see also Section 2.4.3. and Table 2-1). Furthermore, the persistent and
pendulous hanging habit of both mature and juvenile leaves (steep leaf angles of around 70°
from the horizontal plane) of Eucalyptus polyanthemos are a distinctive (although not
completely unique) characteristic of leaves of plants of the Eucalyptus genus (Anderson,
1981; Falster and Westoby, 2003; King, 1997), and are likely to exert particular
hydrological and geomorphological impacts via their signature drop-size spectra (Calder et
al., 1993; Hall and Calder, 1993) although little work has been done to examine this.
Indeed, Levia et al. (2017) highlighted the need to close knowledge gaps in understanding
how different canopy phenophases affect throughfall drop sizes as a key to accurately

characterizing water balances, soil erosion processes and biogeochemical cycling in forests.

Drop size is an important parameter relevant to many hydrological and
geomorphological applications. Different rainfall intensities and different plant species have
varying drop-size spectra, the range and distribution of drop sizes typically produced from a
particular type of rainfall, or throughfall produced via the canopy of a particular plant
species (Jones, 1992; Mason and Andrews, 1960; Vis, 1986). The implications of drop size
variations are many. Large throughfall drops can have a much higher erosive competence
than small drops because their greater mass contributes to higher kinetic energy, even where

they would not normally fall at the high terminal velocities smaller free-falling raindrops.
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Hence, drop size spectra are important because these determine the specific physical
impacts individual drops, and in combination, have on the soil particles and aggregates they
encounter. Large drops have higher competence to dislodge and transport larger sediment
sizes and bigger aggregates. They are also much more able than small drops to disrupt or
destroy soil aggregate structure (Geildler et al., 2012a; Nanko et al., 2016a; Nanko et al.,
2008; Wakiyama et al., 2010). Concomitantly, large drop sizes in contrast with smaller drop
sizes, can be several orders of magnitude more effective in the creation or destruction of
soil surface seals through the intense “hammering’ and compacting effect. This could be
exacerbated where canopy modulation of rainfall concentrates water at specific released
throughfall drip points repeatedly impacting the same area of soil or litter layer. Resulting
higher rates of overland flow generation would then lead to higher rates of soil erosion
(Armstrong and Mitchell, 1988). On the other hand, if the drop sizes lie in the lower range,
less aggressive processes would operate. Indeed, in circumstances one could easily imagine
where low-intensity, long-duration rainfall events generated by frontally-induced stratiform
clouds typically experienced in many temperate, mid-latitude regions, large released
throughfall drops from gently saturated forest canopies would inherently generate greater
erosive energies than the “original” un-erosive drizzle, on hillslope surfaces. Adopting a
more comprehensive view of hillslope erosion by rainsplash and overland flow, the timing
of drop arrival, number of drops and drop spacing also exert important influences on the
multi-scale operation of hydrological and erosive processes on hillslopes and in catchments

(Dunkerley, 2008b).

The purpose of this component of the research was to determine the characteristics
and effects of throughfall resulting from the modulation of rainfall by the regenerating
canopy of a dry sclerophyll forest in southeast Australia at the patch scale, across different

various phenophases approximated by Periods A to E and accompanying rainfall
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characteristics (Chapters Four and Five). Specifically, the questions posed for this
intermediate post-fire canopy were: (i) what is the throughfall fraction; (ii) what is the
under-canopy erosivity of throughfall; (iii) how do throughfall fraction and erosivity vary
spatially and temporally; and (iv) what are the plausible causes for any observed variability?
Addressing these questions would help to fill some of the knowledge gaps in post-fire
erosion science applicable to southeast Australia’s eucalypt forests, as outlined in Chapter

Two.
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6.1. Field measurements of canopy cover, throughfall fraction and erosivity

6.1.1. TIF canopy cover and throughfall fraction

Figure 6-1 presents the changes in canopy cover percentage directly over the 15 under-
canopy TIFs over the study period. Generally, canopy cover remained at around 75%

through Periods A, B and C, and then declined gradually to 69% in Period F.
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Figure 6-1. Changes in canopy cover percentage above TIFs under regenerating E.
polyanthemos canopy for Periods A to F.

However, some distinct changes in mean canopy cover and the spread of canopy
cover percentages between the time periods could be discerned. An anomalously low value
was recorded in Period D (51.6%) and could be explained by the loss of one clump of
overhanging twigs and leaves over TIF #4 which cleared some of the canopy cover in that
specific position. However, the regrowth after this loss was quite rapid and canopy cover

percentage had recovered by Period E.

Table 6-1 presents the throughfall fraction calculated using the TIF method (see
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section 4.6). Distinct and interesting variations in throughfall fraction were observed.
Overall, average throughfall fraction declined from 0.73 in Period A to 0.63 in Period B. It
then increased to 0.75 in Period C and then to a high 0.91 in Period D. After that, it
dropped to 0.60 in Period E. In Period F, throughfall fraction unexpectedly increased
drastically to 1.17 in Period F, meaning that more water was actually collected at under

canopy than in open-field positions.

Table 6-1. Throughfall fraction for Periods A to F determined using the TIF method.

Mean under- Mea_n open
Period Wei(;?\r:?ggs(g) s.d. weig:llfllgss (9) s.d Tf};ggtgifg;all
(n=15) (n=5)
A 1.365 0.232 1.866 0.108 0.73
B 0.843 0.176 1.338 0.059 0.63
C 2.032 0.342 2.698 0.190 0.75
D 2.501 0.150 2.749 0.165 0.91
E 0.798 0.208 1.329 0.065 0.60
F 0.922 0.708 0.787 0.007 1.17*

Examination of the standard deviation of under-canopy weight loss compared to that
for open field weight loss found that much variation of values occurred for throughfall
compared to open field rainfall. A notable exception was Period D where the standard
deviation for open-field rainfall (0.165) was higher than throughfall (0.150); this occurred
where the highest weight losses and throughfall fraction (other than Period F) were

recorded.

It was also useful to explore the results from individual data points for any
discernible patterns. Figure 6-2 presents the TIF tablet weight loss for individual funnels
(#1 to #15 in an uphill transect) and their corresponding canopy cover percentage. Large
fluctuations in weight loss were found. For instance, TIF #8 in Period B had the highest
weight loss at 1.81 g, but in Period E had one of the lowest at 0.57 g. However, in Period

F, TIF #8 again had the highest weight loss off 2.82 g; together with TIF #7 (2.00 g) and
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#14 (1.70 g) they appeared to contribute significantly to the positive throughfall fraction

recorded in Period F.

There did not appear to be any clear patterns of change in canopy cover along the
transects for all time periods. However, phenological transitions were likely; canopy
cover decreased from Period E to F. This was likely associated with increased litterfall
by the plants to manage transpirative stresses as the region entered the hotter and drier

late spring/early summer conditions in Nov/Dec 2012.
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Figure 6-2. Individual TIF (#1 to #15, arranged in a generally uphill transect) tablet weight loss (g) (left-side y-axis; blue vertical bars) with
corresponding canopy cover percentage (%) (right-side y-axis; red lines). Rainfall depths include only events qualifying as primitive events (=1 mm; 60

mininter-event time).




6.1.2. Splash cup canopy cover and erosion

Figure 6-3 presents the changes in mean canopy cover percentage over the 15 under-canopy
splash cups during the study period. A distinctly low value of 58.5% was recorded for splash

cup #2 in Period A, with a similar “dip” in canopy cover for splash cup #8 in Period B.
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Figure 6-3. Changes in canopy cover percentage above splash cups under regenerating E.
polyanthemos canopy for the measurement Periods A to F.

In addition to canopy cover measurements, drip heights (Figure 6-4a) were
ascertained by using a standard tape measure to measure the distance between the exposed
surface of each cup and the bottom edge of the leaves directly above it. Because up to five
“levels” of possible drip points were identified, the heights of these preceding layers of
foliage were also measured (Figure 6-4b); heights beyond arm’s reach were estimated using
a timber pole or clinometer-based trigonometrical calculations. Particularly high numbers of

levels and drip heights were found for splash cup #3 (5 levels, highest drip height 1242 cm)
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and #10 (4 levels, highest drip height 615 cm), in part reflecting the heterogeneous nature of

these intermediate post-fire canopies.

Drip height (cm)
5 3 8 8 3 B 8 B

ha
(=]

<

Splash cup number

1 2 3 4 5 6 10 11 12 13 14 15

(@)

1242 615

llllllllll

Splash cup number

w W B B w
8 8 8 &8 8

Drip height (cm)
N
g

wm o o
g 8 8

(=]

ml5
mL4
mL3

L2

(b)
Figure 6-4. (a) Drip heights of foliage directly above splash cups #1 to #15; and (b) Drip
heights at various observed levels (L1 to L5) in the plant canopy. The tops of each coloured
bar indicate the height (above cup) of each drop point. Note: Highest drip point above cup
#3 was 1242 cm and cup #10 was 615 cm; the y-axis was truncated to enable clear
observation of values across all cup positions.
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Figure 6-5. Individual splash cups (#1 to #15, arranged in a generally uphill transect) sand weight loss (g) (left-side y-axis; red vertical bars)
with corresponding canopy cover percentage (%) (right-side y-axis; black lines). Rainfall depths include only events qualifying as primitive
events (>1 mm; 60 min inter-event time) Note: No data for Period A, splash cup #3 due to equipmentdamage.




Figure 6-5 presents the splash cup sand weight loss for individual funnels (#1 to #15
in an uphill transect) and their corresponding canopy cover percentage. Large
fluctuations in weight loss were found between individual cups, and the ways in which
the values varied differed across the periods. High canopy cover percentage also did not
correspond with low sand loss values. For instance, in Period A cup #14 had the highest
sand weight loss of 22.3 g, indicating highest throughfall erosivity, but with a moderately
high canopy cover percentage of 72.7%. On the other hand, for cup #11, only 1.26 g of
sand loss was recorded for a canopy cover percentage of 77%. Inter-cup variations sand
losses were quite muted when low total rainfall was recorded (Period D, 43 mm) in
contrast to the other periods. Cup #14 showed highest sand weight loss in Periods A to
C, but the responses became muted in Periods D to F. Cup #11 was consistently the

lowest yielding position through all the periods.

Table 6-2 presents the corresponding erosivity ratio between under-canopy
throughfall and open-field rainfall over the measurement period. Erosivity ratio
increased over Periods A to C from 1.84 to 2.02 (the highest value in the measurement
period), but dropped suddenly to 1.34 in Period D, and then increased to 1.79 in Period

F.

Table 6-2. Erosivity ratio as calculated from weight loss of sand from splash cups between
under-canopy and open-field positions.

Under-canopy (n=15) Open field (n =5)
Period . . Erosivity ratio
Mean weight Mean weight
s.d. s.d.
loss (g) loss (g)
A 10.522 4,943 5.704 0.882 1.84
B 7.431 3.102 3.934 0.475 1.89
C 17.300 5.140 8.469 0.963 2.04
D 4.433 1.033 3.317 0.401 1.34
E 9.502 3.051 6.830 1.020 1.39
F 8.163 4.506 4.563 0.662 1.79
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6.1.3. Discussion

6.1.3.1 Canopy cover changes

Post-fire canopy regeneration is dynamic and heterogeneous over time and space. As seen
from the results presented, there was little evidence of any clear trend of increase in canopy
cover percentage through time, usually implied in most models of monotonic post-fire
“recovery” (Prosser and Williams, 1998). Rather, the results point to fluctuations
dominated by seasonal variations in temperature and water availability. This indicates
that a quasi-equilibrium in terms of average annual canopy cover has been reached where
there is fluctuation around a mean value, although this may only be confirmed through
longer-term studies. Phenological changes such as late spring/summer leaf drop in
response to high evapotranspirative stresses in hotter and drier conditions were clearly
reflected in the lower mean canopy cover percentages for Period F for both the TIFs and
splash cups, as well as sudden decreases at selected data points. These can lead to
throughfall process transitions resembling to some extent those of deciduous vegetation

(Liriodendron tulipifera L.) in Maryland, USA examined by Nanko et al. (2016a).

Furthermore, in these conditions, the regenerating plants in this post-fire condition are
in competition with other individuals to maximize water availability and photosynthetic
gain. Hence, there is also the need to account for the spatial colonization (lateral and
vertical) expansion of the plants making up the canopy layer. These are in turn strongly

affected by the different individuals® “starting points” arising from different impacts and
extents of fire damage, and recovery “strategies” of lignotuber and/or epicormic sprouting.
As these occur, the density and characteristics of foliage above each individual TIF or

splash cup change; young leaves actively at the outward and upward edges of the plant

canopy, while older “inner” branches and twigs defoliate. The combined effect of these
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growth processes would be to change the ways in which rainfall is modulated by the plant
canopy over the same position. This implies that we need to adopt a dynamic view of
change in individual plants’ ‘zones of influence’ (Dunkerley 2000) in the post-fire
regeneration context. Indeed, the DZI framework (Section 2.5) is particularly relevant in this

respect.
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6.1.3.2. Throughfall fraction

Generally, it is expected that increased canopy cover would lead to reduced proportions
of rainfall penetrating the forest canopy (lower throughfall ratio value). However, this did
not appear to be the case. There were no clear correlations found between throughfall
fraction with canopy cover percentage (R? = 0.18), rainfall erosivity nor rainfall depth. For
the standard deviation of tablet weight loss for under-canopy vs. open field conditions,
there was clear indication of much spatial heterogeneity in the proportion of rainfall that
was diverted by the regenerating canopy. By comparison, much lower variations were seen
for the open-field TIFs. The results therefore help to quantify the extent to which water
drops passing through the regenerating post-fire canopy are modified and describe the
increased spatial variability of the characteristics of water arriving at the ground. This

heterogeneity was also found for the throughfall erosivity measurements.

The throughfall fractions for this intermediate post-fire dry-sclerophyll Eucalyptus
canopy, ranging from 0.60 to 0.91 (other than the 1.17 figure) were for most Periods lower
than those reported for long unburnt Eucalpytus formations in Australia. Data collated by
Feller (1981) showed that throughfall fractions for the wet sclerophyll Eucalyptus regnans
ranged from 0.73 (mature forest in Corandderrk) to 0.80 (23 years old forest at Wallaby
Creek); for dry-sclerophyll Eucalyptus obliqua-dominant formations: 0.73 (51 years old
forest at Mt. Disappointment) to 0.95 (45-60 years old forest at Stewarts Creek).
Measurements by Feller (1981) on E. obliqua forest found distinct year-to-year differences
in throughfall fraction: 0.75 in the first year but 0.90 in the second year, even though any
variation in total incident precipitation between both years was negligible (Year 1: 1150
mm; Year 2: 1147 mm). However, the results from this study have revealed how throughfall

fractions can vary quite significantly over shorter timescales.
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6.1.3.3. Throughfall erosivity

It is generally assumed that under-canopy erosivity from throughfall is lower than
open field rainfall erosivity (erosivity ratio of < 1). This is because the plant canopy
intercepts the rainfall and partitions it to branch flows and stemflows, canopy storage and
therefore facilitates canopy losses, effectively reducing the total amount of water arriving at
the ground. In addition, the kinetic energy of falling raindrops, likely arriving at terminal
velocity, would be attenuated by the canopy, reducing the erosivity of water drops arriving
at the ground surface. However, the erosivity ratios indicate quite the opposite — that
under-canopy splash effects can be more than double that of open-field rainfall situations.
This is, furthermore, in the context of substantially low throughfall fraction values. This
therefore demonstrates the high erosivity of gravity drops from plants described earlier by
Moss and Green (1987). To estimate this process quantitatively, nominal throughfall and
rainfall depth and erosivity were calculated and are presented in Table 6-3. These were
based on the rainfall erosivity statistics in Table 5-2, throughfall fraction in Table 6-1 and
erosivity ratios in Table 6-2. Derived Tf erosivity was calculated by multiplying the rainfall
erosivity by the erosivity ratio. Nominal Tf depth was calculated by multiplying Primitive
Rf event depth by Tf fraction, and erosivity per mm rainfall/throughfall depth was calculated

by dividing the total erosivity by the total primitive event depth for each period.
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Table 6-3. Comparison of rainfall and (derived) throughfall depth and erosivity.

Rainfall Derived Tf

peos EvntDogn N ES TGy TN Gy
hal hr?) halhr?)
A 123.6 343.7 1.84 0.73 632.4 90.2 7.0 2.8
B 76.5 128.5 1.89 0.63 242.9 48.2 5.0 1.7
C 206 411.0 2.04 0.75 838.4 154.5 5.4 2.0
D 79.4 132.8 1.34 0.91 178.0 72.3 25 1.7
E 110.8 50.0 1.39 0.60 70.0 66.5 1.0 0.5
F 87 114.6 1.79 0.72* 205.1 90.2 3.3 1.3

*Nominal throughfall fraction of 0.72 for Period F used (calculated as the mean throughfall fraction for Periods A to E).
Original “measured” throughfall fraction value of 1.17 for Period F was not possible and likely resulted from canopy
funneling processes for selected measuring positions, discussed in the following paragraphs.

Correlation analysis between canopy cover percentage with erosivity ratio found no
clear relationships. On the other hand, good correlation between total erosivity of events
for each period and erosivity ratio (R>= 0.712) were found (see Figure 6-6). This is quite
close to the relationship reported by Nanko et al. (2008) between soil splash detachment
rates and rainfall erosivity indices (R?> = 0.632) for unmanaged Japanese cypress
(Chamaecyparis obtusa) plantations in Japan. The highest erosivity ratio was also
associated with the highest rainfall depth amongst all the periods (206 mm in Period C).
However, the total erosivity was found be a better parameter for predicting erosivity ratio
because it incorporated storm event intensity, which is important in the processes of
overcoming canopy storage capacities, “breaking through” the protective effects of the plant
foliage and activating the distinctive “funnelling effect” of eucalypt canopies discussed

below.
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Figure 6-6. Results of correlation analysis between total erosivity in each period and the
corresponding erosivity ratio.

Thus, for the measured range of canopy cover percentage for post-fire regenerating
vegetation, throughfall erosivity was not strongly influenced by the extent of canopy cover.
Rather, it was the erosivity of the rainfall arriving at the regenerating eucalypt canopy that
accounted for the erosivity ratio variations. The positive relationship also indicated that
the regenerating canopy enhanced under-canopy splash erosion energy vis-a-vis open-field
splash erosion, rather than providing protective cover. This is consistent with the results from
field experiments reported by GeiBler et al. (2012a) who reported an average erosivity ratio of
2.59 for humid subtropical forests of Schima superba and Castanopsis eyrie. Geiller et al.
(2012a) also reported medium and old growth forest having higher throughfall erosivity
than young forest. The findings in this section have shown the throughfall characteristics of
“young” post-fire dry eucalypt forests. Whether throughfall erosivity would be higher, lower
or similar in more mature growth stages for dry eucalypt forests, will be discussed in the next

section which examines the differing corresponding leaf-forms and their influences on drop-
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size distributions.

These findings yield interesting insights into the ‘zones of influence’ of post-fire
regenerating E. polyanthemos of the area, and possibly more broadly to other similar dry
sclerophyll forests in post- fire recovery phase. It is likely that canopy structure of such
post-fire regenerating vegetation actually concentrates water over a number of drip points or
“hot spots” (Nanko et al., 2016a) which are also likely to create water drops that are larger
than most of the drop sizes occurring in the rainfall arriving at the canopy layer (and at the

ground level for open-field non-canopy locations).

This process has been described as the distinctive ‘funnel effect” of the Eucalypt tree
canopy architecture (Mululo Sato et al., 2011) that cause the spatial heterogeneity and
temporal stability of throughfall in plantations of hybrid Eucalyptus grandis and Eucalyptus
urophylla in southeast Brazil. This process is attributed to the way in which eucalypt leaves
tend to hang downwards at steep angles (usually at 60° or more to the horizontal) and grow in
clumps. Hence, the full canopy storage capacity that attributed to all the available foliage
area may not be reached in reality. Instead of rainfall being detained on leaf surfaces or
redirected to stemflow, water is more likely to be deflected downwards by or drain quickly
from the steeply-inclined leaves; water could also be concentrated at specific drip points

and might even flow as mini-rivulets of water, especially with long and large rainfall events.

Released throughfall, with larger median drop sizes but not achieving terminal velocity,
would have been more erosive than raindrops with smaller median drop sizes but arriving
at higher velocities. The distribution of under-canopy splash erosion values and their mean
effects indicate that the drip points were widely distributed enough to be captured by most of
the splash cups to record erosivity ratios of >1. This funneling effect could also be

responsible for the positive throughfall value obtained from the TIFs. Further work needs
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to be done to quantify the under-canopy drop-size distributions for different leaf forms, and

to compare them with open rainfall drops.

However high under-canopy splash energy may not be uniformly realized as high
splash erosion rates. Leaf litter accumulation on the ground is usually greater directly under
plant canopies and can be very effective in attenuating the energy of water drops (Geddes
and Dunkerley 1999). On the other hand, the higher energy levels also increase the likelihood
leaf litter, other organic detritus and soil being impacted and transported downslope,
especially in steeply sloping conditions such as the study site. Asymmetrical
upslope/downslope patterns and processes of muted/enhanced erosion could be created (see
Section 1.3.3; Figure 1-6d). Furthermore, surface runoff may develop rapidly due to the
hydrophobic nature of undecayed leaves at the top of the organic litter layer, and
consequently contribute to higher rates of erosion downslope in the more exposed inter-patch

areas with lower levels of ground cover.

There are also important albeit unforeseen hydrological and erosional implications
where the removal of ground-level fuels is targeted using prescribed fire to reduce the risks
of widespread and severe fires (Cawson, Sheridan et al. 2012, Cawson, Sheridan et al. 2013).
Such burning would not only reduce the total volume of coarse organic material providing
physical protection to the mineral soil horizon, but also increase the erodibility of the
remaining ash and charred material. Hence, increased rates of soil erosion caused by strong
under-canopy splash may occur within these plants’ ‘zones of influence’ when prescribed fire

isapplied.

Many past studies on post-fire hillslope erosion have not investigated the detailed
characteristics of throughfall under intermediate vegetation regeneration conditions. This

research aimed to address this gap by measuring, over 10 months, the throughfall fraction
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and throughfall erosivity of post-fire regenerating canopy five years after severe fire swept
through the region. By applying simple methods that enabled us to measure throughfall
volumes and erosivity in a distributed manner, at low height clearances characteristic of
post-fire vegetative regrowth, we found that throughfall fraction was variable through
time and that throughfall erosivity ranged from 1.39 to 2.04 times higher than open field
rainfall. In addition to the importance of rainfall erosivity, specific canopy structure and
foliage characteristics have contributed to the observed outcomes (Armstrong and Mitchell,

1988; Langford and O'Shaughnessy, 1978; Levia et al., 2017; Nanko et al., 2016a).

This section has contributed to further understanding about the distinctive ‘zones of
influence’ of canopy trees of dry sclerophyll forest such as the E. polyanthemos,
characterized by processes not normally discussed in the more broadly described
“recovery” of post-fire erosion rates. A more complex and dynamic view of throughfall
under post-fire vegetation conditions, compared to many other studies, is needed.
Consequently, it is suggested that the concept of gradually changing ‘zones of influence’
should also be applied to the investigation and modelling of post-fire hydrological and
erosional processes, particularly where vegetation recovery is substantial but incomplete (see

Chapter Two).

