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ABSTRACT

Fungi are important decomposers of organic matter in both terrestrial and aquatic
environments. In streams, aquatic Hyphomycetes are the fungal group responsible for leaf
litter decomposition. Knowledge regarding this group is predominantly Northern Hemisphere
dominated. Alpine studies are underrepresented in the literature, especially in Australia, with
only one previous study.
This thesis provides new information about the ecology of the fungal community present
within Australian alpine streams. Specifically, I outline seasonal influences on the fungal
community and how this affects the decomposition of Eucalyptus pauciflora both physically
and chemically, and the role of fungal conditioning of these leaves in the food web of alpine
streams.
Measures of stream physico-chemical properties revealed seasonal variation driven
predominantly by climate and the influence of biological and chemical processes occurring
within upstream peatlands.
Physical and chemical alterations to E. pauciflora leaves were determined via leaf mass loss,
along with Synchrotron based infrared analysis. Fungal material was found to concentrate
around the xylem tissues where active fungal decomposition was evident in the breakdown of
lignin and carbohydrate.
Fungal community changes were assessed via seasonal estimates of biomass and reproductive
output, along with 454-pyrosequencing. Reproductive activity was greatest in the warmer
seasons, with a seemingly dormant state occurring during the winter. The most noticeable
community changes were revealed by DNA analysis as the pre-existing terrestrial fungal
community was ultimately replaced by aquatic fungal species.
The importance of conditioned leaves to alpine stream food webs was investigated using
stable isotope analysis and 454-pyrosequencing. Despite being a common component in
stream detritus, conditioned leaves were not found to be a dominant resource during summer.
Alpine stream food webs appear complex, driven by autocthonous resources and terrestrial
fall- ins which are utilised by the top-predator, Galaxias olidus.
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This thesis has added to Australia-specific knowledge, which is important for predicting
impacts and guiding management decisions in an environment sensitive to climatic changes.
It also highlighted the benefits of cross disciplinary approaches, along with combining
traditional and novel techniques to study fungal community dynamics. Knowledge gaps were
highlighted, particularly in genetic databases and genetic data analysis.
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INTRODUCTION
Decomposition and carbon sources in stream ecosystems
The breakdown and recycling of organic detrital material in streams is a fundamental
ecological process (Alvarez and Guerrero 2000; Sinsabaugh et al. 1994), mediated by abiotic
and abiotic factors (Leroy and Marks 2006) resulting in the transfer of carbon and energy to
the food web (Bilby and Likens 1980). Freshwater streams can be classified based on the
dominant source of carbon driving the stream community. A stream is deemed to be
autochthonously driven if organic matter is derived from within the stream, through the
growth, production and subsequent death of organisms (Closs et al. 2004) such as benthic
algae, cyanobacteria, phytoplankton and aquatic macrophytes (Atlas and Bartha 1993;
Boulton and Brock 1999; Li and Dudgeon 2008). This habit is often characteristic of streams
experiencing high light availability, which in turn drives photosynthesis and primary
production (Li and Dudgeon 2008). In areas of low light penetration, where the canopy cover
may be thick, in-stream primary production is reduced and a dependence on external sources
of carbon is evident (Leroy and Marks 2006). External or allochthonous sources of organic
matter are often derived from upstream reaches (Golladay 1997) or terrestrial sources (Bilby
and Likens 1980) and represent a large energy store that becomes available to the stream
community through decomposition. Riparian vegetation often dominates the allochthonous
contribution to a stream, with the direct input of leaves, fruits, twigs, branches and logs into
the river (Bärlocher and Kendrick 1974; Thomas 1996).
The decomposition of terrestrial detritus occurs at different rates, influenced not only by the
action and interaction of stream hydrology, microbial and macroinvertebrate consumers
(Bilby and Likens 1980; Gessner 1991), but also by differences in natural barriers to
decomposition through internal structures and chemical defences (Bonin et al. 2000; Gulis et
al. 2004). When organic matter such as leaf litter becomes submerged in a stream it
undergoes an abiotic process of leaching, whereby water soluble components are lost from
the leaf (Suberkropp 1998a; Suberkropp et al. 1976). This leaching of material attracts
aquatic microbes, namely fungi and bacteria which attach and begin physically and
chemically altering the leaf resource in a process termed conditioning (Inkley et al. 2008;
Sinsabaugh and Linkins 1990; Suberkropp et al. 1983). Conditioning of the leaf resource
essentially transforms the organic matter into a bioavailable resource for higher order
consumers (Duarte et al. 2006; Suberkropp et al. 1983).
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The process of in-stream decomposition itself is driven primarily by the action and activities
of the microbial component of the stream community (Gessner 1991), that is, the fungal and
bacterial assemblage. During the initial stages of decomposition fungal activity exceeds that
of bacterial (Gessner 1997; Nikolcheva and Bärlocher 2005), with bacteria becoming more
prevalent as particle size decreases (Findlay et al. 2001). Aquatic invertebrate activity often
follows microbial conditioning (Covich et al. 1999), with degradative microbial enzymes
removing chemical and structural inhibitors to herbivory, thereby softening leaf tissue and
providing access to nutrients (Arsuffi and Suberkropp 1984; Graça 2001). Carbohydrates,
lipids, proteins and micronutrients present in fungal mycelia may themselves act as
nutritionally high quality food resources for macroinvertebrates (Chergui and Pattee 1991;
Graça 2001; Inkley et al. 2008).

Ecology and biology of aquatic Hyphomycetes
Aquatic Hyphomycetes represent a fungal group adapted to grow, reproduce and disperse in
aquatic environments (Ingold 1976), as opposed to other fungal groups which require
exposure to air for at least part of their lifecycle (Thomas 1996). Although not strictly a
distinct taxonomic group, aquatic Hyphomycetes represent a biological group (Goh and Hyde
1996), mostly comprised of mitosporic ascomycetes (Gulis et al. 2009), displaying a common
morphology and physiology as a result of convergent evolution (Nikolcheva and Bärlocher
2002). Being phylogenetically heterogeneous (Pascoal et al. 2005), aquatic Hyphomycete
“species” are traditionally identified based on their asexual spores (conidia) (Nikolcheva and
Bärlocher 2002).
Conidia are the means by which attachment to substrate surfaces occurs (Gulis 2001), they
also represent the main form of dispersal (Gulis and Suberkropp 2004), being passively
transported with unidirectional streamflow (Dang et al. 2007). These spores are commonly
tetraradiate or sigmoidal in form (Nikolcheva and Bärlocher 2002), morphological
characteristics that increase the efficiency of dispersal downstream and subsequent successful
attachment to substrate surfaces (Belliveau and Bärlocher 2005).

Geographic Distribution
Aquatic Hyphomycetes show a generally cosmopolitan distribution, with over 300 described
species found inhabiting well oxygenated, clean, fast flowing lotic environments (Lecerf and
Chauvet 2008). The majority of knowledge regarding aquatic Hyphomycete ecology has been
obtained from research into temperate regions (Suberkropp 1997) of the Northern
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Hemisphere (Bärlocher 2000), in streams flowing through deciduous forests (Shearer et al.
2007). Knowledge of their Southern Hemisphere ecology and distribution is much more
limited, with only a small amount of research taking place in New Zealand and Australia
(Aimer and Segedin 1985a; Aimer and Segedin 1985b; Cowling and Waid 1963; Kerr et al.
2013; Price 1964; Price and Talbot 1966; Suter et al. 2011; Swart 1986; Thomas 1996;
Thomas and Chilvers 1991; Thomas et al. 1992). Australian studies have revealed an aquatic
Hyphomycete assemblage that is equal in abundance and diversity to communities studied in
the Northern Hemisphere (Bärlocher et al. 2011; Cowling and Waid 1963; Price and Talbot
1966; Suter et al. 2011; Thomas et al. 1992). However, Australia is still regarded as being
ultimately underrepresented in terms of aquatic Hyphomycete research (Shearer et al. 2007),
and it is possible that unique species are located in Australian streams with a number of
undescribed species having been found in foam and leaf samples (Cowling and Waid 1963;
Price and Talbot 1966; Suter et al. 2011; Thomas et al. 1992).

Fungal decomposition of leaf litter
Fungal decomposition, particularly of filamentous groups like the aquatic Hyphomycetes,
requires successful attachment to a solid substrate (Wurzbacher et al. 2010). Successful
attachment is often determined by substrate characteristics, such as leaf size and shape, water
flow, and chemical composition (Graça et al. 2001b). Once attached exoenzymes are
produced in order to degrade the cell wall and allow for hyphal penetration of the leaf tissue
(Belliveau and Bärlocher 2005). Fungal enzymes are able to degrade major leaf
polysaccharides, simple sugars, lignin, and other plant polymers within the leaf matrix
(Bärlocher and Graça 2002; Wong et al. 1998), converting it into fungal biomass within the
leaf or as conidia for continued dispersal (Gulis et al. 2007; Harrington 1997).
In-stream decomposition of leaf litter by aquatic Hyphomycetes is an important process
enabling the cycling of nutrients within a stream and aquatic food web (Belliveau and
Bärlocher 2005), with fungal conditioning of the leaf resource often a precursor to
macroinvertebrate feeding (Harrington 1997). Fungal decomposition is influenced by a
variety of factors, including; substrate quality, chemical and structural inhibitors to fungal
decomposition, substrate availability, physico-chemical and environmental conditions of the
stream (Casas and Descals 1997). Fungal colonization of Northern Hemisphere deciduous
species such as alder, oak, beech and larch has been well studied. The colonisation of
eucalypt leaves by aquatic Hyphomycetes is much less understood in both Southern and
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Northern Hemisphere environments, with a handful of studies investigating Eucalyptus
camaldulensis (Kerr et al. 2013), E. viminalis (Bärlocher et al. 2012; Boulton 1991; Thomas
et al. 1992), E. globulus and (Canhoto and Graça 1995; Canhoto and Graça 1996; Canhoto
and Graça 1999) and E. pauciflora (Suter et al. 2011).
Studies into the ecology of aquatic Hyphomycetes have been conducted in Australia but only
recently in conjunction with decompositional studies (Kerr et al. 2013; Suter et al. 2011).
Although the significance of aquatic Hyphomycetes is being realised, it would appear that
substantial knowledge gaps still remain regarding their contribution to decomposition in
Australian streams, and nowhere is information more deficient than in alpine streams, with
only one previous study to date (Suter et al. 2011).

Alpine streams
Alpine headwater streams are distinct from their forested lowland counterparts in terms of
physical, chemical and biological characteristics. Situated in the alpine zone and exposed to
the harsh environmental conditions found above the treeline (Ward 1994), alpine streams are
typically nutrient limited (Robinson and Gessner 2000) and strongly influenced by the
surrounding geomorphology. Stream beds are often composed of bedrock, boulders and
cobbles and flow through areas of increased slopes resulting in higher current velocities,
turbulence and oxygenation of water (Ward 1994).
The distinctly treeless vegetation community that characterizes alpine areas (Williams et al.
2008) means that streams do not receive the same inputs of organic matter as lowland
forested streams (Robinson and Gessner 2000). Lowland streams are typically heterotrophic
with the decomposition of organic matter contributing to in-stream carbon and energy
cycling. In comparison alpine streams are typically autotrophic with photosynthesis from
benthic algae thought to have a major role in driving stream metabolism (Bunn 1986).
The absence of a closed canopy of riparian vegetation also affects the temperature regime of
alpine streams, with stream temperature often reflecting ambient air temperature. Increased
exposure to solar radiation results in increased heat exchange, which generally causes
temperature variation ranging from 10 ºC-20 ºC with large diurnal and seasonal variation
(Constantz 1998). Variability of this nature has a profound effect on the biotic community
present in these streams with populations needing to be highly responsive to these changes
(Brown et al. 2003).
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Water sources feeding alpine stream also differ from lowland areas particularly as these
systems may have multiple origins including; glacial ice-melt, groundwater, precipitation and
snow-melt (Ward 1994), with alpine streams traditionally classified by their source water and
physico-chemical characteristics (Brown et al. 2003). Although the physico-chemical
processes have been well established, an understanding of the complex ecological
interactions occurring in these systems is still being revealed, with current knowledge on the
structure and functional organization of the stream community being based on concepts
developed for lowland forested system (Bunn 1986).
The Australian continent has a land area of 7.7 million km2, with mountainous alpine and
subalpine ecosystems restricted to a narrow area of the south-eastern section of the mainland
and Tasmania, comprising approximately 11,000 km2 (Williams and Wahren 2005). The
Australian alpine environment is quite distinct from those found in other parts of the world,
with a characteristic flora that differs greatly from the conifer dominated slopes of New
Zealand and areas of the Northern Hemisphere. In Australia, the alpine zone is defined as the
area above the climatic limit for tree growth (Costin et al. 2000), which can vary from 1800
m to 2200 m above sea level (a.s.l) depending on local conditions (Costermans 1981; Costin
et al. 2000). In Victoria, the most extensive alpine area occurs in the Bogong High Plains,
with the highest point being Mt Bogong (1986 m a.s.l). This alpine environment is
characterised by elevations of up to and exceeding 1400m, soils lacking in nutrients, a variety
of different structural vegetation types (Williams et al. 2008) strong winds, low temperatures
and winter snow fall (McDougall 2003). The majority of the alpine component of the plateau
is situated between 1700-1880 m a.s.l (McDougall 2003) (Figure 1).
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Figure 1 Distribution of alpine and sub-alpine (darker colour) areas throughout mainland Australia,
arrow indicating Mt Bogong (map modified from (GER 2009)).

The Bogong High Plains comprises a mosaic of treeless hill tops, wooded slopes and treeless
valley bottoms, with vegetation communities greatly influenced by soil drainage and depth,
along with duration of snow cover (McDougall 2003) (Figures 2 a-b).
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Figures 2 a-b Images of the Bogong High Plains, illustrating Australian alpine environment taken
during the winter (a) and summer (b) (n.b. E. pauciflora in the foreground are bare and white as a
result of burning, not litterfall).

Eucalyptus pauciflora (snow gum), the only native tree species to occur in the Australian
alpine-subalpine area, occurs along some ridge lines and in sheltered valley areas between
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1400 and 1800 m (Williams et al. 2008). This species has evolved to tolerate the harsh alpinesubalpine climate, with its short and stout structure, umbrella shaped growth form, and thick
leaf cuticles (Woods and Raison 1983). E. pauciflora differs from other Eucalyptus species in
that it is an overwintering evergreen, with leaves retained for more than one year, a strategy
that allows these types of trees to deal with short growing seasons and obtain maximum
carbon acquisition (Öquist and Huner 2003). The presence of E. pauciflora in the subalpine
area also means that they contribute to the leaf material present in streams of this altitude
(Figure 3 a-b).

Figure 3a-b Eucalyptus pauciflora, images illustrating overall growth form (a) and trunk structure
(b).

Aims and organisation of this thesis
Within this thesis, new information will be provided outlining the active fungal community
present within alpine streams and their role in leaf litter decomposition and food web
dynamics. Specifically, I outline seasonal influences on the fungal assemblage and in turn
how this affects the decomposition of Eucalyptus pauciflora in both a physical and chemical
sense. I also investigate the potential contribution of E. pauciflora and aquatic fungi to the
broader stream community through the food web. For this research I use the dominant fungal
decomposers occurring in freshwater streams, aquatic Hyphomycetes.
This research contributes to the greater knowledge regarding the ecology of aquatic
Hyphomycetes in an environment under-represented in previous studies. It also addresses
specific interactions between fungal and leaf tissue occurring during in-stream
decomposition. This knowledge can be used to predict potential changes to carbon inputs and
export from alpine streams, should climate predictions of altitudinal vegetation encroachment
prove accurate. As well as providing further documentation about Australian fungal stream
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communities, this study provides information about Australian systems, in terms of
decomposition and fungal activity. This in turn helps to reduce the reliance on Northern
Hemsiphere data information used for management policy and decisions in the Australian
Alps by increasing understanding of this unique alpine stream environment. Also, some of
the techniques used in this study are still relatively novel for investigating fungal
decomposition and community dynamics and may provide useful information to future
studies looking to build on and develop these techniques and subsequent analyses.
This thesis consists of 7 chapters. Chapter 1 has introduced the overall context of the thesis in
the form of a literature review of fungal ecology and in-stream decomposition processes. The
intention of which is to provide background information to aid the interpretation of data and
observed experimental outcomes. It also contains general information about aquatic
Hyphomycetes, as the study organisms, describing their ecology and biology.
Chapter 2 focuses on the physico-chemical characteristics of the study sites, outlining the
environmental conditions experienced throughout the study to highlight the nature of
Australian alpine streams, putting this study in context with Northern Hemisphere and
lowland temperate stream studies.
Chapter 3 examines both the physical decomposition of leaf material and the associated
fungal community investigating the seasonal influence on both factors using a leaf pack
experiment. Included in Chapter 3 is a long-term investigation of E. pauciflora
decomposition, to develop a better understanding of its recalcitrance and to determine its
potential as a longterm food resource.
Chapter 4 examines the chemical changes of E. pauciflora occurring within the leaf tissue,
prior to and during decomposition. As well as determining the fungal induced chemical
changes and resource utilization, this chapter also develops our understanding of E.
pauciflora leaf chemistry and structure.
Chapter 5 investigates the fungal community and how it changes seasonally using traditional
and newer novel DNA techniques to provide greater detail about the fungal community,
beyond just reproductive output and hyphal investigations.
Chapter 6 examines the contribution of aquatic Hyphomycetes and E. pauciflora to alpine
stream food webs, as well as determining the resource status of two different alpine streams
with differing riparian cover and vegetation assemblages.
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Chapter 7 is the final chapter, providing a general discussion in which the main results of this
investigation are summarized and discussed in the context of other relevant published studies.
This chapter also contains comments about directions for future research.
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Chapter 2 Seasonal water chemistry and physico-chemical properties of
three groundwater fed streams in the Bogong High Plains
Introduction
Alpine headwater streams can differ significantly from their lowland forested counterparts in
terms of their physical, chemical and biological characteristics due to their exposure to the
harsh environmental conditions encountered above the tree line (Lenat and Resh 2001).These
streams can experience extremes in temperatures and are typically nutrient limited (Cummins
et al. 1989). The surrounding geomorphology strongly influences the physical nature of these
streams, with areas of increased slopes resulting in higher current velocities, turbulence and
oxygenation of water (Lenat and Resh 2001).
The distinct treeless community of alpine areas (Boon and Bunn 1994) results in streams
receiving different inputs of organic matter than lowland forested streams (Cummins et al.
1989). Lowland streams are typically heterotrophic with the decomposition of organic matter
contributing to in-stream carbon and energy cycling. In comparison alpine streams are
typically autotrophic with photosynthesis from benthic algae thought to have a major role in
driving stream metabolism (Closs and Lake 1994). The absence of riparian vegetation also
has an effect on stream temperature variation. Stream water temperature is often similar to
that of the ambient air temperature, with exposure to solar radiation increasing heat exchange
and generally resulting in a 10ºC-20ºC diurnal variation, with the added effect of large
diurnal and seasonal variation (Heard et al. 1999). This variability has a profound effect on
the biotic community present in these areas with populations needing to be highly responsive
to these changes (Thorp and Delong 1994).
The water feeding alpine stream systems can be sourced from glacial ice-melt, groundwater,
precipitation and snow-melt (Lenat and Resh 2001), with alpine streams traditionally
classified by their source water and physico-chemical characteristics (Thorp and Delong
1994). Water source has a significant role in determining a stream’s hydrology, temperature
and chemistry (Bundi 2010). The physico-chemical nature of alpine streams can change
diurnally and seasonally, with seasonal variation having the strongest effect influencing both
air temperature and the presence or absence of snow. The winter months may see the
occurrence of snowfalls and a decrease in temperature, with streams of reduced flow often
being covered by a layer of snow (Milner et al. 2010). The spring months tend to show
greater flow, with rising temperatures causing snowmelt and increased runoff (Zorbist 2010).
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Current knowledge on the structure and functional organization of alpine stream communities
is often based on concepts developed for Northern Hemisphere alpine streams (Brown et al.
2003). The absence of recent glaciation or geological development in Australia has resulted
in a distinct plateau and lower altitude alpine environment than characteristically found in the
rugged mountain areas of the Northern Hemisphere (Good 1995).
This study investigated variations over daily-seasonal timescales in stream physico-chemical
properties for three alpine groundwater fed streams. The sites used in this study are the same
as that used for leaf mass loss (Chapter 3) and fungal community analysis (Chapter 4). The
results described here therefore underpin the work presented in these subsequent chapters.
However, this work also stands alone in providing a better understanding of alpine stream
physico-chemical characteristics in the Australian context. I hypothesized that the physicochemical properties of the stream waters would vary with season in response to changes in
temperature and snow cover, driving annual variations in productivity.

Site descriptions and experimental methods
Site description

Study area
The three field sites were located in the Bogong High Plains (BHPs), Alpine National Park,
North-east Victoria, Australia, an area comprising 120 km2 (McDougall 1982) (Figure 1).
This area is characterised by strong winds, low temperatures, highly weathered soils, high
frost frequency and winter snow fall, with elevations ranging from 1400m-1986 m
(McDougall 1982; McDougall and Walsh 2007). Average annual temperatures for this region
range from -3.0ºC to 17.6ºC, with total annual precipitation for 2010 being 1933.6 mm and
1741.4 mm for 2011 (Bureau of Meteorolgy 2012).
A variety of different structural vegetation types are recognised in this landscape, including:
closed heathlands, open grasslands, Eucalyptus pauciflora forests and peatlands (Williams et
al. 2008). This alpine landscape consist of a mosaic of treeless hill tops, wooded slopes and
treeless valley bottoms, with vegetation communities greatly influenced by soil drainage and
depth, along with duration of snow cover (McDougall 2003). The only native tree species to
occur within the alpine-sub-alpine region of Australia is Eucalyptus pauciflora (Snowgum),
occurring along some ridge lines and in sheltered valley areas between 1400 and 1800 m
(Williams et al. 2008), often marking the transition from the subalpine to alpine zone
(McDougall 1982).
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Drainage lines, streams, and groundwater seepages have a characteristic wetland vegetation
community, accounting for 10% of the alpine and subalpine vegetation of the BHPs
(McDougall 1982). These wetland areas are distinguished by their vegetation assemblages,
consisting of heath species in association with typical wetland sedges and mosses. The most
distinct areas have prolific growth of Sphagnum moss, occurring where groundwater is close
to the surface or where permanent water occurs throughout the year (Wahren et al. 1999).
Commonly occurring alpine wetland (or bog) species include; Empodisma minus, Richea
continentis, Poa costiniana, Sphagnum sp., Baeckea gunniana, Astelia alpina, Carex
gaudichaudiana, Celmisia asteliifolia, Epacris glacialis and Oreobolus distichus (McDougall
1982).
Stream base-flows on the BHPs are sustained throughout the year by permanent groundwater
sources. Higher stream flows typically occur in spring during snow melt, and after high
rainfall events, with lowest flows occurring during the summer period (Silvester 2009). In the
typical hydrological sequence encountered on the BHPs, groundwater sources feed into
peatlands, with headwater streams originating from peatland drainage. Groundwater in this
region has been shown to be similar to rain water in both composition and concentration,
consistent with the highly weathered regolith (Silvester 2009). Within the peatland systems
nutrient regulation occurs, in particular the removal of nitrate and sulfate and the export of
dissolved organic carbon (Clements 2009). Water exiting this system is therefore both
extremely low in ionic strength and nutrient limited (Silvester 2009).