Because of the heightened erosivity under these types of forest canopies, fuel
reduction burns in dry sclerophyll forests may contribute to increased soil erosion rates at
the local scale especially where pedological and topographic conditions such as that seen in
the study site, contribute to high soil vulnerability to hillslope rill and inter-rill processes.
Under-canopy erosivity is also an important consideration for the selection of tree species
for plantations on areas with soil and topography (e.g. the present study area with poorly
structured sandy loam on steep slopes) that result in increased vulnerability to erosive

processes. Indeed, there is some evidence that high-temperature burning, typical of severe
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bushfires, can maintain or even enhance soil water repellency (Cawson et al., 2016), and this
may contribute to high fluvial erosion rates being maintained while suppressing vegetation

recolonization after fire due to limited soil moisture.

Rainfall characteristics such as erosive energy are important factors that influence how
and how much rainfall is modulated by a regenerating canopy. These are determined by
broader-scale, higher-order meteorological and climatological factors that are both
deterministic and stochastic in nature, for a specific location in the landscape. Differences
in rainfall event characteristics, integrated over a specific period, can contribute to varying
outcomes in throughfall fraction and erosivity. These require more detailed investigation
particularly in their complex modulation by dynamically changing plant canopies. Some

insights are provided through the laboratory experiments discussed in the following section.
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6.2. Laboratory experiments on drop-size distributions

6.2.1. Introduction

While there have been many techniques in the past and present to determine water drop sizes,
there still exists a need for simple, reliable, inexpensive and easily replicable methods of
measuring water drop sizes from rainfall and throughfall that could be implemented both in
the laboratory and field environments. This is particularly important for regions and
institutions where financial constraints hinder access to expensive, sophisticated equipment
for generating valuable research data. For example, the requirement of sufficient spatial
distribution and replication necessitated the use of hand-assembled rain-gauges in (Mululo
Sato et al.,, 2011). Recently, Kathiravelu et al. (2016) reviewed the range of rain drop
measurement techniques through the past decades across diverse levels of technological
sophistication and found that while laser disdrometers are enjoying increasing popularity, e.g.
Angulo-Martinez and Barros (2015), they can be limited in rates of deployment because of
high costs, small sampling area, limited numbers of sampling points, and reliability issues in
instances of very heavy and intense rainfall giving very high drop arrival rates. Kathiravelu et
al. (2016) also noted that the dye-stain technique is still is use in current times and the present
study sought to re-evaluate its potential as a low-cost approach for determining drop-size
spectra by a wide range of researchers. In Chapter Four, | described how | developed and
evaluated the low-cost dyed filter-paper method for determining the size of water drops by
measuring the stain areas (section 4.7) corresponding to their masses, from hypodermic
syringe-generated drops. In this section, with the aid of mist-spray experiments, | compare
and contrast the drop size distribution (DSD) of released throughfall from individual juvenile
and mature leaves of Eucalyptus polyanthemos (Red Box) and with drop sizes from open-

field rainfall to glean insights into how intermediate post-fire vegetation canopies modulate
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rainfall and discuss how these might affect hillslope hydrology and geomorphological

processes.

6.2.2. Observations of processes

As mist spray was applied to each leaf, the processes of adhesion, accumulation (via
cohesion), saturation and release of water drops from the leaf surfaces were observed. Each
leaf functioned as mini catchment that accumulated water. Because of the hydrophobic and
sclerophyllous nature of the leaves, there was minimal absorption of water by the leaf
surfaces. Due to cohesion and surface tension forces, the water drops tended to bead up and
expand as more water was added. As soon as any one of the water drops grew too large for
stable adhesion to the leaf surface, it would start to deform, detach, then move and accelerate
downwards by gravitational force (Nanko et al., 2011). During this passage across the leaf
surface, it would collide into other smaller drops, collecting them and the coalesced mass of
water would exit at an accelerated speed at the bottom area of the leaf as a single or series of

large drops (see Plate 6-1).
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Plate 6-1. Photo of a juvenile leaf during mist-spray experiment and observed on-leaf
processes. The dashed arrow at (a): likely pathway of large water drop when it grows large
enough to exceed the adhesion forces to the leaf surface, deforms and move downwards due
to gravity collecting smaller water drops along the way. Arrow (b): linear “dry” zone due to
the recent exit of water drops. Arrow (c): two large water drops in the middle of leaf that may
coalesce should the upper drop be dislodged first.

Note also from Plate 6-1 the small droplets at the edges of the leaf; these tended to
move along this margin, similarly coalescing along the way to exit either at the bottom of the
leaf, or from one of the points along the downward-facing edges of the leaf when the water
drops were too heavy to be held by the leaf edge or adhere to the other drops proximal to the
leaf surface itself. It was also found that small leaves tended to exhibit single drop exit points,
while larger leaves tended to have two exit points that exited the leaf surfaces in close

temporal correlation.

276



6.2.3. Drop sizes and distributions

The summary statistics comparing calculated drop sizes from open rainfall, juvenile leaves

and mature leaves are presented in Table 6-4.

Table 6-4. Summary statistics comparing drop size distributions of open rainfall, juvenile
leaves and mature leaves of E. polyanthemos. (N = number of drops measured)

] Open rainfall Juvenile leaves Mature leaves
Drop diameter (mm)
(N = 246) (N = 246) (N =269)
Mean 1.45 3.89 4.24
Median 1.28 3.81 4.16
Min 0.89 1.41 2.72
Max 2.98 6.35 6.02
s.d. 0.48 0.99 0.66

The mean drop-sizes from juvenile leaves (3.89 mm) and mature leaves (4.24 mm) were

close to 2.9 times larger than open rainfall drops (1.45 mm). Mature leaf generated mean,

median and minimum drop diameters (4.24 mm, 4.16 mm and 2.72 mm respectively) were

higher than those for juvenile leaves (3.89 mm, 3.81 mm and 1.41 mm respectively).

However, maximum drop diameter for juvenile leaves (6.35 mm) was higher than for mature

leaves (6.02 mm); juvenile leaf drop-size standard deviation (0.99) was higher than mature

leaf (0.66). The boxplots of the DSDs for each group illustrate the differences (Figure 6-7).
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Figure 6-7. Boxplots of Drop-size distributions of (i) Juvenile leaves (ii) Mature leaves of
Eucalyptus polyanthemos and (iii) open rainfall.

Examination of the histograms of drop-size distributions (Figure 6-8) found that the
juvenile and mature leaf drop sizes (released throughfall) were more normally distributed
compared to the strongly positively skewed distribution of open rainfall drops (Joss and Gori,
1978; Ulbrich, 1983; Wang et al., 2016a). The average open-field raindrop diameter was 1.42
mm, well within the expected range of 1 to 2 mm, with much fewer occurrences of larger

drop sizes (American Meteorological Society, 2012; Nanko et al., 2008).

278




ajuaAnp

607

Frequency
g
1
ainyepy
adA] Jean

60 __

]
1
S
llejurey

4

| ) T ]
000 2.000 4.000 6.000

Drop diameter (mm)
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Eucalyptus polyanthemos and (iii) open rainfall (hypothetical normal curves overlain for
visual reference).
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6.2.4. DSD differences between juvenile leaves, mature leaves and open rainfall

One-way ANOVA was conducted to examine differences in drop-size distribution between
juvenile and mature leaves, and between the two leaf types with open rainfall. Statistically
significant differences were found between all groups from One-way ANOVA: F(2, 758) =
1.059, p < 0.001. The Tukey post-hoc test found that drop sizes from juvenile leaves were
statistically significantly lower than those from mature leaves. This was further supported by
results of the non-parametric Mann-Whitney U-Test which found statistically significant

differences (p < 0.001) between drop diameters from all three groups (juvenile leaves, mature

leaves and open rainfall).

From the statistical analysis, and by visual inspection of the histograms shown in

Figure 6-9, the drop-size distributions from juvenile and mature leaves were quite distinctive.
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Figure 6-9. Histogram of Drop-size distributions of: (i) Juvenile leaves and (ii) Mature leaves
of Eucalyptus polyanthemos (hypothetical normal curves overlain for reference).
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Mature leaves generated a narrow, concentrated range of drop sizes (min-max),
whereas juvenile leaves generated a wider range of larger and smaller drops (min-max). Open

rainfall drops were very distinctly smaller than the drops generated from leaves.

6.2.5. Does leaf size matter?

Further examination of drop size distribution within each group of juvenile and mature leaves
was conducted to study if any trends according to leaf sizes within juvenile/mature leaf
groups could be detected. This would be useful in furthering understanding of factors
affecting throughfall drop sizes that may be similar or contrasting, across juvenile and mature

leaves.
6.2.5.1. Juvenile leaves — drop size variations with leaf sizes

The summary statistics for drop sizes generated from mist spray on juvenile leaves are
presented in Table 6-5. Note that the leaves were labelled 1 (smallest) to 4 (largest) (cf. Plate

2a).

Table 6-5. Summary statistics of drop sizes generated from mist spray on juvenile leaves of
E. polyanthemos.

Mean drop
Sizeclass  Area(cm?) N (drops) diameter Min Max s.d.
(mm)
1 9.8 45 4.71 3.06 6.35 0.94
2 17.0 82 3.37 1.41 6.13 0.91
3 23.8 64 3.91 2.59 5.54 0.75
4 35.6 55 3.98 1.63 5.44 0.92

Observation of the distribution of drop size values found interesting contrasts between
leaf sizes, particularly for the smaller leaves (see Figure 6-9). The smallest leaf (size class 1)
gave the highest mean drop diameter (4.71 mm), the highest minimum drop size (3.06 mm)
and highest maximum drop size (6.35 mm) and marginally highest drop size diameter s.d.

(0.94). However, the mean drop diameter gradually increased as the size classes increased
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from class 2 (3.37 mm) to class 4 (3.98 mm). Size class 2 leaf (see Figure 6-9) generated five
large drop size outliers that were not observed for the other size classes. For size class 3, the
minimum drop size of 2.59 mm was much larger than the other size classes, with a distinctly

lower drop diameter s.d. (0.75).
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Figure 6-9. Boxplots of Drop-size distributions of different Eucalyptus polyanthemos juvenile
leaf sizes (1 the smallest and 4 largest).

From one-way ANOVA, statistically significant between-group differences were found:
F (3, 242) = 22.845, p < 0.001. Tukey HSD post-hoc test found significant differences
between all leaf size classes (p < 0.001) except for the larger leaf sizes 3 and 4 whereby no
significant difference was found (p = 0.976). The latter was further verified with Bonferroni
correction post-hoc test with p = 1.0 when mean drop diameter values for leaves 3 and 4 were

compared.
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6.2.5.2. Mature leaves — variations in drop size distributions

Table 6-6 shows the summary statistics for drop sizes generated from mist spray on different
sized mature leaves, with size classes 1 (smallest) to 4 (largest) (cf. Plate 2b). Figure 6-10
presents boxplots of the distribution of drop sizes. The smaller leaf size classes 1 and 2 had
slightly higher average drop sizes (4.36 mm and 4.39 mm respectively) compared to the
larger leaf size classes 3 and 4 (4.08 mm and 4.14 mm respectively). However, there were

generally no clear differences across the drop sizes generated by different leaf sizes for the

mature leaf group.

Table 6-6. Summary statistics of drop sizes generated from mist spray on mature leaves of E.

polyanthemos.

Mean drop
Sizeclass  Area(cm?) N (drops) diameter Min Max s.d.
(mm)
1 9.5 70 4.36 3.47 5.60 0.54
2 13.2 59 4.39 2.72 5.73 0.70
3 23.4 66 4.08 2.88 5.31 0.56
4 43.6 74 4.14 2.75 6.02 0.77
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Figure 6-10. Boxplots of Drop-size distributions of different Eucalyptus polyanthemos
mature leaf sizes (1 the smallest and 4 largest).

One-way ANOVA found statistically significant between group differences: F(3, 265)
= 3.637, p < 0.05, but Tukey HSD post-hoc test found significant differences only between
the intermediate mature leaf sizes 2 and 3 (p = 0.047). Bonferroni correction post-hoc test
found no significant drop-size differences between any leaf size groups, including drops from

leaf sizes 2 and 3 with p = 0.058.
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6.2.6. Discussion

The distribution of drop sizes for mature leaves tended to a normal distribution, albeit of
significantly larger size than open field rainfall, or unmodified (free) throughfall. This was
very similar to the throughfall characteristics reported by Brandt (1989) for differing foliage
of plants from three different genera. However, the drop size distribution of E. polyanthemos
juvenile leaves was distinctly different from that of mature leaves by having a much wider
variation in drop sizes, even though the average drop size was slightly lower. Juvenile foliage
also showed general increase in mean drop size with leaf sizes from size class 2 to 4 albeit
large drop sizes from size class 1 leaves (this is discussed in detail in the following
paragraph); mature foliage did not appear to show this trend with mean drop sizes generated
remaining relatively uniform. This indicates a unique drop-size spectrum between juvenile
and mature E. polyanthemos foliage. One of the possible explanations for the distinct drop-
size spectra between juvenile and mature leaves is the different leaf shapes (orbicular vs.
ovate-lanceolate respectively) combined with the pendulous hanging habits. The orbicular
shaped juvenile leaves formed broad “catchments” upon which beads of water drops grew.
This provided a wider range of positions from which water drops could move downwards and
exit the leaf surface — multiple drip points; but the curvature of the orbicular-shaped juvenile
leaf also caused the “rundown” length to differ substantially and therefore lead to wide
variations in the resultant volumes of the exiting drops because of differential extents of
water drop coalescence. On the other hand, mature leaves, being ovate-lanceolate in shape,
did not result in as much variations in “(sub)-catchment” areas and “rundown” lengths, even
though variations in drop sizes were still observed; this explanation is illustrated in Figure 6-

11.
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Figure 6-11. Schematic of water “catchments” and “pathways” for (a) juvenile and (b) mature
leaves of E. polyanthemos (Red Box).

Another interesting observation was also how the mean drop sizes were large and
largest from the smallest leaves from both mature and juvenile foliage respectively (see
Tables 6-5 and 6-6). This was contrary to normal expectations as one would expect larger
leaves to provide larger “catchments”, enable greater coalescence of smaller drops to
compose larger ones that ultimately exit the leaves as large drops. However, what occurred
instead was the natural separation of the leaf’s catchments into smaller sub-catchments from
which combinations of small and large drops were formed over the larger leaf area and exit as
primary and secondary drips from two or more points. For the smallest leaves, only single
foliar “catchments” developed where the applied water quickly coalesced as a single mass of
water and exited the bottom of the leaf as a large drop. These processes related to the planar,
uncurved hydrophobic surface of the E. polyanthemos leaves, and was also attributed to the
pendulous hanging habit of the Eucalyptus leaves which were not conducive for the
accumulation of large volumes of water before flow and drip processes were set into motion.
This was in contrast with the morphology of many tropical plant species that have inward-

inclining leaf curvatures adapted to managing regular heavy tropical rainfall by directing
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water towards their midrib of the lamina and then evacuated via drip tips (Dean and Smith,

1978; Holder, 2016; lvey and DeSilva, 2001).

In comparison with a selection of throughfall drop size studies, the drops generated
from E. polyanthemos are larger than those reported by Hall and Calder (1993) for Caribbean

pine and River Red Gums, but smaller than Paperplant and Umbrella tree reported by Brandt

(1989) (see Table 6-7):

Table 6-7. Comparison of drop diameters for Eucalyptus polyanthemos (Red Box) mature and
juvenile leaves in the present study with other selected species and studies.

Schefflera Fatsia . Pinus Eucalyptus
. - Pelargonium - Tectona - Eucalyptus Eucalyptus
Species SP- Japonica sp car!baea grandis canjuldensns polyanthamos polyanthemos
(Umbrella  (Paperplant . (Caribbean (River Red
(Geranium) . (Teak) (Red Box) (Red Box)
tree) ) pine) Gum)
. . . Mature;
Fgllage lv:gﬁu;e, I\/II::uree, medium Mature Mature Mature Mature Juvenile
yp Y g sized
Median
dig;fe‘:er 5.28 4.96 5.22 23 42 28 424 3.89
(Dso) (mm)
(Hall and (Hall and (Hall and
Source (?;%rgt, (Iig;r;d)t, (Iig%r;c;t, Calder, Calder, Calder, Present study Present study
1993) 1993) 1993)

Extrapolation of the above-mentioned dynamics to the patch scale, and their hydrologic
and erosional impacts, can be considered in the context of the ‘zones of influence’
framework, as well as longer-timeframes where the vegetation formation achieves its climax

stage where Eucalyptus foliage is dominated by mature leaf forms.
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Figure 6-12 illustrates the possible drop spectra, and by implication their hydrologic

and erosional impacts under differing canopy and open non-canopy conditions.
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Figure 6-12. Possible drop-size spectra for (a) open-field rainfall; (b) juvenile leaf-form
dominant and (c) mature leaf-form dominant dry-eucalypt forests.

For open-field rainfall, (Figure 6-12a), most of the raindrops would be in the smaller
size-range and therefore individually have lower capacities to dislodge and entrain soil
particles via splash effects, although there would still be a small number of large drops
having high kinetic energy on impact. Furthermore, an increased number of larger drops
would be expected to occur with high-intensity rain ‘pulses’ within larger (and longer)
events, or in high-intensity thunderstorms (see Chapter Five). While splash erosion in open-
field conditions may be limited in one way due to drop-sizes, there would be minimal
abstraction of total water mass, albeit as numerous small drops, compared to an under-canopy
situation (Figures 6-1a and b). This would lead to higher likelihoods of soil infiltration and
moisture storage capacities being exceeded, overland flow being generated and consequently
amplification of splash energy even with smaller drops (Farres, 1987; Kinnell, 2005; Salles
and Poesen, 2000; Terry, 1998) on bare interspaces. Indeed, the hillslope erosion processes
and dynamics in this condition would be quite distinct from the two (intermediate and full

post-fire recovery) under-canopy conditions considered below.
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For intermediate post-fire canopy conditions dominated by juvenile leaf-forms,
throughfall is likely to be dominated by numerous large water drops with potentially higher
erosive power than open-field rainfall (Figure 6-12b). Due to the rather dense post-fire
canopy regrowth, there would be low proportion of small, free throughfall drops of similar
drop-sizes to open-field rainfall. However, the range of released throughfall drop sizes would
be rather wide (Figure 6-8). The spatial distribution of these large drops would also be much
more heterogeneous than that for open-field rainfall and result in the concentration of splash
energy at specific positions below drip points, and minima at areas below the canopy where
water is diverted away from. This would have the potential to create pronounced
microtopography through cratering effects (e.g. Plate 4-3), as well as hyper-localised

positions of overland flow generation.

For mature re-growth (long unburnt) conditions, large drops would also be generated
but their abundance rather constrained as the openness of the mature Eucalyptus canopy
would lead to higher proportion of incoming rainfall of free throughfall instead of released
throughfall, although the spatial heterogeneity of drop impacts would still be greater than the
open-field rainfall condition (Figure 6-12c). Furthermore, the size range of the large released
throughfall drops would be narrower (Figure 6-8). The larger average drop-size for released
throughfall from mature leaves compared to juvenile leaves would see higher erosive energy
per drop; and this may be enhanced by the higher drip height due to the substantial vertical

extension of the canopy after substantial growth “back” to climax vegetation conditions.

For intermediate post-fire under-canopy conditions examined in this research,
possible relationships between drip heights (Figure 6-4) and splash energy need to be
considered. Table 6-8 presents the 100-drop s and one-minute Kinetic energies derived from

the likely drip-height for each splash-cup, median drop diameter of 3.81 mm (Table 6-3), and
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the free-fall velocities of individual water drops corresponding to each drip height, including

the effects of air-resistance following Newtonian physics (Kirkby, 2011):

K. E. =0.5 mv?

where K.E. was Kinetic energy in Joules; m the mass of water drop and v the velocity of water
drop in free-fall varying with drip height.

Applicable parameters were (a) acceleration due to gravity: 9.80665 m s?; (b) mass of
spherical water drop of diameter 3.81 mm): 2.897 x 10 kg where density of H20 was taken
to be 1000 kg m=; (c) drag coefficient of spherical water drop: 0.5; and (d) density of air

(falling medium): 1.225 kg m™,

Table 6-8. Derived drop velocity (m s™) and kinetic energy (in mJ) for drip heights for splash
cups #1 to #15 for median drop diameter of 3.81 mm from juvenile leaves of Eucalyptus
polyanthemos.

Cup 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ht (cm) 83.0 45.0 87.0 34.0 76.0 116.0 103.5 110.5 62.5 68.5 62.0 67.5 167.5 75.0 46.5
Vel (m/s) 35 2.7 35 2.3 3.3 4.0 3.8 3.9 3.0 3.1 3.1 3.1 4.6 3.3 2.6
100-drop s*
K.E. (mJ) 17.3 10.3 18.1 8.0 16.2 23.0 20.9 22.1 131 14.2 13.6 14.0 30.5 154 10.0
1-min K.E.
(mJ) 10409 6153 1087.2 4793 969.2 13785 12513 13246 7844 8528 8147 8417 1830.2 9241 600.7

While terminal velocities would not normally be achieved with the rather low drip
heights, substantial erosive energy could still be imparted due to the large drop-sizes.
Furthermore, the consistency in generating large drop sizes would be high, and the spatial
concentration of drop impacts would also be very high due to the static position of each drip
point. Exploratory analysis did not find a simple positive relationship between drip height and
sand loss or erosivity ratios. Although cup #13 had the highest Kinetic energy potential
(1830.2 mJ min) due to it having the highest drip height (167.5 cm) that was unhindered
(only one layer; Figure 6-4b), it did not correspondingly register the highest sand loss (Figure

6-5). Conversely, cup #4 had the lowest drip height and lowest Kinetic energy potential
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(479.3 mJ min) and three layers of foliage but this did not translate into the lowest sand loss
mass either (Figure 6-5). Cup #14 had a moderate drip height of 75 cm and 3 layers, but had
the highest sand loss mass in Periods A, B and C. These results mean that the throughfall
processes are influenced by a complex set of interacting factors that would include not only
drip heights, but the configuration and layering of foliage, in interaction with variable rainfall
inputs and possibly wind, that determine the rate and nature of throughfall drops arriving at
the soil surface and their ensuing hydrological and erosional effects. These should be the
subjects of further investigations through controlled experiments using, for example, rainfall

simulations and foliage samples.

For researchers’ understanding of throughfall processes to advance (Levia et al., 2017),
detailed on-leaf dynamics of water flow offer useful insights into how and why some plant
canopies generate signature drop-size spectra (Brandt, 1989; Hall and Calder, 1993; Vis,
1986). Furthermore, where significant differences in foliage shape or density are expected to
differ temporally seasonally and phenologically, the leaf-scale hydrological processes will be
important. Indeed, valuable headway has been made in the examination of released
throughfall (Geililer et al., 2012a), stemflow (Dunkerley, 2014a; Dunkerley, 2014b), intra-
storm evaporation (Dunkerley, 2008c), intra-storm intensity variations (Dunkerley, 2014b;
Nel et al., 2016; Parsons and Stone, 2006) and the consequent soil-water dynamics (Liang et

al., 2011).

While the experiments discussed in the present section were conducted under controlled
conditions using mist-spray that might approximate light drizzle conditions but would differ
substantially from heavier natural rainfall events, detailed insights have been found at the
individual leaf scale. This complements findings by workers such as Nanko et al. (2011) who
have found systematic under-canopy spatial variations in throughfall kinetic energy with

distance from the trunk, and does not preclude future studies capitalizing on the advantages
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(low-cost, replicable) of this method to accumulate more empirical data from various regions,
vegetation formations and species. With increasing focus on understanding multi-scale inter-
relationships in hydrology and geomorphology from the plot, catchment and river basin
scales (Bergstrém and Graham, 1998; Bldschl and Sivapalan, 1995; Merz et al., 2009;
Parsons et al., 2006; Verstraeten, 2006; Wainwright et al., 2000), multi-scale examination of

canopy hydrology from the leaf, twig, branch to individual tree scale will also be valuable.
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6.3. Conclusion

This component of the research developed and evaluated the low-cost dyed filter paper
technique for the determination of water drop masses and sizes and found it to be sufficiently
reliable for further application (see Section 4.7.1.). The use of thicker media in the form of
Whatman No. 3 filter papers (instead of the thinner No. 1 type) was preferred due to the
higher robustness and ease of handling in the lab and field; for preparation, experimentation
and drying. This approach can also be implemented with relative ease for determining and
reporting drop-size spectra from rainfall simulators which can differ markedly from one

another (Dunkerley, 2008Db).

As described in Section 4.7.2., this technique was then applied to determine and
contrast drop-size distributions of released throughfall drops from juvenile and mature leaves
of Eucalyptus polyanthemos, a common species found in dry sclerophyll forests in southeast
Australia (Brooker and Kleinig, 2006), with juvenile leaf forms dominating post-fire
regrowth. It was found that juvenile and mature leaves generated distinctly different drop-size
spectra that could be attributed to the detailed water drop growth and movement processes on
the differently-shaped foliage. Contrary to initial expectations, larger leaves tended to
generate primary and secondary drops leading to a lower average drop size due to the
increased presence of secondary dripping from multiple points. These findings contribute
unique empirical knowledge about drop-size distributions of Eucalyptus polyanthemos tree
species commonly found in dry sclerophyll forests at juvenile and mature growth stages, that
have various applications in representing and predicting hillslope hydrology and
geomorphology, particularly for dry sclerophyll Eucalyptus forests at various stages of

recovering from wildfires.

In addition to the findings presented in this study, new factors must be considered,

particularly in the context of projected climate change that will see increased temperature
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fluctuations with warming trends, as well as shifts in the rainfall regimes towards high-
intensity rainfall events. A recent study by Klamerus-Iwan and Blonska (2018) found that
increased temperatures led to increased foliage wettability and canopy storage capacity of
English oak (Quercus robur L.), common beech (Fagus sylvatica L.), small-leaved lime
(Tilia cordata Mill.), silver fir (Abies alba), Scots pine (Pinus sylvestris L.) and Norway
spruce (Picea abies L.). These imply possible shifts in detailed canopy hydrology dynamics
across different seasons, as well as in the next few decades as the climate warms, and
concomitant changes in the splash and runoff erosional processes under the intermediate post-
fire plant canopies. These are unexplored aspects for dry eucalypt forests and foliage and

deserve some attention from researchers in the near future.

With the close examination of throughfall processes resulting from their modulation
of incident rainfall resulting in the revealing of interesting and important intra-foliar
dynamics, we now turn to hillslope material fluxes resulting from the rainfall and throughfall

inputs on the study area, the subject of Chapter Seven.
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CHAPTER SEVEN: HILLSLOPE MATERIAL FLUX
Hillslope erosion processes and rates in the aftermath of forest fires are of great concern in
many parts of the world (Moody et al., 2013; Shakesby and Doerr, 2006; Shakesby et al.,
2016; Tomkins et al., 2008) (see also Chapter One). In the southeast Australian context, the
regular occurrences and increasing risks of megafires and higher intensity rainfall in the
foreseeable future climate (Kendon et al., 2014) motivate the need to better understand the
key processes that determine the “recovery” rates and trajectories during the intermediate, in
addition to the immediate post-fire windows (Shakesby, 2013) (see Chapter One). This is
even more important when considering the distinctive climate, topography, vegetation and
soil characteristics of this region (Shakesby, 2013; Shakeshy et al., 2007) (see also Chapters

Two and Three), of which the present study area is a small but representative component.

In the intermediate phase of post-fire vegetation recovery, a timeframe that has at
present experienced a paucity of detailed research, hillslope erosion is governed by a complex
and dynamic set of interacting processes characterized by heterogeneity of ground and
vegetation canopy cover. These result in variable extents of rainfall modulation and
consequent splash and overland flow erosion rates on postfire hillslopes which can be

understood in the context of the DZI framework (Chapter Two).

The specific characteristics of individual rainfall events determine the timing, rate,
volume and caliber of sediment transported, including whether thresholds for sediment
transport are exceeded; short bursts of high-intensity rainfall are likely to lead to different
rates and operations of splash impacts and runoff generation to cause sediment transport on

hillslopes, compared to longer and low-intensity events (Spigel and Robichaud, 2007).

There is thus a need for further investigations on the effects of these event
characteristics that are frequently not reported in sufficient detail, nor accessible from many

weather station records (Martin et al., 2011). Indeed, Dunkerley (2010b) noted that because
295



Intra-event Rain Rates (IERRs) values varied widely with the duration of the enclosing event
and the event delineation technique, wider exploration was needed because of the various
important implications on the interpretation of hydrological and geomorphological findings in
the published literature. In intermediate post-fire vegetation conditions, where ground and
canopy cover conditions are complex and heterogeneous, the rainfall-canopy-ground
interactions controlling hillslope erosion, transport and deposition are even more interesting.
Indeed, the dynamic variations in throughfall processes and impacts examined in Chapter Six
have illustrated some of this complexity that remain to be properly disentangled vis-a-vis
hillslope erosion processes and outcomes, the focus of concern for many workers in this area

of research.

While the Elso compound variable is widely used in erosion studies in different
regions with distinct rainfall regimes, for instance by de Santos Loureiro and de Azevedo
Coutinho (2001) in Portugal, Sheridan et al. (2008) in Victoria, Australia, and Wang et al.
(2016b) in Beijing, northern China, it actually integrates, smooths-out and obscures
substantial and important IERR variations. On the other hand, limin, One-minute rainfall
intensity helps to capture some of these variations through the finer temporal resolution for
integrating rainfall depths and thus more closely reflecting the actual event characteristics;

this has not been widely explored.

Thus far, we have examined in some detail, rainfall and throughfall characteristics for
the study site over the 10-month measurement period and considered their hydrological and
erosional outcomes in Chapters Five and Six. In this chapter, | discuss the resultant hillslope
erosion rates on this steeply sloping, partially-vegetated post-fire landscape determined from
trapped material (gravel, soil and plant litter) collected from six sediment fences (SFs) over
Periods A to F (see Chapter Four). Firstly, I describe the general patterns of sediment and

litter fluxes across all the sediment fences through Periods A to F, including particle size
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distributions of the eroded soil. This is particularly important because the grades of sediment
eroded would be a useful indication of the splash and flow energies responsible for their
detachment, entrainment and transport. This was done to explore any possible relationships
with key rainfall characteristics of each Period reported in Chapter Five. Organic litter
trapped in the SFs were also collected, weighed and analyzed. Because of their low densities,
the organic litter contributed only a small component of the total mass of eroded hillslope
material. 1 will then proceed to examine the detailed patterns of hillslope material fluxes
individual SFs. Following that, | present several analyses that explore the range of possible
relationships to selected rainfall metrics. In line with the focus on high-temporal resolution
rainfall energy and its hydrological and erosional impacts, | delve into analyzing the eroded
soil masses for the various SFs with respect to the one-minute threshold rainfall intensity
durations through regression analysis. Finally, | discuss the results and analyses of the
hillslope material fluxes by considering how the hydrological and erosional processes occur

at each of the SFs, and on the hillslope generally.
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7.1. Hillslope sediment and organic litter fluxes

As described in Chapter Three, the study site’s soils at the commencement of the fieldwork
were classified as Leptic Lithic Rudosols (Isbell, 2002) which were structureless (single
grain), except for the top few millimetres of soil where weak aggregation and very slight
darkening of soil particles from organic matter were observed. Gravel and pebbles were
embedded in a matrix of mostly sand and silt particles with very little clay. It had been
deduced from preceding events (massive post-fire erosion and floods), past reports and on-
ground evidence that much of the original topsoil had been stripped away, leaving a gravelly,
skeletal soil with a very shallow depth to the Silurian-age sedimentary bedrock of mud, silt
and sandstones. These composed the source material that were being actively eroded on the
study hillslopes under intermediate post-fire conditions. With such a depleted, infertile
substrate, rates of post-fire vegetation regrowth may have been significantly retarded,
extending the window of recovery. The sediment fences trapped material of all types and size
ranges. These were comprised of soil (sediments < 2 mm grain size), gravel (sediments > 2
mm grain size) and organic litter (twigs and leaves including fragments). Plates 7-1 a-c

present the soil, gravel and litter components of the hillslope material.
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Plate 7-1. Hillslope material: (a) soil (fine earth fraction sediments < 2 mm diameter); (b)
gravel (sediments > 2 mm diameter); and (c) organic litter.

Upon visual and tactile examination of eroded soil texture in the field, it was found that
the trapped sediments were comprised mostly of coarse to fine sand, made up of mostly
chemically-unaltered fragments derived from the brown, pinkish sedimentary parent rock.
The pebbles and gravel sediments were also very similar in appearances to the parent
material. Other than the abundant coarse sediments, the eroded soil was also quite silt-rich,
with only a small proportion of clay. In addition to the sediments, organic litter in the form of

whole, parts and fragments of twigs and leaves were also trapped in the SFs. It was presumed
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that this litter had mostly been transported from upslope positions via fluvial as well as dry

aeolian processes.

The gravel component of the eroded sediments was observed to be angular, with the
occasional inclusion of pebbles alongside more the numerous but smaller calibre gravels.
Plate 7-2a shows the largest 50 pebbles and gravels, and Plate 7-2b shows the size range of

the smaller gravels.

@ | (b)
Plate 7-2. Gravel component of eroded sediments: (a) 50 largest gravels (note one cm? grid
for scale); (b) majority of gravel component (note dimensions of background A4-size paper
are 297 mm by 210 mm).

The largest gravel as shown in Plate 7-2a had the following Feret diameters (Merkus,
2009): 36.7 mm (major axis) and 29.2 mm (minor axis). The Aspect Ratio was 1.26;
Circularity: 0.63. For all 50 gravels, mean Circularity was 0.76 (standard deviation: 0.05) and
mean aspect ratio was 1.49 (standard deviation: 0.3). Feret diameters for the mean sediment
size for the top 50 pebbles and gravels were: 11.9 mm (major axis) and 9.5 mm (minor axis).
With a strong positive skew in the particle size distribution, median Feret diameters were

9.74 mm (major axis) and 7.8 mm (minor axis). For the small gravels shown in Plate 7-2b (N
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= 338), Feret diameters for mean sediment size were: 5.56 mm (major axis) and 3.79 mm
(minor axis). For median sediment size which was smaller than the mean due to positive
skew in the particle size distribution, Feret diameters were: 3.51 mm (major axis) and 4.89
(minor axis). Mean and median Aspect Ratio were 1.47 and 1.39 respectively. Mean and
median Circularity were 0.76 and 0.78 respectively. This description of the pebble and gravel
component of the eroded material shows how unrounded they were, giving them high
coefficients of drag that may have rendered them more prone to entrainment in overland flow
than if they were circular in dimensions. The occasional inclusion of pebble-sized material
hinted at the possible operation of strong but infrequent erosive forces, or alternative modes

of transport.
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7.1.1. Sediment fluxes

Figure 7-1 presents the mass of eroded sediment (soil and gravel) over the 6 integration time

periods (A to F).
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Figure 7-1. Mass of eroded sediment across all time periods (A to F) for SFs 1 to 6.

During this period, a total of 13,392.5 g of sediment (gravel + soil) was collected from
the 6 sediment fences (each 1.5 m) totalling 9 m length. Nominally, the study hillslope was
generating a gross sediment flux rate of 1488 g per contour metre over the 295 days. With
total primitive rainfall depth recorded for the measurement period at 683.3 mm, general
sediment flux rates per metre contour per mm of rainfall worked out to be 2.2 g soil m* mm*
rainfall. Overall rainfall erosion rate (mass of soil eroded in grams per mm of primitive
rainfall) was 19.6 g mm*. From Figure 7-1, it seemed that sediment yield fluctuated quite

wildly between Periods A to C, followed by an increasing trend from Periods D to F.
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However, the rainfall depth, as well as other parameters were different between individual
periods. Hence, we proceed to examine how erosion rates varied between each periods as

presented in Table 7-1.

Table 7-1. Erosion rates for Periods A to F integrated across all SFs expressed as mass of
eroded soil (g) per mm primitive rainfall depth.

Period A B C D E F

Total sediment yield 4374.5 1117.8 2915.9 1220.3 1356.6 2407.4

Primitive rainfall 123.6 76.5 206.0 79.4 110.8 87.0
(mm)

Mass of eroded soil

4 ot 35.4 14.6 14.3 15.4 12.2 27.7
(g) mm™ rainfall

Periods A and F had the highest erosion rates (35.4 and 27.7 g mm respectively). On
the other hand, Period E had the most muted erosion rates at 12.2 g mm™. Low, below-
average rainfall erosion rates were observed for Periods B, C and D at 14.6, 14.3 and 15.4 g
mm™ respectively. There appeared to be a generally declining trend from Period A to E,

followed by a return to high, above-average rainfall erosion rates in Period F.

Examination of Figure 7-1 also found that the different SFs varied in their responses to
rainfall input to total sediment yield in each Period. For instance, while SF1 had the highest
sediment yield in Periods B and C (406.2 g and 1059.6 g respectively), it was third-highest in
Periods A (901.1 g), D (205.8 g) and F (453.3 g); while SF4 had the highest sediment yield in
Period A (1209.1 g), D (313.8 g) and E (450.3 g), and ranking second in Period F (511.0 g)

and third in Periods B and C (141.5 g and 369.2 g respectively).

To further examine this variability, the rainfall erosion rates for individual SFs in each
Period, as well as their percentage composition of total sediment yield were calculated and

presented in Figure 7-2. While Period A had the highest rainfall erosion rate, the contribution
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from various SFs were quite uneven. While SF4 and SF3 yielded high values of 9.8 and 9.1 g
mm* rainfall respectively, SF6 had the minimal contribution at 1.6 g mm™. As shown in
Figure 7-2 A (ii), SFs 3 and 4 together contributed more than half (54%) of the total sediment

yield.

In parallel with the distinct overall rainfall erosion rates between Periods A and B
seen in Table 7-1, quite different patterns of sediment yield from the various SFs were found
in Period B as shown in Figure 7-2 (b), compared with Period A. SFs 1 and 2 were the most
sensitive to the rainfall input with 5.3 and 3.7 g mm respectively, contributing 36% and 25%
of total sediment yield. In contrast, SF3 and 4 were minor contributors (8% and 13%
respectively) with SF6 continuing to be the lowest with 0.8 g mm rainfall erosion rate and

6% of total sediment yield for Period B.
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Figure 7-2. Rainfall erosion rates for individual SFs as (i) eroded soil in g mm™ primitive
rainfall depth; and (ii) percentage of total eroded sediment mass for Periods A to F.
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From Figure 7-2 (c), Period C had very similar sediment contributions from
individual SFs as Period B. This accorded with the overall rainfall erosion rates in Table 7-1
albeit large difference in primitive rainfall depths of 76.5 mm and 206.0 mm for Periods B
and C respectively. Only slight differences in rainfall erosion rates were found in Period C.
For instance, rainfall erosion rate for SF1 was 5.1 g mm™ (Period B: 5.3 g mm™); SF2 was

3.6 mm™ (Period B: 3.7 g mm™) and SF5 was 1.6 g mm™ (Period B: 1.7 mm™).

Although overall rainfall erosion rate for Period D (15.4 g mm™; Table 7-1) was
similarly muted as the previous two periods, a distinct shift from the previous three Periods in
SF contribution patterns was observed (Figure 7-2 (d)). During this peiod, SF4 resurged to
give the highest rainfall erosion rate at 4.0 g mm. However, this figure was less than 50% of
the erosion rate seen for SF4 in Period A (9.8 g mm™). In contrast to the previous periods,
SF6 had higher rainfall erosion rate (2.2 g mm™) and percentage contribution to total
sediment yield (15%) than SF3 (1.2 g mm™ and 7%). Moderate within-period rainfall erosion
rates and percenrage contribution were found for SF1 (2.6 g mm™; 17%), SF2 (2.8 g mm?;
18%) and SF5 (2.7 g mm™; 17%), a clear shift from Period C where there were very

dominant sediment contributions from SF1 and SF2.

It was found from Figure 7-2 (e) that Period E had rainfall erosion rates and patterns
of varied sediment contribution from the SFs that were quite similar to Period D, although
this period had the lowest overall rainfall erosion rate of 12.24 g mm™. Nevertheless, SF4
continued to give the highest rainfall erosion rate of 4.1 g mm™ and the highest percentage
sediment contribution at 33%. SF3 also continued to have the lowest rainfall erosion rates

(0.8 g mm™) and sediment contribution percentage (7%), below SF6 (1.3 g mm™; 11%).

As seen from Figure 7-2 (f), Period F saw a return to high overall rainfall erosion
rates (27.67 g mm™), with SF5 unexpectedly surging to give the highest value of 7.2 g mm

and contributing 26% of total eroded sediment. These values surpassed the rainfall erosion
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rates and sediment contributions for SF4 (5.9 g mm™ and 21% respectively) SF6 reverted to
having the lowest rainfall erosion rate (1.5 g mm™) and sediment contribution (6%) with SF3

the second-lowest with 2.9 g mm™ and 10%.

Table 7-2 enables us to observe how rainfall erosion rates and sediment contributions
varied across all the Periods. SF3 and SF4 had the highest standard deviations in rainfall
erosion rate values. In contrast, SF6 had the lowest standard deviation, which also saw the
lowest variation for percentage sediment contribution. On the other hand, while SF3 and SF4
had high standard deviation in percentage sediment contribution (7.2 and 8.3 respectively),

highest standard deviation was found for SF1.

Table 7-2. Mean and standard deviations of rainfall erosion rates and percentage sediment
contributions for SFs 1 to 6 through Periods A to F.

Sediment Fence No. 1 2 3 4 5 6

Mean rainfall erosion rate 47 36 27 46 59 14
(g mm™)

s.d. 1.8 1.2 3.2 3.0 2.1 0.6

“ din':gf‘i"l(fﬁtrrﬁ%’:ft"’i‘gﬁ o) 250 19.0 11.2 22.2 14.7 7.9

s.d. 8.9 5.2 7.2 8.3 6.5 3.8

7.1.2. Organic litter

Figure 7-3 shows the mass of plant litter collecting at the SFs for each period. The highest
litter masses were found in Periods E (389.8 g) and F (387.9 g). In contrast, the least litter
mass was found in Period A (68.3 g). Moderate values were found in Periods B (205.1 g), C
(286.9 g) and D (176.3 g). SF5 consistently had the highest litter mass throughout all the
periods. In contrast, SF1 was consistently the lowest in litter mass yield except in Period F

where is was the second-lowest. While SF2 had the second-highest litter mass trapped in
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Periods A to C, it was clearly relegated in periods D to F. Although SF4 had moderate to low
litter masses collected in Periods A to C, it surged to register the second-highest litter mass
trapped in Periods D to F. Hence, there was considerable variability between SFs in litter

mass collected in each of the periods.

While the sediment fluxes discussed in the previous section could be attributed
primarily to fluvial processes driven by energy from rainfall (and throughfall) inputs in each
period, litter accumulation in the SFs may not be so directly driven, being much more
susceptible to aeolian and gravity-driven transport. Nonetheless, fluvial processes would still
play a significant role in hillslope litter erosion, transport and deposition. Hence, the daily
litter mass accumulation, as well as the rainfall erosion rate for mass of litter were calculated
and presented in Table 7-3. While a general increase for daily litter accumulation was seen
from 3.11 g in Period A to 6.47 g in Period F, there was a distinct low of 2 g in Period B
before a recovery to 4.78 g in Period C. The general increase in rainfall erosion rate (g mm™)
seemed to be clearer, progressing from 0.55 (g mm™) in Period A to 4.46 (g mm™) in Period

F.
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Figure 7-3. Mass of organic litter across all time periods A to F, for SFs 1 to 6.

Table 7-3. Nominal daily litter accumulation (g) and rainfall erosion rate (g mm™) for Periods

AtoF.
Period A B C D E F
Total "(tgt;"r mass 68.3 205.1 286.9 176.3 389.8 387.9
No. of days 22 55 60 40 58 60
Primitive rainfall 123.6 76.5 206.0 79.4 110.8 87.0
(mm)
Daily litter 3.11 2.00 4.78 4.41 6.72 6.47
accumulation (g)
Rainfall erosion 5 g 1.4 139 2.22 3.52 4.46

rate (g mm?)
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7.1.3. Composition of total hillslope material (soil + gravel + organic litter)

The percentage composition of the total mass of hillslope material (gravel, soil and organic

litter) eroded downslope is presented in Figure 7-4.
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Figure 7-4. Percentage composition by litter, gravel and soil of total hillslope materials
moving downslope integrated over SFs 1 to 6.

One of the distinctive patterns found in Figure 7-4 was for Periods D, E and F, where
there seemed to be some association of lower total sediment yields with higher percentage
composition of litter collected in the sediment fences. This is particularly clear for Period E
where total eroded sediment was low at 1746.4 g while litter collected was at the peak
percentage composition (22.3%). Gravel comprised 30.2% of total material in Period E,
contrasting with 51% in Period D. The converse was seen for Periods A, B and C. There was
also, correspondingly, a lower percentage of soil (i.e. fine-earth fraction) eroded in Periods D,
E and F. This hinted at possible negative correlation between mass of litter and soil erosion

rates. This could have been due to abundant leaf fall due to extended dry periods in the
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preceding weeks. With reference to Table 5-2, Periods C and D had relatively long mean
Inter-Event Times of 77.4 hrs and 80.2 hrs respectively. From Figure 5-4, Period C had ten
no-rain days from Days 86 to 95 followed by four very small rainfall events giving a modest
6 mm total on Day 96, and then another ten-day dry period from Days 97 to 106. Another
stretch of eight dry days was also seen from Days 109 to 116, as well as eleven dry days from
124 to 134. Period D had two seven-day dry stretches from Days 147 to 153 and Days 163 to
169 as well as an eight-day dry period from Days 172 to 179. These could have enabled soil
moisture and canopy storages to be depleted. Furthermore, Periods C and D, being in the late
autumn and winter periods with low solar insolation and temperatures, may have contributed
to the enhanced leaf fall in response to the lack of photosynthetic gain in these conditions,
even though the Eucalyptus are not deciduous. Nevertheless, the pulse of leaf litter
accumulating below the plant canopies and variably transported onto the barer inter-spaces,
would have formed a protective “blanket” muting the impacts of erosive throughflow and
rainfall drops, as well as impeding overland flow generation and dissipating erosive flow

energy where they were present.

7.1.4. Texture of eroded soil

We examined the textures of the eroded soil collected from the sediment fences, through the
Periods A to F, vis-a-vis the total mass eroded to establish if there have been any differences
that would have resulted from differences in rainfall event characteristics within each time

period; analyses that will be presented in the later sections.

Figure 7-5 shows the soil texture by sand-silt-clay percentages, averaged across the
sediment fences, weighted according to each sediment fences’ contribution to the total

sediment yield each period.
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Figure 7-5. Texture of eroded soil by time period (A to F) represented as weighted average
(by contribution from individual SF) percentage composition of eroded soil.