Study sites
Three sites within the BHPs were selected for this study, based on proximity to native stands
of Eucalyptus pauciflora as well as general stream size and flow characteristics. All sites
were situated downstream (100 – 500 m) of peatlands, in first order streams of approximately
0.6-1.5 m in width, within the Nelse Creek and Watchbed Creek catchments (Figure 1) and
within the altitude range 1630-1690 m. Dominant vegetation surrounding these sites was
typical of alpine peatlands on the BHPs, including; Sphagnum sp, Richea continentis, Poa
costiniana, Empodisma minus, Carex gaudichaudiana, and Epacris glacialis.
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Figure 1. Map of the northern section of the Bogong High Plains showing the location of the three
study sites. The sites are indicated with a star: Nelse Creek (black), Watchbed Creek East (red) and
Watchbed Creek West (green).

The sites described in this chapter were also used for the associated investigations of the
colonisation and decomposition of E. pauciflora leaves by aquatic hyphomycetes (leaf mass
loss in Chapters 4; fungal community structure in Chapter 5; infrared microspectroscopy in
Chapter 6). Each of the three sites was located within close proximity to a ridge line bordered
by E. pauciflora (Figures 2-4), such that these sites would be likely to receive natural inputs
of these leaves. It must be noted here that although mature E. pauciflora stands are present in
each of these catchments they were, and still are, undergoing regeneration via epicormic
shoot formation after severe burning from wild fire in 2003.

30

Figure 2 Site photo for Nelse Creek site; Lat: 36°51’35.16”S Long: 147°18’19.47” E (site 1);
showing E. pauciflora stand in relation to the stream (green arrow).
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Figure 3 Site photo for Watchbed Creek-East site; Lat: 36°52’2.10”S Long: 147°19’18.43”E (site 2);
showing E. pauciflora stand in relation to the stream (green arrow).
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Figure 4 Site photo for Watchbed Creek-West site; Lat: 36°52’3.63”S Long: 147°19’6.42”E (site 3);
showing E. pauciflora stand in relation to the stream (green arrow).

Field sampling
Sampling frequency and sample collection
Experiments described here, and in Chapters 4 – 6, were conducted as four separate seasonal
studies over a full year. Each study commenced at around either the equinox (autumn and
spring) or solstice (summer and winter), with sampling events at 28, 56 and 70 days after that
time. The study commenced on the 22 September 2010 (spring) during snowmelt. Sampling
dates did not take into account the hydrological condition of the streams (i.e. time since last
rain or snow fall and discharge).
On each sampling occasion stream physico-chemical parameters were recorded and water
samples collected for: total nitrogen (TN), total phosphorus (TP), total dissolved nitrogen
(TDN), total dissolved phosphorus (TDP), dissolved nutrients (NH4+, NOx, filterable reactive
phosphate (FRP)), major ions (Na+, K+, Ca2+, Mg2+, Cl-, NO3- and PO4n-) and dissolved
organic carbon (DOC). Where filtered samples were required (all except TN and TP), the
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water samples were filtered through 25 mm 0.45 µm pore-sized cellulose acetate membranes,
pre-rinsed with ~30 mL of stream water. All sample containers were pre-rinsed three times
with the water sample to be collected.
Samples were collected in triplicate, with separate samples collected for: (i) TN/TP approximately 40 mL of unfiltered water collected in 60 mL polypropylene containers, (ii)
TDN/TDP - approximately 40 mL of filtered stream water collected in 60 mL polypropylene
containers, (iii) dissolved inorganic nutrients (NH4+, NOx and FRP) – 10 mL of filtered
stream water collected in 10 mL polypropylene tubes, (iv) major ions – approximately 40mL
of filtered stream water collected in 60 mL polypropylene containers, and (v) DOC – 20 mL
of filtered stream water collected in 25 ml polycarbonate tubes.

All water samples were placed on ice in the field and later stored frozen until analysed.
Measurement of stream physico-chemical parameters
Stream physico-chemical parameters were measured on each sampling occasion. pH was
measured using a Metrohm 826 Mobile pH meter with a Metrohm Pt1000 combined glass
electrode (Aquatrode) with a ground-glass liquid junction suited to low ionic strength waters.
pH meter calibration was conducted in the field, and field measurements recorded using
temperature correction. The dissolved oxygen (DO) and oxygen saturation (%) and
temperature were measured using a HACH 40Q meter with a luminescent dissolved oxygen
(LDO) probe. DO saturation values are corrected for stream temperature and atmospheric
pressure.

Conductivity was not measured in this work; previous work has shown that

conductivities of streams in the Bogong High Plains are typically less than 10 μS cm -1
(Silvester 2009), close to the detection limit of most field meters.
Stream water temperature was recorded at all three sites on an hourly basis using HOBO
Pendant temp/light loggers (Onset Computer Corporation). Collected data were downloaded
using a portable Hobo Waterproof Shuttle (Oneset Computer Corporation) and viewed using
HOBOware Pro v2 software (HOBO, BHW-PC version 3.1.2 for Windows).
Nitrogen and phosphorus speciation
All nutrient analyses were undertaken following (APHA 2005), Lachat QuikChem methods
and methods of sea water analysis (Grasshoff et al. 2009). Nitrogen and phosphorus species
analyses were conducted using a Lachat QuikChem 8000 Flow Injection Analyser (FIA).
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Ammonium-nitrogen (NH4+-N)
Ammonium in the water samples was converted to indophenol blue by reaction with alkaline
phenol and hypochlorite. The (blue) colour formed was intensified by using sodium
nitroprusside and the absorbance measured colorimetrically at a wavelength of 630 nm. The
measurement range for NH4+ using this method is 0-2.5 mg NH4+-N/L with a detection limit
of 0.003 mg N/L.
Oxides of Nitrogen (NOx-N)
Nitrate was reduced to nitrite by passing a buffered (ammonium chloride; pH 8.5) sample
through a column of copper-coated cadmium. Total nitrite was then converted to a diazonium
salt by reacting with sulphanilamide. The 4-sulfanilamide benzenediazonium chloride
couples with N-(1-naphthyl)ethylenediamine dihydrochloride to form a pink dye. The
absorbance was then measured colorimetrically at a wavelength of 520 nm. The measurement
range for NOx using this method is 0-2.5 mg NOx-N/L with a detection limit of 0.002 mg
N/L.

Filterable Reactive Phosphorus (FRP; HnPO4(3-n)-- P)
Orthophosphate present in the sample was reacted with ammonium molybdite and potassium
antimony tartrate in acidic medium to form molybdophosphoric acid. This was reduced by
ascorbic acid to give a molybdophosphoric blue complex, the absorbance of which was
measured colorimetrically at 880 nm. The measurement range for FRP using this method is
0-2.5 mg PO4-P/L with a detection limit of 0.002 mg P/L.
Total Nitrogen (TN and TDN)
Total dissolved nitrogen (TDN) was measured by converting all forms of dissolved nitrogen
into nitrate and then analysing the total nitrate concentration. Organic forms of nitrogen as
well as ammonia present in the sample were digested (oxidized) using an autoclaved
base/acid (NaOH-K2S2O8) persulfate oxidation procedure at 120ºC for 60 mins to form
nitrate. Nitrate in the digest was then analysed using the method described for oxides of
nitrogen (above).
Dissolved organic nitrogen (DON) was calculated from the TDN concentration, less that
present as either NOx or NH4+. i.e.
[DON] = [TDN] – [NOx-N] – [NH4+-N]

(Bernal et al. 2005)
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Total nitrogen (TN) was measured using the same digestion procedure, applied to unfiltered
water samples.
Total Phosphorus (TP and TDP)
Organic forms of phosphorus present in the sample were digested using an autoclaved
base/acid (NaOH-K2S2O8) persulfate oxidation procedure at 120ºC for 60 mins to form
orthophosphate. Orthophosphate was analysed using the method described for FRP (above).
Total dissolved phosphorus (TDP) was obtained by applying the digestion procedure to
filtered water samples, while total phosphorus (TP) values were obtained from unfiltered
water samples.
Dissolved organic carbon (DOC) analysis
Dissolved organic carbon (DOC) concentrations were determined by total organic carbon
analysis of filtered water samples, after removal of inorganic carbon through acidification
and N2 purging. DOC in the sample was then oxidized by reaction with sodium persulfate at
100ºC to form carbon dioxide. The carbon dioxide produced was purged from the solution
and detected by a nondispersive infrared (NDIR) detector. The measurement range for DOC
using this method is 0-100 mg C/L with a detection limit of 0.3 mg C/L.

Major ions analysis
The analysis of the major ions (anions and cations) was carried out by ion chromatography
(IC) using standard methods (Greenberg et al. 1992). All calibration solutions were prepared
from NIST (National Institute of Science and Technology) certified standards. The
chromatography system used was a Metrohm Compact 761 IC, controlled with Metrohm IC
Net software. For both anion and cation methods a 100 μL sample loop was used to improve
detection limits.
Anion analysis
Anion separation was achieved by isocratic elution of a solution containing 1.0 mmol/L
NaHCO3, 3.2 mmol/L Na2CO3, and 2% acetone through a Metrosep A Supp 5 150 analytical
column (Metrohm). Signal to noise was improved by chemical suppression using a Metrohm
MSM module, allowing detection limits of 20 μg/L to be achieved for all anionic species.
The anion analysis procedure allows the determination of chloride (Cl-), nitrate (NO3-),
phosphate (PO43-), and sulphate (SO42-).
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Cation analysis
The analysis of cationic species was carried out by isocratic elution of 1.7 mmol/L HNO3, 0.7
mmol/L dipicolinic acid and 2% acetone through a Metrosep C4 250 analytical column
(Metrohm). This configuration allowed the measurement of sodium (Na+), ammonium
(NH4+), potassium (K+), calcium (Ca2+) and magnesium (Mg2+). The detection limit for
cationic species is inferior to that for anions, and typically around 50 μg/L.

Data Analysis and presentation
Analysis of the water chemical composition data was carried out using SPSS (Benfield et al.
2000) and involved the calculation of univariate statistics including: averages, minimum
values, maximum values, standard deviations and analysis of variance (ANOVA).
Data here are plotted either by sampling event over the full year study (four consecutive
seasonal studies), or clustered as seasonally averaged values. Data points were plotted using
SigmaPlot (Systat Software Inc., San Jose, CA, USA).

Results
Physicochemical Analyses
Air temperature and Rainfall (Falls Creek)
Mean daily air temperature during the year encompassing the sampling period (1 September
2010 – 31 August 2011) for Falls Creek was 6.11ºC, ranging from -7.2ºC to 24.2ºC. Daily air
temperatures show both diurnal and seasonal trends with temperatures at their highest during
the summer period, in particular (January – February) and lowest during the late autumn and
winter months (May to August) (Figure 5) (Bureau of Meteorolgy 2012).
Mean daily precipitation over this year-long period (1 September 2010 – 31 August 2011)
was 5.1 mm, ranging from 0 mm to 104.2 mm, with peak rainfall times occurring in spring
and early summer (September-December), and again in late summer (February). Precipitation
in winter months (June-August) occurs mainly as snow fall. Large rainfall events occurred
throughout the study period, with 5 events recording greater than 60 mm. Total annual
rainfall was 1933.6 mm in 2010 and 1741.4 mm in 2011 (Figure 5) (Bureau of Meteorolgy
2012).
Shown on Figure 5a are the sampling periods for the four consecutive seasonal studies, each
commencing around either the equinox (22 September – Spring; 22 March – Autumn) or the
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solstice (22 December – Summer; 22 June – Winter). Also shown are the sampling events
(28, 56 and 70 days) for each seasonal study, as well as the period of snow cover in 2011.
Stream physicochemical parameters: pH and dissolved oxygen
Stream physico-chemical parameters were recorded at all three sites on each sampling
occasion; seasonal pH ranges, averaged dissolved oxygen (DO) and dissolved oxygen
saturation (DO%) are shown in Table 1 for each of the sites. The pH values recorded at the
three sites did not change greatly over the four seasons, and were within the range 5.6 – 6.4.
At all sites the highest pH values were observed in summer, and the lowest observed in
winter. At all sites the dissolved oxygen (DO) concentrations were slightly higher during the
autumn and winter compared to summer and spring, likely due to the lower water
temperatures in these seasons. Instantaneous measures of pH at Site 1 ranged from 5.68 to
6.02 over the four seasons, with DO in the range 8.6-10.19 mg/L (92-95% saturation). Site 2
pH ranged from 6.16 to 6.36 over the four seasons, with the DO in the range 8.62-10.34 mg/L
(95-97% saturation). Site 3 pH ranged from 6.01 to 6.19 over the four seasons, with the DO
in the range 8.55-10.33 mg/L (93-97% saturation).
In-stream temperature
Stream water temperatures were recorded continuously (1 hour sampling frequency) over the
year-long study period. The three sites showed both diurnal and seasonal trends, with higher
temperatures during the summer and early autumn followed by lower temperatures during
winter and early spring. Recorded stream temperatures at the three sites are shown in Figure
6; also shown on this figure are the air temperatures from the Falls Creek Bureau of
Meteorology (BOM) weather station. Part of the stream temperature data is missing at all
three sites due to logger loss or malfunction. Despite this, it is clear that stream temperatures
closely follow the seasonal changes in air temperature at all three sites.
Fortnightly averaged stream temperatures are shown in Figure 7, for all three sites. Also
shown is the fortnightly averaged air temperature. Outside of the snow-cover period (see
Figure 2), stream temperatures at all three sites are both similar to each other, and also to the
air temperature. During the snow cover period, stream temperatures were greater than air
temperature (below 0 °C).
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Table 1 Seasonal averages (± 1×SE) for stream physico-chemical parameters.
Site 1

Spring

Summer

Autumn

Winter

pH

5.8-5.9 (at 10.9ºC)

5.8-6.2 (at 10.7ºC)

5.8-6.2 (at 5ºC)

5.6-5.7 (at 13.6ºC)

Dissolved Oxygen
(DO) mg/L

8.60 (± 0.01)

8.78 (± 0.02)

10.19 (± 0.12)

10.18 (± 0.03)

% Oxygen Saturation

95.9 (± 0.7)

95.7 (± 0.7)

95.5 (± 0.2)

92.2 (± 0.08)

Site 2

Spring

Summer

Autumn

Winter

pH

6.3-6.4 (at 11.5ºC)

6.3-6.4 (at 11.3ºC)

6.1-6.4 (at 5.5ºC)

6.1-6.3 (at 13.18ºC)

Dissolved Oxygen
(DO) mg/L

8.62 (± 0.02)

8.75 (± 0.08)

10.14 (± 0.14)

10.34 (± 0.065)

% Oxygen Saturation

96.1 (± 0.2)

97.4 (± 0.1)

97.6 (± 0.2)

95.2 (± 0.1)

Site 3

Spring

Summer

Autumn

Winter

pH

6-6.2 (at 11.5ºC)

6-6.4 (at 12.25ºC)

6.3-6.4 (at
5.36ºC)

5.9-6.1 (at 14ºC)

Dissolved Oxygen
(DO) mg/L

8.55 (± 0.02)

8.59 (± 0.06)

10.16 (± 0.14)

10.33 (± 0.02)

% Oxygen Saturation

95 (± 0.3)

97.1 (± 0.3)

97.6 (± 0.2)

93.6 (± 0.1)
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Figure 5 Maximum and minimum temperature data for Falls Creek (a) and average rainfall data for Rocky Valley Dam (b) (September 2010- August 2011).
Sampling was carried out from the 23rd September 2010 to the 16th August 2011. Arrows indicate initial sample deployment and study start.
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Figure 6 Hourly measures of stream temperatures (coloured) overlaying Falls Creek air temperature
for (a) Nelse Creek, (b) Watchbed Creek-East, (c) Watchbed Creek-West, over the period September
2010 – August 2011. Arrows indicate sampling dates.
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Figure 7 Fortnightly average stream temperatures and Falls Creek air temperatures (±1SE)
(September 2010-August 2011). Nelse Creek (black circles), Watchbed Creek-East (red circles),
Watchbed Creek-West (green triangles), Falls Creek air temperature (yellow triangles). Blue line
shows the snow cover period.

Stream water chemistry – Carbon, nitrogen and phosphorus
Average concentrations for dissolved organic carbon (DOC) as well as nitrogen and
phosphorus species at each site (across all seasons) and for each season (across all sites) are
shown in Table 2.
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Table 2 Concentrations of nitrogen species (μg/L), phosphorus species and dissolved organic carbon, averaged across all seasons for each of the study sites
and averaged across all sites for each season (±1SE).
Site
Nelse
Watchbed Ck-East
Watchbed Ck-West
Season, averaged across
all sites
Spring
Summer
Autumn
Winter

TN
(μg N/L)
166 ± 8
216 ± 11
209 ± 7

TDN
(μg N/L)
137 ± 9
174 ± 7
182 ± 8.5

Ammonia
(μg N/L)
9.7 ± 1.1
9.3 ± 1
9.9 ± 1.3

NOx
(μg N/L)
22 ± 3
67 ± 3
77.3 ± 7.2

TP
(μg P/L)
6.5 ± 1.1
6.5 ± 1.1
5.9 ± 1.1

TDP
(μg P/L)
5.7 ± 1.1
5.8 ± 1.1
5.9 ± 1.1

FRP
(μg P/L)
2.9 ± 0.5
2.8 ± 0.4
2.8 ± 0.5

DOC
(mg C/L)
1.8 ± 0.1
1.9 ± 0.1
1.8 ± 0.1

210 ± 15
205 ± 9
216 ± 8
162 ± 8

152 ± 8
185 ± 8
198 ± 9
124 ± 7

5.4 ± 0.2
8.6 ± 1.1
17.4 ± 1.8
7.9 ± 0.4

40 ± 5
35 ± 5
73 ± 7
75 ± 7

12.6 ± 0.1
14.0 ± 0.1
below detection
below detection

12.1 ± 0.1
13.3 ± 0.1
below detection
below detection

5.2 ± 0.1
6.2 ± 0.1
below detection
below detection

1.6 ± 0.1
1.9 ± 0.1
2.3 ± 0.1
1.6 ± 0.1
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Nitrogen speciation
Concentrations of nitrogen species (TN, TDN, DON, NOx and NH4+) for each of the
sampling occasions are shown in Figure 8 (a-c) for each of the three sites. Seasonally
averaged nitrogen speciation data (across all sites) are shown in Figure 9.
Total Nitrogen (TN and TDN)
TN concentrations were significantly different at the α = 0.05 level (p<0.001) for season,
with data ranging from 110 μg/L to 295 μg/L. The spring average was 187 μg/L (± 8),
summer 205 μg/L (± 9), autumn 216 μg/L (± 8) and winter with the lowest average 161 μg/L
(± 8). Sites were found to be statistically significantly (p<0.001), with the following average
concentrations: Nelse Creek 166 μg/L (± 8), Watchbed Creek-East 205 μg/L (± 8), and
Watchbed Creek-West 205 μg/L (± 6).
TDN concentrations were significantly different at the α = 0.05 level (p<0.001) for season,
with data ranging from 77 μg/L to 280 μg/L. The spring average was 152 μg/L (± 8), summer
185 μg/L (± 8), autumn 187 μg/L (± 9) and winter with the lowest average 123 μg/L (± 7).
Concentrations were significantly different at the different sites (p<0.001): Nelse Creek 137
μg/L (± 8), Watchbed Creek-East 174 μg/L (± 7), and Watchbed Creek-West 173 μg/L (± 5).
Nitrogen species (DON, NOx and NH4+)
Dissolved nitrogen species at Nelse Creek were dominated by DON ranging from 29 µgN/L
to 165 µgN/L with a general increase from November to April (Spring/Summer/Autumn).
For Ammonia (4-24 µgN/L) and Oxides of Nitrogen (NOx) (4-52 µgN/L) there is a general,
albeit small increase during May-August (end of Autumn/Winter).
Watchbed Creek-East nitrogen species were dominated by DON, ranging from 26 µgN/L to
193 µgN/L and generally increased from November to April. Although still much lower than
DON, Watchbed Creek-East had higher concentrations of NOx (10-90 µgN/L) than Nelse
Creek, but similar ammonia concentrations (4-23 µgN/L).
Watchbed Creek-West nitrogen species were generally dominated by DON ranging from 23
µgN/L to 178 µgN/L, and also show a general increase during November-April (end of
spring to autumn). However, there was a switch to dominance of NOx (21-140 µgN/L) during
April-October (mid-autumn to mid-spring). Ammonia follows a similar pattern to the other
sites, contributing the least to the entire nitrogen pool (4-28 µgN/L).

44

Ammonia and DON concentrations were the same at each site (p>0.05), however NOx
showed variation between sites (p<0.001), driven largely by the higher concentrations of NO x
at the Watchbed Creek sites in the autumn-winter period. Ammonia, NOx and DON were
significantly different at the different seasons (p< 0.001)(Figure 8). The major seasonal trends
were the higher DON and ammonium concentrations during the summer-autumn period, and
higher NOx concentrations during the autumn-winter period.
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Figure 8 Average concentrations of nitrogen species on each sampling occasion for: (a) Nelse Creek
(b) Watchbed Creek-East (c) Watchbed Creek-West. Shown are data for: DON (black), ammonia
(light grey), NOx (dark grey), and TN (±1SE) (yellow circles).
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Figure 9 Seasonal average concentration boxplots for nitrogen species (a) DON (b) Ammonia (c) NOx (d) TN.
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Phosphorus Speciation
Total phosphorus (TP and TDP)
TP concentrations were significantly different at the different seasons (p<0.001), driven by
the absence of detectable traces in autumn and winter with data ranging from below detection
to 16 μg/L. The average TP concentration during spring was 12.6 ± (0.1), summer 14 μg/L (±
0.1), with autumn and winter below detection. TP concentrations were the same at each site
(p >0.05), with average TP concentrations at Nelse being 6.5 μg/L (± 1.1), Watchbed CreekEast 6.5 μg/L (± 1.1) and Watchbed Creek-West 5.9 μg/L (1.1).
TDP concentrations were significantly different at the different seasons (p<0.001), driven by
the absence of detectable traces in autumn and winter with data ranging from below detection
to 14 μg/L. The averageTDP concentration in spring was 12.1 (± 0.1), summer 13.3 mg/L (±
0.1), with autumn and winter below detection. TDP concentrations were the same at each
sites (p > 0.05), with TDP average concentrations for Nelse being 5.7 μg/L (± 1.1), Watchbed
Creek-East 5.8 μg/L (± 1.14) and Watchbed Creek-West 5.9 μg/L (± 1.1).
Filterable reactive phosphorus (FRP)
FRP concentrations, were significantly different for the different seasons (p<0.001), driven
by the absence of detectable traces in autumn and winter with data ranging from below
detection to 10 μg/L. The average FRP concentration for spring was 5.2 μg/L (± 0.1), summer
6.2 μg/L (± 0.1), with autumn and winter both below detection. FRP concentrations were the
same at each site (p > 0.05), with the following average concentrations: Nelse Creek 2.9 μg/L
(± 0.5), Watchbed Creek-East 2.8 μg/L (± 0.4), and Watchbed Creek-West 2.8 μg/L (± 0.5).
When compared to the levels of TDP in these samples, it can be concluded that a significant
proportion (approximately 50%) of the TDP was in forms other than FRP.
Dissolved organic carbon (DOC)
Dissolved organic carbon (DOC) concentrations ranged from 0.9 mg/L to 3 mg/L; DOC
concentrations for each site are shown in Figure 10. Sites were all the same for DOC (p =
0.332), with average DOC concentrations of 1.8 mg/L (± 0.1) at Nelse Creek, 1.9 mg/L (±
0.1) at Watchbed Creek-East and 1.8 mg/L (± 0.1) at Watchbed Creek-West. DOC was
different at the different seasons (p<0.001) (Figure 11). Average DOC was 1.6 mg/L (± 0.1)
for spring, summer 1.9 mg/L (± 0.1), autumn 2.3 mg/L (± 0.1) and winter 1.6 mg/L (± 0.1).
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The maximum DOCs were therefore observed in autumn, and the minimum concentrations in
spring and winter.