Based on the percentage composition of sand, silt and clay for eroded soils from all
the sediment fences, the textures were all classified as (coarse) sandy loam (KSL). However,
there were some distinct textural variations with each period. As seen from Figure 7-4, there
was a general trend through time towards finer sediment sizes as evidenced by the generally
decreasing trend of sand percentages, with Period A erosion delivering soil of 69.1% sand, to
sand proportion of 54% in Period F which saw silt proportion at the maximum 41%. There
appeared to be rather distinct changes in the overall percentage of the sand and silt fractions
compared to the rather stable percentage clay fraction through all the time periods (Period A:
3.8% (minimum); Period D: 5.7% (maximum). In Period E, there was a clear shift to
increased sand and decreased silt and clay fraction, followed by a clear decrease in sand

percentage again in Period F.
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Figure 7-6 (a-f) presents the textures of the eroded soil accumulating at individual SFs
in each period, enabling us to discern any inter-SF differences. For Period A, Figure 7-6 ()
shows how SF1 and SF5 were biased towards finer textures with higher percentages of clay
(SF1: 5.7%, SF5: 6.3%) and silt (SF1: 32.6%, SF5: 37.0%). In contrast, SFs 2-4 and SF6 all

had high percentages of coarse sand (more than 32%) and fine sand (more than 33%).

From Figure 7-6 (b), it could be seen that Period B had different patterns of textural
variations than was found for Period A. SFs 1 to 4 and SF6 had higher clay percentages in
Period B than Period A, while SF5 was the only one that recorded a lower clay percentage
(B: 4.9%, A: 6.3%). Apart from SF3 (B: 25%, A: 26%), all the other SFs also had higher silt

percentages in this period compared to the previous period.

In Period C, shown in Figure 7-6 (c), the erosional processes yielded lower
percentages of coarse sand for all SFs except SF5 (C: 21.3%, B: 11.5%). This indicated a
general shift towards finer particle sizes being transported albeit with variable responses from
individual SFs and contrasting response for SF5 towards coarse sand. Fine sand component
increased for SF2 to 4 and decreased for SFs 1, 5 and 6. SF2 showed a substantial increase in
fine sand percentage from the previous period (B: 32.4%, C: 43.5%), while SF5 had a sharp
decrease (B: 43.8%, C: 33.4%). However, SF5 had minimal shifts in silt and clay
percentages. The other SFs showed quite clear changes in silt percentages. For example, in
the silt component, SF1 increased 5.4%, SF2 decreased 7.1% and SF6 increased 6.8%. For
clay percentages, SF2 also had a decrease of 1.5% in clay component while the other SFs did

not register much changes.

As seen in Figure 7-6 (d), Period D saw decreases across all SFs for coarse sand
percentage. For fine sand, SFs 1 to 3 showed decreased proportion (in favour of the finer silt
and clay fractions), only a slight 1% decrease was seen for SF4 while substantial increases of

8.8% and 10.4% were found for SFs 5 and 6 respectively. Silt percentages increased for SFs
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1 to 4 while decreases were seen for SFs 5 and 6. Increases in clay percentages were recorded

for SFs 1 to 4 while SFs 5 and 6 had slight decreases.

From Figure 7-6 (e), it was obvious that Period E saw a reversion to coarse textures of
eroded soils. All the SFs recorded increases in coarse sand with sudden surge for SF6 to
57.3% in Period E compared to 22.4% in Period D. This was accompanied by decreases in
silt and clay contents for all SFs 1-4 and 6. SF5 was the only position that bucked the trend
with higher silt percentage (E: 37.8%, D: 34.5%) and similar clay percentage at 4.3%. SF5
also recorded a decrease in fine sand percentage (E: 38.4%, D: 42.2%). Fine sand percentages
also decreased for SF6 (although this was in favour of coarse sand) as well as SFs 3 and 4.
SFs 1 and 2 had fine sand percentage increases accompanying the increases in coarse sand

percentage described earlier.

Period F saw rather mixed responses from the various SFs; see Figure 7-6 (f). SF1 had
an increase in coarse sand component from the previous period (E: 8.7%, F: 12.5%)
accompanied by a reduced fine sand percentage (30.9% compared to 43.6% in Period E); and
SF2 ‘s coarse sand percentage remained the same with a reduction in fine sand percentage to
33.1% (from 45.8% in Period E). However, SFs 3 to 6 all saw a reduced coarse sand
percentage together with increased fine sand percentages albeit to varying extents; SF3 had a
sharp rise of 8.6% in fine sand percentage while SF4 and SF5 had slight increases of 3% and
1.3% respectively. The most drastic change in eroded soil texture towards finer sediments in
this Period was seen in SF6 where coarse sand percentage dropped to 12.6% from 57.3% in
the Period E with a jJump in fine sand percentage to 49.4 % from 23.3% in Period E; a similar
rise in silt percentage to 33.8% compared to 17.3% in Period E and virtual doubling of clay

proportion at 4.3% compared to 2.2% in Period E.

With a detailed examination of the eroded soil textures for the various SFs in the

different Periods, we can see that individual SFs have varied responses to the same rainfall
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input. SF6, for example, appeared to have soil textures that varied quite wildly from one
period to another and this manifested quite strongly in the coarse sand component. While
Period C and D saw moderately homogeneous responses amongst the SFs, quite major

differences in SF responses could be seen, especially in Periods A, B and E.
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Figure 7-6. Soil texture for SFs 1 to 6 for Periods A to F.
Note: KS = Coarse Sand; FS = Fine Sand; Z = Silt; C = Clay.
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Looking at individual SFs, SF1 had modal sediment size range in the fine sand
component in Periods A, B, E but silt component was more dominant in Periods C, D and F.
For SF2, modal sediment size range varied more. While fine sand was dominant in Periods C
and E, coarse sand was more dominant in Period A and silt component most dominant in
Periods B, D and F. SF3 had fine sand dominating the eroded soil texture in almost all

Periods: A, C to F. It was only in Period B that coarse sand dominated.

SF4 had eroded soil textures mainly fine sand range. Coarse sand dominated in Period
A, but fine sand was the modal sediment size range for all the other Periods B to F. For SF5,
fine sand dominated in Periods A and B, shifted to a finer silt-dominated texture in Period C
and then reverted to fine sand dominance in Periods D to F. It should be noted that there
were very slight difference between fine sand and silt proportions in Periods E (FS: 38.4%, Z:
37.8%) and F (FS: 39.7%, Z: 40.3%). In contrast, SF6 was dominated by fine sand in Periods
A, B, D and F but saw a shift to finer silt-dominant texture in Period C (Z: 36.6%) and a

swing to dominance of coarse sand in Period E (KS: 57.3%).
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7.2. Analysis of relationships

7.2.1. Overall sediment mass vs total rainfall depth

There was only a weak or unclear relationship between total rainfall depth and total sediment
mass eroded (Figure 7-7 (a); R? = 0.19). Using total rainfall from all primitive events (1 mm
depth or more) also did not produce clear relationships (Figure 7-7 (b); R? = 0.23). For
example, sediment yield was high for Period A at 4374.5 g with total 128.2 mm rainfall
depth, but a similar total rainfall depth at 125.4 mm for Period E saw a much lower 1356.6 g

of sediment yield.
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Figure 7-7. Plot of total eroded sediment (soil + gravel) mass (g) with (a) total rainfall depth
(mm) and (b) total rainfall depth only including all primitive events (1 mm or greater).
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These results indicate that the relationship between rainfall depths and total mass of
sediment eroded is not a simple one, especially for intermediate-recovery vegetation and

ground conditions of the study area.

7.2.2. Overall sediment mass vs Largest rainfall event depths

Linear regression analysis of the relationship between the largest event depth for each period
and the corresponding total mass of sediment eroded found a high R? value of 0.70 (see
Figure 7-8a), but the derived relationship could not be conclusive because of the single high-
end value for event depth and total sediment mass, and clustering of the other values towards
low rainfall event depth values (Brown et al., 1985), and the small number of just six data
points. Furthermore, when the plotted regression line was set to intersect at zero, a weaker R?
value of 0.28 was found (Figure 7-8a). As seen in Figure 7-8b, logarithmic regression yielded
a good R?value of 0.67 and seemed to provide a reasonable albeit nominal representation of a
general relationship between rainfall depth (not necessarily accurately representing rainfall
energy) and total eroded sediment as earlier developed by workers such as McGregor et al.

(1995).
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Figure 7-8. Plot of total eroded sediment (soil + gravel) mass (g) with largest rainfall depth
(mm) for each period with (a) linear regression and (b) logarithmic regression.
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7.2.3. Overall sediment mass vs Elso (Total erosivity)

Regression analysis was also conducted between Total Erosivity (Elso) of all primitive events
and mass of sediment eroded (g) (i.e. both soil and gravel components). As shown in Figure
7-9, a strong linear relationship was found for the soil component (R? = 0.86). For gravel, a
weak-moderate relationship was found (R? = 0.42). Hence, while Elz was useful in
predicting total (gross) mass of eroded soil across the sediment fences, it was less useful
when predicting mass of eroded gravel. This hinted at the possibility of different mechanics,
threshold energies and rainfall metrics involved in gravel erosion in this landscape. Similar
analyses were also conducted between Els with eroded soil and gravel. However, no
relationship was found between mass of eroded soil and Els, and a weak negative relationship

(R? = 0.34) between eroded gravel with Els.
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Figure 7-9. Variation of soil (blue, top line) and gravel (red, bottom line) with total Elso
across time periods A to F.

Regression analysis between Elso and masses of eroded soil and gravel found a strong
positive correlation for soil (R? = 0.80) and weak, largely inconclusive positive correlation

for gravel (R? = 0.27) (see Figure 7-10).
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7.2.3. Individual sediment fence responses

Regression analyses were also conducted to examine individual sediment fence erosion
responses to the integrated inputs from rainfall events of each period, and possible response

variations amongst SFs, as described in section 7.1.

As seen from Figure 7-11, strong positive relationships were found between total

rainfall erosivity and eroded sediment mass for SF1 and SF2.
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Figure 7-11. SF1 (blue, top line) and SF2 (red, bottom line) variation of eroded sediment
mass (g) (gravel + soil) with rainfall erosivity (total Elso) across time periods A to F.

However, the relationship appeared to be more complex for SF3 to SF6 (see Figures
7-12 and 7-13), with diverging responses of mass of eroded soil at different total rainfall
erosivity levels. Furthermore, there were no clear relationships found for SF3 to SF6 between
total rainfall erosivity and total eroded sediment mass. SF3 and SF4 appeared to have some
similarity in responses at higher rainfall erosivities (Figure 7-12). However, it was interesting
that the highest total rainfall erosivity (411 MJ*mm/ha*hr) did not lead to high eroded

sediment mass (SF3: 246.3 g, SF4: 369.2 g).
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Figure 7-12. SF3 (blue, top line) and SF4 (red, bottom line) variation of eroded sediment
mass (g) (gravel + soil) with rainfall erosivity (total Elso) across time periods A to F.
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Figure 7-13. SF5 (blue, top line) and SF6 (red, bottom line) variation of eroded sediment
mass (g) (gravel + soil) with rainfall erosivity (total Elso) across time periods A to F.
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The sediment responses at SF5 and SF6 (Figure 7-13) also displayed minimal
relationships with total rainfall erosivity. Except for SF5 which saw a high eroded sediment
mass of 626.09 g for a moderate erosivity input of 114.6 MJ*mm/ha*hr in Period F, similar
and low eroded sediment masses were recorded across the entire range of low to high rainfall

erosivity values.
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7.2.4. Sediment responses to various limin event intensity thresholds

To further investigate the observed variations in sediment responses to key rainfall input
variables in each period, | employed the use of high temporal resolution one-minute intra-
event rainfall intensity values (limin) to test for any relationships to eroded sediment masses
for all SFs together, as well as for individual SFs. Possible relationships to individual
sediment size ranges (viz. gravel, coarse sand, fine sand and silt) were also examined. The
clay component was excluded from this analysis because of its small proportion of total
eroded soil mass and inherent difficulties in relating erosion of clay particles to flow and
splash energies. As discussed in detail in Chapter 5, all primitive rainfall events were
disaggregated into one-minute intensity values and categorized into their respective time
periods of occurrence (Periods A to F). Using a range of intensity thresholds: 5, 10, 15, 20, 30
and 40 mm hr?, the total number of minutes where the specified intra-event intensity
threshold was met or exceeded, were summed for each period. The purpose was to find out
the key rainfall intensity (and thus rainfall erosivity) thresholds affecting the six sediment

fences as a group, and individual sediment fences.
7.2.4.1. Soil and gravel — overall sediment yield

Figure 7-14 (a-f) shows the linear regression results between total sediment yield (soil +
gravel) and the number of minutes above 5, 10, 15, 20, 30 and 40 mm hr? for each
measurement period, for all sediment fences. Total eroded sediment appeared to be
moderately well-predicted using 10 mm hr?! as the base limin rainfall intensity at the one-

minute interval basis (Figure 7-13b), with the equation:

y = 21.164x + 560.1, R? = 0.54,

where y is sediment yield (g) and x is the number of minutes at or above 10 mm hr?
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In contrast, as seen in Figure 7-14d, the higher 20 mm hr* intensity did not appear to
be a useful limin baseline. From Figures 7-13(a) and 7-13(c), 5 mm hr! and 15 mm hr

seemed to be reasonably good limin thresholds, with the respective equations:

y =5.183x + 971.02, R? = 0.42, for minimum limin of 5 mm hr?
y = 49.48x + 962.17, R? = 0.43, for minimum limin of 15 mm hr?

where y is sediment yield (g) and x is the number of minutes at or above the specified limin

value.
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Figure 7-14. Total sediment (soil + gravel) mass eroded (g) of SF1 to 6 with number of
minutes in each measurement period where limin was: (a) > 5 mm hrt; (b) > 10 mm hr; (c) >
15 mm hr? (d) > 20 mm hr; (e) > 30 mm hr?; (f) > 40 mm hr.

From Figures 7-14 (a — f), it was found that the 10 mm hr! and 40 mm hr! rainfall

intensity duration threshold had the strongest relationships (moderate) with the sediment

erosion rates with R? values of 0.54 and 0.56 respectively, indicating that these would be
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good predictors of gross sediment erosion, although the distribution of data points for the
latter would still cast some doubt on the veracity of the modelled relationship, particularly for
the 40 mm h intensity threshold. Examination of the distribution of data points in Figure 7-
14c found an interesting outlying data point (39 min > 15 mm hrt, y = 1117.78 g) that
warranted further investigation because this was a relatively low eroded sediment mass value
despite the many minutes having I1 > 15 mm hr. Without this data point in Period B, a
strong regression relationship between N (mins) 12 > 15 mm hr? and eroded sediment mass,

as shown in Figure 7-15.
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Figure 7-15. Total sediment (soil + gravel) mass eroded (g) of all 6 sediment fences with
number of minutes in each measurement period where limin was > 15 mm hr?! and
exclusion of Period B data point (red square).

The linear regression for sediment yield with number of minutes limin was > 15 mm

hr'?, where the data point for Period B was omitted, could be described by the equation:

y =72.74x + 781.86, R? = 0.97

where y is sediment yield (g) and x is the number of minutes at or above the specified

l1min value.

In view of this analysis, the threshold event one-minute intensity was estimated at 15

mm hr with more investigation warranted for Period B rainfall characteristics.
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7.2.4.2. Gravel erosion responses — individual SFs

The mass of eroded gravel was also analysed for possible relationships to rainfall intensity
metrics of one-minute intensities for 5, 10, 15, 20, 30 and 40 mm hr%. Linear regression was
applied between the number of minutes at or above the specified one-minute intensity and the

resultant mass of eroded gravel. The results of the analyses are summarized in Table 7-4.

Table 7-4. Linear regression coefficients for eroded gravel mass (g) with duration (mins)
above threshold limin rainfall intensity for each period. The highest coefficient values across
the threshold intensity values have been indicated in bold.

Threshold one-minute rainfall intensity levels (mm hr?)

5 10 15 20 30 40
SF1 0.35 0.56 0.57 0.35 0.51 0.77
SF2 0.29 0.28 0.23 0.02 0.08 0.16
SF3 0.14 0.32 0.45 0.42 0.62 0.91
SF4 0.09 0.18 0.19 0.21 0.39 0.69
SF5 0.14 0.07 0.02 <0.01 0.01 <0.01
SF6 0.20 0.23 0.17 0.08 0.15 0.35
All fences 0.20 0.33 0.34 0.25 0.39 0.65
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Analysis at the 40 mm hr! one-minute rainfall intensity yielded the strongest
relationships between rainfall intensity and mass of eroded gravel (R? = 0.65) when sediment
from all fences were included. It appeared that the higher the rainfall intensity threshold, the

greater the regression coefficient (see Table 7-4).

Individual SF gravel erosion responses to the same rainfall one-minute intensity
thresholds were far from uniform. At the 40 mm hr! threshold, SF3 displayed the strongest
response with R? = 0.91, followed by SF1 (R? = 0.77) and SF4 (R? = 0.69). SF2 and SF6 and
showed weak to very weak responses at R? = 0.35 and R? = 0.16 respectively. SF5 showed no
discernible response at this level. For SF2, slightly better, but still weak, relationships were
found at lower intensity values, with R? = 0.29 for 5 mm hr threshold and 0.28 for 10 mm
hr'! threshold levels. For SF5, a very weak R? value of 0.14 was found only at the 5 mm hr?

threshold which would be disregarded.

During the analysis of gravel yield, one of the most consistent patterns observed was
the occurrence of a single outlier gravel yield value for the given causal rainfall input for
Period B. SF4 yielded low gravel mass at 74.7 g even though 20 minutes of rainfall with
intensity > 20 mm hr! occurred (see Figure 7-16a). Omitting the outlier led to a very strong
relationship (see Figure 7-16b) being modelled between N (minutes > 20 mm hr?) with

gravel yield using the equation:

y =21.948x +125.72, R? = 0.96

where y is the gravel yield (g) and x is N (minutes > 20 mm hr?).
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Figure 7-16. SF4 variations in eroded gravel mass at 20 mm hr threshold intensity minutes,
with (a) all data points from Periods A to F; (b) Period B (red square) omitted.

Hence, there was similarity in response of SF4 to Period B rainfall input to the overall

patterns examined in Figure 7-15.
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7.2.4.3. Soil erosion responses — individual SFs

The mass of total eroded soil was also analysed for possible relationships to rainfall intensity
metrics of one-minute intensities for 5, 10, 15, 20, 30 and 40 mm hr%. Linear regression was
applied between the number of minutes at or above the specified one-minute intensity and the

resultant mass of eroded soil. The results of the analyses are summarized in Table 7-5.

Table 7-5. Linear regression coefficients for total soil mass eroded (g) with duration (mins)
above threshold limin rainfall intensity for each period. The highest coefficient values across
the threshold intensity values have been indicated in bold.

Threshold one-minute rainfall intensity levels (mm hr?)

5 10 15 20 30 40
SF1 0.95 0.89 0.46 0.02 0.02 0.06
SF2 0.87 0.82 0.44 0.02 0.02 0.09
SF3 0.14 0.30 0.41 0.36 0.58 0.90
SF4 0.06 0.16 0.18 0.20 0.42 0.81
SF5 0.05 0.07 0.04 <0.01 <0.01 0.02
SF6 <0.01 <0.01 0.04 0.09 <0.01 0.08
All fences 0.59 0.67 0.46 0.10 0.19 0.44

For gross soil erosion mass across all sediment fences, the 10 mm hr? rainfall-
intensity threshold duration gave the best regression coefficient value with R? = 0.67.
However, as seen in Table 7-5, there was significant variation in examined relationships
across the six individual sediment fences. SF1 and SF2 displayed strong relationships at the
lowest threshold intensity. At the 5 mm hr? threshold, the correlation coefficients for SF1 and
SF2 were R? = 0.95 and R? = 0.87 respectively. In contrast, SF3 and SF4 displayed strongest
relationships at the highest 40 mm hr! threshold rainfall intensity at R?> = 0.90 and R? = 0.81
respectively. No discernible regression coefficients were detected for SF5 and SF6 at all

threshold rainfall intensity levels.

336



Mass (g)

Mass (9)

SF3 displayed interesting deviation of measured values from the modelled trend. In

Period C, although 20 mins of rainfall occurred at the 20 mm hr?, only a low mass of soil

was eroded: 48.9 g (see Figure 7-17a). This contrasted with the good correspondence found

for Period A which saw 22 mins at or above 20 mm hr! intensity and 510.5 g of soil being

eroded. A similar pattern was observed for SF4, as shown in Figure 7-17b.
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Figure 7-17. Variation of total eroded soil mass (g) for (a) SF3 and (b) SF4 at the 20 mm hr!
threshold one-minute rainfall intensity (I1min).

A similar pattern was also seen at the 30 mm hr* threshold rainfall-intensity level for

SF3 and SF4 (see Figures 7-18a and b).
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Figure 7-18. Variation of total eroded soil mass (g) for (a) SF3 and (b) SF4 at the 30 mm hr!
threshold one-minute rainfall intensity (I1min).

The associated diverging data point was also from Period B that saw 10 minutes at or

above 30 mm hrt threshold rainfall intensity.
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7.2.4.4. Analysis of Silt component

The mass of the silt component of the total eroded soil was also analysed for possible
relationships to rainfall intensity metrics of one-minute intensities for 5, 10, 15, 20, 30 and 40
mm hr?, also using linear regression. The results of the analyses are summarized in Table 7-

6.

Table 7-6. Linear regression coefficients for total eroded mass of silt (g) with duration (mins)
above threshold limin rainfall intensity for each time period. The highest coefficient values
across the threshold intensity values are indicated in bold.

Threshold one-minute rainfall intensity levels (mm hr?)

5 10 15 20 30 40
SF1 0.87 0.69 0.26 0.006 0.01 <0.01
SF2 0.85 0.68 0.41 0.02 0.01 0.04
SF3 0.02 0.33 0.41 0.34 0.55 0.89
SF4 0.02 0.15 0.17 0.19 0.41 0.81
SF5 0.02 0.06 0.04 0.01 0.003 0.01
SF6 0.04 0.01 0.07 0.27 0.12 <0.01
All fences 0.66 0.66 0.39 0.04 0.08 0.26

For eroded silt mass across all fences, good relationships were found at the 5 mm hr?
and 10 mm hr?! threshold rainfall intensities with R? = 0.66 for both levels. Across the SFs,
there were strong, significant relationships found for SF1 (R? = 0.87) and SF2 (R? = 0.85) at
the 5 mm hr?! threshold. SF3, SF4, SF5 and SF6 did not display strong relationships at the 5
mm hrt and 10 mm hr? levels. SF3 and SF4, however, displayed stronger relationships at the
higher rainfall intensity threshold levels, with R? = 0.55 and 0.41 respectively at 30 mm hr?
level, and R? = 0.89 and 0.81 at the 40 mm hr! level. SF5 and SF6 did not show any clear

relationships for all rainfall intensity levels.
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With reference to Figure 7-19a, SF3 displayed a higher than proportionate eroded silt
mass response of 195.4 g to 329 mins at or above 5 mm hr? rainfall intensity threshold; this
was also seen for the 10 mm hr?! rainfall intensity. Both these occurrences were during Period
A and were likely due to the longest duration at or above higher rainfall intensity threshold
levels during summer; of 16 mins for 30 mm hr? rainfall intensity, and 10 mins for the 40
mm hr! threshold rainfall intensity. This hints at the importance of short-duration high-
intensity “bursts” in explaining silt mass erosion for sediment fence conditions similar to that
for SF3. This was further borne out in the high sensitivity shown in the regression analysis
for SF3 at the 40 mm hr?! rainfall intensity threshold level. Interestingly, SF3 showed lower

than expected eroded silt mass at the highest observed duration values as seen in Figures 7-19

a-b.
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Figure 7-19. Variation of eroded silt mass (g) for SF3 at (a) 5 mm hrtand (b) 10 mm hr?
threshold one-minute rainfall intensities (I1min).
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7.2.4.5. Analysis of Coarse Sand component

Linear regression analysis found a range of responses from the various SFs for coarse sand
component to the different rainfall inputs and corresponding threshold one-minute rainfall
intensities (Table 7-7). Across all the fences, the highest R? value of 0.85 was found for the
40 mm hr! threshold intensity. However, variation in the possible relationship was observed
across the individual fences. SF1 had the highest R? value (0.85) at the 10 mm hr?* threshold
intensity, with relatively high R2 values of 0.74 and 0.65 for 5 and 15 mm hr! intensities
respectively, and rather low R? values for the higher 20, 30 and 40 mm hr? threshold
intensities. In contrast, SF2, SF3 and SF4 had the highest R? values of 0.82, 0.91 and 0.86
respectively at the highest 40 mm hr? threshold intensity. SF5 did not have any clear
relationship between coarse sand mass and threshold rainfall intensities with R? value of only
0.20 for 15 mm hr?* threshold intensity. No clear relationship was found for SF6 across all
examined threshold rainfall intensities.

Table 7-7. Linear regression coefficients for total mass of eroded coarse sand (g) with

duration (mins) at or above threshold limin rainfall intensity for each time period. The highest
coefficient values across the threshold intensity values are indicated in bold.

Threshold one-minute rainfall intensity levels (mm hr?)

5 10 15 20 30 40

SF1 0.74 0.85 0.65 0.17 0.21 0.34
SF2 0.30 0.51 0.57 0.38 0.55 0.82
SF3 0.14 0.32 0.44 0.41 0.62 0.91
SF4 0.06 0.17 0.23 0.28 0.51 0.86
SF5 0.06 0.15 0.20 0.15 0.10 0.02
SF6 0.01 0.01 0.04 0.04 <0.01 0.06
All fences 0.20 0.37 0.39 0.29 0.49 0.85
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7.2.4.6. Analysis of Fine Sand component

Applying linear regression analysis for the fine sand component (Table 7-8), a strong R?
value of 0.72 was found for eroded mass integrated across SFs 1 to 6. However, a wide range
of responses was again found amongst the SFs, although these differed somewhat from the
patterns found for the coarse sand component. For SF1, very strong R? values were found at
the two lower threshold rainfall intensities, with the highest at 0.98 for 10 mm hrt. SF2 had
the strongest relationship to the 5 mm hr? threshold with the highest R? value at 0.93. In
contrast, SF3 and 4 had the highest R? values of 0.89 and 0.77 respectively, albeit at the 40
mm hr threshold. No clear relationship was found for SF5. For SF6, only a weak R? value of

0.19 was found at the 40 mm hr* rainfall intensity threshold.

Table 7-8. Linear regression coefficients for total mass of eroded fine sand (g) with duration
(mins) at or above threshold limin rainfall intensity for each period. The highest coefficient
values across the threshold intensity values are indicated in bold.

Threshold one-minute rainfall intensity levels (mm hr?)

5 10 15 20 30 40
SF1 0.93 0.98 0.60 0.08 0.09 0.16
SF2 0.93 0.77 0.27 0.00 0.00 0.01
SF3 0.12 0.28 0.39 0.36 0.57 0.89
SF4 0.06 0.15 0.15 0.16 0.36 0.77
SF5 0.06 0.07 0.02 <0.01 0.01 0.07
SF6 <0.01 <0.01 0.01 0.01 0.01 0.19
All fences 0.63 0.72 0.47 0.10 0.01 0.43
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7.2.5. Synthesis of relationships between sediment size types and limin thresholds.

In this section, | examine the strongest relationships found between limin thresholds and

sediment size ranges, across all the individual SFs. This is presented in Table 7-9.

Table 7-9. Threshold Iimin, T(11min) for highest R? values for coarsest (gravel), soil (integrated
sand-silt-clay) to fine (silt) sediment ranges examined, for SFs 1 to 6. (As indicated earlier,
the clay component was not included in the analysis due to its minor composition of total
eroded soil masses.)

Gravel Soil Coarse Sand Fine Sand Silt

T(l1min) T(l1min) T(l1min) T(l1min) T(l1min)
mmhr! R?> mmhr! R> mmhr! R> mmhr! R?> mmhr! R?
SF1 40 0.77 5 0.95 10 0.85 10 0.98 5 0.87
SF2 5 0.29 5 0.87 40 0.82 5 0.93 5 0.85
SF3 40 0.91 40 0.90 40 0.91 40 0.89 40 0.89
SF4 40 0.69 40 0.81 40 0.86 40 0.77 40 0.81
SF5 5 0.14 10 0.07 15 0.20 10 0.07 10 0.06
SF6 40 0.35 20 0.09 40 0.06 40 0.19 20 0.27
All fences 40 0.65 10 0.67 40 0.85 10 0.72 10 0.66

SF1 displayed strong relationships with the lower range of threshold limin intensities
across all sediment ranges, except for the gravel component where R? = 0.77 for 40 mm hr,
However, it should also be noted that 10 mm hr! and 15 mm hr? thresholds had some

moderate correlations at R? = 0.56 and R? = 0.57 respectively (see Table 7-4).

SF2 had good relationships at 5 mm hr for soil, silt and fine sand with the highest R?
= 0.93 for fine sand. However, R? = 0.82 was found for coarse sand at the 40 mm hr?
threshold. For the gravel component for SF2, a tenuous R? = 0.29 was found at the 5 mm hr!

threshold.

SF3 had strong relationships at the highest, 40 mm hr* threshold across all sediment
ranges. This was quite different from the variable rainfall intensity threshold responses from
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SF1 and SF2. Like SF3, SF4 had moderately good relationships with various limin intensities
across all sediment ranges but these were only borne out at the high 40 mm hr? threshold

intensity. The R? values found for SF4 were not as high as those found for SF3.

SF5 had very inconclusive relationships with all the examined limin intensities across
all the sediment ranges. SF6 also had inconclusive relationships with various limin intensities
across all sediment ranges including gravel, although a tenuous relationship was indicated for

gravel (40 mm hrt, R? = 0.35) and silt (20 mm hr!, R? = 0.27).

Across all fences, the most possibly useful limin threshold values for each of the
sediment size categories were: (i) Gravel: 40 mm hr! (R? = 0.65); (ii) Soil: 10 mm hr! (R? =
0.67); (iii) Coarse sand: 40 mm hr! (R? = 0.85); (iv) Fine sand: 10 mm hr! (R? = 0.72); and
(v) Silt: 10 mm hr! (R? = 0.66). These provide some indication of the varying factors and
processes operating in relation to the terrain, vegetation, soil and ground cover characteristics
specific to each SF, and the distinctive rainfall input for each period. This is discussed in the

following section.
7.3. Discussion

Generally, the results have shown that substantial variations in the volume and composition
of eroded hillslope material occur between each period characterised by distinct rainfall input
characteristics, as well as between SFs — each being characterised by different ground and
vegetation factors. These interesting and crucial differences will be obscured if predictions
are made of hillslope erosion on an annual basis. Indeed, erroneous predictions may result,

confounding landscape and catchment managers as to mitigation measures to be taken.

Furthermore, we have found that total rainfall depth may not necessarily be useful for
predicting hillslope erosion rates. Specific characteristics of individual rainfall events such as

the occurrence of short intra-event high-intensity “bursts” of rainfall need to be considered
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for their likely erosional impacts. Indeed, the occurrence of specific rainfall events over
particular “target” post-fire landscapes are inherently stochastically independent (Jones et al.,

2014), although broad, regional-scale patterns can be discerned (see Chapter 3).

Overlain onto these processes were the dynamically changing vegetation canopy that
would have been gradually recovering in terms of extent and strata over time, but also
exerting variable effects by seasons associated with flushes of new growth in spring and
autumn. Increased litterfall, associated with evapotranspirative stresses in mid/late summer
and insufficient solar radiation and/or warmth during winter, would provide additional
protective effects on the soil surfaces. Dynamic changes in canopy and litter layers are likely
to have an impact on microclimatic conditions. With higher canopy density and extent
developing every succeeding year, canopy storage capacity and humidity are likely to drift
higher. Canopy shading and litter cover of soil surfaces, where effective, lead to higher
average soil moisture levels. Other key controls on erosion in these heterogeneous,
intermediate conditions would include slope length, slope angle, bareness of soil surface and
distance from nearest significantly dense vegetation regrowth. The complex combination of
these factors leads to the observed hillslope sediment flux and shifts in characteristics such as

calibre of sediments being eroded.

In terms of general textural shifts of the eroded soil, the largely stable contribution of
clay particles to the total eroded soil may be reflective of their mobility across a wide range
of event erosivities. Furthermore, being skeletal soils, the source areas would likely to have
limited clay percentage composition. On the other hand, the silt and sand fractions displayed
a wider range of responses to diverse levels of erosive inputs and process dominance, being

of larger calibre compared to clay.

The low sediment yields for Period B were interesting and warranted further
investigation. Period B appeared to have a set of distinct rainfall event characteristics
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compared to the other periods. The total rainfall appeared to be spread out amongst several
events of modest depths, as well as being made up of nhumerous small events. Looking back
at Table 5-2, the total 76.5 mm primitive rainfall depth arrived as 23 separate primitive events
with the joint second-lowest mean event energy (0.5 MJ hal), second-lowest mean erosivity
(5.6 MJ*mm ha! hr') and lowest percentage of total rainfall depth falling as primitive events
(85.5%). While some of these small primitive events occurred within the same day for Period
B (Section 5.4.1.; Figure 5-4) as well as sub-primitive high-intensity “bursts” of > 15 mm hr!
occurring in Period B (Section 5.3.), their contribution to total sediment flux were probably
subdued by the lack of erosive energy imparted by the numerous other small, weak events.
The rather even D:N ratio for rainfall start times could also have contributed (Section 5.4.3.).
23 rainfall events, more than one-third of all rainfall events in Period B commenced between
1100 hrs and 1900 hrs, times of the day which would have seen more intra-event evaporative
losses from plant canopies and soil surfaces than for night-commencing events which could

have further abstracted effective erosive energies of the numerous small events in Period B.

Although in Period B, N (I1 > 15 mm hr?) = 39 min, the three largest events in this
period were of depth 17.2 mm (3 Mar 2012), 13.4 mm (15 Mar 2012) and 10.4 mm. This
distribution of modest event depths was also seen in Periods D and E and to some extent,
Period F. These were in contrast to Period A with N (11 > 15 mm hrt) = 47, but had much
larger event depths of 42.6 mm (29 Feb 2012; 21.7 hrs) and 36.4 mm (27 Feb; 6.7 hrs) and
Period C that saw N (11 > 15 mm hr?) = 37, and had an extremely large event depth of 109
mm (4 to 5 Jun 2012; 31.9 hrs) and then another substantial event of depth 23.4 mm (21 Jun
2012; 23.0 hrs). Therefore, the occurrence of a minimum event size threshold is likely to be
present and important for the generation of significant erosion according to rainfall intensity.
The importance of detailed incorporation of rainfall event intensity and duration are also

demonstrated by Kleinman et al. (2006).

345



The variable sediment yield responses to rainfall event inputs amongst the different
sediment fences are most likely a result of the differing ground and vegetation conditions in
addition to rainfall intensity variations, reflecting the heterogeneity of the area across a small
area that translate into different soil availability, erodibility, splash effects under canopy and
open-field conditions, and runoff generation (see Table 4-2). SF1 and SF2 were found to be
highly responsive directly to rainfall inputs in each period. This was likely to be closely
related to the bareness of the slope segment leading down to the fence rendering the patch
vulnerable to direct rainfall splash impact and runoff generation and largely unimpeded flows
over their relatively smooth surfaces. Even though SF1 had a low slope gradient (16.1°), it
had a large exposed soil surface (4.9 m distance to tree upslope) providing for substantial
runoff generation from the areas upslope of the SF, as well as for the under-canopy
throughfall to translate into overland flow. SF2 had a steeper gradient (18.2°) than SF1 and
was also likely to have had greater sediment supply facilitated by the rill erosion, as well as
possible intense throughfall splash and under-canopy overland flow generation from the
regrowing E. polyanthemos tree just 2.5 m upslope. Associated with this would have been the
relative availability of soil to be eroded — this appeared to be high for both SF1 and SF2. The
centrality of raindrop-induced processes for hillslope sediment transport over bare post-fire
surfaces was demonstrated by McGuire et al. (2016). In this respect, work by Kinnell (2005)
is instructive. He explained how rainsplash interacted with existing overland flows to
enhance erosional effects via two of the four mechanisms discussed: (i) raindrop detachment
with transport by raindrop-induced flow transport (RD-RIFT) and (ii) raindrop detachment
with transport by flow (RD-FT). In addition to the energy imparted by the falling drops, the
temporary thickening of flow depth with these high-intensity rainfall bursts could further
enhance the erosive forces (Dunkerley, 2018, personal communication). Moss and Green

(1983) showed how the Kinetic synergy between rainsplash and ponding depth reached
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maxima transportation rate of 200 um sand at depths of 2 to 3 drop diameters. On the other
hand, Torri et al. (1987), working with four different soil textures, demonstrated a generally
negative relationship between splash detachment and runoff depth. Nevertheless, the
existence of a critical depth below which there is a positive relationship between total energy
for detachment and transport, and above which there is a negative relationship, have been
supported by more recent studies (An et al., 2012; Gao et al., 2003; Hairsine et al., 1999;
Rose et al., 1994; Tian et al., 2017). This type of work needs to be furthered in the context of
throughfall; the ways in which large throughfall drops arising from canopy modulation of
rainfall by Eucalyptus polyanthemos foliage (Chapter Six) would interact with any generated
overland flow to determine sediment detachment and transport in under-canopy and adjacent

positions, remain to be uncovered.

The sediment responses of SF1 and SF2 contrasted starkly with the conditions of SF4
which was very steep (30.7°), bare and rocky with very thin topsoil. The local upslope
“source” of soil would have been exhausted, and possibly the sediment pulses trapped by SF4
may have been largely from small slugs of sediment from further upslope, proceeding
irregularly downslope with the energy imparted from the various rainfall events as well as via
shallow landslides, creep or dry ravel (Gabet and Dunne, 2003; Roering et al., 2001). SF3
also had similarly steep (25.3°) and bare conditions except for having the nearest recovering
E. polyanthemos tree just 1.5 m upslope that would have exerted close control over
throughfall energies, under-canopy overland flow generation, litter generation and sediment

fluxes for this position.

SF5 contrasted markedly from the other SFs by having a gentle gradient (16.6°) as
well as having very rough gravel and charcoal-strewn surface that would protect the topsoil
from direct drop impacts and disrupt runoff flow and having a denser canopy cover and

extensive litter cover in a sheltered position; in contrast with the rather exposed nature of

347



SF1. This patch would therefore have had a milder microclimate which in the preceding of
the present study, promoted post-fire regrowth, soil moisture retention and aggregation.
Integrating these factors, SF5 would have developed greater resistance to erosive forces by
the time of the field campaign. This could also be observed in the silt fraction erosion (see
Table 7-9 and Figure 7-5), where the more exposed and erodible SF1, SF2 and SF6 were
more sensitive to the lower rainfall intensity threshold of 5 and 10 mm hrt. Both SF3 and
SF4 were insensitive at the lower rainfall intensity thresholds and only showing strong
responses to the number of minutes at or above high intensity threshold of 40 mm hr. SF5
appeared to be insensitive to all rainfall intensity threshold levels and could have indicated,
with its more advanced soil and vegetation “recovery”, a distinct set of factors and thresholds

controlling erosion processes and rates on this patch of postfire hillslope.

SF6 responses were found to be somewhat similar to those for SF5, having rather
inconclusive relationships between various rainfall intensity thresholds and sediment yield for
various size ranges, especially for coarse sand. However, possible relationships were found
for gravel, fine sand and silt portions of eroded sediment. SF6 had the second-lowest exposed
soil surface (40%), close to the 30% exposure of SF5. This level of attenuation of splash
energy and disruption of overland flow energy by substantial ground cover as well as the
nearby (1.5 m upslope) regenerating canopy could have led to high rainfall intensity
thresholds being setup for most erosion to occur. However, there would have been instances
where, due to canopy saturation during long events in winter and/or high-intensity bursts,
enhanced under-canopy splash and overland flow generation would have caused erosional
processes to be active. These help to explain the 40 mm hr? rainfall intensity threshold R?
values of 0.35 for gravel and 0.29 for fine sand, and R? value of 0.27 for silt at the 20 mm hr!
threshold. The ground surface conditions for SF6 were rather different from those of SF5

even though they had similar levels of ground cover. SF6 had rather smooth surfaces with

348



some protection afforded by mostly by the litter generated from the tree upslope and
sprouting Acacia seedlings in contrast with the high surface roughness of SF5 plot. The
steeper slope angle of SF6 (20.1°) compared to that of SF5 helped to ensure that where an
erosive “breakthrough” occurred, the expected splash and overland flow processes would

operate effectively.

Most conceptualizations of hillslope sediment transport assume a positive relationship
between erosive energies and erosion rates as well as sediment sizes that can be transported,
as reflected in the classic models by Hjulstrém and Shields (Paphitis, 2001; Simdes, 2014).
Therefore, as implied in much of the preceding discussion, higher eroded sediment masses
and coarser textures of eroded sediments would indicate higher erosive energies stemming
from rainfall depth and intensity, and consequent splash and overland flow. However, in the
studied context of steep terrain, thin soils with abundant coarse sediments including large
pebble and gravel fragments embedded in finer silt and sand material, another possible
process of sediment transport can be considered — “winnowing”. Refer to Section 7.1 where
some descriptions of the coarse fraction (pebbles and gravels) of the eroded sediment were
given. In the present soil conditions, fine sand, silt and clay sediments with minimal
aggregation are gradually or episodically removed by splash and overland flow erosion and
deposited further downslope. This hillslope ‘sediment sorting” (Hairsine et al., 1999) is in
many ways parallel to what are termed ‘downstream fining’ processes in the stream
geomorphology context (Blom et al., 2016; Chatanantavet et al., 2010). On these hillslopes,
this leads to larger pebbles, gravel and coarse sand to be gradually exposed and de-stabilized
even under relatively low erosive energy conditions. When these coarse particles are no
longer adequately supported by the remaining fine earth material, these sediments would be
dislodged and fall, even roll downslope in the steep terrain under colluvial and/or fluvial

energies. Hence, the winnowing erosion process can help to explain why coarse sediments,
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even the largest pebble size eroded (Feret diameters: 36.7 mm (major axis) and 29.2 mm
(minor axis); mass 14.78 g) might be eroded and transported (according to the Hjulstrom
curve, a flow velocity of more than 200 cm s would be needed for erosion to effectively
operate on the aforementioned pebble) even when erosive energies applied may not be
sufficiently high on their own, or occur frequently enough, to move sediments of that size and

mass.

It is important to also briefly discuss the rates of downslope movement of litter
inferred from the sediment fence data. Clearly, organic litter, as entire or fragments of leaves
and twigs, is a vital component of hillslope material flux that is not widely accounted for,
even though it is integral to the understanding of intermediate post-fire hillslope processes.
These more complex conditions are in stark contrast to immediate post-fire conditions where
burnt-out logs and branches and ash are the prime considerations. While it could be assumed
that fluvial action plays a critical role in transporting and depositing organic litter at the
sediment fences, litter, especially fallen foliage, is frequently of low density and may also be
transported through aeolian processes and therefore not necessarily take straightforward
downslope pathways. Hence, litter can be highly mobile along and across hillslopes although
they would be preferentially trapped and accumulated in specific locations upslope of barriers
from small clumps of grass to tree trunks and rock outcrops. With this spatially-selective
disruption of erosive energies, localized “islands” of sediment accumulation, seed bank
retention and vegetation colonization would be created with a positive feedback mechanism.
This was observed at the study site. Litter, despite their low density and total mass, could
exert significant influences on detailed hillslope hydrological and geomorphological
processes (Geddes and Dunkerley, 1999; Li et al., 2014; Shakesby et al., 2007). Litter can
attenuate raindrop and throughfall drop impacts protecting the mineral soil surface. This can

be particularly effective in the study site with the large, flat, orbicular juvenile leaves of
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Eucalyptus polyanthemos dominant there where they normally lie parallel to the soil surface
at repose. Being sclerophyllous and of high lignin content, the leaves decompose slowly and
would be effective over long durations, also contributing to accumulating litter storage
capacity. The presence of organic litter may also contribute to increased surface roughness
disrupting and reducing the competence of overland flows and reducing the volume and grain
size of sediment that can be transported downslope. On the other hand, the sclerophyllous,
hydrophobic leaves could act as small, overlapping runoff surfaces for rain/throughfall drops
that might have infiltrated into the mineral soil surfaces if they had been allowed to contact
them. As surface-level fine fuels, their destruction or reduction, either through prescribed or

wildfire, may lead to increased soil vulnerability to hillslope erosion processes.

Temporal considerations also need to be included when understanding hillslope erosion
in these intermediate conditions. Soil surfaces may become increasingly crusted over time
after repeated exposure to rainfall and throughfall splash, and overland flow effects. Hence, a
temporally dynamic view of soil surfaces needs be adopted widely; although predicting and
representing these changes is fraught with uncertainty and difficulty. Work done by Rémkens
et al. (2002) is noteworthy in this respect. Using rainfall simulation experiments on Grenada
loess in a tilting flume, they found that sequences of simulated storms of decreasing intensity
on an initially dry and smooth surface led to higher rates of soil erosion compared to
sequences of storms of increasing intensity. Therefore, the temporal arrangements of storms
and their characteristics (e.g. intensity and timing) exert important influences on soil erosion
rates. The pre and post event soil surface roughness are also important considerations;
Rdmkens et al. (2002) found that initially rough surfaces could lead to higher erosion rates
than initially smooth soil surfaces. Kinnell (2005) argued that rainfall-induced splash and

overland flow processes on hillslopes would usually lead to a protective veneer of pre-
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detached particles on downslope positions that subsequently buffered erosive forces affecting

the underlying layer.

The post-fire sediment yield for the present study area and duration is compared with

other similar studies, as presented in Table 7-10.

Table 7-10. Post-fire sediment yield from present study and selected studies/regions in
southeast Australia, Mediterranean and Western United States.