Figure 10 Average dissolved organic carbon (DOC) concentrations at: Nelse Creek, Watchbed CreekEast, and Watchbed Creek-West.
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Figure 11 Average seasonal dissolved organic carbon (DOC) concentrations.

Organic carbon C:N ratio
The carbon to nitrogen ratio (C:N) in the organic carbon fraction was calculated from the
DOC concentrations (mg-C/l) and dissolved organic nitrogen (DON; mg-N/l) concentrations
shown in Figure 11 and Figure 9, respectively.
Average C:N ratio was significantly different between the different seasons (p<0.001), with
lower values in winter compared to the other seasons (Figure 12). Average seasonal C:N
ratios were: spring 16 (±2); summer 14.9 (±1); autumn 21 (±2); winter 47 (±3).
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Figure 12 Boxplots of seasonally averaged C:N ratios (using DOC and DON averages).

Major ions
Concentrations of major anions and cations for each site and season are summarised in table
3. Major anions and cations at each site are shown in Figure 13 (a-c) and Figure 15 (a-c),
respectively, with seasonally averaged data for anions and cations (across all sites) shown in
Figures 14 and 16 respectively. Fluoride and ammonium are not included in these sections, as
values obtained for these ions were below the detection levels of the respective methods.
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Table 3 Concentrations of major anions and cations averaged across all seasons for each of the study sites and averaged across all sites for each season
(mg/L) (±1SE).

Site

Chloride

Nitrate

Sulfate

Sodium

Potassium

Calcium

Magnesium

Nelse

0.43 ± 0.02

0.12 ± 0.01

0.11 ± 0.04

0.46 ± 0.01

0.13 ± 0.02

0.2 ± 0.01

0.12 ± 0.003

Watchbed Ck-East

0.53 ± 0.02

0.47 ± 0.02

0.13 ± 0.04

0.54 ± 0.01

0.16 ± 0.01

0.27 ± 0.01

0.14 ± 0.003

Watchbed Ck-West
Season, nutrient
averaged across all
sites

0.49 ± 0.02

0.28 ± 0.02

0.12 ± 0.004

0.51 ± 0.01

0.14 ± 0.01

0.27 ± 0.01

0.14 ± 0.003

Spring

0.49 ± 0.01

0.2 ± 0.03

0.13 ± 0.005

0.49 ± 0.01

0.11 ± 0.01

0.23 ± 0.01

0.12 ± 0.003

Summer

0.38 ± 0.01

0.19 ± 0.02

0.1 ± 0.002

0.49 ± 0.01

0.15 ± 0.01

0.25 ± 0.01

0.13 ± 0.003

Autumn

0.48 ± 0.01

0.32 ± 0.03

0.12 ± 0.004

0.49 ± 0.01

0.12 ± 0.01

0.25 ± 0.01

0.14 ± 0.004

Winter

0.62 ± 0.01

0.39 ± 0.04

0.15 ± 0.003

0.52 ± 0.01

0.17 ± 0.01

0.24 ± 0.01

0.14 ± 0.004
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Major Anions (Cl-,NO3- and SO42-)
Chloride concentrations ranged from 0.26 mg/L to 0.75 mg/L, both different sites and
different seasons being significantly different (both p<0.001, α = 0.05) (Figure 13). Average
concentrations at each of the sites were: 0.43 (±0.02) at Nelse Creek, 0.53 (±0.02) at
Watchbed Creek-East and 0.49 (±0.02) µg/L at Watchbed Creek-West. Patterns of seasonal
variation were evident across all sites, with an increase in chloride concentration occurring in
the cooler autumn and winter months (April-August). The average chloride concentration for
spring was 0.421 mg/L (±0.014), summer 0.394 mg/L (± 0.014), autumn 0.496 mg/L
(±0.012) and winter 0.604 mg/L (±0.013). The highest concentrations of chloride therefore
occurred in the cooler months when there is minimum evapotranspiration, indicating that
chloride is not conservative in these systems.

Nitrate concentrations ranged from 0.029 mg/L to 0.705 mg/L, and both sites and seasons
were statistically different at the α = 0.05 level, (both p<0.001). Average concentrations
across the four seasons at each of the sites were: 0.12 (±0.01) at Nelse Creek, 0.46 (±0.02) at
Watchbed Creek-East and 0.28 (±0.02) at Watchbed Creek-West. At all of the sites nitrate
shows the same general pattern as chloride, with an increase in concentration during the
autumn and winter months. When averaged across sites the average nitrate concentrations
were 0.199 mg/L (± 0.023) for spring, 0.191 mg/L (± 0.025) for summer, 0.371 mg/L (±
0.033) for autumn and 0.399 mg/L (± 0.031) for winter.

Sulfate concentrations ranged from 0.08 mg/L to 0.18 mg/L, with both sites and seasons
being statistically different at the α = 0.05 level, (p = 0.008 and p<0.001). Average
concentrations across the four seasons at each of the sites were: 0.11 (±0.004) at Nelse Creek,
0.13 (±0.004) at Watchbed Creek-East and 0.12 (±0.004) at Watchbed Creek-West. Sulfate
concentrations show some seasonal variation, with higher concentrations during autumn and
winter but much less pronounced than that observed for nitrate and chloride. The average
sulfate concentration for spring was 0.113 mg/L (± 0.003), summer 0.1 mg/L (± 0.002),
autumn 0.132 mg/L (± 0.003) and winter 0.141 mg/L (± 0.002).
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Figure 13 Average concentrations of major anions (±1SE) (Cl- (black); NO3- (red); and SO42- (green)
for each sampling occasion at: (a) Nelse Creek (b) Watchbed Creek-East (c) Watchbed Creek-West.
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Figure 14 Average seasonal boxplots of major anions: (a) Chloride (b) Nitrate (c) Sulfate.
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Cations (Na+, K+, Ca2+, Mg2+)
Sodium concentrations ranged from 0.27 mg/L to 0.63 mg/L; the higher noise level (expected
for cation analysis by ion chromatography) potentially masks more subtle differences
between sites or seasons. Average sodium concentrations across the four seasons (Figure 15)
at each of the sites were: 0.45 (± 0.01) at Nelse Creek, 0.54 (± 0.01) at Watchbed Creek-East,
and 0.51 (± 0.01) at Watchbed Creek – West. Seasonally averaged sodium concentrations
were: 0.5 mg/L (± 0.01) for spring, 0.49 mg/L (± 0.01) for summer, 0.49 mg/L (± 0.01) for
autumn and 0.53 mg/L (± 0.01) for winter. Differences between sites (averaged across the
four seasons) were significant at the α = 0.05 level, (p<0.001), however the differences
between seasons (averaged across sites) were not statistically different at the α = 0.05 level (p
= 0.057).

Potassium concentrations ranged from undetectable to 0.33 mg/L. Average potassium
concentrations across the four seasons at each of the sites (figure 15) were: 0.13 (± 0.01) at
Nelse Creek, 0.16 (± 0.01) at Watchbed Creek-East, and 0.14 (± 0.01) at Watchbed CreekWest. Seasonally averaged potassium concentrations were: 0.11 mg/L (± 0.01) for spring,
0.15 mg/L (± 0.01) for summer, 0.12 mg/L (± 0.01) for autumn and 0.17 mg/L (± 0.01) for
winter. Differences between sites (averaged across the four seasons) were not statistically
different at the α = 0.05 level (p = 0.183), however the difference between seasons (averaged
across sites) were significant at the α = 0.05 level (p = 0.001).

Calcium concentrations ranged from 0.14 mg/L to 0.36 mg/L. Average calcium
concentrations across the four seasons at each of the sites (figure 15) were: 0.2 (± 0.01) at
Nelse Creek, 0.26 (± 0.01) at Watchbed Creek-East, and 0.27 (± 0.01) at Watchbed CreekWest. Seasonally averaged calcium concentrations were: 0.23 mg/L (± 0.01) for spring, 0.25
mg/L (± 0.01) for summer, 0.25 mg/L (± 0.01) for autumn and 0.25 mg/L (± 0.01) for winter.
Differences between sites (averaged across the four seasons) were significant at the α = 0.05
level (p<0.001), however the difference between seasons (averaged across sites) were not
statistically different at the α = 0.05 level (p = 0.861).

Magnesium concentrations ranged from 0.09 mg/L to 0.19 mg/L. Average magnesium
concentrations across the four seasons at each of the sites (figure 15) were: 0.12 (± 0.03) at
Nelse Creek, 0.14 (± 0.03) at Watchbed Creek-East, and 0.14 (± 0.03) at Watchbed Creek-
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West. Seasonally averaged magnesium concentrations were: 0.12 mg/L (± 0.02) for spring,
0.13 mg/L (± 0.03) for summer, 0.14 mg/L (± 0.03) for autumn and 0.14 mg/L (± 0.04) for
winter. Differences between sites (averaged across the four seasons) were significant at the α
= 0.05 level (p<0.001), the difference between seasons (averaged across sites) were also
significant at the α = 0.05 level (p = 0.035).
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Figure 15 Average Cation Concentrations for: Na+(black); K+ (red); Ca2+ (green); Mg2+(yellow)
(±1SE) at: (a) Nelse (b) Watchbed Creek-East (c) Watchbed Creek-West.
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Figure 16 Average seasonal cation boxplots (a) Sodium (b) Potassium (c) Calcium (d) Magnesium.
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Discussion
Stream Physico-chemical Characteristics
Temperature.
In general, the three sites behaved as expected for narrow, shallow alpine streams with no
riparian cover. The stream temperatures, showed similar patterns to the air temperature
recorded at Falls Creek, with diurnal and seasonal variation but with a narrower overall
temperature range reflecting the heat capacity of water. The temperature profile can be partly
attributed to increased heat exchange, brought about by the streams large surface area to
volume ratios and the absence of riparian shading (Constantz 1998). Seasonal climatic
changes also influence temperature variation, with observed stability in stream temperature
profiles occurring during the winter periods, with insulation to air temperature provided by
snow cover. The Nelse Creek site had the greatest variation in temperature and the highest
recorded maximum temperature, in February 2011. The similarity in temperature profiles for
the two Watchbed Creek sites could be due to catchment similarities and site characteristics
including altitude, topography, aspect, solar radiation, stream depth and overall distance from
the groundwater source (Constantz 1998).
pH.
Previous work has shown that the pH of groundwater across the BHPs has a very restricted
range of 5.2-5.4 (McCartney et al. 2013; Silvester 2009), a trait reflected in the streams I
studied (range 5.68-6.36), with stream base flow maintained by groundwater fed peatlands.
Overall, the peatlands upstream of the study sites greatly influenced in-stream pH and
chemistry, being acidic in nature due to supersaturation with CO2. As a result of CO2 loss to
the atmosphere, the water exiting these systems tends to have higher pH values (Silvester
2009). Biogeochemical processing within the peatlands also influences the water feeding the
streams, with potential denitrification and sulfate reduction altering pH and export of DOC,
tending to lower pH values due to the presence of weak organic acids (Stumm and Morgan
2012). Although variation was only slight, stream pH values showed some seasonal variation,
with pH higher in summer compared to the winter months, attributable to lower summer
flows and increased time for further atmospheric equilibration (loss of CO2)(Silvester 2009).
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Dissolved Oxygen.
Although percentage saturation remained close to saturation (100%) reflecting the turbulent,
and therefore well aerated, nature of the streams, the absolute DO concentrations showed
seasonal variation, with an overall increase during the colder months in response to the higher
solubility of oxygen at lower temperatures (Dojlido and Best 1993).
Stream Water Chemistry
Previous alpine stream studies have defined these systems as particularly nutrient limited in
comparison to their lowland counterparts (Robinson and Gessner 2000; Suter et al. 2011).
This is likely due to limited biomass input from the heathland situated above the treeline,
with alpine streams generally being low in carbon and limited in nutrients such as nitrogen
and phosphorus (Cummins et al. 1989; Robinson et al. 1998). The availability and
concentration of nutrients within a stream are largely dependent on catchment geology,
particularly the chemical composition of the rock and soil formations of the catchment
drainage area (Dojlido and Best 1993). Alpine streams are less likely to be affected by human
land uses such as farming, but are influenced by the chemistry of their source waters, ranging
from rainfall, ground water and glacial melt water (Brown et al. 2003). As a result stream
nutrient concentration often reflects the surrounding catchment (Ward 1994) and water
source (Brown et al. 2003), with seasonal and climatic variation also contributing (Chapman
et al. 2001).
Organic carbon
Previous studies of stream DOC export have shown variation due to hydrology, season, soil
respiration, presence of wetlands, storm events and flow induced changes to water residence
times. In particular, Chapman et al. (2001) showed a peak DOC concentration occurring in
summer, citing a linear relationship between DOC and DON, with DOC being ultimately
correlated with peatland area in Scottish highland streams (150-300 a.s.l.). Waldron et al.
(2009) also found a seasonal pattern in DOC concentration, associating a clear late-summer
increase in concentration with peak terrestrial productivity and increased hydrologic export.
Clark et al. (2007) associated peak DOC export with stream discharge, with increased DOC
concentrations occurring during storm events and reduced DOC export during lower flow
periods when increased respiration is occurring (Pastor et al. 2003). In relation to alpine,
arctic and glacial streams, seasonal variation has also been found in the Yukon River and
streams of the Val Roseg high alpine catchment. Striegl et al. (2005) found minimum DOC
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concentrations in winter for the Yukon, attributing this to decreased stream flow and a shift to
groundwater maintaining base flow. Groundwater in this catchment had DOC chemistry
indicative of increased water residence time and microbial DOC degradation. Peak DOC
concentrations occurred with the spring flood, associated with an increase in terrestrial
organic matter being washed into the river, with summer and autumn being intermediate for
DOC concentration. Tockner et al. (2003) found peak DOC concentrations occurring during
the winter for the glacial Roseg River. They also found a decrease in DOC concentration with
increased discharge. Nutrient dynamics in this system have been attributed to seasonal shifts
in water sources including: groundwater, snowmelt water and glacial water. Most significant
was the high concentration of DOC in snowmelt water, with melting of the snowpack
resulting in a nutrient pulse.
DOC concentrations from my study showed a different seasonal variation, with maximum
DOC concentrations occurring in the late summer and autumn. This increase does not
coincide with the peak productivity period (spring-summer), so is likely attributable to a
reduction in biological activity with decreasing temperature, along with senescence processes
and a slowing of peatland vegetation decay and DOC release (Dojlido and Best 1993;
Freeman et al. 2001).
DOC concentrations at my sites are at the low ‘pristine’ end of published values (0.9-3 mg
C/L), compared to concentrations ranging from 0.5-50 mg/L for the majority of freshwater
rivers and streams across the globe (Mulholland 2003), with the average DOC concentration
for rivers considered in a pristine state being 0.5 mg/L (Tockner et al. 2003). In this case,
DOC concentrations in peatland drainage waters on the BHPs have been found to range from
2.0 to 9.1 mg C dm-3 (Silvester 2009), however, individual years and catchments may show
greater variation. Rainfall and snow melt may also contribute to the DOC pool within these
streams through the enrichment of water as it moves through the surrounding soil and
vegetation (Aitkenhead-Peterson et al. 2003). The organic carbon exported in summer was
relatively nitrogen rich. This reflects the different seasonal patterns in DON and DOC, with
maximum DON export (Figure 9) coinciding with minimum DOC export (Figure 11).
N & P species
Total nitrogen concentration and composition showed seasonal variation, being dominated by
DON during the maximum productivity periods of spring and early autumn. Seasonality in
total nitrogen concentration and composition also occurs within some upland Northern
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Hemisphere peat and moorland streams. Chapman et al. (2001) and Reynolds and Edwards
(1995), found that their streams were dominated by DON, sourced predominantly from
macrophytes and microorganisms releasing DON into the stream. The seasonal changes to
DON concentrations were attributed to high biological activity during the summer, with
increased temperatures and light conditions. Conversely, the drop in winter concentrations
was associated with a reduction in plant, algal and microbial activity as a result of reduced
temperature and light conditions. In arctic and glacial-fed alpine streams variation in the
composition and concentration of stream nitrogen is also apparent. In comparing permafrostinfluenced and permafrost-free catchments, Frey et al. (2007) found DON as the major
contributor to stream TDN with a positive correlation between DON and DOC
concentrations. They also found a significant relationship between peatland cover and DON
and TDN, with larger areas having higher concentrations associated with peat decomposition,
microbial respiration, increased plant productivity, and other associated processes of
dissolved organic matter production. In an alpine glacial floodplain system, Tockner et al.
(2003) found NO3-N to be the dominant fraction in stream water, with increased
concentrations in spring attributed to the release and oxidation of NH4-N from the snowpack,
along with mineralisation processes occurring in the catchment soils and being transported to
streams through meltwater. However, this system appears fairly unique, having
concentrations of NO3-N far greater than worldwide averages, likely related to high levels of
deposition of anthropogenic nitrogen sources (Tockner et al. 2003).
In my study NOx also varied seasonally with increases during the mid-autumn and winter
period, where it replaced DON as the main contributor to stream nitrogen. Seasonal variation
in NOx can be mostly accounted for by the changes in nitrate, as previously discussed, with
nitrate being the main form of inorganic nitrogen in upland streams (Reynolds and Edwards
1995; Zorbist 2010). Previous studies of groundwater chemistry in the BHP have revealed
significant concentrations of nitrate, with elevated concentrations detected in the cooler
seasons. This seasonal variation is likely due to a decreased uptake of nitrogen through plant
growth and bacterial denitifrification (McCartney et al. 2013). Seasonal fluxes were also
evident in Scottish Highland streams, with Chapman et al. (2001), attributing variation to the
influence of peat dominated catchments and associated soil leaching, mineralization,
nitrification and biological uptake.
On a global scale (1979 figures) the average concentration of nitrate in rivers was estimated
to be 0.2 mg N l-1 (Imberger et al. 2008). Average nitrate concentration in my study ranged
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from 0.045 mg N l-1 to 0.0891 mg N l-1 across the seasons, which is well below the World
average. Average Total N concentration ranged from 0.184 mg N l-1 to 0.217 mg N l-1 across
the seasons, which is slightly higher than previously reported during the spring-summer
period from Whiterocks Creek (0.0114 mg N l-1, another stream within the BHP (Suter et al.
2011).
Ammonia contributed the least to the nitrogen pool, a trend reflected in other studies, with
ammonium often being regarded as only a small contributor to the overall concentration of
total nitrogen in alpine rivers (Chapman et al. 2001; Zorbist 2010).
Phosphorus was only detected in the spring-summer, coinciding with the peak productivity
period (Mulholland and Hill 1997). As P was not detected during the autumn-winter, it can be
assumed that P is retained when plant and microbial productivity is limited. Half of the TDP
was in the form of FRP, with the other half presumably in the form of unavailable organic P
(Holford 1997; Schachtman et al. 1998). Previous studies into seasonal P concentrations have
shown seasonal variability, Mulholland and Hill (1997) found increased concentration of P
during summer, attributing this to the influence of groundwater chemistry, with stream flow
sustained by groundwater during the drier summer period. Low concentrations during the
autumn were attributed to biological uptake and retention. Phosphorus levels in high alpine
Roseg streams were also low, with most P obtained from geologic sources, and therefore low
due to slow weathering rates. However, these streams are influenced greatly by glacial source
waters. P levels also tended to be higher in summer when P is less bioavailable due to
turbidity and scouring, with uptake by periphyton most evident in spring (Robinson et al.
2003).
C:N ratio in exported organic material
Minimum C:N (maximum N content) values occurred in summer, corresponding to the
period of maximum DON export, but minimum DOC export. Seasonal average C:N ratios
ranged from 16-47 in this study, being lowest in summer and highest in winter. Chapman et
al. (2001) attributed seasonal changes in the C:N ratio to a shift in the dominant source of
DOC and DON within the streams. In summer the DOC was more N enriched than in winter,
with the higher N content related to biological activity, reaching a maximum in summer.
High C:N ratios were also an indication of terrestrially derived inputs of organic matter, as
compared to much the narrower C:N ratios expected from contribution of in-stream producers
(Chapman et al. 2001). For all water sources within the Val Roseg catchment, C:N ratios of
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<6 were found, indicative of an autochthonous origin of organic matter. A distinctly seasonal
pattern was evident with low spring values and high autumn values, indicating greater input
of terrestrial organic matter. Lower spring ratios were attributed to a peak in organic N rather
than as a response to autochthonous production (Tockner et al. 2003).
Aitkenhead and McDowell (2000) found a strong relationship between annual stream DOC
flux and catchment soil C:N. They found interactions between vegetation, soil microbes and
climate as drivers of terrestrial C and N dynamics, with variables such as temperature and
precipitation each controlling the production of DOC via both biological and hydrological
pathways. The composition of DON was not investigated in this study, and therefore patterns
cannot be attributed to specific amino or nucleic acids. However, variations in the CN ratios,
particularly between summer and winter, can give an insight into the nature of the DON.
With highest values (47) occurring in winter, a shift to reduced N within the dissolved
organic matter is indicated, consistent with allochthonous carbon being a major contributor.
During the summer, reduced values (16) may be indicative of an increased contribution of
algae to the dissolved organic carbon fraction.
Major ions
The chemical composition of groundwater in the BHP has recently been shown to have
extremely low concentrations of major ions, with concentrations more commonly associated
with rainwater (Silvester 2009). This chemical nature is likely due to a combination of highly
weathered regolith and short aquifer retention times. Individual groundwater sources within
the BHP appear to be quite constant in ionic composition, however variation in the
concentration of major ions does occur between sources (McCartney et al. 2013). The most
variable ion is nitrate, with increased concentration likely a consequence of nitrate filtration
following widespread wild fires across the BHP in 2003 (McCartney et al. 2013). The
dominant cation in BHP groundwaters is sodium, with lesser amounts of calcium, magnesium
and potassium, while the dominant anions are chloride and bicarbonate, with lesser amounts
of nitrate and sulphate (Silvester 2009).
Overall, site differences were evident in stream water chemistry. This may be caused by a
combination of some outliers present in the data set and catchment differences, with the ionic
proportions and concentrations being greatly influenced by catchment geology and drainage
area (Dojlido and Best 1993). Keeping in mind the higher scatter of the cation data, it would
appear that the cation charge does not change appreciably across the four seasons. Major
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anion concentrations do exhibit variation over the four seasons. However, given that charge
balance must be maintained, either the scatter in the cation data is masking the overall
changes to cation charge, or other anionic species (not measured here) are being exported at
relatively high concentration to compensate for the decreased nitrate and chloride levels
during the summer-autumn. The Nelse Creek site was often found to be different to the two
Watchbed Creek sites, which would reflect some variability in site and catchment
characteristics. However, it is important to stress that although annual variations were
observed for some ions, at all three sites (Nelse Creek, Watchbed Creek-East and Watchbed
Creek-West) the average ionic concentrations are extremely low compared to the associated
downstream river (Kiewa River), as well as other lowland Australian rivers and the world
average freshwater (Williams and Wan 1972) (Table 4).
Table 4 Comparisons of major ion concentrations in selected Australian rivers and world average
freshwater.
Ion Concentration (meq/L)
Site
BHP Alpine Sites
(current studies &
(Suter et al. 2011)
Kiewa R
Murrumbidgee R
Darling R
World Average

Sodium

Potassium

Calcium

Magnesium

Chloride

Sulphate

0.02
40
22
50
16

0.003-0.006
na
10
4
3

0.005-0.01
41
33
21
63

0.01
18
34
25
18

0.01-0.02
13
21
28
10

0.003-0.003
48
19
na
16

The most obvious seasonal changes occur with nitrate and chloride concentrations, which
both show clear increases in the autumn and winter. Chloride concentrations were also higher
in winter compared to summer. Chemically this is the opposite of what would be expected if
chloride were in an unreactive state, with increased evapotranspiration in summer expected to
increase its concentration. The active uptake of chloride by peatlands in the BHP has been
reported previously, with Silvester (2009) correlating chloride uptake with DOC export. With
low chloride concentrations in these streams, it would appear that the peatlands are removing
chloride from the groundwater via the formation of organo-chloride compounds, as observed
in boreal systems (Gustavsson et al. 2012). Dilution of stream chloride concentrations
through rainfall (particularly in autumn) (Likens and Bormann 1995), and spring snowmelt
(Williams and Melack 1991), would be expected to influence stream concentrations in
autumn-early spring, however this does not fit the observed trend.
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Nitrate has been the focus of a number of upland stream studies. Reynolds and Edwards
(1995) found nitrate concentrations in moorland streams of the United Kingdom to be
typically <0.5 mg N/L. They also found seasonal variation in nitrate concentration, with
maximum concentrations in winter and minimums in summer. This pattern was attributed to
seasonal shifts in the availability of nitrate within the soil for leaching. Summer
concentrations were reduced due to the high uptake of soil nitrate by plants, with the reverse
occurring during winter. Seasonal nitrate variation has been observed by Chapman et al.
(2001) with concentrations higher in winter than summer, attributed to peatland coverage and
biological activity within catchment soils. Increased nitrate concentration in streams of the
Val Roseg glacier also showed seasonal variation, with a peak during spring snow-melt,
attributed to oxidation of ammonia from the melting snowpack and biological activity within
surrounding catchment soils (Tockner et al. 2003).
Similar processes could be responsible for the seasonal nitrate pattern recorded in my study.
Similarly, sulfate reduction is likely greater in summer due to higher temperatures and more
available biodegradable DOC. Changes in nitrate could be attributed to processes occurring
upstream, in the peatlands located on groundwater upwellings. Silvester (2009) found that
peatlands have a high capacity for nitrate removal, with the efficiency likely depending upon
peatland hydrology. Other potential nitrate removal mechanisms include: in-stream
denitrification, algal and biofilm growth, as well as riparian vegetation uptake. The main
difference between the in-stream and soil environment, as opposed to the peatlands, is that
although covered in snow, the density of the bryophyte or Sphagnum mats has the potential to
regulate the temperature within the pool itself, providing a stable temperature environment
where external weather influences are buffered and variation reduced (Clements 2009). A
relatively stable temperature environment would likely allow continuous denitrification
within the peatlands. This is not the case for the stream itself and surrounding soils. In any
case, the sum of these processes is likely to be greater in summer compared to winter,
accounting for the observed seasonal variation.
Implications for season leaf decomposition studies
In general the three sites show good replication in terms of the physico-chemical composition
of their waters. Differences are negligible, with nitrate showing the most variation between
sites, most likely driven by the nitrate content of source waters and efficiency of nitrate
removal mechanisms in the catchment. All study sites have low ionic strength, constant pH,
and low nutrients (incl. C, N and P). Some variation between seasons is evident in some
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constituents (mainly DOC, DON, NOx and Cl-) but generally quite similar composition is
maintained over a full year cycle. Alpine streams typically have low temperatures and are
nutrient limited, being particularly low in carbon and other nutrients (Robinson and Gessner
2000; Robinson et al. 1998), with catchment characteristics, source waters and climate
exerting immense influence over stream chemistry (Brown et al. 2003; Chapman et al. 2001;
Ward 1994). Ionic chemistry also varies over time, due to the influence of seasonal changes
in discharge regime, precipitation inputs and biological activity (Allan 1995). The three study
sites show physico-chemical parameters that changed seasonally, reflecting the surrounding
catchment, climate, and ground water sources. Each component influences and contributes to
the physico-chemical nature of the streams, which in turn influences the biological
community present within the stream (Milner et al. 2010). Given the physico-chemical nature
of the study sites, it can be assumed that temperature would be the most influential factor in
determining biological processes within these streams, unless extreme sensitivity to trace
level nutrients exists. Temperature, pH, conductivity, flow, phosphate concentration and
nitrate concentration have all been found to affect the metabolism of aquatic fungi and rates
of leaf litter decomposition in streams (Bärlocher 1992; Iqbal and Webster 1977; Suberkropp
and Chauvet 1995; Wood-Eggenschwiler and Bärlocher 1983). In temperate forested streams,
increased concentrations of inorganic nutrients, mainly N and P, in association with increased
temperature has been shown to increase fungal activity (Suberkropp and Chauvet 1995).
Conversely, low N and P concentrations have been responsible for reduced fungal activity
and diversity (Krauss et al. 2011). Despite this, the factors exhibiting the strongest influence
over the stream fungal community are temperature and resource availability (Krauss et al.
2011). In nutrient limited streams in particular, aquatic fungi become more dependent on
obtaining nutrients from leaf resources, with substrate quality having a direct effect on stream
fungal activity (Suberkropp and Chauvet 1995). Chamier & Dixon (1982) identified the
importance of Ca2+ in influencing fungal metabolism and therefore leaf decomposition in
streams, with increased concentration leading to greater leaf decomposition. As the study
streams all have low ionic concentrations, it is possible that Ca2+ may be an important
moderator for fungal activity. Overall, temperature is still considered the main factor
influencing stream fungal communities (Krauss et al. 2011), with seasonal temperature
variation influencing the activity and diversity of the fungal community and indirectly
affecting the input and availability of leaf resources (Bärlocher 1992).
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Chapter 3 ‘Seasonal decomposition of Eucalyptus pauciflora in three
groundwater fed alpine streams’
Introduction
The decomposition of organic matter in freshwater streams is an important ecological
process, mediated by biotic and abiotic factors (Leroy and Marks 2006). The decomposition
of organic matter in lowland rivers, where leaf litter is a major allochthonous input, requires
the action and interaction of the rivers’ hydrology, microbes and invertebrates (Bilby and
Likens 1980; Gawne et al. 2007; Gessner 1991). Aquatic hyphomycetes are the main fungal
group contributing to litter breakdown in flowing freshwater streams (Nikolcheva and
Bärlocher 2005), inhabiting well oxygenated, clean, fast-flowing and lotic environments
across the world (Lecerf and Chauvet 2008). Fungal decomposition has been studied in
temperate streams across the globe, particularly in the warmer seasons or just following the
autumn leaf fall (Shearer et al. 2007), when organic matter input is high and fungi are
proliferating. Seasonal studies have also been carried out, mainly in lowland streams
(Bärlocher 2000; Thomas et al. 1992). Despite seemingly harsh environmental conditions,
aquatic hyphomycetes are known to survive, reproduce, actively colonize and decompose
organic matter in alpine and glacial fed streams of the Southern and Northern Hemispheres
(Gessner and Robinson 2003b; Suter et al. 2011). Although in-stream primary production has
been highlighted as the main source of organic matter in streams above the treeline (Robinson
and Gessner 2000; Robinson et al. 1998), the presence of decomposers would indicate that
some heterotrophic processes may also be contributing significantly to the carbon pool,
through the breakdown of grass and shrub litter.
The Australian alpine environment is quite distinct from those found in other parts of the
world, with a characteristic flora that differs greatly from the conifer-dominated slopes of the
Northern Hemisphere. Eucalyptus pauciflora (Snow Gum), the only native tree species in the
Australian subalpine area, occurs between 1400 and 1800 m (Williams et al. 2008), often
marking the transitional area between subalpine and alpine (McDougall 2010). The presence
of E. pauciflora means that their leaves can potentially become a food resource for microbes
and macroinvertebrates in nearby alpine streams. E. pauciflora leaves have been shown to
have slower breakdown rates then other Eucalyptus species, with decay constants ranging
from 0.004-0.005 d-1 (Suter et al. 2011). In comparison, for other Eucalyptus species, decay
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constants range from 0.006-0.019 d-1 (Canhoto and Graça 1996; Mesquita et al. 2007;
Thomas et al. 1992; Woods 1970; Woods and Raison 1983). A slow rate of decomposition
potentially makes them a long-term exploitable carbon resource for consumers within alpine
streams.

Despite the recognised significance of leaf litter decomposition for in-stream nutrient cycling,
Australian literature remains underrepresented, particularly in alpine streams with only one
previous study (Suter et al. 2011). Given the importance of alpine streams as source waters
for several major Australian rivers (Williams and Wahren 2005), understanding organic
matter processing in these systems will help address substantial knowledge gaps. With
climate change predictions estimating an encroachment of vegetation into the alpine zone
(Williams et al. 2008), understanding the basic functioning of these stream systems will be
important for assessing potential in situ and downstream impacts with increased input of leaf
litter and other organic matter.

To address this paucity of information, I examined the seasonal decomposition of E.
pauciflora leaves in three alpine streams, in terms of decomposition rates, litter quality (C:N
ratio) and fungal biomass in the context of changing nutrient and temperature conditions
associated with seasonal variations. The longevity of the leaf resource within an alpine stream
was also investigated, combined with the seasonal data to determine whether E. pauciflora
could potentially act as an exploitable food resource for overwintering consumers, or a
potential food store come the return of warmer temperatures and higher stream productivity.

Materials & Methods
Site Description - See Chapter 2
Substrates and experimental design
Terrestrially-aged E. pauciflora leaves were collected from trees within the Bogong High
Plains National Park. As the approximate age of leaves could not be determined, a selection
procedure, based on similar size and condition was followed to reduce variability. Brown
leaves were selected from broken branches still retained on the tree, where only aerial
decomposition had occurred. These leaves were then sorted based on size, structural integrity
and absence of damage or herbivory. The selected leaves were then dried to a constant weight
in a 30°C oven. Some terrestrially-aged (brown) leaves were also retained to determine
starting (T0) conditions for leaf composition and fungal biomass.
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For the seasonal aquatic decomposition studies, terrestrially-aged (brown) leaves were placed
in 250 µm mesh litter bags (10 x 10 cm), designed to exclude macroinvetebrates (Bärlocher
2007a), with separate bags for the mass loss and long-term experiments. Seasonal mass loss
and long term bags contained one leaf per bag, with seasonal decomposition bags containing
four leaves per bag for fungal analyses. All mass loss leaves were pre-weighed before being
deployed. At each site bags were submerged in areas where natural detrital accumulation was
likely to occur, and also where they would remain submerged during periods of base flow.
The bags were attached to the bank with fishing line and anchored with stones to prevent
floating or dislodgment during high flow events.
Experiments were conducted as four consecutive (and separate) seasonal studies over a full
seasonal cycle from September 2010 to August 2011 (described in detail in Chapter 2). Each
study commenced around the equinox (autumn and spring) or solstice (summer and winter),
with sampling events at 28, 56 and 70 days after that time. Fungal colonisation of eucalypt
leaves has been previously shown to be delayed by as much as 14 d (Bärlocher et al. 1995;
Suter et al. 2011), so samples were not collected prior to this time.
Long-term leaf bags were placed in the stream at the beginning of the seasonal study (spring)
and were sampled continuously over the year. At each of the three sites five replicates of the
seasonal, mass loss and long term bags were deployed. Water samples, in-stream temperature
and physico-chemical water measurements were collected concurrently throughout the yearlong study (discussed in Chapter 2).

Laboratory Analyses
Leaf Mass Loss & C/N Analysis
After collection from the field sites, the leaves were removed from the bags and rinsed gently
with water to remove any biofilm or extraneous particles. The leaves were then dried in a
30°C oven for 7 days, or until they reached a constant weight.

In order to compare nutritional value and changes in the leaf samples replicates of dried mass
loss samples, from each season and sampling occasion, were analysed for %N, %C, and C/N
ratio using a LECO CNS2000 Analyser at the Environmental Analysis Laboratory, Southern
Cross University (NATA accreditation #14960), using the methods of Rayment and Higgins
(1992). These parameters were also measured for fresh (green) and brown terrestrially-aged
(T0) leaves for comparison.
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Fungal Biomass
After collection, the leaves for fungal biomass analysis were removed from the bags and
rinsed gently with deionised water. Two 1 cm diameter discs were cut from each of the leaves
to determine fungal biomass through measurement of ergosterol (Gessner 2007). Ergosterol
extraction was carried out for each of the samples, using solid phase extraction cartridges
(SPE) (Waters Sep-Pak, Vac RC, tC18, 500 mg sorbent) and a vacuum manifold. Samples
were analysed by high performance liquid chromatography (HPLC) (Waters 600E
Multisolvent Delivery System) using a LiChrospher 100 RP-18 5µm analytical column
(Grace) and detected at 282 nm (Gessner 2007) using a photodiode detector (Waters 2996).
The HPLC conditions were set to a 100% methanol mobile phase, column temperature of
33ºC, flow rate of 1.4 ml/min, injection volume of 10 μl. A standard curve was prepared
using ergosterol in iso-propanol (0, 5, 10, 20, and 40 µg/ml) to determine the concentrations
of ergosterol in leaf samples. Sample batches also included an isopropanol-only sample, to
check for potential contamination and errant peaks and an ergosterol standard of known
concentration (20.40 μg/ml). The identity of ergosterol peaks was confirmed using the UVvisible spectrum captured by the photodiode array detector. The spectral analyses were
obtained using the photodiode array detector on the HPLC at a wavelength of 262-294 nm
(Gessner and Chauvet 1993).
To determine the fluid volume of ergosterol produced by the extraction, the sample weight
was multiplied by 1.27 (the given density of 0.867 g/cm3 isopropanol at 25°C) (Gessner
2007). A conversion factor of 5.5 mg ergosterol per gram of fungal dry mass was used to
calculate fungal biomass per gram of leaf-litter dry mass (Gessner and Chauvet 1993).

Data Analysis
Linear regression and exponential decay analyses were calculated on the mass loss data along
with exponential decay coefficients (k values) to determine relative rates of decomposition
(Bärlocher 2007a).
A regression analysis was carried out to determine if a relationship exists between season and
fungal biomass.
Univariate statistics, one- and two-way ANOVAs and Tukey’s post Hoc tests (where
applicable) were calculated for the mass loss, C/N ratios and fungal biomass data using the
SPSS software package (Brooks/Cole 2004), to determine if there were any responses to
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different seasons. Data points were graphed visually using SigmaPlot (Systat Software Inc.,
San Jose, CA, USA) for each season.

Results
Physico-chemical Properties
Site and weather details are presented in detail in Chapter 2.
In-stream hourly temperatures ranged from a minimum of 0.12˚C (winter) to a maximum of
26.9˚C (summer) across the three sites (Figure 1-2 reproduced from Chapter 2 for ease of
reading).
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Figure 1 Hourly measures of stream temperatures (coloured) overlaying Falls Creek air temperature
(black) for (a) Nelse Creek, (b) Watchbed Creek-East, (c) Watchbed Creek-West, over the period 1
September 2010 – 31 August 2011. Arrows indicate initial sample deployment and study start (red
arrow), spring sampling occasions (green arrows), summer sampling occasions (yellow arrows),
autumn sampling occasions (brown arrows), and winter sampling occasions (blue arrows).

Fortnightly averaged stream and air temperatures are shown in Figure 2, for all three sites.
Seasonal changes are evident, with higher average temperatures in the summer months
(December-February), and lower temperatures during the winter (June-August). Outside of
the snow-cover period, stream temperatures at all three sites were similar, and closely mirror
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ambient air temperature. During the snow cover period, stream temperatures showed little
variation and were consistently higher than air temperature (below 0 °C).
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Figure 2 Fortnightly average stream temperatures and Falls Creek air temperatures (±1SE)
(September 2010-August 2011). Nelse Creek (red), Watchbed Creek-East (blue), Watchbed CreekWest (green), Falls Creek air temperature (black). Blue line highlights the snow-cover period.

Average pH at each site remained relatively constant over time, with Dissolved Oxygen (DO)
increasing during the autumn and winter months (Table 1). Nelse Creek pH remained
between 5.6 and 6.0 over the four seasons, only dropping slightly during the winter. DO
ranged from 8.6-10.2 mg/L with saturation at 92-95%. Watchbed Creek-East pH remained
around 6.0 across all seasons, with DO at 8.6-10.3 mg/L and saturation at approximately 9597%. Watchbed Creek-West pH also remained at approximately 6.0, with the highest
recorded DO at 8.55-10.33 mg/L and saturation at approximately 93-97% over the four
seasons. The higher DO concentrations at the three sites during winter months can be entirely
attributed to the lower temperatures (higher O2 solubility).
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Table 1 Seasonal average physico-chemical parameters for the three sites across the sampling period

Nelse Creek

Spring

Summer

Autumn

Winter

pH

5.9 (± 0.02) (at
10.9ºC)

5.9 (± 0.07) (at
10.7ºC)

6 (± 0.05) (at
5ºC)

5.7 (± 0.01) (at
13.6ºC)

Dissolved Oxygen
(DO) mg/L

8.6 (± 0.01)

8.8 (± 0.02)

10.2 (± 0.12)

10.2 (± 0.03)

% Oxygen Saturation

95.9 (± 0.7)

95.7 (± 0.7)

95.5 (± 0.2)

92.2 (± 0.08)

Watchbed CreekEast

Spring

Summer

Autumn

Winter

pH

6.3 (± 0.02) (at
11.5ºC)

6.4 (± 0.02) (at
11.3ºC)

6.2 (± 0.1) (at
5.5ºC)

6.2 (± 0.01) (at
13.2ºC)

Dissolved Oxygen
(DO) mg/L

8.6 (± 0.02)

8.7 (± 0.08)

10.1 (± 0.14)

10.3 (± 0.06)

% Oxygen Saturation

96.1 (± 0.2)

97.4 (± 0.1)

97.6 (± 0.2)

95.2 (± 0.1)

Watchbed CreekWest

Spring

Summer

Autumn

Winter

pH

6.2 (± 0.06) (at
11.5ºC)

6.2 (± 0.03) (at
12.25ºC)

6.1 ± 0.2 (at
5.36ºC)

6 (± 0.01) (at 14ºC)

Dissolved Oxygen
(DO) mg/L

8.5 (± 0.02)

8.6 (± 0.06)

10.2 (± 0.14)

10.3 (± 0.02)

% Oxygen Saturation

95 (± 0.3)

97.1 (± 0.3)

97.6 (± 0.2)

93.6 (± 0.1)

Seasonal Mass Loss of Eucalyptus pauciflora leaves
All seasonal leaf mass data show an initial 10-20% decrease in the first 28 d and a continued
decrease over the entire 70 day period (Figure 3). The average mass loss for leaves during
spring was approximately 25% of the original weight. An exponential decay (first order)
provided the best estimate for the mass loss data with similar decay (R2 = 0.937-0.990) and
decomposition coefficients (k = 0.027-0.028 d-1) between sites. Over the summer period the
average mass lost from the leaves was approximately 36% of the original weight. Samples
from the three sites recorded similar decay (R2 = 0.937-0.947) and decomposition coefficients
(k =0.044-0.050 d-1). Over the autumn period the average mass lost from the leaves was
17.6% with some site variation for decay (R2 = 0.745-0.928) and decomposition coefficients
(k = 0.002-0.003 d-1). Over the winter sampling period the average mass lost from the leaves
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was 13%, with sites having similar decay (R2 = 0.920 – 0.963) and decomposition
coefficients (k = 0.002 d-1).
One-way ANOVA for the mass loss data, revealed sampling time to be significant at the (p
<0.001, α = 0.05 level), along with season (p < 0.001). Sample sites showed no significant
differences for mass loss (p = 0.816). A two-way ANOVA was conducted to examine the
effect of season and sample time on mass loss. There was a significant interaction between
the effects of season and submergence time on mass loss (p <0.001). Results of a posteriori
tests showed all seasons to be significantly different (p >0.001), and all sampling times to be
significantly different from each other (p <0.001).
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Figure 3 Average seasonal leaf mass loss for the three sites (±1SE) (a) spring (b) summer (c) autumn
(d) winter (Nelse Creek = black, Watchbed Creek-East = red, Watchbed Creek-West = green).
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Seasonal Fungal Biomass
Ergosterol concentration was below 0.5 mg/g dry mass in the terrestrially-aged (T0) leaf
samples. During aquatic decomposition fungal biomass concentrations showed both seasonal
and time related variations (temporal changes in fungal biomass for each season shown in
Figure 4; seasonally averaged fungal biomass shown in Figure 5).
Spring ergosterol concentrations ranged from 0.9 to 14.3 mg g-1 leaf dry mass, with an
average concentration of 7.6 ± 0.5. Peak fungal biomass occurred after 56-60 d of leaf
submergence. During this period stream temperatures ranged from 3.5 to 12.5˚C, with the
predominant temperature range coinciding with the main colonisation and growing phase
(following the leaching period) being 5-12˚C. In this case it would appear that temperature
increases over time, however fungal biomass does not appear to increase substantially with
temperature. Summer ergosterol concentrations ranged from 1.5 to 42.2 mg g-1, with an
average concentration of 14.2 ± 1.9. Peak fungal biomass occurred after 56 d of leaf
submergence, and decreased steeply after 70 d. Summer ergosterol concentrations exhibit a
general trend with colonisation, subsequent growth to a peak, followed by a decline as the
resource becomes depleted. Temperature throughout this period ranged from 6.1 to 15.8˚C,
with the majority of the sampling period being between 10 and 15˚C. Autumn ergosterol
concentrations show an unexpected pattern ranging from 2.6 to 73.4 mg g-1, with an average
concentration of 23.3 ± 2.7. Peak fungal biomass occurred after 28 d of submergence, and
decreased again after 56 d. Temperature throughout this period ranged from 4.3 to 8.8˚C,
showing a gradual decline over time, potentially favouring early opportunistic fungal growth
in the first 28 d followed by a decline as the temperature decreases. Winter ergosterol
concentrations ranged from 0.9 to 4.7 mg g-1, with an average concentration of 2.6 ± 0.1.
Temperature throughout this period remained below 5˚C ranging from 0.3 to 4.6˚C, with
snowfall and cover occurring during this time.
One-way ANOVA revealed significant differences for season (p <0.001), and sampling time
(p=0.004). A two-way ANOVA was conducted to examine the effect of season and
submergence time on fungal biomass concentration. There was a significant interaction
between the effects of season and sampling time (p <0.001). Results of a posteriori tests
revealed all seasons to be significantly different (p <0.001), and all sampling times to be
significantly different from each other (p <0.001).
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Figure 4 Average seasonal fungal biomass (±1SE) (a) spring (b) summer (c) autumn (d) winter, with
average daily stream temperature at: Nelse Creek (black bars), Watchbed Creek-East (red bars),
Watchbed Creek-West (green).
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When averaged between seasons (figure 5), fungal biomass shows variation between the
seasons, with spring and winter having the both the lowest averages and associated
variability. The variability in autumn is also highlighted, with a large data spread driven by
the early biomass peak.