Region Southeast Australia Mediterranean Western United States
) Central Snowy . ) Synthesis —
) Present study — southern foothills . : Gais region, Colorado Front .
Sub-region ) ] o Highlands, = Mountains, various
Alpine National Park, Victoria o o central Portugal Range .
Victoria Victoria locations
. Smith and . Benavides-Solorio ~ Moody and
Leitch et al. . Vieira et al. .
Sources SF1 SF2 SF3 SF4 SF5 SF6 Dragovich and MacDonald Martin
(1983) (2016)
(2008) (2005) (2009)
Post-fire 0to0.4 O0to25 Various: 0 to 6
5 years 0 to 4 years 0to 2 years
stage years years years
Sediment
) 270 to 11 (unplowed) 200 to 1000
erosionrates 123 156 500 52 72 102 2200 . o 8200
) 9430 to 83 (plowed)  (high-severity fires)
(gm)
Reporting . ]
. 10 mths 3mths  —eeeeeeeees Annual erosion rates (i.e. g M2 yr) ----------meeeeemv
Timeframe

Apart from the clear variation in erosion rates amongst the various SFs in the present
study, it can be seen from Table 7-10 that while the latter are clearly lower than the
heightened erosion rates recorded in the first few months after fire, e.g. 2200 g m in just 3
months reported by Leitch et al. (1983) and 8200 g m? yr? reported by Moody and Martin
(2009), erosion rates for the present study area, five years after fire were still quite
substantial, ranging from 52 g m to 500 g m in 10 months, when compared to the lowest
erosion rates of 270 g m2 yr! reported by Smith and Dragovich (2008) at 2.5 years post-fire
for the Snowy Mountains region. Also, Vieira et al. (2016) reported rates 11 and 83 g m2 yr?

for unplowed and plowed fields respectively in the Géis region of central Portugal up to 4
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years post-fire. While the lowest erosion rate of 200 g m2 yr! at 6 years post-fire showed
prolonged erosional vulnerability for the Colorado Front Range region, this was lower than
SF4 at 500 g m and somewhat comparable with SF1 at 123 g m? and SF2 at 156 g m™ over

10 months for the present study.
7.4. Conclusion

The present section has contributed useful insights into the rates and volumes of soil and litter
material flux for intermediate post-fire condition for a patch of burnt dry sclerophyll forest.
By detailed study of the hillslope using six sediment fences installed in differing site
conditions, and evaluation of various rainfall parameters, | have illustrated the heterogeneous
and complex interactions that drive hillslope erosion in intermediate post-fire conditions of
recovering dry sclerophyll forest. Hillslope erosion processes and yields are still active, albeit

operating in more complex manners and resulting in modest yields.

The erosional effects of series of different rainfall events, over varying plot conditions,
could be examined using one-minute resolution rainfall intensities (limin) that occur within
and across events in a particular time period. The physical basis for this metric is likely to be
more useful than coarser overall event intensities where total rainfall depth is averaged over
the total event duration. This point is clearly demonstrated by Wainwright and Parsons (2002)
who examined rainfall intensity variations at the sub-minute bucket-tip, as well as one-minute
temporal resolutions, and found that these variations helped to explain why runoff
coefficients tended to decrease with increasing slope length. They also highlighted how one-
minute “summaries” were likely to have led to underestimation of peak intensities, and
clearly demonstrated how mean event intensities, the rainfall metric commonly used in
overland flow models, led to startling underprediction of runoff rates. Indeed, near-
instantaneous bucket-tip rainfall intensities of up to 1829 mm h'* were reported (Wainwright
and Parsons, 2002). Reaney et al. (2006) showed how fragmentation of high-intensity rainfall
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episodes led to the generated runoff infiltrating into the soil after a short distance downslope,
while contiguous high-rainfall periods caused longer runoff distances that were subsequently
realized as stream discharge. In the post-fire context, Reaney (2013) explained the
importance of temporal patterns of (intra-event) high-intensity rainfall and their interactions
with spatial patterns of overland flow and soil properties in understanding and determining
hydrological and sediment connectivity. More recently, Nishigaki et al. (2016) monitored
rainfall event characteristics, runoff generation and soil erosion rates at four sites in the
Uluguru Mountains of Tanzania, and found that at the highest elevation (1600 m a.s.l.) and
steepest slope gradient (20 degrees) site NY, average liomin Values, instead of rainfall depths,
were significantly correlated with sediment concentration and soil loss. While the temporal
resolution adopted by the latter was substantially coarser than sub and one-minute rainfall
intensities, the findings indicate that temporally finer resolutions (compared to 30-min or
one-hour integration times) enable higher accuracy in representing the hydrological and
erosional dynamics operating in reality. Mizugaki et al. (2010) found that maximum liomin
values had the strongest relationships with soil detachment on gentle slopes (9° to 16°), but
weakest relationships on steep slopes (35° to 39°) and leomin provided the best modelled
relationships on average slopes (~26°). Using erosion plots in the Khamsan basin of Iran,
Mohamadi and Kavian (2015) found the strongest relationship between maximum l2omin
values and eroded soil (R? = 0.64) while the weakest relationship was found with lsomin
values. In view of the results from the present study alongside work by various other
researchers, the importance of incorporating or re-examining rainfall intensity variations into
studies of hillslope hydrological and erosion in various regions and contexts should continue

to be emphasized.

Nevertheless, it is acknowledged that the availability of high temporal resolution

rainfall data would be limited in circumstances where depth readings are only obtained daily
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with a non-recording rain-gauge, or especially in remote areas, where equipment or
datalogger failure may have occurred, or where fixed temporal resolutions (e.g. 5, 10 or 15-
minute intervals) are used. Furthermore, rainfall has inherently high spatial variability over a
region (Kampf et al., 2016) which compounds the problem of acquiring accurate records for a
local area of interest. However, wherever such data is available, maximizing the temporal
resolution could enable workers to glean interesting insights for explaining the operation of
geomorphic processes and outcomes observed in the field. One key point from the results of
the field experiment discussed in this section is that different sites in the same post-fire area
can have differing rainfall intensity thresholds and some consideration of this heterogeneity
in hydrological and erosional responses should be included in the assessment and prediction
of post-fire erosion processes and rates. In the examination of post-fire hillslope erosion,
researchers should move beyond simply event depth or daily rainfall, towards more detailed
consideration of the specific event characteristics for better understanding of the physical
processes in operation; this is especially so for complex and heterogeneous intermediate post-
fire hillslope conditions. Furthermore, in these contexts, the effects of plant litter is an often
under-estimated and under-investigated factor that can have impacts beyond their mass

contribution to overall hillslope material flux.

Having examined and discussed the complexities of hillslope material movements for
the study area in this chapter, | now proceed to the closing chapter where | attempt to
synergize the findings from this study and draw some linkages to the concepts developed as
part of this study as well as more broadly to the fields of post-fire erosion science,

ecohydrology and ecogeomorphology.
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CHAPTER EIGHT: CONCLUSION

8.1. Overview

In this closing chapter, | firstly attempt to synthesize the findings from Chapters Five
(Rainfall), Six (Throughfall) and Seven (Hillslope materials) to develop a coherent discussion
around key hydrological and erosional processes and the factors that affect them, in the
context of post-fire erosion under intermediate recovery conditions of dry sclerophyll
eucalypt forest represented by the site in the Licola region of southeast Australia. Secondly, |
will try to draw linkages to salient conceptual frameworks such as connectivity, alternative
post-fire recovery trajectories (Chapter One), anisotropic patterns of post-fire vegetation
recovery, hydrology and erosion on steeply sloping terrain (Section 1.3) and the Dynamic
Zones of Influence (DZI) framework (Section 2.5.). Thirdly, I highlight the key contributions
that have been made by conducting the present research. Fourthly, I will discuss the
limitations of the research and further work that should be undertaken for progress in post-
fire erosion science to be achieved. Lastly, I will conclude with some final remarks on this

research project and area of study.

8.2. Synthesis

In Chapter Five, | provided an overview of the rainfall received during the entire study period
and elucidated several rainfall metrics corresponding to each of the six periods. Focusing on
the “primitive event’ definition, these included total and mean event depths, event erosivities
and energies as well as inter-event times. The diurnal-nocturnal occurrence of rainfall and
high temporal resolution one-minute rainfall intensities were also explored to some detail.
These analyses showed that each rainfall period was quite distinct and constituted a specific
field-experimental ‘treatment’ on the study area and plots. It was also important to highlight
that daily rainfall depth was not a sufficient indicator of erosive power to explain the complex

hillslope material responses described in Chapter Seven. Notably, the assemblage of rainfall
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events arriving to and affecting the study site was primarily controlled by higher-order
systems and cycles interacting with the regional topography and land-surface characteristics
to give seasonally-distinct rainfall and climatic parameters (see Chapter Three) that would

ultimately impact upon hillslope hydrology and erosional processes and outcomes.

Chapter Six examined the processes and impacts of throughfall in the intermediate
post-fire vegetation context. This was done by applying knowledge from the earlier works by
Dunkerley (2010a) for throughfall fraction measurements and Scholten et al. (2011) for
throughfall splash erosivity. Assessment of the canopy cover through the fieldwork period
did not find a simple increasing trend through time as might be normally expected for a
“recovering” vegetation formation. Instead, seasonal variations in canopy cover, captured in
part by progressing through Periods A to F were quite clear and would have been integral to
the interception and modulation of rainfall. Furthermore, canopy cover for individual TIFs
and splash cups displayed both the heterogeneity of the recovering vegetation canopy at any
one point of time, as well as non-linear changes through time — differences at this detailed
spatial resolution that would not normally be well-captured by landscape and regional-scale
approaches such as remote-sensing (Hammill and Bradstock, 2006; Sever et al., 2012), that

were also observed at individual TIFs and splash cups.

Aggregating over individual TIFs, throughfall fraction ranged from 0.60 to 0.91 and
in Period F recorded a seeming anomalous “positive” throughfall fraction. While the
throughfall fractions of less than one showed seasonal, non-linear variations through the
different rainfall Periods, the “positive” throughfall at 1.17 indicated preliminary evidence of
the distinct Eucalyptus funnelling effect (Mululo Sato et al., 2011) of rainfall of particular
characteristics in Period F and this is particularly interesting data for juvenile dominant post-
fire foliage in southeast Australian dry eucalypt forests. This gave additional explanatory

strength to the observed splash cup data which gave erosivity ratios ranging from 1.34 to 2.04
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varying by Period, supporting and complementing the body of work from other regions
reported by workers such as Nanko et al. (2016a), GeiBler et al. (2012b), Scholten et al.

(2011) and Levia et al. (2017).

The results of the laboratory work showed how throughfall spectra differed from, and
were more erosive than rainfall spectra, accounting for the reported throughfall erosivity
ratios. It was also found that for the species of interest which was dominant at the study site —
Eucalyptus polyanthemos, throughfall spectra from juvenile foliage was distinct from that
from mature foliage, with the latter giving a narrower range of drop sizes, albeit with slightly
higher average drop diameter. These could be explained through detailed observations of
distinct leaf-catchment dynamics of water drop adhesion, growth, movement, aggregation
and release associated with the orbicular shape of juvenile leaves, as opposed to the ovate-

lanceolate shape of mature leaves.

The implications for throughfall-ground surface interactions, and subsequent hillslope
hydrology and erosion are that intermediate-stage post-fire eucalypt canopies can generate
quite erosive drops and can significantly impact under-canopy soil and litter layers; however,
this is subject to factors such as drip height, interception storage and loss. As the vegetation
canopy progresses to being dominated by mature foliage over the long-term (e.g. 15 to 20
years post-fire), the canopy is likely to be more open, allowing a higher fraction of less-
erosive free throughfall to impact the ground although this might be partially countered by
more erosive released throughfall from higher drip-heights and large drops ensuing from
mature foliage, that may in some positions be enhanced by the above-mentioned funnelling
effects. Despite the clear modulation effects and erosivity potential of the intermediate
vegetation canopy from the present study, throughfall spectra would still exhibit a delayed

response because time is taken for on-foliage dynamics to work and canopy storages to be
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exceeded; in contrast to the direct impacts of rainfall on the ground-level soil and litter layers
(if any).

In Chapter Seven, | quantified hillslope material flux rates at two temporal scales: (i)
over 10 months, and (ii) at the monthly/bi-monthly scales (periods), and at two spatial scales:
(i) the hillslope scale (integrating the six SFs) and (ii) plot scale of individual SFs. This
followed naturally from the causal processes of rainfall and throughfall examined in Chapters
Five and Six respectively. | showed that overall hillslope sediment flux was lower than
immediate post-fire rates, but these were higher than standard ‘background’ (long-
undisturbed) rates and could be regarded as heightened in this ‘intermediate’ (five-years)
post-fire stage, and comparable with other reported rates in Victoria as well as in the
Mediterranean (Shakesby, 2011) and western United States (Moody and Martin, 2009;
Shakesby et al., 2016). | found that soil erosion rates did not always correspond directly with
rainfall depth; higher rates of erosion seemed to occur in the “warmer” months in Periods A
(summer) and F (late spring/early summer), and these were likely to relate to the specific
character of more erosive rainfall events occurring during these seasons compared to those of

other seasons.

Other contributory aspects of the rainfall factor also include the diurnal-nocturnal
occurrence, depth of largest event as well as the occurrence of high-intensity (one-minute)
“bursts” of erosive energy that can have significant hydrological and erosional effects on the
study hillslopes. The times of day during which rainfall occurs vis-a-vis season of the year
can be quite important. Active solar radiation receipt during the day translates into sensible
heat at both the ground and canopy layers, enabling higher rates of intra and inter-event
evaporative losses of canopy and soil moisture storages. Furthermore, active soil moisture
uptake by plants for photosynthesis can quickly deplete soil moisture. Hence, when rainfall

events occur during the day, canopy and soil moisture storages would take longer to saturate,
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overland flow and consequent erosion is less likely; splash erosion is more likely to occur on
drier soil surfaces. These storage-depressing processes are quite dormant during the night.
Therefore, saturated, erosive conditions are more likely to be reached in nocturnal conditions

compared to diurnal conditions, ceteris paribus.

Rainfall event characteristics should therefore be examined in more detail than is
currently done in most post-fire science, by moving beyond simply daily rainfall depth as
causal metrics towards descriptions of event erosivity and intra-event intensity variations,
including ‘no-rain’ pauses (Dunkerley, 2015a; Dunkerley, 2016; Dunkerley, 2018; Shakeshy
et al., 2016). While rainfall event characteristics exert higher-order influences on hillslope
sediment and litter responses, response heterogeneity, corresponding to the large variability
in the “target” surfaces manifested as the variable erosion rates for SFs 1 to 6, also need to be
recognized. Textures of the eroded sediments can also vary between SFs as well as between
rainfall events and periods. On-ground rainfall/throughfall effects would be mediated by any
intervening vegetation and litter as well as broader environmental factors such as season,
microclimate and time-of-day of rainfall occurrences. Indeed, the complexities of the scale
issue in hydrological and geomorphological processes (Braun et al., 1997; de Boer, 1992;
Kabat et al., 1997; Liu and Pei, 2003; Phillips, 2016) are multiplied in the intermediate post-

fire condition.

In Chapter Seven, | also examined hillslope litter flux, as aspect that is rather
important for post-fire erosion science under intermediate vegetation recovery conditions
albeit quite under-examined currently. An example of post-disturbance soil and litter erosion
on hillslopes is the work by Larsen et al. (1999) which investigated runoff, soil erosion and
fine-litter movements on sub-tropical rainforests and lower-montane forests in Puerto-Rico
after the impacts from Hurricane Hugo in 1989. Furthermore, some consideration should be

made of the physical and chemical influences of litter on hillslope hydrological and erosional
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processes, beyond their assumed single effect in retarding hillslope sediment flux rates
(Shakesby, 2013; Shakesby et al., 2016; Shakesby et al., 2007). Indeed, Dunkerley (2015b)
showed, for Eucalyptus spp. leaf litter under simulated rainfall, how litter percolate flux was
strongly influenced by differing rainfall profiles (i.e. varying intra-event rain rates) with the
same mean event intensity (10 mm h?l). This gave insights into the complex
rainfall/throughfall modulation effects of typical Eucalyptus forest floor litter that manifest as
lagged but variably attenuated or amplified percolation peaks, with significant hydrological

and erosional implications.

The results for, and discussion around the post-fire erosion responses presented in
Chapters Six and Seven, caused by the rainfall characteristics discussed in Chapter Five can
be further examined in the light of existing concepts and frameworks; the focus of the next

section.
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8.3. Conceptual linkages

8.3.1. The DZI framework

The findings from the present study can be positioned within the DZI framework discussed in
section 2.5. Hillslope erosion fluxes reflect the outcomes of the complex interplay between
rainfall event erosive energies and their intra-event variations, vegetation canopy extent and
characteristics modulating the incident rainfall spectra into throughfall spectra, as well as the
surface conditions of the under-canopy zones of influence and the inter-patch zones. The
largely-bare inter-patch zones, which are likely to contract as vegetation recovery advances,
will likely exhibit direct and immediate responses to the rainfall inputs. Erosion thresholds in
the conspicuous absence of vegetation canopy and ground cover, save for any litter cover,
would be largely dependent on the soil characteristics such as texture and their inherent
erodibility, aggregation and sealing, as well as key factors such as slope steepness and

microtopography (see Figure 1-3).

The erosion threshold of undercanopy patches would, apart from the division into the
intra-patch inner, middle and outer zones, be a complex composite of the soil and
topographical factors described above, the litter layer depth, distribution and decomposition;
canopy depth, cover, height and architecture in the three DZI sub-zones. Indeed, there are
inherent soil moisture, fertility, aggregation and perhaps even textural differences between
interspaces and under-canopy patches (Dunkerley, 2000; Wainwright et al., 2000). Ground-
level erosional and hydrological responses to rainfall inputs are likely to be delayed and
highly modified, especially in situations where the canopy is dense and dry. However, more
immediate modulation of rainfall inputs would occur in wet canopies where canopy and leaf
storage capacities are easily exceeded (sparse canopy cover or canopy Ssaturation), or

momentum is imparted by falling rainfall or throughfall to detained water droplets; these may
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also occur in dry conditions where abrupt, high-intensity rainfall bursts (see Chapter Five)

temporarily overcome the limited storage capacities typical of this Eucalypt vegetation.

The anisotropic process connections between inter-patch and patches must also be
incorporated (see Figure 1-6). Patches can play a dual-role on steep, intermediate post-fire
hillslopes. Firstly, as is commonly construed, upslope of the plant stem, the patch functions as
a barrier that helps to trap allochthonous litter and sediment arriving from inter-patches and
patches further upslope. Autochthonous litter from the plant itself is also accumulated in this
position. These express themselves as the litter-dam complexes that reduce overall hillslope
sediment yields as well as the supply of material to the stream system (Shakesby et al., 2007),
and also form ‘islands of fertility’ (Abrahams et al., 1995; Dunkerley, 2008c; Kidron, 2015;
Wainwright et al., 2000) that develop a positive feedback mechanism (e.g. by providing a
viable moist, fertile and stable soil microenvironment for seed germination and growth).
Nevertheless, the capacity of this upslope portion of the patch can be exceeded, with

sediment and/or litter “overflowing” to the downslope portion.

In contrast, the functions of the downslope portion of the patch are probably much
less studied or conceptualized. As with the upslope, downslope plant canopies areas are
similar under the DZI conceptualization if ignoring any asymmetries in plant growth and
spatial colonization (Christophe et al., 2003). However, the downslope dynamics would be
quite different. While autochthonous litter would dominate on the downslope aspect, litter
depths are likely to be shallow, being cut-off from upslope sources. Because there is usually
minimal obstruction on the downslope aspect, any accumulating litter would be more likely
to be transported away downslope onto the adjacent inter-patch. As shown from Chapter Six,
there can be appreciable throughfall drop energy available for litter transport; runoff
development may also be enhanced due to the sclerophyllous nature of eucalypt leaves, as

well as repeated positions where released throughfall arrive and create localized points of soil

363



moisture saturation and runoff generation. The integrated effect of these downslope patch
dynamics would also be enhanced soil as well as litter erosion and transport onto the

downslope inter-patches.

The mostly-bare inter-patches will have a distinct set of hydrological and erosional
dynamics from the patches described above. They are likely to function as transient receiving
areas for the soil and litter generated from upslope patch areas, where these hillslope
materials would be ‘smeared’ as a thin veneer across the already thin, rocky ground surface
but ultimately be deposited and accumulated at the next upslope patch area. The transport
mechanisms on the inter-patch would be a combination of overland flow generated from
under-canopy downslope aspect patches and short-distance under-canopy splash effects,
overland flow generated on the inter-patch itself (Hortonian or saturation-excess flow),
interacting with milder rainsplash effects. During dry periods between rainfall events, litter
could also be blown around by wind, albeit with a net downslope movement. Because inter-
patches are more exposed, soil moisture levels would vary much more compared to patch
areas. As inter-patches are likely to be drier, they would function as run-on areas where
overland flow and their erosive energy could dissipate leading to sediment and litter
deposition, especially in the early stages of storms after a long dry spell. On the other hand,
because of the receipt of rainfall without the mitigating and modulating effects of a plant
canopy, these areas could reach saturation in the middle and later stages of a storm event and

generate runoff.

Variable combination of these patch-interpatch dynamics would be dependent on the
status of post-fire regeneration affecting the arrangements and extents of patch vis-a-vis
interpatch areas, canopy architecture and foliage types (density, juvenile/mature dominant) as
well as the intra and inter- rainfall event variations. From the plan view at the hillslope scale,

spatial distribution of patches would affect the lengths of inter-patches, depending on the
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preferential flows of water on the hillslope surface. Where continuity exists between inter-
patches, narrow “avenues” could be created where runoff is able to accumulate erosive

energy to transport higher sediment masses as well as larger calibre material such as gravel.

It is essential to highlight that the various strata of concern (canopy, shrub, ground
cover and litter layers) recover at different rates and this is likely to be quite salient at the
intermediate post-fire recovery stage (see Figure 1-2), and their variable combinations mean
that complex interactions and dynamics are in operation. In the immediate and near-term
post-fire period, rainsplash, together with erosive branch/twig drips and stemflow from the
woody parts of the burnt trees (Dunkerley, 2014a) would have led to much dislodgement of
soil particles particularly at the base of trees, primed for easy erosion and transport in
subsequent events. Further on at the intermediate post-fire stage during which the present
study was conducted, this readily erodible supply of soil may have been strongly impacted by
the erosive throughfall drops generated by the large, orbicular juvenile leaves, for transport
downslope. However, the extent of this process operating would be strongly dependent on the
depth and extent of the sub-canopy litter layer, as well as rates of litter removal/accumulation
at the downslope and upslope positions of the patches. Hence, the identification of “optimal”
conditions for high soil erosion rates in sub-canopy positions would be quite difficult
considering these complex conditions and require careful and detailed investigations. Under
“full recovery” conditions where mature foliage dominates, the erosivity of throughfall drops
generated would be high, especially where the drops ensue from higher dripping points (see
Chapter Six). However, the overall erosive effects would be diluted by the greater throughfall
fraction (and therefore smaller unmodified raindrops) associated with the sparser mature
Eucalyptus forest canopy and a substantial under-canopy litter layer that would effectively

attenuate much of the erosive energies of large throughfall drops.
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8.3.2. Connectivity theory

Connectivity concepts (Bracken and Croke, 2007; Bracken et al., 2015; Fryirs et al., 2007;
Hopp and McDonnell, 2009; Wester et al., 2014; Williams et al., 2015; Williams et al.,
2016), in both horizontal and vertical dimensions are also particularly applicable in the
present study that has focused on intermediate post-fire hillslopes, vegetation and soils. Hopp
and McDonnell (2009) posited that connectivity in the hillslope hydrological (and erosional)
context can be described by how ‘hillslope architecture’ determines the “filling and spilling’
threshold processes — wetting, saturation, expansion and linking of initially hydrologically
isolated surface/subsurface hillslope areas towards a ‘whole-slope connectedness’, and that
storm size (i.e. rainfall depth) strongly influences the non-linear threshold (dis)connectivity
spatio-temporal responses. The other main factors are bedrock permeability, soil depth and

slope angle.