Figure 5 Seasonal fungal biomass boxplots, showing seasonal differences in averages and data
ranges.

Long-term Mass Loss of Eucalyptus pauciflora
The long-term samples showed a decrease in mass over 200 d of submersion (Figure 6). All
leaves showed an initial 10-20% decrease in the first 28 d and a continued decrease over the
entire 200 d period that could be described by (first order) exponential decay. Leaves at Nelse
Creek showed a decrease of approximately 50% over the sampling period with a
decomposition coefficient of 0.024 d-1 (R2 = 0.94). Leaves at Watchbed Creek-East showed
an overall decrease of 80%, with a decomposition coefficient of 0.041 (R2 = 0.94). Leaves at
Watchbed Creek-West showed an overall decrease of 75%, with a decay coefficient of 0.036
(R2 = 0.95). Sampling of long-term leaf packs continued on after completion of the four
seasonal studies. Most leaves had been completely decomposed (100% mass loss); however,
leaf samples from Nelse Ck and Watchbed Creek-West still retained material, even after 455
d in the stream, well into the following summer (January 2012).
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Figure 6 Average Long-term Mass Loss of E. pauciflora, with average fortnightly stream
temperatures (Nelse Creek = black, Watchbed Creek-East = red, Watchbed Creek-West = green)
(±1SE). Arrow indicates 200 d sample.

Leaf C/N Analysis
Table 4 provides a summary of the carbon (%C) and nitrogen (%N) contents and C:N ratios
from the replicate leaves collected during the seasonal aquatic decomposition studies.
Table 2 Carbon and nitrogen contents, and C:N ratios for E. pauciflora leaves collected from seasonal
decomposition studies (± 1SE).
Seasonal Decomposition C:N Analysis
%C
%N
Sample
Green E. pauciflora (Fresh)
52.4 ± 0.2
1.43 ± 0.04
Brown E. pauciflora (T0)
54.9 ± 0.4
1.31 ± 0.1
Spring 28 d E. pauciflora
56.9 ± 0.3
1.34 ± 0.1
Spring 56 d E. pauciflora
56.1 ± 0.3
1.49 ± 0.03
Spring 70 d E. pauciflora
56.5 ± 0.1
1.27 ± 0.2
Summer 28 d E. pauciflora
57.5 ± 1.5
1.57 ± 0.1
Summer 56 d E. pauciflora
56.7 ± 0.9
1.87 ± 0.05
Summer 70 d E. pauciflora
56 ± 0.8
1.87 ± 0.2
Autumn 28 d E. pauciflora
55.9 ± 0.4
1.42 ± 0.1
Autumn 56 d E. pauciflora
55.9 ± 0.03
1.62 ± 0.1
Autumn 70 d E. pauciflora
55.3 ± 0.3
1.42 ± 0.2
Winter 28 d E. pauciflora
55.8 ± 0
1.44 ± 0.02
Winter 56 d E. pauciflora
55.7 ± 0.2
1.39 ± 0.1

C:N
36.7 ± 0.9
42.1 ± 2.1
43.2 ± 3.3
37.6 ± 0.5
46.2 ± 5.5
36.9 ± 2.1
30.39 ± 1.1
30.4 ± 2.5
39.7 ± 2.1
34.6 ± 1.4
39.8 ± 3.6
38.9 ± 0.4
40.1 ± 1.6
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Temperature (ºC)

Dry mass remaining (%)

100

Winter 70 d E. pauciflora

55.4 ± 0.1

1.43 ± 0.1

39.2 ± 2.5

There was an increase in average %C from the fresh sample (52.4 ± 0.2) to the terrestriallyaged sample (54.9 ± 0.38). Values increased from brown to 26 d where they peaked and then
decreased after 56 and 70 d.

Figure 7 Leaf %C boxplots, showing seasonal averages and data ranges (averaged across sampling
times)

There was a decrease in %N from fresh (1.4 ± 0.04) to brown (1.3 ± 0.08), followed by all
samples increasing after 28 and 56 d, and decreasing after 70 d (Figure 8). With %N values
only differing by 0.1-0.2%, sample time (p = 0.19) was not significantly different. Seasonal
variation was significant (p = 0.01), with %N peaking in summer and lowest in spring. Leaf
samples from the spring sampling period ranged from 1.3 to 1.5 for %N, with a mean value
of 1.4 ± 0.1. Leaf samples from the summer period ranged from 1.6 to 1.9, with a mean %N
value of 1.8 ± 0.1. Leaf samples from the autumn period ranged from 1.4 to 1.6, with a mean
%N value of 1.5 ± 0.1. Leaf samples from the winter period ranged from 1.3 to 1.4, with a
mean %N value of 1.4 ± 0.1 (Figure 8).
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Figure 8 Leaf %N boxplots, showing seasonal averages and data ranges (averaged across sampling
times).

The C/N ratio appears to be a reflection of changes to N content. Samples show an increase in
C/N ratio from fresh (37:1) to brown (42:1). All samples show a decline in C/N ratio after 28
and 56 d, however with large overlap in terms of data range, sampling time was not
significantly different (p = 0.162) (Figure 9). Seasonal variation was significant (p = 0.034),
with C/N ratio values peaking in spring and lowest in summer. Leaf samples from the spring
sampling period ranged from 37.7:1 to 46.3:1 for C/N ratio, with a mean value of 42.4 ± 2.5.
Leaf samples from the summer period ranged from 30.4:1 to 36.9:1, with a mean C/N ratio
value of 32.6 ± 2.2. Leaf samples from the autumn period ranged from 34.6:1 to 39.9:1, with
a mean C/N ratio value of 38.1 ± 1.7. Leaf samples from the winter period ranged from
38.9:1 to 40:1, with a mean C/N ratio value of 39.4 ± 0.4 (Figure 9).
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Figure 9 Leaf C/N ratio boxplots, showing seasonal averages and data ranges (averaged across
sampling times).

Discussion
Seasonal decomposition of Eucalyptus pauciflora leaves
The breakdown of particulate organic matter in streams is an important ecological process
(Alvarez and Guerrero 2000; Sinsabaugh et al. 1994), resulting in the release of carbon into
the food web (Bilby and Likens 1980). In this study all E. pauciflora leaf samples showed a
decrease in mass over the sampling period with both time and season being significant
factors. For E. pauciflora, the initial 10-20% reduction can be attributed to the leaching of
water soluble substances, occurring during the first 14-28 d after leaf submersion (Suter et al.
2011; Woods and Raison 1983). For several Eucalyptus species this initial weight reduction
of 6-30% occurs within the first 24-48 h (Boulton 1991), with the leached material believed
to attract aquatic microbes, namely fungi and bacteria, which then colonize the leaf substrate
(Suberkropp 1998b). As colonization proceeds and decomposition commences, the mass of
leaves continues to decrease, with early decomposition being attributed to fungal
decomposition (Gessner and Chauvet 1994). Leaves submerged during spring and summer
lost the greatest amount of their leaf mass (25-36%) and were classified as having a “fast”
rate of decomposition based on their decay coefficients (k >0.01 d-1) (Petersen and Cummins
1974). Leaves submerged in winter lost the least (13%), followed by autumn (18%), with
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both being classified as “slow” for their rates of decomposition (k <0.005 d-1) (Petersen and
Cummins 1974). As fine mesh bags were used in this study, to exclude macroinvertebrate
shredder activity, the decomposition rate provides an underestimate of naturally entrained
leaf decomposition, focusing primarily on the microbial component (Robinson et al. 1998).
The absence of shredder activity could have decreased the processing rate by as much as 2030% (Oberndorfer et al. 1984; Petersen and Cummins 1974). Seasonal differences in leaf
decomposition have been found in streams across the globe (Webster and Benfield 1986), and
in alpine glacial streams (Robinson et al. 1998), with variation attributed mainly to the
seasonal availability of litter (particularly with seasonal litter fall) and the effect of in-stream
temperature on microbial decomposers. As the amount of leaf litter present in these streams is
generally low, given the absence of overhanging riparian vegetation, stream temperature is
the most likely factor influencing fungal activity and therefore the rate and amount of leaf
decomposition. Overall the percentage loss and decomposition rates observed in this study,
show both seasonal and temporal variation. This is likely attributable to seasonal changes in
stream water temperature, with increased temperatures resulting in an increase in fungal
biomass and activity (Graça et al. 2001b).
In general, eucalypt leaves have slow rates of decomposition in both terrestrial and aquatic
environments, especially when compared to deciduous Northern Hemisphere species like
Alnus (alder) (Canhoto and Graça 1996; Graça et al. 2001b; Suter et al. 2011; Woods and
Raison 1983). Eucalypt leaves commonly have high concentrations of tannins and essential
oils, as well as thick waxy cuticles which delay decomposition (Bärlocher et al. 1995;
Canhoto and Graça 1999). The cuticle, in combination with hardened leaf surfaces, is
believed to reduce penetration by fungal hyphae (Canhoto and Graça 1995), with the
presence of polyphenols acting as a natural leaf defence to herbivores, pathogens, microbes
and invertebrates (Bärlocher and Graça 2007). E. pauciflora is no exception, and has
characteristically tough leaves with a large waxy cuticle. In previous studies, both from
stream and terrestrial decomposition, E. pauciflora leaves had a slower breakdown rate than
other Eucalyptus and deciduous Northern Hemisphere species (Woods and Raison 1983).
However, in the spring-summer period the decomposition rate was calculated as “fast”,
indicating that fungal activity was not being greatly impeded by leaf defences, following the
initial leaching period.
E. pauciflora also has a long retention time in the streams, with leaves in this study still
retaining identifiable biomass after 200 d, with some individual leaves remaining for 455 d.
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However, naturally occurring leaf litter may show a shorter residence time due to
macroinvertebrate activity, as mentioned previously. In alpine streams of the Val Roseg
glacier, alder and larch leaf material also showed long retention times, with sampling taking
place over a 200-230 d period (Robinson et al. 1998). As a potential food resource, this
longevity may be important for overwintering invertebrate communities in downstream
reaches, particularly following stream flushing events during spring snow melt, when natural
litter accumulations are low. In combination with structural and chemical defences, leaf age
and size also determines the rate of decomposition once a leaf becomes submerged in a
stream (Bärlocher 2007a; Bärlocher and Corkum 2003). Although exact leaf age could not be
determined prior to submergence, leaves in this study were selected based on size and
structural integrity in order to reduce variation due to individual leaf characteristics.
Leaf composition will determine the speed at which colonization, and therefore
decomposition can occur (Suberkropp and Chauvet 1995). As decomposition proceeds the
chemical and physical nature of the substrate changes, allowing the colonization of different
fungal species (Nikolcheva and Bärlocher 2005), whilst also encouraging feeding by
shredding macroinvertebrates (Schoenlein-Crusius et al. 1999). Litter decomposability is
therefore controlled by both the composition of the leaf (Gessner and Chauvet 1994), as well
as the stream physical and chemical environment (temperature, N availability etc) (Chauvet
1987). Conditioning rate is also largely temperature dependent and affected by water
chemistry, with N availability often sustaining high decomposition rates (Anderson and
Sedell 1979; Chauvet 1987).
The C:N ratios obtained for E. pauciflora were generally low ranging from 30:1 to 46:1, with
the most obvious increase occurring between the fresh and brown leaf material. The higher
the C:N ratio the slower the decomposition rate (Pérez-Harguindeguy et al. 2000), and the
higher the initial nitrogen concentration, the faster the breakdown rate (Webster and Benfield
1986). Chauvet (1987) found high N concentrations of 2.2% for common alder leaves, and
with a corresponding C:N ratio of 19.3. This C:N ratio was considerably lower than those
found for poplar 41.9 and willow 25.4, however, the rates of decomposition were shown to be
not significantly different, with each classified as “slow” according to their decomposition
rate constants (k). Fox and Macauley (1977) recorded nitrogen contents of 0.49 to 1.85% (dry
weight) over a range of Eucalyptus species, with E. pauciflora recording 1.17 ± 0.10, which
is consistent with this study (1.31-1.88 % N). In general, eucalypts have a low nitrogen
content (<3% N dry weight) (Soo Hoo and Fraenkel 1966), in contrast to several deciduous
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species with high N contents, ranging from 3-5% N dry weight (Fox and Macauley 1977). As
the leaf is decomposed an initial increase in N is often attributed to N immobilization
associated with colonization by microbes, which in turn decreases the C:N ratio increasing
the quality of litter as a food resource for macroinvertebrates (Chauvet 1987; Flindt and
Lillebø 2007). In this case, the small changes in N% are not likely reflecting fungal
colonization, as they do not follow the same pattern as detected in the estimates of fungal
biomass.
Seasonal patterns of fungal colonization and biomass
Overall, fungi in alpine streams behave in a similar way to fungi from lowland streams, just
exhibiting lower overall biomass and slower colonization, with less incoming leaf resources
and greater in-stream temperature variation. The fungal biomass results were significantly
influenced by both season and submersion time. Fungal biomass was detected after 4 weeks
submergence, with an initial lag phase coinciding with the leaching period of the leaves.
Biomass continued to increase over time until it reaches a peak, which differs between
seasons in both amount and timing. After the peak, there was a reduction in fungal biomass as
the leaf resource became depleted. This pattern is most evident in the summer (peak of 44
mg g-1 after 56 d) and autumn samples (peak of 47 mg g-1 after 28 d). Greatest biomass would
be expected in the summer sampling period, as temperature conditions and resource
availability would be considered optimal. However, the peak occurs in late-summer and
early-autumn, a pattern also evident in stream nutrient concentrations, in particular DOC. It is
possible that temperature and stream DOC concentrations combined are influencing fungal
activity and resulting biomass within the samples, particularly in the summer and autumn
samples. The autumn pattern could indicate rapid colonization, as a result of favourable
stream temperature and nutrient conditions, followed by a decrease as stream temperatures
decrease. The spring and winter samples show a slight increase in biomass after the 4 weeks
remaining fairly consistent throughout, with a maximum concentration occurring after 70 d
(spring 11 mg g-1, winter 3 mg g-1). This could indicate a slowing of fungal growth within the
leaf or some form of dormancy, likely as a result of low stream temperatures and stream
nutrients. The general pattern of fungal accumulation in alpine streams is the same as
recorded elsewhere during the summer and autumn period, with a lag phase (when leaching
occurs), accumulation of fungal biomass to a peak, followed by a tailing off as the resource
becomes depleted (Nikolcheva et al. 2005) or temperature decreases. In these typically
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nutrient limited systems however, stream nutrients may also be a significant factor,
influencing fungal activity and peak productivity.
Studies into alpine streams have revealed an active fungal community (Suter et al. 2011),
comparable to lowland streams (Gessner and Robinson 2003b). However, fungal colonization
of submerged E. pauciflora leaves in alpine streams is slower, with a delay of 2 weeks before
fungal biomass becomes evident within samples (Suter et al. 2011). This has also been
observed for other Eucalyptus species, with leaf decomposition being slower than Northern
Hemisphere deciduous species, with an initial two week delay before fungal colonization is
evident (Bärlocher et al. 1995). Following this initial leaching, the fungal decomposers
attempt to colonize the new resource (Thomas 1992). The colonization of leaf litter is
controlled by multiple factors including stream characteristics, and most importantly leaf
characteristics (Casas and Descals 1997; Schoenlein-Crusius and Grandi 2003). Factors
possibly inhibiting fungal colonization may include: nutrient levels within the substrate;
stream nutrient concentrations; lignin and tannin content of the substrate; pH; dissolved
oxygen; turbulence, and attachment success (Abdel-Raheem 1997; Abdel-Raheem 2004;
Casas and Descals 1997; Gulis and Suberkropp 2004; Nikolcheva et al. 2005; Pascoal et al.
2005). As pH and dissolved oxygen were both favourable at these sites, it would seem more
likely that substrate characteristics are exerting an influence on colonization. Aquatic
hyphomycetes have the ability to access leaf tissue through stomatal openings, thereby
overcoming leaf barriers to fungal colonization, especially in leaves from eucalypt species
which possess multiple physical and chemical inhibitors (Canhoto and Graça 1999). Studies
of fungal biomass within eucalypt leaves have reported values ranging from 6 to 104 mg g-1
across a range of aquatic environments (Gonçalves et al. 2007; Pozo et al. 1997; Suter et al.
2011). The maximum summer biomass value for E. pauciflora (44 mg g-1) is comparable to
values obtained by Suter et al. (2011) (39 mg g-1). Biomass estimates from the warmer
seasons (summer and autumn), show greater concentrations than the colder seasons (spring
and winter), indicating that warmer stream temperatures are more conducive to fungal
growth.

Low stream temperatures slow fungal colonization (Thomas 1992) with higher temperatures
generally accelerating decomposition and increasing the diversity of the fungal community
(Bärlocher et al. 2008). An optimal temperature range for the fungal colonization of
experimental leaves has been reported as 15-27ºC (Abdel-Raheem 1997). However, should
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temperatures exceed the optimum growth range, decomposition and fungal activity may cease
entirely (Chauvet and Suberkropp 1998). Robinson et al. (1998) concluded that as
temperatures near 0°C a reduction of 20-60% in microbial activity can occur, with
Suberkropp (1984) finding an absence of growth in some species below 5 ºC. Our stream
temperatures range from a minimum of 0.1ºC to a maximum of 27ºC, dropping below the
optimal temperature range for many fungal species during the cooler months. This likely
explains the reduced decomposition and biomass results recorded in the cooler seasons,
especially in winter, where fungi have colonized leaf material without appearing to expend
resources on growth and decomposition activities.

Thomas et al. (1989), found seasonal differences in the frequency and occurrence of
particular fungal species, with preferences for warm and cool seasons, which they attributed
to decreased temperatures inhibiting some species. Changes in the fungal community over
time have also been related to the amount of available substrate (Casas and Descals 1997),
with the process of decomposition reducing this overall amount and making the resource less
suitable for growth and reproduction (Gessner and Robinson 2003a; Gessner and Robinson
2003b). As time progresses intermingling of mycelia and increased numbers of fungi cause
resource depletion (Nikolcheva et al. 2005). In this study, the main factors influencing the
decomposition of available leaf substrate were season and submersion time with both
showing significant differences in fungal biomass and the breakdown of E. pauciflora.
Seasonal Decomposition in Australian Alpine Streams
Northern Hemisphere streams often flow through deciduous forests and experience seasonal
inputs of leaf litter, with maximum inputs occurring in autumn, when water temperatures are
lower and flow is greater (Thomas et al. 1992). Alpine and subalpine streams do not receive
the same inputs of organic matter as lowland forested streams (Robinson and Gessner 2000).
E. pauciflora differs from other Eucalyptus species in that it is an overwintering evergreen,
with leaves retained for more than one year, a strategy that allows these types of trees to deal
with short growing seasons and obtain maximum carbon acquisition (Öquist and Huner
2003). Lowland streams are typically heterotrophic with the decomposition of organic matter
contributing to in-stream carbon and energy cycling. In comparison, alpine streams are
typically autotrophic with photosynthesis from benthic algae thought to have a major role in
driving stream metabolism (Bunn 1986). The absence of riparian vegetation also has an effect
on the temperature variation experienced by alpine streams. Stream temperature is often
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similar to that of the ambient air temperature, with exposure to solar radiation increasing heat
exchange and generally resulting in temperature variation ranging from 10-20 ºC with large
diurnal and seasonal variation (Constantz 1998). This variability has a profound effect on the
biotic community present in these areas with populations needing to be highly responsive to
these changes (Brown et al. 2003).
Decomposition by aquatic hyphomycetes is important in the cycling of nutrients within the
stream and the food web (Belliveau and Bärlocher 2005) with the action of these fungi
conditioning the leaf resource for detritus-feeding macroinvertebrates (Harrington 1997). As
previously mentioned, fungal decomposition is influenced by a variety of factors, including
substrate quality, chemical and structural inhibitors, substrate availability, physico-chemical
and environmental conditions of the stream (Casas and Descals 1997).

In this study, the decomposition of E. pauciflora was most significantly influenced by
temperature variation brought about by seasonal climatic conditions, with stream
temperatures ranging from 0.12˚C in winter to 26.9˚C in summer. This variation is enough to
have major impacts on fungal growth and community structure, as stream temperature drops
towards the lower tolerance limit of many species. The presence of an active fungal
community, able to withstand seasonal changes has implications for carbon flow within
alpine streams. Despite categorisation as autochthonous systems, alpine streams still support
heterotrophic processing, with an active fungal community decomposing organic material
and

contributing

to

the

greater

food

web.
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Chapter 4 ‘Chemical changes associated with the fungal decomposition of

Eucalytpus pauciflora leaves using infrared microspectroscopy’

Introduction
The decomposition of leaf detritus in freshwater streams is an important microbially mediated
process that allows the flow of carbon into the food web (Webster and Benfield 1986). Fungi
and bacteria are both important contributors to the breakdown of organic matter in streams,
however, fungal activity exceeds that of bacterial in early stages of decomposition (Gessner
and Chauvet 1994), with aquatic hyphomycetes being the dominant fungal group
decomposing leaves (Nikolcheva and Bärlocher 2005). Eucalyptus leaf litter is often referred
to as a low quality food resource for microbes and macroinvertebrates (Pozo et al. 1998),
with high poly-phenolic and tannin content, combined with a thick waxy cuticle (Canhoto
and Graça 1996). Despite these defences to microbial and herbivore attack, Eucalyptus leaves
have repeatedly been found to accumulate fungal biomass when submerged in freshwater
streams, albeit at a slower rate than many Northern Hemisphere deciduous species (Bärlocher
et al. 1995; Bärlocher et al. 2012; Canhoto and Graça 1996; Suter et al. 2011).
Broad chemical analyses on leaf material have shown that fungal conditioning increases the
palatability and quality of allochthonous detritus to invertebrates, removing physical and
chemical inhibitors to digestion (Canhoto and Graça 1999), and increasing the nutritional
quality of the resource. In some cases invertebrates actively select the fungal-colonized
leaves (Graça et al. 1993) with fungal tissue providing nutrients not available from leaf
material alone (Robinson and Gessner 2003). Recent advancements in microscopy have
increased the current understanding of fungal decomposition. In particular, the use of
synchrotron light source Fourier transform infrared spectroscopy (S-FTIR) has allowed the
mapping of chemical changes within a leaf during the decomposition process, revealing the
interaction between fungal and leaf tissue (Kerr et al. 2013). Infrared (IR) microspectrocscopy allows the visualisation and assessment of chemical changes within a leaf, at a
bio-molecular level (Szeghalmi et al. 2007), by measuring wavelengths of radiation in the
infrared region absorbed by the sample, with characteristic absorption bands produced by
particular chemical components (Jarvis and McCann 2000). Using this method it is possible
to discriminate between tissue types and investigate the fungal-induced changes occurring
within a leaf, particularly in the boundary area between leaf and fungal tissue (Kerr et al.
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2013). S-FTIR can detect biochemical changes within sample tissues (Jilkine et al. 2008),
something that could not previously be inferred from traditional microscopy and histological
staining (Heraud et al. 2007). S-FTIR also has the advantage of producing high resolution
chemical maps of a sample (Dumas et al. 2004), from which information about its chemical
composition can be resolved (Miller and Smith 2005).
This chapter describes the spatial arrangement of tissue types in fresh Eucalyptus pauciflora
leaves in order to understand the nature of the available resource at leaf fall. Based on this
information, the interaction between fungal material and leaf tissue has been characterised in
both terrestrially-aged and aquatically decomposed Eucalyptus pauciflora leaf samples, in
particular around the vascular tissue. These studies have been complimented by traditional
histological staining techniques to discriminate plant and fungal tissues. The infrared
microspectrocopy has been carried out at two different spatial scales: (i) lower resolution
(benchtop) focal planar array (FPA)-FTIR microspectroscopy (20 micrometre resolution),
and (ii) synchrotron-FTIR (2 micrometre resolution) microspectroscopy.

Methods
Leaf Selection
Fresh leaves were collected from a mature tree on the Bogong High Plains, close to the study
sites described in Chapter 3. In order to understand the axial variation in leaf structure, four
axial sections (each ~10 mm in length) were cut between the leaf apex and petiole; these
samples were not replicated as leaf anatomy is likely very similar for live specimens.

The collection and origin of terrestrially-aged leaves is described in Chapter 3. The selection
of aquatically-decomposed leaf samples for IR analysis was based on fungal biomass
(ergosterol) concentrations measured during the seasonal decomposition studies; for this
analysis leaf samples corresponding to the maximum fungal biomass were chosen from each
of the four seasons. The times for these samples were: summer 56 days; autumn 28 days;
winter 28 days; spring 56 days.

Aquatically decomposed Eucalyptus pauciflora leaves collected as part of the seasonal mass
loss study (Chapter 3), along with fresh and terrestrially-aged (brown) leaf samples were not
pre-treated but sectioned, placed in formalin and embedded. From all leaves a 10 mm axial
section was cut and placed in 10% formalin (4% formaldehyde) at 4°C for at least 24 h until
further histological processing was carried out.
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Histological Preparation
E. pauciflora leaf sections were prepared for synchrotron infrared (IR) analysis at Monash
University, using procedures described by Heraud et al. (2007) and Kerr et al. (2013). Leaf
sections preserved in 10% formalin were first dehydrated in alcohol and then embedded in
paraffin blocks prior to sectioning on a rotary microtome. Multiple sections were taken from
each block for staining and synchrotron IR analysis. Samples being used for histological
examination were sectioned at 6 µm and mounted on poly-L-lysine coated optical slides. The
mounted sections were heated at 60°C for 30 minutes and then de-waxed using 3 xylene
baths (1-2 minutes per bath) and air dried. The de-waxed slides were then coated with LVN
solution (0.5% Nitrocellulose (LNN) in 50:50 ether:ethanol) for 2 minutes and allowed to dry
completely. Of these sections, half were stained using Schiff’s reagent (PAS), binding to
glycogen and carbohydrates (Dring 1955), and then counter stained with Haemotoxylin, for
nuclear membrane and nuclear structures (Hotchkiss 1948; McManus 1948). The second set
was stained using lactophenol cotton blue (LPCB; 20% Phenol; 40% Glycerol; 20% Lactic
Acid; 0.05% Methyl Blue, made up in distilled water (Australian Biostain)) to stain chitin
within fungal cell walls, following a modified method of Leck (1999). Two staining
techniques were used as PAS stains the polysaccharides in cell walls of living fungi, with
some indiscriminate staining not allowing for conclusive identification of fungal tissue. The
LPCB stain is fungal specific, adhering to the chitin of fungal cell walls.

For transmission infrared analysis 8 µm leaf sections were mounted on CaF2 slides coated
with poly-L-lysine (0.5 mm × 22 mm; Crystan, UK). Sections were incubated at 40° C for 20
minutes, then 60°C for 15 minutes, de-waxed using 3 baths of xylene (1-2 minutes per bath)
and allowed to dry in a fume cupboard prior to infrared analysis.
Light microscopy
Stained sections of fresh, terrestrial brown, summer, autumn, winter and spring E. pauciflora
leaves were viewed using light microscopy using 20× and 40× objectives. Overview images
as well as images of the vascular bundle were taken using a microscope mounted Ziess
AxioCam HRC camera and AxioVision 4.8.2 software (Carl Zeiss MicroImaginf GmbH,
Jena, Deutchland), for visualisation of fungal tissue invading the leaf tissue, in particular
around the xylem fibres.
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Infrared spectroscopy
Infrared microspectroscopic analysis of leaf sections was carried out at two different scales of
spatial resolution, using: benchtop focal planar array (FPA)-FTIR and synchrotron-FTIR.
Both approaches followed the same basic process, which started with leaves being examined
using bright field illumination. IR spectroscopy software was used to target a small area of
leaf, dividing the target into a defined grid (Figure 1). IR spectra were then obtained for each
section of the grid and complied to give leaf maps, as outlined below.

Figure 1 Image depicting the defined grid over target leaf area used in FPA-FTIR and S-FTIR.

Benchtop Focal Planar Array (FPA)-FTIR
Prepared leaf sections were viewed and imaged under a Hyperion 3000 infrared microscope
(Bruker Optik GmbH, Ettlingen, Germany), using the 15× objective, equipped with a 64 × 64
element focal plane array (FPA) detector and a Vertex 70 FT-IR spectrometer (Bruker Optik
GmbH, Ettlingen, Germany), following the methods of Heraud et al. (2007) and Kerr et al.
(2013).
Infrared maps were acquired in transmission mode, with data collected from the mid-vein
area and adjacent mesophyll, particularly focusing on the xylem and phloem tissues.
Instrument control and spectral processing was carried out using Opus 6.5 software (Bruker
Optik GmbH, Ettlingen, Germany), with infrared images collected in rapid scan mode. Data
were collected in the spectral range 950-3850 cm-1 at a spectral resolution of 4 cm-1 with 32
scans co-added. Apodization was performed using Blackman-Harris 3-term function (Kerr et
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al. 2013). FPA maps consisted of multiple ‘blocks’, each containing 1024 data points (32 ×
32) and corresponding to a leaf area of 0.3 mm × 0.3 mm (0.09 mm2). 2 × 2 binning of pixel
points was used, giving a spatial resolution of 10-20 microns.
Synchrotron-FTIR
Leaf sections were imaged at the Australian Synchrotron using an infrared microscope with a
synchrotron light source to produce high spatial resolution FT-IR images (S-FTIR). A
Hyperion 2000 infrared microscope (Bruker Optics GmbH, Ettlingen, Germany), with a
humidity controlled motorised stage, was used to produce absorption spectra maps from point
by point raster scans of leaf sections. The microscope was coupled to a Vertex 80V IR
spectrometer with photovoltaic liquid nitrogen cooled mercury-cadmium-telluride (MCT)
detector system (Bruker Optik GmbH, Ettlingen, Germany) and connected to the infrared
light source at the Australian Synchrotron (Clayton, Australia).

Bruker Opus 6.5 software was used to control the system, with images mapped at 2µm step
size and the microscope’s knife-edge aperture at 4µm. Background spectra (CaF2 slide) were
collected before every 10-12 pixel points. Apodization was performed using the Happ-Genzel
function (Kerr et al. 2013). Data were collected in the spectral region of 950-3850 cm-1 at a
spectral resolution of 4 cm-1 with 64 scans co-added.
Data processing and image analysis
Spectral IR maps were analysed using Opus 7 software (Bruker Optik GmbH, Ettlingen,
Germany). For all maps a standard set of wavenumber ranges were integrated, based on the
methods of Heraud et al. (2007) and Kerr et al. (2013) developed for E. botryoides and E.
camaldulensis leaves. The ranges and their corresponding IR absorption bands are listed in
Table 1. The IR absorption bands of particular interest in this work (1800 to 900 cm-1 region),
include the biomolecules of lignin, protein/chitin, pectin, and carbohydrate.
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Table 1 Wavenumber range limits for standardised integration method applied to all FPA and
synchrotron IR maps.

Wavenumber range
(cm-1)

Mapped bands

3000-2800
1775-1707
1705-1570
1565-1480
1530-1480
1350-1280
1290-1190
1180-950

CH-stretch
Carbonyl
Amide I / pectin / polyphenolics
Amide II
Lignin 1 (aromatic)
Amide III
Lignin 2 (C-C and C-O bonds)
Carbohydrates

The IR maps shown in this work are derived from the integrated absorbance in each
wavenumber range, at each pixel point. After all sample files were integrated, the absorbance
ranges for each mapped band were set, with minimum absorbance at zero and maximum
absorbance common to each wavenumber range.

Generating line scans
Line scans from spectra of the lignified leaf tissue in the vascular bundle, in particular xylem,
were generated to analyse chemical composition. Between 10 and 12 line scans were
extracted from the S-FTIR data files that spanned the fungal and xylem tissues. Each of these
line scans included four to five pixel points in xylem, and two to three pixel points in fungal
tissue. In this way it was possible to examine the chemical composition at the interface of the
fungal cells attached to plant cells. Line scans were extracted from replicates (3) each of
summer, winter and terrestrial E. pauciflora samples, giving a total of ~30 line scans for each
leaf state. Line scans from all samples were co-added to form a single data file and the
resulting spectra were analysed by multi-variate curve resolution (MCR) techniques using
Unscrambler 10.1 (CAMO Software AS, Oslo, Norway). The approach to fitting followed
that of Kerr et al. (2013), with the selection of two wavelength ranges (1800-1186 cm-1 and
1190-940 cm-1), followed by baseline correction, MCR fitting, removal of outliers, and
subsequent re-fitting. The MCR fitting constraints were non-negative concentrations and nonnegative spectra. The MCR algorithm in Unscrambler 10.1 uses an optimisation algorithm
that minimizes the total residual across all wavelengths (j) and all spectra (i) as shown by
equation 1, where ‘x’ is the experimental absorbance and ‘ x̂ ’ is the calculated absorbance.
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Total residual =

(1)

Goodness of fit is assessed through individual spectral residuals, calculated using equation 2.

Spectral residuali =

(2)

After manual alignment at the fungal-xylem boundary (zero position), replicates were
combined to produce average values with standard error, for each point location and graphed
using SigmaPlot (Systat Software Inc., San Jose, CA, USA) for each spectral component.

Results
Anatomy of E. pauciflora leaf tissue
Features of the mid-vein area of E. pauciflora are shown in Figure 1, with some anatomical
features of interest labelled (after Ball et al. (2004)). Descriptions in the remaining text of this
chapter refer to areas labelled in this figure.
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Figure 2 Mid-vein of Eucalyptus pauciflora, labelling anatomical features. X1 = Primary xylem, X2
= Secondary xylem, VC = Vascular cambium.

The stained leaf sections were used to visualise internal leaf structure, and to detect the
possible presence of fungal tissues within fresh E. pauciflora. Both the PAS and lacto-phenol
cotton blue images are presented, the cotton-blue sections are better for visually determining
the presence of fungal material. PAS stained sections show a leaf anatomy similar to that
previously reported for E. pauciflora (Ball et al. 2004), with no obvious breakage or loss of
structure around the vascular tissue or mesophyll (Figures 3 a-b). The cotton blue stained
sections showed evidence for the presence of fungal material in the fresh leaf sample (Figure
3 c).
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(a)
)

(b)

(c)

Figure 3 PAS (a) & (b), cotton blue (c) section images of fresh Eucalyptus pauciflora, at 20× (a & c)
and 40× (b) objective.

Multiple axial (transverse) sections were taken from fresh E. pauciflora samples and imaged
using benchtop FPA-FTIR to develop a better understanding of leaf morphology and to assist
in choosing a standard location for taking sections in other samples. Four axially-cut samples
were taken along the leaf from apex to petiole; the section locations are illustrated in Figure
4. In the case of section 3 the mesophyll immediately adjacent to the vascular tissue was also
imaged using FPA-FTIR. Subsequently, the region corresponding to Section 3 was chosen for
all IR imaging, as it showed more structural symmetry, and a more distinct major vein than
the other sections.
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Figure 4 Fresh Eucalyptus pauciflora leaf section locations, with FPA-FTIR overview images showing midvein and adjacent mesophyll tissues (numbers
refer to section identification number).
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From section 1 to section 4, a general pattern in leaf chemistry was consistent in the bands of
interest (Figures 5-9). All showed mid-high range absorbance for the amide I/pectin band,
with highest concentrations occurring in the mesophyll and bordering the vascular tissues;
point spectra (not shown) indicate that these high intensity regions are largely due to leaf
protein. Absorbance for the amide III band was considerably lower (consistent with it being a
much weaker band in the IR spectra of proteins), with only a few localised points
concentrated in and around the vascular tissue. While the tissue corresponding to these high
intensity regions may also be protein, it is surprising that amide III is relatively higher
compared to other regions containing amide I. The carbohydrate band showed mid range
absorbance in the mesophyll tissues, with the greatest concentration occurring in and around
the vascular tissue, particularly in the xylem and phloem, as well as the parenchyma (tissue
above and below the vascular bundle). FPA images of the lateral mesophyll (Section 3),
which incorporates several side vein areas, showed mid-high range absorbance of the amide I
/pectin band, with hotspots located throughout, particularly towards the epidermis, little to no
amide III, and mid absorbance of carbohydrate throughout. The high apparent concentration
of protein in the mesophyll is consistent with the dominance of palisade cells containing
photosynthetic chloroplasts.
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Figure 5 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midvein (section 1) overlaid on overview images, showing absorbance for
amide I / pectin, amide III and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band. Left hand image show the
overview without FPA-FTIP spectra
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Figure
6
Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midvein (section 2) overlaid on overview images, showing absorbance for amide I /
pectin, amide III and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band. Left hand image shows the overview
without FPA-FTIR spectra.
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Figure 7 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midvein (section 3) overlaid on overview images, showing absorbance for
amide I / pectin, amide III and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band. Left hand image shows the
overview without FPA-FTIR spectra.
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Figure 8 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midvein (section 4) overlaid on overview images, showing absorbance for
amide I / pectin, amide III and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band. Left hand image shows the
overview without FPA-FTIR spectra.
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Figure 9 FPA-FTIR spectral images of Eucalyptus pauciflora leaf mesophyll (section 3), on overview images, showing absorbance for amide I / pectin,
amide III and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band. Top image show the overview without FPA-FTIR
spectra.
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Histological study of terrestrial and aquatic decomposed E. pauciflora leaves
Decomposed leaf sections were examined by classical histological staining methods to
visualise changes in internal leaf structure and to detect the presence of fungal material. The
leaves examined were terrestrially-aged (brown), leaves submerged in summer and
submerged winter, with leaves examined at the time corresponding to the time of maximum
fungal abundance. Both the PAS and LPCB images are presented, with the LPCB stained
sections better for visually determining the presence of fungal material.
Compared to fresh leaf sections (Figures 3-9), terrestrially-aged brown leaf sections show
signs of significant internal degradation, with the areas weakened by decomposition breaking
apart when sectioned. The main areas displaying decomposition occur between the xylem and
phloem fibres (loss of phloem and vascular cambium), between the phloem fibres and cuticle
(loss of parenchyma), and within the mesophyll (throughout). The cotton-blue stained
sections reveal the presence of fungal material (stained blue) within the leaf tissue, indicating
that terrestrial fungal decomposition has occurred, particularly within the mesophyll and
surrounding the vascular tissue (Figure 10 a-d).

(a)

(b)

(c)

(d)

Figure 10 PAS (a) & (b) and LPCB (c) & (d) leaf section images of terrestrially-aged brown
Eucalyptus pauciflora at 20× (a & c) and 40× objective (b & d).
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As the terrestrial-brown leaves were used as the starting material in the aquatic
decomposition studies, the summer and winter aquatically decomposed leaves are expected to
show at least the same level of decomposition. Consistent with this, the summer leaf sections
show significant internal degradation, with further fracturing in the vascular tissues
(particularly phloem fibres), and loss of some mesophyll material. The LPCB sections show
fungal material between the xylem and phloem fibres and also within the xylem and phloem
fibres (Figure 11 a-d). In the case of the xylem, the fungal tissue appears to be coincident
with the vascular rays. Particularly evident is the absence of fungal material in the mesophyll
when compared to the terrestrially-aged leaf (Figure 10), possibly due to the leaching of this
material during aquatic conditioning.

(a)

(b)

(c)

(d)

Figure 11 PAS (a) & (b) and LPCB (c) & (d) leaf section images of submerged summer Eucalyptus
pauciflora at 20× (a & c) and 40× objective (b & d).

Winter leaf sections retained their internal structure much more than the summer sections,
with less overall breakage and tissue loss. Separation is, however, evident between the xylem
and phloem fibres. Fungal material is also present between these tissues as well as within the
vascular tissue (Figure 12 a-d). As for the summer sample, fungal material appears to be

109

absent from the mesophyll in the winter samples, when compared to the terrestrially-aged leaf
(Figure 10), and as in the case of the summer sample, likely due to the leaching of this
material.

(a)

(b)

(c)

(d)

Figure 12 PAS (a) & (b) and LPCB (c) & (d) leaf section images of submerged winter Eucalyptus
pauciflora, at 20× (a & c) and 40× objective (b & d).

Benchtop FPA-FTIR imaging of decomposed E. pauciflora leaves
Decomposed leaf samples were imaged using the benchtop FPA-FTIR (10 micron resolution)
to provide broad scale information about chemical changes in these samples.
The most distinct changes in leaf composition occur between the fresh and terrestrially- aged
brown leaf sections (Figure 13). When displayed on the same absorbance range, the fresh leaf
sections have lower absorbance values for all bands, displaying only mid-range absorbance
for lignin and carbohydrate within the vascular tissues. There is a higher absorbance for all
bands in the terrestrial brown leaf tissues, with amide I / pectin becoming more concentrated
around the vascular bundles and within the parenchyma tissues. In decomposed leaves high
levels of pectins are unlikely to be present, and the amide I / pectin band maps the
distribution of protein and polyphenolics (tannins). The LPCB stained sections of a
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terrestrially-aged leaf (Figure 10) clearly show the presence of tannin-like material between
the xylem and phloem fibres. The high absorbance of the Amide I /pectin band in the
terrestrially-aged leaf is therefore interpreted as a mixture of protein and polyphenolics.
Amide III shows small hotspots between the vascular tissue and phloem fibres, and lignin 1
has increased absorbance within the vascular tissue, particularly the xylem. Lignin 2 and
carbohydrate show a large increase in absorbance, concentrated within the vascular and
phloem fibres. A distinct difference between the fresh and terrestrially-aged brown leaves is
the absence of phloem fibres in the fresh leaf, likely reflecting the intrinsic differences
between a living fresh leaf and a dead brown leaf. Much of the increase in absorbance of the
mapped bands can be attributed to the dessication (water loss) of the terrestrially-aged brown
leaf compared to the fresh leaf, leading to a relative increase in the concentrations of the
tissue components.
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Figure 13 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midveins (Fr. = Fresh, Br. = Brown), showing absorbance for amide I /
Pectin, amide III, lignin 1, lignin 2 and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band.
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Summer and winter FPA scans (Figure 14) show some variation in internal chemistry, much
like that of the fresh and terrestrial samples. The summer sections show a similar amide I /
pectin pattern as the terrestrial sections, with mid-range absorbance around the vascular tissue
and within the mesophyll and parenchyma tissues. As in the case of the terrestrially-aged leaf,
in this decomposed sample this band most likely maps protein and polyphenolics, with very
little pectin likely to be present. Hotspots of the amide III band are found adjacent to the
phloem fibres, but given the degradation between the xylem and phloem fibres, and the
associated splitting of the sample, there may have been more detected if material had not
been lost. Lignin 1 appears to be distributed amongst all remaining tissues, but particularly
concentrated within the xylem. Lignin 2 shows a similar distribution to the terrestrial brown
leaf section, but with slightly lower concentrations within the xylem and phloem fibres. There
appears to be depletion of carbohydrate from the xylem and phloem fibres in both summer
and winter samples when compared to the terrestrial brown.

The winter sections are

generally similar to that for summer except for being devoid of amide III and having a much
lower absorbance of Lignin 2 and carbohydrates in the phloem fibres compared to summer.
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Figure 14 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midveins (Sr.= Summer, Wr.= Winter), showing absorbance for amide I /
pectin, amide III, lignin 1, lignin 2 and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band.
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Autumn and spring sections show similar patterns to both summer and winter samples
(Figure 15), with low range absorbance around the xylem and phloem fibres for amide I /
pectin (again most likely mapping protein and polyphenolics). As observed previously there
are some higher intensity regions of amide III around the vascular tissues, the origin of which
is unclear. Mid-high absorbance is observed for lignin 1 within the xylem, while lignin 2 is
observed at mid-high absorbance in both the xylem and phloem. As observed for summer and
winter samples, carbohydrates are particularly concentrated within the vascular tissues
(xylem and phloem fibres).
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Figure 15 Broad scale FPA-FTIR spectral images of Eucalyptus pauciflora leaf midveins (Aut.= Autumn, Spr.= Spring), showing absorbance for amide I /
pectin, amide III, lignin 1, lignin 2 and carbohydrate. Legends next to the images indicate absorbance scales for each mapped band.
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S-FTIR imaging of E. pauciflora leaves
The region between the secondary xylem (X2; see Figure 2) and phloem fibres was imaged
using synchrotron-FTIR microspectroscopy (2 micron resolution), as this is where the fungal
material is observed in the histological stained sections. This region also has high absorbance
for the amide I / pectin band consistent with that expected for fungal chitin. Chitin contains
an amide group and will therefore have the characteristic amide absorption bands in infrared.
Representative S-FTIR maps are shown in Figure 16 for: fresh, terrestrial, summer and
winter samples using the same bands as that used for the FPA-FTIR maps (Figures 13-15).
On these scales the fresh samples show little to no absorbance for any of the bands of interest,
again likely due to the greater hydration of this sample. Between fresh and terrestrially-aged
brown leaves there is a large increase in all mapped bands, as was observed for the FPAFTIR maps. Amide I / pectin and amide III show increased absorbance particularly between
the xylem and phloem fibres. Lignin 1, lignin 2 and carbohydrate bands all increase in the
vascular tissues.
The summer samples show similar patterns to the terrestrially-aged brown leaves for amide I
/ pectin, with a high absorbance between the xylem and phloem fibres. In this same region
amide III is very weak, although this is consistent with relative intensity of amide I and amide
III in proteins and chitin. Both lignin 1 and lignin 2 are concentrated within the xylem, as
expected. The winter samples show very little amide I / pectin adjacent to the xylem when
compared to either the terrestrially-aged or summer samples. Carbohydrates appear to be
depleted within the xylem in both the summer and winter samples when compared to the
terrestrially-aged leaves. Further, the summer sample is more depleted in this component than
the winter sample.
Taken together, the results suggest higher abundance of fungal chitin in the summer sample
compared to winter (assuming that the amide I / pectin band is mapping this material), and
higher

depletion

of

the

carbohydrate

in

the

immediately

adjacent

xylem.
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Figure 16 S-FTIR maps of the xylem and immediately adjacent tissue for Eucalyptus pauciflora samples in different phases of decomposition. Fresh (Fr.),
Brown (Br.), Summer (Sr.) and Winter (Wr.). Shown are maps for amide I / pectin, amide III, lignin 1, lignin 2 and carbohydrate. Legends next to the images
indicate absorbance scales for each mapped band.
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FPA-FTIR line scans
Multiple FPA-FTIR line scans of lignin and carbohydrate components were combined and
averaged for the terrestrially-aged brown leaves, summer and winter samples. The line scans
traversed the fungal-xylem boundary, in order to quantitatively assess the chemical changes
occurring between the fungal and xylem tissues across leaves with different treatments.
Lignin density was not uniform throughout the xylem of the summer-, terrestrial- and wintersubmerged leaves. The density of unoxidised lignin is less in the primary xylem (which also
differs structurally, with a greater number of holes in its structure). The carbohydrate
component essentially follows the unoxidised lignin pattern, with the three samples showing
depletion in both lignin and carbohydrate, more so in the summer compared to the winter
samples. Figures 17-18 show the general depletion of the summer, terrestrial and winter
samples (primary and secondary).
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Figure 17 Line scan data of Eucalyptus pauciflora samples displaying oxidised lignin (±1SE) with
position in relation to the fungal-xylem boundary position (pixel position 0); terrestrial (red), summer
(black) and winter (green).