The present study has shown that in the intermediate post-fire context, storm size may
not be the only crucial factor for hillslope hydrological connectivity; rainfall intensity at the
high (one-minute) temporal resolution also provide important insights into how transient
overland flow pulses caused by rainfall “bursts” would lead to corresponding jolts of
sediment (and litter) transport. Furthermore, Moody and Ebel (2014) reported that storm
profile, in addition to soil moisture deficit, were key factors determining runoff (and by
extension, erosion) of more importance than soil hydraulic properties for fire-affected soils.
Indeed, the ‘average rainfall acceleration’ (Moody and Ebel, 2014) is a relatively novel
metric that needs to be incorporated alongside other rainfall metrics (Dunkerley, 2008a;
Dunkerley, 2014a) into present and future studies of hillslope erosion for greater descriptive
and explanatory power. Instances of transient hillslope connectivity and their positive
feedback effects can be considered in how, due to rainfall “bursts” concomitantly cause an

increase in ponding depth as well as ponding areas on various hillslope positions. Beyond
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depression storage thresholds depending on microtopography and geometry, these ponds
would “spillover” and generate concentrated flows that clear and carve-out rill-like pathways
that interlink ponds, and also transport the litter (that may otherwise have a protective effect)
which is much more buoyant than sediments preferentially along these paths. These could
then enable overland flow paths that would be, in subsequent events, readily followed than

simple Hortonian processes that may be assumed to operate quasi-randomly on the hillslope.

Clearly, the hillslope connectivity framework is useful for application to post-fire
erosion science and some important work in this area has been done by Moody et al. (2013),
Wester et al. (2014) and Moody and Martin (2015). It is quite obvious that extremely high
hydrological connectivity prevails on post-fire hillslopes in the immediate/close post-fire
context, explaining the dramatic erosion spikes in sediment, ash and litter yield that then get
quickly transferred in abundance to the stream system due to the heightened hillslope-stream
connectivity (Shakesby et al., 2007; Tetzlaff et al., 2007; Williams et al., 2016), causing the
human and environmental effects of concern. Indeed, post-fire soil hydrophobicity increases
surface and/or near-surface hydrological and erosional connectivity in the immediate/near
post-fire conditions across various fire-prone regions (Moody et al., 2013; Shakesby and

Doerr, 2006; Shakesby et al., 2000).

However, as vegetation strata recover post-fire, various ‘buffers’ (Fryirs et al., 2007)
are either re-activated or created, that impede sediment and litter movements downhill, and
their supply to the stream channel system. Interestingly, not much detailed discussion was
given by Fryirs et al. (2007) to the complexities of the dynamic roles of vegetation in
hillslope-stream (de)coupling. These have been aptly illustrated in Figure 1-6 and highlighted
in Shakesby et al. (2007) as litter-dam microterrace complexes. In fact, the DZI framework
can be integrated into the connectivity theory to organize future work around post-fire

erosion science, as well as hillslope hydrology and geomorphology more broadly.
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8.3.2. Biogeomorphology and ecohydrology

The present study is also well-positioned to contribute to the domain of biogeomorphology,
the interdisciplinary study of the interactions between biota (particularly but not exclusively
vegetation) with landscape form and function (Osterkamp et al., 2012). Wildfire has been
widely acknowledged as a key disturbance regime that requires focused attention for
biogeomorphologically-framed examination of the co-evolution of vegetation distribution and
structure, with landforms and soils (Rice et al., 2012). Exemplifying this is the work by Hyde
et al. (2015) who conducted a landscape-scale study of the influences of pre-fire vegetation
floristics and structure, vegetation disturbance and topography on the extent of post-fire gully

rejuvenation in conveying sediments from hillslopes to channels.

Complementing the work by Hyde et al. (2013) and Hyde et al. (2015), the present
study has shed further light on this area of research by showing how post-fire vegetation
regeneration can, for a significant duration, exert influences on rainfall modulation,
throughfall spectra, overland flow and hillslope material fluxes that are quite distinct from
“long-unburnt” pre-fire vegetated conditions; these relate not only to canopy and ground-
cover, but also importantly to foliage shapes associated with the distinct heterophylly of
many Eucalyptus species that populate the dry sclerophyll forests of fire-prone southeast
Australia. Furthermore, the DZI framework developed as part of this work enables focus on
the interesting interactions between patches and inter-patches, and the anisotropic patterns of

interactions where they occur on steeply-sloping terrain.

A closely related field of research is that of ecohydrology, the interdisciplinary study
of the reciprocal exchanges between “environmental” stores and movements of water, with
vegetation structure and function; the key domains from which ecohydrology draws on are
ecophysiology, hydrology, soil science and micro-meteorology (Bowman and Boggs, 2006;
Dunkerley, 2012; Eamus et al., 2006). As an area recovers from the depleted, hydrologically
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and micro-meteorologically simplified conditions of the immediate and near post-fire
condition, the activity of, and interactions between, the various factors of vegetation, soil and
soil water, and micrometeorological conditions of patch and inter-patch areas increase and
become more complex from the incipient recovery through to the intermediate and “full”
recovery stages (see Figure 1-6). These can be studied with the help of the DZI framework
(Section 2.5) together with a cognizance of the range of possible post-fire recovery
trajectories primarily controlled by climatic and ecological factors (see Section 1.3; Figure 1-

).

8.4. Key contributions
The main objective of this study was to provide insightful vignettes into key aspects of post-
fire erosion processes under intermediate recovery conditions for dry eucalypt forests in

southeast Australia. The contributions this research has made include:

i. Review of the global and regional literature on post-fire erosion, and the highlighting of
research gaps in process-based understanding of post-fire erosion under intermediate
vegetation recovery and the paucity of studies in southeast Australia, the main

motivation for this study;

ii. Development of concepts and frameworks useful for present and future work in post-
fire erosion, including the DZI framework, alternative post-fire recovery trajectories

and anisotropy on steep post-fire hillslopes;

iii. Application and development of new and low-cost approaches to field measurements,
such the use of TIFs, splash sand cups, sediment fences and dyed filter paper method

for drop-size determination;

iv. Description and analysis of rainfall metrics not normally examined in detail, but which

have some physical relevance to hillslope hydrology and erosion, viz. diurnal-
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nocturnal rainfall occurrence, one-minute rainfall intensity thresholds, multiple-event

days and wet-day “clusters”;

v. Quantification and analysis of the throughfall spectra differences between juvenile and
mature leaves of Eucalyptus polyanthemos, a species typical of fire-prone dry
sclerophyll forest, as well as description of the on-leaf dynamics influencing drop-size

differentials;

vi. Quantification and analysis of post-fire hillslope erosion fluxes with examination of
eroded soil textures and causal one-minute rainfall-intensity values across the six SF

plots of heterogeneous characteristics.

8.5. Limitations of study and future work

This study only covered 10 months in 2012 and this was a wet year (see Chapter Five) while
there have been significant climatic oscillations between years, decades and centuries. At
time of writing this chapter, it was reported that ongoing droughts in central NSW (and
southeast Australia) were the most severe in terms of duration in the last 800 years (Freund et
al., 2017) and that high risks of wildfire and by extension, post-fire erosion vulnerability,
were very likely. To account for such variability, multi-year, multi-site monitoring studies
would enable workers to track vegetation-hillslope responses to different rainfall-temperature
parameters longitudinally. At the same time, this field research integrated hillslope responses
and the rainfall inputs as six periods within which much variability would have been masked.
Furthermore, being mainly field-based, the attendant complexities of operating in the natural
environment where the entire gamut of factors were not well-controlled nor comprehensively
measured, even though useful data has been gathered. There are many factors that remain
unquantified and interactions that may have been hidden. Having just six SFs may have
limited the validity and generalizability of the findings, even though much variability

between SFs was characterized. In contrast, Benavides-Solorio and MacDonald (2005)
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deployed 48 sediment fences over two summers and one winter at the Colorado Front Range
in west-central United States. Hence, for future studies in post-fire erosion in southeast
Australia glean richer insights with more well-instrumented, spatially-distributed and
replicated, higher temporal resolution event-based monitoring of rainfall, throughfall and
erosion on hillslopes located closer to facilities, or indoor laboratory experiments using

rainfall simulations (Doerr and Cerdd, 2005).

This study focused on the rainfall modulation and throughfall impacts of Eucalyptus
polyanthemos canopies. Other Eucalypt tree species typical of the dry forest formations
reported in section 3.6 such as the E. melliodora and E. macrorhyncha were not included in
the present study. While these species did not constitute most of the regenerating eucalypt
trees at the study area, it was likely that they would have had their own unique influences on
and contributions to the overall hillslope hydrology and geomorphology. Furthermore, an
abundance of young Acacia spp. shrubs was observed at the base of the study slopes,
ostensibly positions where a substantial bank of seeds, stimulated by the fires and smoke
(Ashton and Chappill, 1989; Auld and O'Connell, 1991; Gordon et al., 2017), had
accumulated and germinated at these relatively gentler slope positions. These would
constitute an additional vegetation barrier to sediment and litter movements, mitigating much

transfers to the Wellington River System.

Only a static consideration of throughfall spectra has been adopted. This has been a
limitation of the technology and equipment available for this study. It would have been ideal
for several laser disdrometers to have been made available for high-precision, temporally-
continuous, direct measurement of rainfall and throughfall drops in the field across vegetation
transects. Temporal variations in throughfall spectra have been demonstrated (Levia et al.,
2017; Mululo Sato et al., 2011; Nanko et al., 2016a; Nanko et al., 2011; Wakiyama et al.,

2010) to result from modifications to canopy-incident rainfall that itself can vary significantly
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(Jones, 1992; Tokay and Short, 1996). Indeed, the effects on wind on canopy interception and
rainfall modulation need further study. Furthermore, there can be considerable variations
between individuals of the same species especially in the highly heterogeneous post-fire
intermediate regrowth condition — this leads to considerable spatial heterogeneity as well, at
the hillslope scale. This adds to the intra sub-canopy variations discussed in the DZI

framework.

The effects of plant roots in general, and how they may vary with genus and species
to influence post-fire soils, hydrology and landscape development has not been sufficiently
addressed thus far in biogeomorphology. In this study, the protective effects of roots as
barriers for litter and sediment on steep post-fire terrain were treated mostly implicitly and
simplistically, albeit observed in the field. Notably, Burylo et al. (2012) conducted flume
experiments with specimens of Robinia pseudo acacia, Achnatherum calamagrostis and
Pinus nigra austriaca and found, somewhat counter-intuitively but illuminatively, that small,
fine and flexible roots played more important roles in mitigating overland flow erosion
effects than the stiff, larger roots. We presently have minimal scientific understanding of
these relationships in the post-fire erosion context, particularly their application to
regenerating vegetation and their associated root networks. The geomorphic (for example in
creating pit-mound topographies) and pedological impacts of tree throw have also been
poorly studied (Gabet et al., 2003; Hancock et al., 2012; Osterkamp et al., 2012; Phillips and
Marion, 2004; Schaetzl and Follmer, 1990) and more intensive examination of these
dynamics to post-fire contexts are needed (Gonzalez-Bonorino and Osterkamp, 2004). It
should be highlighted though that there was minimal evidence of tree throw observed at the

study site.

While the study area was clearly in the intermediate post-fire stage (Figure 1-6 (d)),

the specific recovery trajectory the region was on, was difficult to determine. It was possible
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that the study hillslopes have been in the “prolonged recovery” period (Figure 1-5 (c)) where
drought conditions had persisted after the 2007/8 fires. While significant rainfall events in the
immediate post-fire period supplied much water to the area that could have supported
vegetation recovery, the severe and widespread erosion of these burnt hillslopes would have
stripped away much of the fertile topsoil, thinned the soil profiles and reduced water-holding
capacities. The consequence of such drastic modification of the land surface would have been
to delay vegetation recovery. Whether alternative floristics have resulted, as described in

Figure 1-5 (d) remains to be discovered, possibly via an ecological investigation.

Fine sediment being adsorbed to and transported by fine litter (leaf and twig) was a
feature that was observed in this study, but an aspect that seems to be quite poorly studied,
and many questions exist. For example: what are the processes of sediment-litter adhesion,
how much and what grades of sediment can be transported with leaves, and how are these
leaves transported; are there differences between leaves of different Eucalyptus species and

growth stages and indeed, leaves of plants from other genera, for example the Acacias?

Although southeast Australia is projected to continue to be highly fire-prone in the
foreseeable future, there is still a distinct lack of detailed empirical studies across such a
large, varied region where generalizations across different landscapes and vegetation
formations are difficult. Nevertheless, field experiments and monitoring are expensive and
difficult to sustain, especially in remote areas. Study locations thus must be carefully selected
to be representative of the vegetation, soils, topography, geology and climate of the wider
region in which they are situated. While the present study has provided insights into
intermediate-stage post-fire erosion on thin sandy loams from Silurian-Devonian age sand,
silt and mudstone geology, the range of vegetation structural formations and floristics, soils
and climatic conditions is huge, even within southeast Australia and remain to be studied to

good detail.
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To enable a critical level of understanding of the key parameters, processes and
dynamics relating to post-fire erosional processes, future fieldwork should also be conducted
in other hydro-climatic and biogeomorphological contexts. This will build a richer body of
knowledge around the mechanisms of post-fire hydrological and erosional dynamics that the
present study has elucidated. For a start, a broad synthesis or meta-analysis of existing work
done on different environments on the Australian continent could be done. Significant
insights could be gleaned from comparing ecological and pedological work done in Western
Australian jarrah forests (Bell, 2001; Bell and Koch, 1980) and coastal dune scrub (Shumack
and Hesse, 2018) where cool Mediterranean and semi-arid conditions are experienced, with
the post-fire processes on tropical savannah grasslands in Northern Australia (Cook, 1994;
Edwards et al., 2013; Russell-Smith et al., 2006) which experience warm, seasonally-humid
conditions where highly erosive monsoonal rainfall can have significant effects on soil
erosion and fertility, and have their own distinct vegetation influences on rainfall interception

and throughfall.

Laboratory-based studies will enable workers to evaluate specific factors on their
impacts on post-fire erosion processes, and also uncover specific processes and dynamics in
controlled environments. While the present study has cast some light on how leaf shape and
size variations between juvenile and mature leaves of E. polyanthemos cause different on-leaf
water dynamics to result in different released throughfall drop spectra, a larger study will be
required in this aspect. Also, more work is needed to examine whether, how and why
throughfall drop spectra may differ between juvenile and mature foliage for other Eucalyptus
species comprising many of the dry sclerophyll forests in southeast Australia. Similar work is
also needed on the commonly-distributed Acacia species that have seeds which germinate
vigorously post-fire. Many Acacias have very contrasting leaf forms between juvenile and

mature stages. For example in the juvenile leaf stage, Acacia melanoxylon (Blackwood) have
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small non-sclerophyllous bi-pinnate leaves while mature stages see the same plant bearing

large linear-oblong or lanceolate leaves (Costermans, 2009).

Computer modelling approaches are presently under-utilized in our area of research
but present novel avenues for efficient and detailed examination of post-fire hydrology and
erosion on hillslopes under differing conditions. In modelling and predicting post-fire
vegetation recovery, recent sophisticated approaches such as those demonstrated by Paci et
al. (2017) at the landscape scale are instructive, and light the way forward for the shift from
monotonic-deterministic vegetation recovery models to flexible stochastic-relativistic models
that could be used testing of concepts such as the DZIs as well as variable post-fire recovery
pathways in the context of climate change forcings. An exemplary work of how sophisticated
computer modelling can be integrated with field measurements to provide novel insights was
seen in the way Moody and Ebel (2014) used the HYDRUS 1D numerical model as a “virtual
instrument’ to calculate soil moisture, infiltration processes saturation and runoff generation
in their study of post-fire erosion with rainfall profile as a key factor, on a hillslope in the
Fourmile Canyon, west of Boulder, Colorado in the United States. The possible influences of
diurnal-nocturnal rainfall occurrence and how they could influence canopy interception,
throughfall and soil-moisture dynamics, may also be examined in this way. These types of
work could also be applied effectively to the study of various typical post-fire sites in

southeast Australia.

The roles of fine litter (leaves and twigs) in post-fire erosion under intermediate
regeneration conditions deserves more detailed examination. While there has been much
work on determining litter load accumulations in the context of fuel and fire risks (Chen et
al., 2016) there remains much uncertainty about their transport via wet-fluvial and dry-
aeolian processes on steep, forested terrain or their specific effects on attenuating or

enhancing splash or overland flow in relation to their positions and states of decomposition. It
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is certainly possible that their influences on hillslope hydrological and erosional processes
exceed their mass in the total hillslope material flux. Also, minimal work has been done to
examine the movement of fine sediments adhered to litter (in particular, leaf) surfaces. This
can be termed ‘litter-adhered sediment transport” (LAST). When collecting the litter
accumulated in the SFs, | noticed some fine clay and silt particles that had adhered to the leaf,
as well as twig surfaces. This were ostensibly facilitated by wet deposition of sediments by
splash or overland flow on the litter surfaces, which then led to the adhesion of these fine
particles facilitated by the residual water molecules as the excess water dried out. While the
total sediment mass from LAST may not be particularly high, much soil fertility is associated
with fine particles and these should be examined closely via collection of litter samples from
field sites and evaluated for their physico-chemical compositions. Indeed, the fine particles
associated with LAST could contribute to the development of under-canopy ‘islands of
fertility” (Kidron, 2015) on the anisotropic upslope-barrier accumulations of soil and litter on

steep post-fire terrain (Figure 1-6).

More detailed examinations of erosional processes are needed. Rainfall pulses, as
short-lived high-intensity bursts have the potential to set into motion “wave-trains” (Horton,
1945) that give sharp rises in erosive forces to dislodge and transport sediment as well as
litter on hillslopes. These are especially likely in the skeletal soils in many parts of the study
area. However, empirical verification of their occurrence and dynamics is necessary. Indeed,
recent work by Wu et al. (2018) has revealed the importance and complexity of “pulsed
runoff-erosion’ events sediment yields from the Zhifanggou Watershed of the highly-erodible
Loess Plateau in China. In Chapter Seven, | suggested “winnowing” (alternatively with
“wave-trains”) as a possible process in addition to direct fluvial erosion, entrainment and
transport by flow, and splash erosion, to explain the transport of coarse sediments such as

gravels on steep terrain with skeletal, erodible sandy loam soils. However, this requires some
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empirical verification that can be best achieved through experimentation with the target soils
in a flume or erosion tray, a feasible project in the near future. The experimental work on
sediment sorting by raindrop impact in the presence of shallow overland flow under non-
equilibrium conditions by Hairsine et al. (1999) is insightful, and can be further developed.
In-field detailed observations, perhaps aided by high-speed photography or video capture can
be considered, especially where such technology together with remote or sensor-based
operation is increasingly affordable and available. The video-based disdrometer presented by
Chen et al. (2015) is a useful example of possible new techniques for field-based data capture
and analyses. The dynamics of aeolian processes in post-fire conditions and the controlling
parameters in different vegetation and topographical considerations also deserve detailed
study, and the use of Structure-from-Motion (SfM) photogrammetry techniques in
conjunction with numerical simulation modelling by Liu et al. (2018) to investigate aeolian

erosion processes is instructive.

It is also important to consider complexities incorporated by the DZI model. For
example: is the soil surface in the under-canopy zone always protected by the foliage and
twigs/branches above it? This needs to be reconsidered in the light of the increased potential
erosivity of throughfall drops. Furthermore, the roles of biological and environmental
chemistry in mediating vegetation and soil regeneration processes and rates that ultimately
control the physical outcomes of post-fire hydrology and erosion have scarcely been
explored. Although there is presently some knowledge of the distinct chemical composition
of throughfall and stemflow from Eucalyptus spp. vis-a-vis other plant genera (Crockford et
al., 1996; Laclau et al., 2003; Yang et al., 2011), and can result in quite distinct downstream
effects on aquatic chemistry (Zhu et al., 2018). It is widely known that many Eucalyptus
species exude allelopathic compounds that suppress ground-level plant regrowth (Becerra et

al., 2017; Kirkpatrick, 1977; May and Ash, 1990; Ruwanza et al., 2015). However, little is
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known about the consequent influences on undercanopy micrometeorology, hydrology and

erosion.

The impacts of allelopathic compounds from Eucalyptus in suppressing ground cover
regrowth, maintaining soil bareness and thus enhancing under-canopy susceptibility to splash
and overland flow erosion, need further investigation. Indeed, overland flow is generated
quickly on steep terrain and thin soils. This would enable allelopathic chemicals to be quickly
distributed downslope to the inter-spaces, enhancing and prolonging their “bareness” by
suppressing regrowth in those areas. Beneath the Eucalypt canopy, while leaves and twigs
may physically protect the mineral soil surface from erosive forces, allelopathic compounds
would be released in a controlled manner from the slowly-decomposing sclerophyllous leaves
and continue to suppress areal colonization by ground-level plant species for long durations

through and beyond the intermediate post-fire recovery period.

Similarly, another biological factor that has seen insufficient consideration in the post-
fire context is the role of biological soil crusts (BSCs) in influencing (increasing or
decreasing) infiltration (and consequently erosion) rates, nitrogen fixation and supply to
regenerating plants and their possible microclimatic effects (Eldridge and Greene, 1994),
both in patch and inter-patch areas. BSCs have been found to play important roles in the
ecohydrology of soils in the arid zone (Dunkerley, 2011; Dunkerley, 2012; George et al.,
2003) and have been found to provide augmented resistance to splash erosion on the
extremely erodible soils of the Loess Plateau in China (Zhao et al., 2014b). Hence, the
survival, recovery, development and spatial distribution of BSCs as well as their specific
ecohydrological influences (Pueyo et al., 2013) in post-fire conditions, deserve much research

attention.

We also need to seriously consider the position of post-fire erosion science in the
much broader backdrop of rising atmospheric carbon dioxide concentrations (Ekwurzel et al.,
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2017; Jackson et al., 2017) and the spectrum of impacts and interactions with global and
regional climates (Millar et al., 2017), vegetation (Tietjen et al., 2017) and soils (Bond-
Lamberty et al., 2018), as well as increasing concentrations of non-CO2 greenhouse gases,
primarily methane and nitrous oxide (Fellmann et al., 2018; Tian et al., 2015). Analysing the
interactions between global vegetation cover and climate change, Forzieri et al. (2017)
showed how ‘vegetation greening’, detected through higher Leaf Area Index (LAI), has
occurred in boreal and arid regions. These were attributed to carbon dioxide fertilisation
(Donohue et al., 2013; Zhu et al., 2016) as well as anthropogenically-enhanced nitrogen
supply and deposition to ecosystems. The outcomes of these processes in the boreal regions
have been warming trends due to reduced surface albedo; in the arid regions this has led to
evapotranspiration-driven cooling (Forzieri et al., 2017). In sub-Saharan Africa, many of
these shifts have been manifested as woody-plant encroachment (WPE) at the continental
scale (Venter et al., 2018). For the arid and semi-arid regions of Australia, moderate greening
rates were related to a cooling trend, and agree with earlier work by Donohue et al. (2013). In
terms of the dry eucalypt forests in the temperate climates of southeast Australia, it is
possible that the ‘rapid greening’ and concomitant warming of these ecosystems are already
in process. The LAI-surface biophysics interactions can be amplified ‘up to five times under
extreme warm-dry and cold-wet years’ (Forzieri et al., 2017), climatic oscillations that are
typical of the fire-prone southeast Australian region. Hence, it is likely that consecutive
‘greening’ years would lead to extended and elaborated plant canopy (and possibly root)
architecture and higher juvenile foliage density. These would thus see increased rainfall
modulation effects, as well as interception rates by plant canopies while simultaneously
increasing litter accumulation that would, in the ensuing dryer years, enhance fire risks as
well as lead to altered throughfall and erosion processes with sparser plant canopies. In this

context, the specific outcomes in terms of plant architecture, foliage types and spatial
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colonization, as well as root architecture and extent are basically unknown. Furthermore,
there is no simple positive response of plant growth (‘greening’) to carbon dioxide
fertilisation due to the variable physiological and biochemical characteristics and adaptations
to the altered abiotic and biotic conditions (Cramer et al., 2001; Zhu et al., 2017) and the
meta-analysis by Wang et al. (2012) emphasizes the complexity of responses. Indeed,
Obermeier et al. (2016) demonstrated how the carbon fertilisation effect (CFE) for temperate
C3 grasslands greatly diminished or disappeared under abnormal (wetter, drier and/or hotter)
environmental conditions. Furthermore, Korner (2006) cautioned against unrealistic
overestimates of CFE based on controlled nutrient “unlimited” (e.g. glasshouse pot trials)
experiments, when actual plant biomass accumulation depended on natural nutrient cycling

processes and their bioavailability that would in reality be quite restricted.