Comparing the carbohydrate to lignin ratios for the samples showed very little change
between the terrestrial, summer and winter samples. There is no evidence that the summer
leaf has greater ‘oxidised lignin’, in fact it has slightly less. It would appear that there is no
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accumulation of oxidised lignin, with no real change in the lignin spectrum or preferential
cellulose depletion (Figure 18).
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Figure 18 Line scan data of Eucalyptus pauciflora samples displaying the carbohydrate to lignin ratio
(±1SE) with position in relation to the fungal-xylemboundary position (pixel position 0); terrestrial
(red), summer (black) and winter (green).

Discussion
The leaves of Eucalyptus pauciflora are characteristically tough, being evergreen, long-lived
and structurally adapted to the climatic conditions experienced in the Australian alpine and
sub-alpine environment (Ball et al. 1997). As a species, Eucalyptus trees possess physical and
chemical defences to herbivory and microbial attack having leaves with thick waxy cuticles,
oil producing glands and high levels of poly-phenolics (tannins) that render the leaf less
palatable (Bärlocher et al. 1995; Canhoto and Graça 1999). Despite these attributes eucalypt
leaf litter is utilized by aquatic fungi (Bärlocher et al. 2012; Canhoto and Graça 1996; Suter
et al. 2011), with fungal enzymes being able to decompose major leaf polysaccharides,
simple sugars, lignin, and other plant polymers within the leaf matrix (Bärlocher and Graça
2002; Wong et al. 1998).
In this chapter two complementary approaches have been used to study the colonisation of E.
pauciflora leaves by fungi, and the decomposition of the leaf resource. Classical histological
staining showed clear changes between green leaves and those that were terrestrially-aged, as
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well as showing the distribution of fungal material in decomposing leaves. Broad scale
Infrared (IR) microspectroscopy provided additional information about the chemical form of
the leaves, along with the location of available resources as the leaf passes through both
terrestrial and aquatic processing. This approach showed obvious differences between
terrestrially-aged and submerged leaves, although it was harder to see differences between
winter and summer, despite earlier biomass estimates and previous studies (Kerr et al. 2013)
indicating that differences should be distinguishable. Finer-scale analysis was used in order
to determine why some of the characteristics of previous work (Kerr et al. 2013) were not as
apparent in my study.
In order to understand the information provided by IR microspectroscopy it is important to
realise that the mapped bands may not be unique for different tissue type. This is particularly
true for the band labelled ‘amide I / pectin’. This band integrates peaks in the range 1570 1705 cm-1, a range that can include amide I (~1650 cm-1), pectin (~1610 cm-1) and an
aromatic group band of poly-phenolics (tannins; ~1600 cm-1) (Heraud et al. 2007; Kerr et al.
2013). Accordingly, in a fresh leaf sample the amide I / pectin map will correspond to the
distribution of leaf protein and pectins. Pectin is however readily degraded as an immediately
available and abundant polymer in non-lignified tissue (Chamier and Dixon 1982), and in the
decomposed leaves (both terrestrial and aquatic) this band more likely maps fungal protein
(or chitin) and poly-phenolics. The IR microspectroscopic technique is unable to distinguish
between fungal protein and fungal chitin as both biomolecules contain an amide linkage, and
will therefore have the amide I band. While it isn’t possible to distinguish between the two
biomolecules, given they both co-exist within the fungal cell structure, localised
concentrations are consistent with the peak to infer the presence of fungal material.
Some uncertainty exists around the material mapped by the amide III band. This band is
typically weak in proteins when compared to amide I or amide II, however, in many of the
samples examined in this work the amide III band was particularly strong. This would
suggest that the high amide III areas are not due to protein, and represent another form of
organic nitrogen, potentially small organic molecules or nitrogen bound to humic materials.
The other bands mapped in this work appear to be more specific to tissue types. Lignin 1 and
lignin 2 closely correspond to the observed distribution of lignified vascular tissue and the
carbohydrate ‘envelope’ is rather specific to this biomolecule type as no other absorption
bands of significance occur in this region (Heraud et al. 2007).
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Histological images and staining of fresh E. pauciflora leaf sections showed evidence of
fungal hyphae within the internal tissues. Spectral absorbance maps of internal chemistry
(FPA and S-FTIR) showed high levels of protein throughout the leaf tissues. With structural
integrity retained and no fungal activity detected, the high protein absorbance is most likely
attributable to pectin, a structural polysaccharide of plant cell walls (Kačurákova et al. 2000),
which is absorbed in the same spectral range as protein (revealed by point spectra – data not
shown).
As the leaf goes from its original fresh to terrestrially-aged state, it undergoes both physical
and chemical changes. Physically, the leaf becomes more brittle and changes in colouration
from green to brown, as water is lost from the xylem and pigments, such as chlorophyll (Esau
1977). Histological sections and staining show extensive aerial leaf decomposition occurs in
the terrestrial stage of decomposition; with a complete loss of mesophyll, phloem, and
parenchyma and replacement by fungal tissue. Absorbance mapping showed that the
available resources within a terrestrially decomposed leaf was almost entirely associated with
the lignified vascular tissues (most of the carbohydrate) and the fungal tissue (protein or
chitin) (Figures 9 & 12).
From the chemical FPA analyses and maps, the terrestrial leaves show an increase in the
absorbance of amide I / pectin, lignin 1, lignin 2 and carbohydrates. This initial change in
absorbance is most likely attributable to the desiccation (and shrinkage) of leaf tissue, causing
an apparent increase in biomolecule concentrations. The high concentration of carbohydrate
within the vascular and fibre sheath tissues also reflects the tissue structure, particularly of
the thick cell walls of the xylem (Heraud et al. 2007). Accumulation of the lignin bands,
particularly within the vascular and fibre sheath tissue, may be indicative of the accumulation
of nitrogen and phosphorus, or perhaps phenolic compounds reacting in a similar manner to
lignin products (Chauvet 1987). Lignin is highly recalcitrant, with a low rate of breakdown,
being important in structural integrity of leaves and protecting structural polysaccharides
from attack by organisms (Hammel 1997). This polymer seemingly accumulates (in a relative
sense) as more bioavailable components (such as sugars, starch, cellulose and non-lignified
leaf tissues) are preferentially decomposed by fungi and bacteria (Hammel 1997; Suberkropp
et al. 1976).
The high absorbance of carbohydrate within the vascular tissues reflects intrinsic tissue
structure, particularly of the xylem (Heraud et al. 2007). With multiple physical and chemical
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defences eucalypts protect their inner tissues from microbial attack. Highly lignified tissues
provide not only rigidity and defined structure within the plant tissues, but also protection of
the vascular tissue (Hammel 1997).
The amide I, II and III regions are typically associated with proteins, however in the case of
fungi may also be makers of fungal chitin (Jilkine et al. 2008). Increased amide I-pectin
absorbance, in combination with the presence of amide III hot spots around the vascular
tissue may be indicative of the presence of fungal tissue. This is supported from the
histological cotton-blue stained sections, where fungal material appears to be present
throughout the majority of leaf tissues. Kerr et al. (2013) also detected an increase in the
amide I-III range, around the lignified vascular tissues, attributing it to the combined effect of
protein and aromatic compounds. It strongly indicates that fungal decomposition of leaf
material is occurring prior to submergence in the stream in these samples.
After submergence, the leaf itself undergoes an abiotic leaching phase where water soluble
polysaccharides and polyphenols are lost from the leaf (Suberkropp et al. 1976). Histological
staining also highlights a reduced area of fungal material from terrestrial to submerged
samples. This is most noticeable from the mesophyll, with only fungal material stained within
the vascular bundle. This may indicate a prior removal of readily accessible material from the
mesophyll by terrestrial fungi, leaving only lignin-bound carbohydrates within the vascular
bundle for aquatic fungi to exploit.
During the summer, fungal biomass and leaf mass loss is increased as favourable conditions
optimize fungal activity (Chapter 3). As seen from the previous measures of ergosterol and
from the increased staining and tissue degradation in the histologically stained samples, the
summer period promotes fungal activity within the leaf tissue. Again, an accumulation of
fungal tissue is evident within the boundary area between the vascular tissue and phloem
fibres, along with the vascular tissue itself.
The S-FTIR line scans show greater depletion of lignin and carbohydrate in summer
compared to winter. These differences in leaf chemistry are also exhibited physically, as seen
previously in the seasonal decomposition results (Chapter 3), with mass loss also being
greater in summer than winter. Kerr et al. (2013) suggested that fungal activity resulted in the
partitioning of carbon into new fungal biomass and and oxidised lignin fraction (depleted in
carbohydrate) was produced as a metabolic by product. In my study no accumulation of
oxidised lignin was detected. The previous study analysed leaves from a wetland
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environment where flows were very limited, or absent, whereas my study was carried out in a
fast flowing stream environment. The presence of flow has led to dissolution and leaching of
any oxidised materials from the decaying leaf. This process leads to the production of a new
pool of dissolved organic carbon within the water channel. In contrast to the summer, the
winter samples have been previously shown (Chapter 3) to have reduced biomass and fungal
activity, with the unfavourable growing conditions contributing to lower leaf mass loss.
Although fungal material is evident from stained sections, it would appear that little
decomposition or conditioning is occurring. FPA and S-FTIR scans follow more closely with
the fresh sections, although with elevated absorbance of amide I-pectin and lignin 1
throughout the section and a slightly higher carbohydrate signal in and around the vascular
tissue. Whether aquatic fungi invade the leaf and then reside in some dormant state, or
proceed with growth at a much decreased rate is not covered in this Chapter, however, it
would appear that their presence is not greatly altering or influencing the internal chemistry
of the leaves.
In previous chapters the activity of aquatic fungi has been inferred from estimates of fungal
biomass, reproductive output and leaf mass loss. By using staining techniques in combination
with synchrotron IR microspectroscopy, the activity of fungal decomposition is revealed, in
association with detecting areas of high fungal activity, breaking down the lignified areas to
expose the nutritionally preferable carbohydrate rich areas.

124

Chapter 5 Seasonal changes to the fungal communities of three alpine
streams

Introduction
Aquatic Hyphomycetes are the major fungal decomposers present in leaf litter and terrestrial
detritus in flowing freshwater streams (Nikolcheva and Bärlocher 2005). These fungi are
classified as an ecological or biological group with a common morphology, physiology and
habitat requirements (Goh and Hyde 1996; Nikolcheva and Bärlocher 2002). The growth,
reproduction and dispersal of this group of fungi all occurs under water with no terrestrial
stage (Ingold 1976), unlike other fungal groups which require exposure to air for at least
some part of their lifecycle (Thomas 1996). Aquatic Hyphomycetes are phylogenetically
heterogeneous (Pascoal et al. 2005), or polyphyletic (Belliveau and Bärlocher 2005), with
their identification commonly based on the morphological features of their asexual spores
(conidia) (Nikolcheva and Bärlocher 2002). Conidia represent the major form of dispersal for
aquatic Hyphomycetes (Gulis and Suberkropp 2004), being passively transported
downstream (Dang et al. 2007). The conidia of aquatic Hyphomycetes are commonly
tetraradiate or sigmoidal in form (Nikolcheva and Bärlocher 2002), a characteristic believed
to be efficient for increased dispersal downstream and successful attachment to substrate
surfaces (Belliveau and Bärlocher 2005).

More than 300 species of aquatic Hyphomycetes are currently recognised with some
exhibiting a cosmopolitan distribution across a range of leaf species, from alpine, temperate
and tropical stream environments in both the Northern and Southern Hemisphere (Shearer et
al. 2007). The ability of fungal communities to change in relation to temperature variation has
enabled the colonisation of streams in a variety of environments; however, some species
show preferences for particular latitudes or altitudes (Bärlocher 2007b). Temperate lowland
streams have been well studied, and provide the basis for most of our understanding of the
stream fungal community. However, in more recent years our knowledge has begun to
incorporate other stream environments, including headwater alpine and mountain streams,
which experience different temperature regimes and lower nutrient inputs to their lowland
counterparts (Gessner and Robinson 2003b; Suter et al. 2011).
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Traditionally, investigating fungal community changes has relied on the identification of
species based on the morphology of conidia (Belliveau and Bärlocher 2005), due to the
inherent nature of fungal mycelium being mixed and intertwined within the leaf matrix,
making the identification of a single individuals difficult (Bärlocher 2010). The identification
of conidia often involves direct sampling of these spores from the water column, or by
inducing sporulation (the release of spores) from leaf samples by submerging and aerating
leaves for 24-48 hours, filtering the liquid, collecting and staining the spores. Spores are then
identified by light microscopy (Bärlocher 1982; Belliveau and Bärlocher 2005). Due to the
similarities in conidial form, identification requires a high level of taxonomic expertise and
the likelihood of misidentification can be high. Published taxonomic keys are also limited
(Seena et al. 2010), hampering identification efforts. Using the sporulation approach alone
can affect abundance estimates by overlooking species in vegetative rather than reproductive
states, or by favouring species with high reproductive output (Seena et al. 2010). Also,
species requirements may not be met during simple aeration in water under laboratory
conditions, so spores may not be produced by some aquatic hyphomycete species (Bärlocher
2010).
With the advancement of DNA technologies, we can now use molecular methods to
investigate fungal community structure. DNA based methods do not depend on the
reproductive output of fungal species and so can be used to identify fungi at any life stage
within a sample or from a pure culture (Bärlocher 2010). Molecular approaches are also
extremely sensitive, making it possible to detect organisms without isolating them from their
environment (Nikolcheva and Bärlocher 2007). A relatively new DNA based approach to
rapidly and thoroughly identifying microbial communities in environmental samples is
through 454-pyrosequencing (Amend et al. 2010). This technique involves directly
sequencing DNA from environmental samples, producing species information by comparing
target DNA sequences in the sample with those present in reference databases (Mardis 2008).
Chapter 3 showed a strong seasonal influence on fungal biomass within leaf samples, with
summer and autumn showing increased growth compared to spring and winter. In this
chapter, the variations in fungal community in response to season and leaf submersion time
were examined. This study investigated the seasonal and temporal variation of the fungal
community (particularly aquatic Hyphomycetes) present in three Australian alpine
groundwater-fed streams, using traditional and DNA based techniques.
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Materials & Methods
Fungal Community Structure
Substrates and experimental design
See Chapter 3 for all details
Sporulation
On the day of collection, four 1 cm diameter discs were removed from individual leaves
within each sample leaf pack, rinsed and placed in flasks containing 100 ml of deionised
water. The flasks were placed on an automatic stirrer and aerated for 24 hours. The water
from each flask was then filtered through 5.0 µm pore-sized filters to collect fungal spores.
The spores were stained using cotton blue for identification using light microscopy (Iqbal and
Webster 1973). Individual filters were examined for fungal conidia at ×200 magnification
with abundance and diversity recorded for each sample, followed by conversion to obtain
number of conidia per unit dry weight of substrate per day (g-1 d-1) (Bärlocher and Schweizer
1983). Available taxonomic keys were used to identify fungal conidia (Dix and Webster
1995; Gulis et al. 2007; Ingold 1975; Ingold 1979; Ingold 1996; Webster 1992).
DNA extraction
Four 1 cm diameter leaf discs (approx. 0.06-0.09 g of leaf material) were also removed from
both fresh and seasonally decomposed leaves for DNA extraction. Four discs from each
replicate pack were frozen at -80°C for 30 minutes then crushed using microfuge pestles, to
increase the amount of cell disruption. Previous trials had indicated that E. pauciflora
samples required this extra step in order to extract useable quantities of fungal DNA. DNA
extraction was then carried out using a Powersoil DNA Isolation Kit (Mo Bio Laboratories,
USA) to manufacturer’s protocols. Genomic DNA was examined using gel electrophoresis
and a NanoDrop 2000 micro-volume UV-Vis spectrophotometer (ThermoScientific). PCR
analysis was performed to determine if DNA could be amplified for subsequent analysis.
As specific primers for aquatic Hyphomycetes have not been designed (due to their
polyphyletic nature) (Bärlocher 2010; Belliveau and Bärlocher 2005), the fungal-specific
primers ITS3 and ITS4, developed by Martin and Rygiewicz (2005) were used for DNA
amplification. Successfully extracted DNA was sent for pyrosequencing at the Research and
Testing Laboratories (Lubbock, TX, USA) where fungal diversity was evaluated using tagged
pyrosequencing. Samples were amplified using ITS1F and ITS4R primers (covering the
ITS1, 5.8S rRNA and ITS2 regions), and the amplicons were sequenced using Roche 454
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Titanium chemistry producing reads from the forward direction of ITS1F (Acosta-Martinez et
al. 2008), using the protocols and methods of the Research and Testing laboratory, Lubbock.
Data Analysis
Fungal Community Structure: Sporulation Approach
Sporulation abundance data were analysed using univariate statistics to determine average
seasonal abundance over the 70 d sampling periods. Species lists were compiled for each
season based on percentage contribution to the total conidia count.
Analysis of sporulation diversity data involved multivariate statistics, using the PRIMER v6
program (Clarke and Gorley 2006). Abundance data were square root transformed and
estimates of sample similarity were performed using the Bray-Curtis coefficient. These data
were then displayed using non-metric multidimensional scaling plots (MDS). One-way
ANOSIM and PERMANOVA were used to determine statistical significance between sites,
sampling occasions and seasons.
Fungal Community Structure: Pyrosequencing Approach
Following 454-pyrosequencing, Research and Testing carried out data analysis, with each
sample’s sequences quality checked, de-noised and chimera checked using UCHIME
software and following the de novo method (Edgar et al. 2011). At this point low quality
sequences, sequences <250 bp and sequences with low quality tags, primers or ends, were
removed from the data base. Successfully de-noised and formatted using FASTA1 formatted
sequences and associated quality and mapping files were used to identify individual fungal
populations. Sequences were then clustered based on 96.5% identity in USEARCH2 and
queried against a database of high quality sequences derived from National Centre for
Biotechnology Information (NCBI) through BLASTN+3. Sequence similarities were then
used to give taxonomic designations. It is important to note that the final designations are still
open to interpretations, with uncertainty still existing around how best to relate % similarity
of ITS fragments to high taxonomic status. Sequence identities >97% (<3% divergence) were
resolved at the species level. Identities ranging between 95% and 97% were resolved at the
genus level, between 90% and 95% at the family level, between 85% and 90% at the order
level, 80% and 85% at the class level and 77% and 80% at the phylum level. Relative
abundance (%) for each organism was individually analysed for each sample, based upon
1

Text based file format for representing nucleotide sequences
A high-throughput sequence analysis tool
3
Basic Local Alignment Search Tool (Nucleotide)
2
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relative contribution to reads within each sample. Data were also presented at different
taxonomic levels, giving percentage compilations representing all sequences resolved to their
primary identification or their closest relatives.

A multivariate statistical approach was used to examine the responses of communities to
environmental conditions. Analysis of pyrosequencing data required further manipulation of
data as received from the Research and Testing Facility. This involved filtering the data in
order to standardise differences in the number of DNA reads in each sample. The data were
filtered in two ways, firstly by excluding reads that contributed < 0.05%, in order to reduce
variation caused by overestimates of rare species, and secondly by excluding reads that
contributed <1%, in order to compare dominant contributing species. The filtering process
was selected based on a trial and error approach in order to determine which filter would
remove rare “one off” species, whilst still retaining sample distinctness. Species lists were
compiled for each season based on these filtering techniques.
The filtered data were then put into PRIMER v6 program, where they were presence/absence
transformed and the similarity between samples estimated using the Bray-Curtis coefficient.
Data were displayed using non-metric multidimensional scaling plots (MDS). One-way
analysis of similarity (ANOSIM) and a permutational analysis of variance (PERMANOVA)
were used to determine statistical significance between sites, sampling occasions and seasons.

Results
Sporulation: reproductive output
Overall abundance of conidia from samples (Table 1), showed seasonal as well as temporal
differences. The greatest production of conidia occurred in the summer samples after 56 d of
immersion in the stream. All seasons, excluding winter, showed a general trend of low
production after 28 d with a maximum abundance after 56 – 70 d. Winter spore abundances
were low across the entire seasonal study, so a distinct minimum or maximum are absent.
The first sampling occasion in spring (28 d) had the lowest abundance of any sampling
occasion in any season, well below even the winter averages.
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Table 1 Combined site average abundance of conidia produced g-1 (leaf) d-1 from seasonal samples.

28 d
56 d
70 d

Spring
0.67 ± 0.33
66.2 ± 32.9
118.7 ± 43.6

Summer
173.8 ± 29.1
283.4 ± 83.3
198.9 ± 49.2

Autumn
14.5 ± 9.8
29 ± 5.2
358 ± 56.9

Winter
17.4 ± 4.1
23.9 ± 3
4.7 ± 7.1

Abundance of conidia produced from the seasonal samples showed variation with both
season and time (Figure 1). Across all seasons, summer had the greatest average abundances,
while the largest single abundance was recorded for autumn after 70 d immersion (474 ± 97.7
g-1 d-1 at Watchbed West). Spring samples only began to record a significant increase in
abundances after 56 d, autumn after 70 d while winter remained consistently low over all
sites throughout the entire sampling period (range 4.7-23.8 g-1 d-1). Although not statistically
significant, Nelse Ck showed the least production of conidia between seasons and across the
three sites, with averages consistently lower than the other sites.
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Figure 1 Average abundance of conidia from seasonal sporulation samples (a) spring (b) summer (c)
autumn (d) winter. Nelse Ck (black), Watchbed East (red), Watchbed West (green).
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Sporulation: community structure
Overall, based on identification of conidia, the dominant species contributing >90% to the
fungal community were: Heliscus lugdunensis, Anguillospora, Articulospora and
Subulispora/Isthmoticladia (Table 2). In some cases these were the only species producing
conidia, but usually in large numbers. H. lugdunensis was repeatedly the dominant species
encountered in samples from all three sites, ranging from 58% to 77% contribution overall.
Table 2 Overall percentage contributions of species across all samples.
Taxon
Alatospora sp.
Alatospora sp.2
Anguillospora sp.
Articulospora sp.
Clavioropsis sp.
Dendrospora sp.
Flabellospora sp.
Heliscus lugdunensis
Isthmoticladia/Triscelophorus
Lemmoniera sp.
Retiarius sp.
Subulispora sp.
Tricladium sp.
Triscelophorus sp.
unknown 1 (triclad)

Overall Contribution (%)
Site 1
Site 2
Site 3
0.8
0.1
0.7
0.3
2.5
0.8
10.5
1.8
5.2
4.9
13.3
9.2
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
77.4
63.1
58.2
0.0
0.1
0.1
0.4
7.3
0.5
0.1
0.1
0.0
0.6
7.0
20.1
0.4
0.4
0.8
0.6
0.3
1.9
3.9
4.0
2.5

The most actively reproducing species from the spring samples were: Articulospora sp. (1936.7%), unknown 1 (tricald) (9.3-44.7%), Heliscus lugdunensis (0-57.3%), Lemmoniera sp.
(0-30.3%), Tricladium sp. (1.4-7.8%), and Alatospora sp.2 (2.5-3.9%), with variation in
dominance between sites (Table 3).
Table 3 Overall percentage contributions of species to spring samples.
Taxon
Alatospora sp.
Alatospora sp.2
Anguillospora sp.
Articulospora sp.
Clavioropsis sp.
Dendrospora sp.
Flabellospora sp.