Therefore, it is very difficult to accurately project how rainfall-canopy interactions
and hillslope erosion processes will operate in association with climate change. This also
means that ‘black box’, or at most ‘grey box’ types studies typically at the catchment scale
will not be suitable for monitoring the intricate and dynamic interactions between vegetation,
rainfall and erosion processes in post-fire conditions under change climatic conditions. The
present study may also be construed as a possible approach for simultaneously studying, in
detail, rainfall event attributes, vegetation characteristics, in particular leaf forms, and their
spatial dominance as patches/inter-patches to better understand hillslope erosion processes.
Indeed, the findings from the present study could serve as useful baselines several decades in
the future when shifts in vegetation, climate and soil conditions would then be quite apparent

and well-studied.
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8.6. Concluding remarks

There is mounting scientific evidence that the ongoing shifts in global and regional climates
will result in more frequent, severe and extensive megafires (Clarke et al., 2011; Kinoshita et
al., 2016; Krause et al., 2014; Stevens-Rumann et al., 2017; Williams and Bowman, 2012).
While much public and scientific foci will naturally tend be on the hazards to, and losses of,
lives, property, infrastructure and environmental assets and services resulting from the fires
themselves, the post-fire hydrological and sedimentation processes, hazards and impacts are
equally pertinent (Diakakis et al., 2017). Therefore, it is essential that research in post-fire

erosion science continues to be active.

Workers in post-fire erosion need to address a comprehensive set of environmental
variables, rather than individual factors such as slope steepness, rainfall depth or burn
severity, for accurate prediction of post-fire sediment yields and the associated hazards
(Morris et al., 2014). This requires increased investments of manpower as well as equipment.
Indeed, more cross-disciplinary work in this complex area of research is essential (Doerr and

Cerdd, 2005).

From the geomorphological viewpoint, although the occurrences and impacts of
wildfires and post-fire sedimentation are intermittent, episodic and brief over geological
timescales, their significance in long-term denudation rates, landform development and
landscape evolution cannot be understated (Orem and Pelletier, 2016; Shakesby et al., 2016).
Indeed, over decadal and centurial timescales, wildfires and post-fire erosion may be
perceived as catastrophic events, but viewed as uniformly impacting landscapes over
millennial and longer geological timescales (Allen, 2005). There is also a need to discard
commonly-held notions of uniform erosion of land surfaces, as well as implicitly assumed
unlimited supplies of sediment. This is particularly important in steep, thinly soil-mantled

environments where soil thickness can be quite variable, albeit thin; slugs of sediment
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moving over bare, rocky surfaces need to also be considered in these contexts where the rates
of soil removal exceed those for soil formation (Montgomery, 2007; Phillips, 2017; Phillips
and Marion, 2004) and indeed, supply-limited soil erosion rates are highly likely in many

post-fire contexts.

This research has provided some insights into the complex ways in which post-fire
erosion operate under intermediate post-fire conditions, a stage that has so far lacked
scientific attention (Ebel et al., 2018). This has been achieved through a combination of
empirical study in the field and laboratory, together with some conceptual developments
particularly relevant to the domain of post-fire erosion science as well more broadly to the
fields of biogeomorphology, ecohydrology and geomorphology. Much more work remains to
be done in both empirical and theoretical aspects for this area of study, and | hope to be able

to contribute more in the future.
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APPENDIX A: EARLIER STUDIES ON POST-FIRE EROSION IN SOUTHEAST AUSTRALIA

Authors Location(s) and | Focus of study Vegetation type(s) Treatment of vegetation factor Timeframe Geology and soils Selected findings
fire(s)
Chessman | 11 streams in East | Regional monitoring | Variable across region; | Map of 11 sampling stations across | 3-month Upper Devonian granites | Highest sediment and solute
(1986) Gippsland: Errinundra, | of post-fire stream | upper Bemm mainly wet | burnt areas of varying extent and | immediate post- | and granodiorites; | exports in first large storm after
Combienbar, Bemm, | water quality along | sclerophyll forest; upper | severity was presented. fire period Ordivician sandstones and | fire
West  Cann, East | streams from | Cann and Genoa mainly | Rates and patterns of vegetation mudstones;  permeable,
Cann, Cann, Thurra, | catchments with | dry sclerophyll forest; | recovery one of the many factors red friable gradational | Highest exports from Cann and
Wingan, Genoa, | varying extents and | Thurra and  Wingan | affecting severity of wildfire impact earths (upper Bemm and | Genoa catchments compared to
Fiddlers Green and | severities of burning. mainly lowland | on water quality, no detailed Thurra) and low | others attributed to differences in
Drummer; 1983 Ash sclerophyll ~ forest and | analysis of factor; permeability hard-setting | catchment topography, soil and
Wednesday fires of | Parameters included: heath. loamy soils with clay | surface/subsurface flow
varying burn extents | DO, colour, turbidity, Variable relationships between burn subsoils  (upper Cann, | partitioning and pathways.
and severities across | TSS, EC, K, P, NOs, extent and rainfall-runoff and water Wingan and Genoa)
region NO2, NH4, Total N; quality response across catchments
Leitch et | 35 ha catchment in | Estimation of post- | 1/3 area  Eucalyptus | Visual assessment observed total | First 3 months in | Metamorphosed Estimated ash and soil loss of 22 t
al. (1983) | Millgrove, Warburton, | fire  erosion  and | regnans mountain ash wet | consumption of ground cover and | the immediate | sandstones ha'; total loss of 2900 kg of
Victorian Central | nutrient loss caused | sclerophyll forest; 2/3 | almost complete (95%) death or | post-fire period and siltstones; Shallow, | nitrogen and 220 kg of
Highlands; Ash | by short duration, | area mix of Eucalyptus | destruction of canopy foliage; gravelly, stony and acidic | phosphorus.
Wednesday Fires of | high-intensity (17 | cypellocarpa, sieberi, | Some interception attributed to sandy loam to clay loams
1983;  high-intensity | mm) thunderstorm 6- | baxteri, and oblique; | dead foliage in scorched canopy; Hydrophobicity and lack of lack
fires days post-fire; using | understorey Acacia, of vegetative cover accounted for
field survey | Cassinia, Platylobium, | Lack of ground cover as main cause high erosion rates; Heightened
measurements of | Pteridium esculentum and | for high erosion rates; erosion  exacerbates  fertility
erosion and | tussock grass Poa spp. No specific quantitative linkages differences gradients in dry
deposition forms; soil between vegetation cover and sclerophyll forests
samples across erosion rates.
catchment
Burgess 5 experimental | Measurement of | Mixed dry sclerophyll | Noted the ground cover of leaf, | 3 month | ‘[E]asily erodible | Distinct hydrologic and
et al. | catchments near Eden, | catchment exports of | forest, mainly Eucalyptus | branch and bark litter, grasses, | immediate post- | adamelite’ with small | sedimentological responses
(1981) south  New  South | suspended sediment | sieberi with E. oblique, | sedges and small shrubs; fire period areas of rhyolite and | between post-fire and post-
Wales; 1979 severe | and solution loads | muelleriana, consideriana | Complete removal of ground cover granodiorite; logging treatments;
wildfire comparing effects of | and cypellocarpa. accounted for higher sediment and Post-fire  streamflow:  0.275

logging and wildfire;
runoff monitoring
using V-notch weirs,
manual and automatic
water sampling

Understorey of Acacia

terminalis, Banksia
serrata, Casuarina
littoralis, Personia

luniaris and levis.

solute loads for post-fire than post-
logging;

Litter in logged catchments
attenuated transport of hillslope
materials. No specific quantitative
relationships ~ drawn between
vegetation recovery and measured
outcomes for this immediate post-
fire period

Well-developed red and
yellow Podsols

cumecs from 80 mm rainfall;
Suspended loads: 196 mg L™ at
0.096 cumecs;, 283 mg L* at
0.277 cumecs;

Post-fire suspended loads
remained high 6 months after fire
whereas post-logging suspended
loads recovered to low levels.
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APPENDIX B: ANALYSIS OF RAINFALL HOURS
This appendix presents the detailed analysis of: (a) rainfall hours across all times of the day;
and correspondingly (b) rainfall percentages, for individual months, organized according to

summer (DJF), autumn (MAM), winter (JJA) and spring (SON) seasons.

1. Summer rainfall hours and percentages
Figure B-1 presents the rainfall hours and percentages for the summer months of December,

January and February.
December

December had 646 total rainfall hours and 675 mm total rainfall depth. From Figure B-
1(i)(a), the modal rainfall time-of-day was 1200 hrs (34 hrs); rather high rainfall hours were
also seen in the following early afternoon times of 1300 hrs (31 hrs) and 1400 hrs (32 hrs).
Another high rainfall time was also found at late afternoon of 1800 hrs (31 hrs). Additionally,
a high was detected in the very early morning at 0300 hrs (32 hrs).

Figure B-1(i)(b) shows that the highest proportion of total rainfall occurred in the
early afternoon at 1400 hrs during which 8.2% fell; this was flanked by two “shoulder” times
of 1300 hrs (6.8%) and 1500 hrs (6.7%). Another peak rainfall hour was found in the late
evening/night at 2100 hrs (7.6%) and preceding it, a high “lead-up” at 2000 hrs (6.5%). The
0300 hrs rainfall hour peak did not translate into a high rainfall percentage, although it was a

localized peak amongst the other surrounding hours.

January

January had 432 total rainfall hours and 603.1 mm total rainfall depth. As seen in Figure B-
1(ii)(a), January rainfall patterns showed even higher contrasts between the “wet” and “dry”
times of the day compared to December. In contrast to Dec there was higher temporal

correspondence between the modal rainfall hour of 1600 hrs and the “shoulder” (1500 hrs,
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6.8%; 1700 hrs, 10.6%; 1800 hrs, 9.4%; and 1900 hrs, 7.9%) and “peak” (1600 hrs, 11.1%)
rainfall times; see Figure B-1(ii).

February

February had 526 total rainfall hours and 912.4 mm total rainfall depth. As seen in Figure B-
1(iii)(a), February rainfall hours were more evenly distributed throughout the day compared
to January, although two peaks were seen at 1400 hrs and 1700 hrs; see Figure B-1(iii)(b).
However, as seen in Figure B-1(iii)(b), the highest percentage of total rainfall was at 1300 hrs
(14.7%) followed by 1400 hrs (11.3%). A smaller peak was also seen at 1800 hrs (7.2 %)
with a “shoulder” at 1900 hrs (6.2%). Summer rainfall patterns by time-of-day from midnight
(0) to 11 PM (23) as (a) Total hours of rainfall occurrence; (b) Percent (%) total rainfall
depth, for (i) Dec, (ii) Jan and (iii) Feb. Note that y-axis scales vary according to the range of

values calculated.
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(a) Total hours of rainfall occurrence (b) Percent (%) total rainfall depth

(i) December

(i1) January

(iii) February

Figure B-1. Summer rainfall patterns by time-of-day (perimeter of each chart) from midnight (0) to 11
PM (23) as: (a) Total hours of rainfall occurrence; (b) Percent (%) total rainfall depth, for (i) Mar, (ii)
Apr and (iii) May. Notes: Radial y-axis scales vary according to the range of values calculated.
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2. Autumn rainfall hours and percentages
Figure B-2 presents the rainfall hours and percentages for the summer months of March,

April and May.

March

March had 474 total rainfall hours and 462 mm total rainfall depth. As seen from
Figure B-2(i)(a), March rainfall had highest number of rainfall hours at 1900 hrs; this peak
had “shoulder” hours of 2000 hrs (25 hrs) and 1900 hrs (22 hrs). More rainy hours can be
found in the morning hours, with another peak is found at 1100 hrs (26 hrs) with some
moderate level “lead-up” hours at 0900 hrs (22 hrs) and 1000 hrs (23 hrs). However, very low
rainfall hours were recorded at 1200 hrs (14 hrs), just after the 1100 hrs peak. A third high
was also found at 0800 hrs (24 hrs). The lowest rainfall hour was at 2300 hrs (12 hrs).

From Figure B-2(i)(b), rainfall percentage had good temporal correlation to rainfall
hours, with the peak at 1900 hrs (7.7 %) and “shoulders” at 1800 hrs (5.9%) and 2000 hrs
(5.5%). However, peak rainfall percentages were also found at 0800 hrs (6.6%) and 0900 hrs
(6.5%).

April

April had 601 total rainfall hours and 475.6 mm total rainfall depth. As shown in
Figure B-2(ii)(a), peak rainfall hours were just past midday at 1300 hours (33 hrs) with
“shoulders” at 1200 hrs (32 hrs) and 1400 hrs (31 hrs). Other high rainfall hours were seen in
the early morning hour of 0600 hrs (28 hrs) of 0900 hrs (27 hrs), and the late-night hours of
2100 hrs (28 hrs), 2200 hrs (27 hrs) and 2300 hrs (28 hrs). These appear to be around 2 hours
shift of peaks to later hours compared to Mar peaks.

Peak rainfall percentage time, as seen from Figure B-2(ii)(b), contrasts with rainfall
hours, with highest percentage at 0300 hrs (7.1 %) even though rainfall hours at 0300 hrs

was only 21 hrs (Figure B-2(b)(i)), indicating that heavy rainfall occurs regularly during these

420



nocturnal hours. Another peak rainfall percentage was detected mid-day at 1300 hrs (5.5%),
correlating closely with the peak rainfall hour of 1300 hrs.
May

May had 751 total rainfall hours and 654.1 mm total rainfall depth. As seen from
Figure B-2(iii)(a), May had modal rainfall in the midnight hour (39 hrs), but this did not
translate into a high percentage of rainfall (4.3%). While rainfall hours were generally evenly
distributed across all the other times of the day with the exception of 1100 hrs (20 hrs), peaks
were found in the late afternoon at 1700 hrs (35 hrs), early evening at 1900 hrs (37 hrs), and
late night at 2300 hrs (36 hrs).

From Figure B-2(iii)(b), peak rainfall percentage was at 1600 hrs (7%) even though
the corresponding rainfall hours (32 hrs) was not particularly high. This indicated
contribution from late afternoon higher-intensity events. 1700 hrs had the second-highest
rainfall percentage (5.9%). This was followed by 1800 hrs (5.4%) and 1900 hrs (5.7%). A
lower peak rainfall percentage was found at 0800 hrs (5.7%), despite a moderate 29 rainfall

hours, hinting at possible morning heavy rainfall events during this time of day.
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Figure B-2. Autumn rainfall patterns by time-of-day (perimeter of each chart) from midnight
(0) to 11 PM (23) as: (a) Total hours of rainfall occurrence; (b) Percent (%) total rainfall
depth, for (i) Mar, (ii) Apr and (iii) May. Note: Radial y-axis scales vary according to the
range of values calculated.
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3. Winter rainfall hours and percentages
Figure B-3 presents the rainfall hours and percentages for the summer months of June, July

and August.

June

June had 982 total rainfall hours and 992.8 mm total rainfall depth. From Figure B-3(i)(a),
June had low variation in rainfall hours (s.d. 4.0 hrs), meaning that occurrence of rainfall was
relatively evenly distributed through all hours of the day. From Figure B-3(i)(b), there also
appeared to be low variation in the rainfall percentages. Nevertheless, slightly higher rainfall
percentages were found at mid-morning 1000 hrs (5.0%); mid-day at 1300 hrs (4.9%), late
afternoon at 1600 hrs (4.8%) and evening at 1900 hrs (5.0%). Low rainfall percentages were
found at the late-night and midnight hours of 2300 hrs (3.0%) and 0000 hrs (2.7%).

July

July had 953 total rainfall hours and 684 mm total rainfall depth. As seen in Figure B-3(ii)(a),
July saw more variation in rainfall hours than in June (see Figure B-3(i)(a)). Multiple rainfall
hour peaks were seen at mid-morning at 1000 hrs (45 hrs), early evening at 1700 hrs (48 hrs),
evening at 1900 hrs (48 hrs) and night at 2100 hrs (48 hrs). Lowest rainfall hours were found
at noontime 1200 hrs (30 hrs).

As shown in Figure B-3(ii)(b), the rainfall percentages for July showed some
contrasts, with peaks found at 1700 hrs (5.6%) and 1800 hrs (5.7%) and 2100 hrs (5.3%),
showing some good temporal correlation with rainfall hours. However, moderately high
rainfall percentages were also found at 2300 hrs (4.9%) at rather modest rainfall hours (39
hrs) and 0400 hrs (5.6%) for 43 rainfall hours. These indicate the occurrence of slightly

higher rainfall rates during these nocturnal hours.

423



August

August had 1152 total rainfall hours and 1001.8 mm total rainfall depth. From Figure B-
3(iii)(a) and (i), August rainfall, showed more variations in both rainfall hours and rainfall
percentages compared to Jul and Jun. A single peak was found at 2000 hrs (71 hrs) with
lower “shoulders” at 1900 hrs (60 hrs) and 2100 hrs (57 hrs). Minimum rainfall hours were
found at 1200 hrs (25 hours) and preceding it at 1100 hrs (38 hrs).

As seen in Figure B-3(iii)(b), peak rainfall percentage occurred at 1900 hrs (6.6%)
with “shoulders” of 1800 hrs (5.8%) and 2000 hrs (6.1%). However, there was another peak
rainfall percentage at 2300 hrs (6.4%) which was not reflected in the rainfall hours at the
same time (51 hrs), and peaks at 0300 hrs (5.4%) and 0400 hrs (5.1%) that were also not
clearly discernible from rainfall hours of 48 hours for both these times. These indicate the
occurrence of heavy rainfall events during these late-night and nocturnal hours. The
distribution of peak rainfall percentages was somewhat like those for July, albeit with greater

variation in values.
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(i) Total hours of rainfall occurrence (i) Percent (%) total rainfall depth

(1) June

(i1) July

(iii) August

Figure B-3. Winter rainfall patterns by time-of-day (perimeter of each chart) from midnight (0) to 11
PM (23) as: (a) Total hours of rainfall occurrence; (b) Percent (%) total rainfall depth, for (i) Jun, (ii)
Jul and (iii) Aug. Note: Radial y-axis scales vary according to the range of values calculated.
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4. Spring rainfall hours and percentages
Figure B-4 presents the rainfall hours and percentages for the summer months of September,

October and November.

September

September had 1200 total rainfall hours and 862.6 mm total rainfall depth. As seen in Figure
B-4(i)(a), September rainfall exhibited rather even distribution of rainfall hours with some
slight variations. Peak rainfall hour was 1300 hrs (59 hrs) which remained relatively high in
the following afternoon hours, at 1400 hrs (57 hrs), 1500 hrs (57 hrs) and late afternoon at
1700 hrs (54 hrs). Moderately high rainfall hours were also seen in the evening time at 1900
hrs (53 hrs), 2000 hrs (54 hrs) and 2100 hrs (52 hrs). Similarly, high values were seen for the
nocturnal hours of 0000 hrs (54 hrs) and 0100 hrs (56 hrs). Minimum rainfall hours occurred
at 0400 hrs (36 hrs).

From Figure B-4(i)(b), rainfall percentage appeared to vary more compared to rainfall
hours. Peak rainfall occurred in the early afternoon hours of 1300 hrs (7.0%), 1400 hrs
(6.5%) and 1500 hrs (5.9%). A secondary peak during the evening hours of 1900 hrs (5.6%),
2000 hrs (5.7%) and 2100 hrs (5.2%). Rainfall minima were found just before midnight at
2300 hrs (2.7%) and in the early morning hours at 0400 hrs (2.6%), 0500 hrs (2.7%) and
0600 hrs (2.6%).

October

October had 985 total rainfall hours and 917.5 mm total rainfall depth. As seen in
Figure B-4(ii)(a), rainfall hours peaks in October appeared later in the day compared to
September. While a clear night-time peak at 2100 hrs (58 hrs) followed by a rather high value
at 2200 hrs (52 hrs) were found, there was another lower peak earlier in the day during the

late afternoon hour of 1800 hrs (54 hrs) that was followed by a high at 1900 hrs (50 hrs).
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As seen in Figure B-4(ii)(b), rainfall percentages showed a clustering of peak values
in the late afternoon and early evening hours. Peaks at 1600 hrs (6.7%) and 1900 hrs (6.6%)
were found, with quite high values seen in the intervening hours as well. A lower peak at
2100 hrs (5.8%) corresponding with the rainfall hours peak was also found. Minimum rainfall
percentages were found in the morning at 0800 hrs and 1200 hrs (both 2.4%).

November

November had 851 total rainfall hours and 1045 mm total rainfall depth. As seen from
Figure B-4(iii)(a), Nov peak rainfall hours were found in the late morning at 1000 and 1100
hrs (both 44 hrs), in contrast to Sep and Oct. Another peak rainfall hour time was late
afternoon; at 1700 hrs (42 hrs) with high “shoulders” at 1600 hrs and 1800 hrs (both 40 hrs).
A trio of moderately wetter hours was also seen at 0400 hrs (40 hrs), 0500 hrs (39 hrs) and
0600 hrs (38 hrs). Lowest rainfall hours were found in the early afternoon 1400 hrs (26 hrs)
and midnight 0000 hrs (28 hrs).

Examination of Figure B-4(iii)(b) found that the peak rainfall percentages showed
some interesting patterns with respect to the rainfall hours. Highest rainfall percentages were
found in the morning hours of 0500 hrs (5.8%) and 0600 hrs (5.3%), even though the
corresponding rainfall hours were just moderately high, possibly indicating somewhat heavier
rainfall events during these times of day. Late-morning peaks in rainfall percentage were also
found at 1000 hrs (5.2%) and 1100 hrs (4.9%), corresponding well with the rainfall hour
peaks at the same hours. Two other peaks were found in the late afternoon at 1700 hrs
(5.2%) and night at 2100 hrs (5.2%). Minimum rainfall percentage of 2.5% was found at

2300 hrs.
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(i) Total hours of rainfall occurrence (i) Percent (%) total rainfall depth

(i) September

(i) October

(iii) November

Figure B-4. Spring rainfall patterns by time-of-day (perimeter of each chart) from midnight (0) to 11
PM (23) as (a) Total hours of rainfall occurrence; (b) Percent (%) total rainfall depth, for (i) Sep, (ii)
Oct and (iii) Nov. Note: Radial y-axis scales vary according to the range of values calculated.
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