Spring Contribution (%)
Site 1
Site 2
Site 3
1.0
0.0
0.0
3.9
3.6
2.5
0.0
0.3
0.3
33.0
36.7
19.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
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Heliscus lugdunensis
Isthmoticladia/Triscelophorus
Lemmoniera sp.
Retiarius sp.
Subulispora
Tricladium sp.
Triscelophorus sp.
unknown 1 (triclad)

0.0
1.0
0.0
0.0
0.0
7.8
8.7
44.7

14.1
0.4
30.3
0.0
0.0
1.4
1.0
12.2

57.3
0.5
2.4
0.0
0.0
4.6
4.0
9.3

The most actively reproducing species from the summer samples were: Heliscus lugdunensis
(61.6-74.2%), Anguillospora sp. (3.6-18.9%), and Subulispora sp. (1.2-13.2%) (Table 4).
Table 4 Overall percentage contributions of species to summer samples.
Taxon
Alatospora sp.
Alatospora sp.2
Anguillospora sp.
Articulospora sp.
Clavioropsis sp.
Dendrospora sp.
Flabellospora sp.
Heliscus lugdunensis
Isthmoticladia/Triscelophorus
Lemmoniera sp.
Retiarius sp.
Subulispora sp.
Tricladium sp.
Triscelophorus sp.
unknown 1 (triclad)

Summer Contribution (%)
Site 1
Site 2
Site 3
0.0
0.0
0.9
0.2
3.4
0.7
18.9
3.6
10.0
1.1
10.4
10.6
0.0
0.2
0.2
0.0
0.1
0.1
0.0
0.0
0.0
74.2
68.6
61.6
0.0
0.0
0.0
0.7
1.0
0.1
0.1
0.1
0.0
1.2
9.9
13.2
0.3
0.1
0.1
0.7
0.1
1.5
2.6
2.6
1.1

The most actively reproducing species from the autumn samples were: Heliscus lugdunensis
(52.3-96.6%) and Subulispora sp. (0.2-47.6%) (Table 5).
Table 5 Overall percentage contributions of species to autumn samples.
Taxon
Alatospora sp.
Alatospora sp.2
Anguillospora sp.
Articulospora sp.
Clavioropsis sp.

Autumn Contribution (%)
Site 1
Site 2
Site 3
0.0
0.0
0.0
0.0
0.0
0.0
2.8
0.0
0.0
0.2
0.2
0.1
0.0
0.0
0.0
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Dendrospora sp.
Flabellospora sp.
Heliscus lugdunensis
Isthmoticladia/Triscelophorus
Lemmoniera sp.
Retiarius sp.
Subulispora sp.
Tricladium sp.
Triscelophorus sp.
unknown 1 (triclad)

0.0
0.0
96.6
0.0
0.1
0.0
0.2
0.0
0.0
0.3

0.0
0.0
90.9
0.0
0.0
0.1
8.8
0.0
0.0
0.1

0.0
0.0
52.3
0.0
0.0
0.0
47.6
0.0
0.1
0.0

The most actively reproducing species from the winter samples were: Heliscus lugdunensis
(37.3-84.9%), Articulospora sp. (5-38.6%), unknown 1 (triclad) (2-13.6%) and Alatospora sp.
(1.7-9.4%) (Table 6).
Table 6 Overall percentage contributions of species to winter samples.
Taxon
Alatospora sp.
Alatospora sp.2
Anguillospora sp.
Articulospora sp.
Clavioropsis sp.
Dendrospora sp.
Flabellospora sp.
Heliscus lugdunensis
Isthmoticladia/Triscelophorus
Lemmoniera sp.
Retiarius sp.
Subulispora sp.
Tricladium sp.
Triscelophorus sp.
unknown 1 (triclad)

Winter Contribution (%)
Site 1
Site 2
Site 3
9.4
1.7
6.4
0.3
1.7
0.3
0
0.3
0
38.6
5
14.8
0
0
0
0
0
0
0
0
0
37.3
84.9
57
0
0
0.3
0.3
3.7
1.3
0
0
0
0
0
0
0
0
0.7
0.3
0.7
9.7
13.6
2
9.4

Based on spore identification alone, the average diversity for each of the seasonal samples
was quite low, compared to other studies identifying upwards of 20 species from eucalypt
leaf litter (Bärlocher et al. 1995; Mesquita et al. 2007). Spring and summer recorded the
greatest species diversity, with both ranging from 10 – 13 species, with summer consistently
showing greater average diversity across the sampling period. Winter and autumn appear to
have low diversity by comparison (8-10 species), throughout the sampling period (Figure 2).
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There was typically a dominant species or two that produced high numbers of spores, in
which case the abundance would be high but the diversity low (Figures 1- 2).
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Figure 2 Average species diversity from seasonal sporulation samples (a) spring (b) summer (c)
autumn (d) winter. Nelse Ck (black), Watchbed East (red), Watchbed West (green).
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A two-dimensional visual representation of the seasonal sporulation data is obtained using
MDS ordination, revealing both seasonal and temporal clustering, with some overlap (Figure
3). ANOSIM for the seasonal sporulation data showed that both season and sampling
occasion were significant. All seasons were significantly different to each other (p <0.05),
with the 70 d sample significantly different from 28 d and 56 d (p <0.05) for their
reproducing fungal communities (Table 7-8). Sites were not found to be significantly
different (p >0.05). PERMANOVA for site, season and sampling time found all factors to be
significant independently (p <0.001), with significant interactions between site and season (p
<0.001), season and sampling occasion (p <0.001) and site, season and sampling occasion (p
<0.001). Season was found to have the greatest overall influence on community variation
(29%).
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Figure 3 MDS ordination of seasonal sporulation data, points defined as seasons.
Table 7 ANOSIM Table for sampling occasion comparisons of sporulation data.

Sample
28,56
28,70
56,70

R
statistic
0.002
0.115
0.079

Significance Level
(%)
42
0.4
0.1
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Table 8 ANOSIM Table for seasonal comparisons of sporulation data.

Season
Spring, Summer
Spring, Autumn
Spring, Winter
Summer, Autumn
Summer, Winter
Autumn, Winter

R
statistic
0.399
0.515
0.235
0.182
0.38
0.201

Significance Level
(%)
0.1
0.1
0.1
0.1
0.1
0.1

Fungal Community – Pyrosequencing
Pyrosequencing data revealed greater fungal diversity than the sporulation data, with a wider
range of fungal species detected. Due to the size of the data set, analysis of pyrosequencing
data involved investigating both the dominant species (contributing ≥ 1%) and overall species
(contributing ≥ 0.05%). Given the nature of the data (counting sequence information not
actual individuals), comparisons in overall abundance were not performed.
Over the entire data set, greater information about seasonal differences can be aquired with
an increase in taxonomic division, from phylum to species. As the primers used in this
technique target fungal-specific genes, the overall diversity is logically going to be greater
than the sporulation data, which only detects aquatic Hyphomycetes. To illustrate the ever
increasing level of detail with taxonomic division, the average number of fungal groups
found were averaged for each season and sampling occasion (Tables 9-12).
Table 9 Pooled Spring average diversity for taxonomic divisions.

Sample (day)
T0
28
56
70

Average Number of groups identified at each division
Phylum
Class
Order
Family
Genus
1.3 ± 0.58
5.3 ± 2.3
12.3 ± 5.4
14.3 ± 6.3 18.3 ± 8.2
2.2 ± 0.38 7.7 ± 0.75
13.2 ± 1.5
17.5 ± 2.4 22.8 ± 2.9
2±0
7 ± 0.4
11.7 ± 0.25 16.5 ± 1.2 26.7 ± 1.9
2±0
7.5 ± 0.35
15 ± 0
19.5 ± 0.3
31 ± 1.4

Species
33 ± 4.2
25.8 ± 3.4
32.2 ± 1.8
39 ± 0.7

Table 10 Pooled Summer average diversity for taxonomic divisions.

Sample (day)
T0
28
56
70

Phylum
1.3 ± 0.29
2.8 ± 0.37
2.5 ± 0.27
2.7 ± 0.58

Average Number of groups identified at each division
Class
Order
Family
Genus
4.7 ± 0.29
9 ± 0.5
9 ± 0.5
14.3 ± 1.2
8.3 ± 0.4
16 ± 0.71
29.3 ± 2
47.2 ± 3.5
7.3 ± 1.1
14.3 ± 1.1 26.3 ± 2.6 44.7 ± 4.5
9.3 ± 1.6
17.3 ± 3.3
30 ± 4.3
52.7 ± 7.5

Species
17.3 ± 1
57.8 ± 3.8
53.7 ± 5.1
63.7 ± 9.2
137

Table 11 Pooled Autumn average diversity for taxonomic divisions.

Sample (day)
T0
28
56
70

Phylum
1.3 ± 0.29
1.6 ± 0.4
1.7 ± 0.4
2±0

Average Number of groups identified at each division
Class
Order
Family
Genus
Species
3 ± 1.7
7 ± 3.5
10 ± 5.2
15 ± 9.5
18.3 ± 11.5
8.2 ± 2.3
18.6 ± 5.2
30 ± 8.5
60.5 ± 3.3
73.5 ± 3.9
5.8 ± 1.6
11.7 ± 3.1
19.2 ± 5.3 28.2 ± 7.6
38.4 ± 4.7
7 ± 0.7
13.5 ± 0.35
21 ± 1.4
29 ± 4.9
19.5 ± 0.3

Table 12 Pooled Winter average diversity for taxonomic divisions.

Sample (day)
T0
28
56
70

Phylum
2±0
3.7 ± 0.26
4.2 ± 0.38
4 ± 0.5

Average Number of groups identified at each division
Class
Order
Family
Genus
Species
8 ± 0.5
17.7 ± 2.1
23.3 ± 4.3 32.3 ± 7.4
40 ± 9
12.2 ± 0.49
25 ± 0.8
44.3 ± 1.6 76.2 ± 5.1 99.2 ± 6.4
13 ± 0.71
24.7 ± 1.2
44.2 ± 2.6 81.2 ± 5.9 101 ± 7.7
12.3 ± 0.29 24.3 ± 0.29 42.3 ± 2.9 73.7 ± 2.4
90 ± 2.2

As the pyrosequencing technique detects all fungal groups, and in all life cycle stages, the
diversity is considerably higher than that determined by sporulation techniques (Figure 4,
compare Figure 2). The fungal community present on T0 leaves was also analysed, to assess
fungal community structure prior to aquatic decomposition. Overall, there were 129 species
recorded on the seasonal terrestrial samples. Spring T0 samples recorded 44 species in total,
summer 26 species, autumn 49 species and winter 62 species (Figure 4). The main shared
fungal species from T0 samples across the four seasons were; Bagadiella lunata, Bagadiella
sp. and Plectosphaera eucalypti (Table 13).
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Figure 4 Average species diversity from seasonal T0 pyrosequencing data, spring (black), summer
(red), autumn (green), winter (yellow)(reads contributing ≥ 0.05%).
Table 13 Fungal species list comprising dominant reads (≥ 1%) from terrestrial leaf samples.

Terrestrial Leaves Dominant Species (%)
Summer
Autumn
Winter
Spring

Taxon
Articulospora atra
Articulospora tetracladia
Bagadiella lunata
Bagadiella sp.
Chalara sp.
Cryptococcus gattii
Cryptococcus skinneri
Fusarium merismoides
Fusicladium rhodense
Pestalotiopsis microspora
Phlogicylindrium sp.
Phlogicylindrium eucalyptorum
Plectosphaera eucalypti
Pseudeurotium bakeri
Seimatosporium discosioides
Sporobolomyces gracilis
Sterigmatomyces sp.

0

2.0
0.0
4.4
11.2
0.0
0.0
0.0
0.0
0.0
1.6
1.8
0.0
77.1
0.0
0.0
0.0
0.0

25

0.0
1.1
8.9
15.9
4.4
0.0
0.0
0.0
17.9
0.0
0.0
1.4
31.7
1.0
10.5
0.0
0.0

50

75

0.0
0.0
15.6
40.9
0.0
0.0
0.0
0.0
1.6
0.0
0.0
0.0
35.4
0.0
0.0
0.0
0.0

0.0
0.0
17.2
22.2
0.0
1.1
2.2
1.3
2.8
0.0
0.0
7.8
28.8
0.0
8.9
1.7
1.0

100
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When the data were filtered at ≥ 1%, to remove unique or “rare” species, the average
diversity for all seasons was reduced, with less pronounced seasonal differences. Winter
leaves no longer had the highest diversity, with summer and autumn obtaining similar or
higher averages (Figure 5).
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Figure 5 Average species diversity from seasonal T0 pyrosequencing data, spring (black), summer
(red), autumn (green), winter (yellow) (reads contributing ≥ 1% ).

For the aquatic spring samples a total of 82 fungal species were recorded (≥0.05% filter)
(terrestrial community (T0) excluded). For the summer samples, 153 fungal species were
recorded; autumn 109 fungal species; winter samples 169 fungal species (Appendix 1a-d).
After filtering the data to remove rare or one-off species (≥ 1% filter) seasonal and temporal
variation was revealed, in terms of species identity and percentage reads. Spring samples
were dominated by Bagadiella lunata, Bagadiella sp. and Plectosphaera eucalypti. These
species were also present in the T0 samples and their contribution to the overall number of
reads decreased throughout the seasonal experiment. Conversely, many species absent from
the T0 samples showed an increase in percentage reads over time, including: Angulospora sp,
Articulospora tetracladia and Tricladium splendens (Table 14). Apart from differences in
species composition, dominance and overall percentage contribution, this pattern is observed
in all seasons, with the terrestrial fungal community declining as the aquatic community
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increases. This would indicate successional changes to the fungal community within the
samples as decomposition proceeds (Tables 14-17).
Table 14 Overall fungal species contribution for the spring sampling period (≥ 1% filter).
454-pyrosequencing Overall Spring
Fungal Species Contribution (%)
Taxon
Angulospora sp.
Articulospora tetracladia
Ascocoryne cylichnium
Bagadiella lunata
Bagadiella sp.
Camarophyllus borealis
Chalara sp.
Claussenomyces sp.
Cryptococcus gattii
Cryptococcus skinneri
Dimorphospora foliicola
Fusarium merismoides
Fusicladium rhodense
Fusicladium sicilianum
Gyoerffyella sp.
Hydnum sp.
Mycena sp.
Neobulgaria pura
Neonectria lucida
Neonectria sp.
Ophiocordyceps crassispora
Phlogicylindrium
eucalyptorum
Plectosphaera eucalypti
Pseudeurotium bakeri
Robillarda sessilis
Seimatosporium discosioides
Sistotrema alboluteum
Sistotrema muscicola
Sporobolomyces gracilis
Sterigmatomyces sp.
Tricladium splendens
Varicosporium delicatum
Venturia hystrioides
Vibrissea truncorum

0

25

T0
0.0
0.0
0.0
17.2
22.2
0.0
0.0
0.0
1.1
2.2
0.0
1.3
2.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

28
0.0
0.2
0.0
16.5
39.8
0.4
0.0
0.0
0.0
0.0
0.0
0.0
14.1
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0

56
1.4
11.5
0.4
2.4
5.3
0.0
1.5
0.4
0.0
0.0
1.8
0.0
10.5
0.2
5.1
0.0
0.0
2.7
1.1
0.4
0.2

70
2.9
9.0
1.3
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
38.8
1.3
2.8
10.8
0.9
0.0
2.1
0.0
0.0

7.8
28.8
0.0
0.0
8.9
0.0
0.0
1.7
1.0
0.0
0.0
0.0
0.0

2.7
16.9
0.0
0.2
4.5
0.7
0.0
0.0
0.3
0.0
0.0
0.0
0.0

11.9
2.6
0.3
0.4
0.8
0.2
0.0
0.0
0.0
1.2
1.0
0.3
0.3

8.3
0.0
0.0
0.0
0.0
2.9
2.2
0.0
0.0
5.4
2.1
0.0
1.1

50

75

100
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Table 15 Overall fungal species contribution for the summer sampling period (≥ 1% filter).
454-pyrosequencing Overall Summer
Fungal Species Contribution (%)
Taxon
Alternaria sp.
Articulospora atra
Articulospora tetracladia
Ascocoryne cylichnium
Ascocoryne sarcoides
Bagadiella lunata
Bagadiella sp.
Cadophora finlandica
Chalara sp.
Cladosporium nigrellum
Claussenomyces sp.
Clonostachys divergens
Collophora africana
Cryptococcus sp.
Dimorphospora foliicola
Fusicladium rhodense
Gibberella pulicaris
Gibberella sp.
Gyoerffyella sp.
Helicodendron sp.
Hormonema sp.
Hypocrea rufa
Lunulospora curvula
Massarina corticola
Nectria sp.
Neobulgaria sp.
Neonectria sp.
Ophiocordyceps crassispora
Pestalotiopsis microspora
Pestalotiopsis sp.
Phaeosphaeria sp.
Phlogicylindrium
eucalyptorum
Phlogicylindrium sp.
Phlogicylindrium uniforme
Phoma sp.
Pilidium concavum
Plectosphaera eucalypti
Pseudeurotium bakeri
Sistotrema sp.
Teratosphaeria parva

T0
0.0
1.8
0.0
0.0
0.0
4.2
11.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.3
0.0
0.0

28
0.2
0.0
2.1
0.7
6.5
2.7
7.0
0.0
0.0
0.0
0.0
0.0
0.2
2.5
0.6
0.6
0.2
2.5
9.5
0.2
0.0
0.2
0.6
0.0
13.9
11.4
0.2
7.3
0.0
3.0
0.0

56
0.0
0.0
4.6
0.0
3.2
0.0
0.0
0.2
0.0
2.7
0.0
0.3
0.0
0.0
1.8
1.1
0.0
1.3
14.2
0.0
0.0
0.0
0.0
0.0
5.4
5.0
2.2
2.4
0.0
0.0
0.0

70
0.0
0.0
4.1
0.0
2.5
0.4
1.5
0.0
1.0
0.5
1.6
0.0
0.0
0.0
1.7
1.5
0.0
1.0
10.0
0.0
1.1
0.0
0.0
0.7
3.8
19.4
0.4
3.7
0.0
0.0
1.4

0.0
1.6
0.0
0.0
0.0
77.1
0.0
0.0
0.0

4.3
0.6
0.2
1.1
0.2
1.2
0.8
0.0
0.0

3.4
34.4
3.4
1.1
0.0
0.0
0.0
0.0
0.0

7.0
10.8
0.0
0.0
0.0
0.0
2.4
2.0
0.6
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Tricladium chaetocladium
Varicosporium delicatum
Variocladium giganteum
Venturia hystrioides
Venturia sp.
Vibrissea truncorum
Zalerion varium

0

25

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.2
4.6
0.3
0.0
0.0
0.0
6.8

0.0
2.5
0.0
1.4
1.6
0.5
1.1

50

75

100

0.0
3.5
0.5
0.0
1.2
0.7
5.4

Table 16 Overall fungal species contribution for the autumn sampling period (≥ 1% filter).

454-pyrosequencing Overall Autumn Fungal
Species Contribution (%)
Taxon
Articulospora tetracladia
Bagadiella lunata
Bagadiella sp.
Chalara sp.
Cladosporium nigrellum
Claussenomyces sp
Dimorphospora foliicola
Dumontinia tuberosa
Fusicladium rhodense
Fusicladium sicilianum
Gyoerffyella sp.
Gyoerffyella sp.
Lunulospora curvula
Meliniomyces bicolor
Mycena aurantiidisca
Mycosphaerella dendritica
Neobulgaria pura
Neonectria lucida
Neonectria sp.
Neonectria sp.
Phlogicylindrium eucalyptorum
Phoma sp.
Plectosphaera eucalypti
Polyscytalum algarvense
Pseudeurotium bakeri
Pyrenochaeta cava
Rhodotorula arctica
Saccharicola sp.
Seimatosporium discosioides

T0
1.1
8.8
15.9
4.5
0.0
0.0
0.0
0.0
17.9
1.0
0.0
0.0
0.9
0.0
0.9
0.0
0.0
0.0
0.0
0.0
1.4
0.0
31.8
0.0
1.0
0.0
0.0
0.0
10.5

28
0.0
12.2
23.4
9.8
0.0
0.0
0.3
0.0
13.9
0.0
0.0
0.0
0.0
0.0
1.3
0.0
1.5
3.5
0.6
0.6
17.9
2.4
1.4
0.4
0.0
0.8
0.0
0.0
0.0

56
0.0
11.0
15.4
5.8
1.0
0.2
0.0
0.0
18.4
0.0
0.0
0.0
0.0
0.4
2.8
0.7
0.0
0.8
0.0
0.0
13.3
2.4
1.3
3.1
0.0
0.0
1.5
0.2
0.0

70
0.5
9.8
13.0
13.6
1.1
0.0
0.0
0.7
16.2
0.0
1.0
1.0
0.0
0.0
2.6
0.6
0.0
2.4
0.0
0.0
17.9
0.0
0.5
0.0
0.0
0.5
0.0
0.0
0.0
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Sterigmatomyces sp.
Sympoventuria capensis
Teratosphaeria parva
Venturia hystrioides
Vibrissea truncorum
Xylaria sp.

0

0.0
0.5
0.0
0.7
0.0
0.0

25

50

3.5
0.0
0.0
0.3
0.0
0.0

75

7.1
1.9
0.0
5.0
0.0
1.3

2.0
0.0
1.4
9.1
0.5
0.0

100

Table 17 Overall fungal species contribution for the winter sampling period (≥ 1% filter).
454-pyrosequencing Overall Winter
Fungal Species Contribution (%)
Taxon
Articulospora tetracladia
Aureobasidium pullulans
Bagadiella lunata
Bagadiella sp.
Bensingtonia musae
Chalara sp.
Cladosporium sp.
Claussenomyces sp.
Clavulina sp.
Cryptococcus bromeliarum
Cryptococcus skinneri
Fulvoflamma eucalypti
Fusicladium cordae
Fusicladium pini
Fusicladium rhodense
Fusicladium sicilianum
Gyoerffyella sp.
Hormonema sp.
Lanzia griseliniae
Lunulospora curvula
Massarina corticola
Microcyclospora tardicrescens
Mycosphaerella dendritica
Nectria sp.
Neobulgaria sp.
Neotyphodium occultans
Ophiocordyceps crassispora
Paraphaeosphaeria sp.
Pestalotiopsis microspora
Pezizella discreta
Phaeosphaeria sp.

T0
0.0
0.0
15.5
40.6
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
1.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.6
0.0
0.0

28
1.1
0.6
7.6
15.9
0.5
0.0
0.2
0.0
0.0
0.0
0.2
0.0
0.2
0.6
15.0
0.2
4.0
1.6
0.0
0.0
0.0
0.3
0.0
0.0
0.0
3.4
0.0
0.2
0.0
0.0
0.3

56
3.6
0.2
9.3
21.6
2.2
0.5
0.5
0.0
0.2
0.0
0.0
0.4
0.0
0.2
5.4
0.0
10.4
0.0
0.0
0.0
0.0
0.2
0.2
0.0
0.0
1.0
0.0
0.0
0.0
1.0
1.4

70
5.4
0.0
3.0
7.2
0.6
0.0
0.0
0.7
0.0
0.0
0.0
0.0
1.1
1.3
26.1
0.7
15.2
0.0
0.6
0.3
0.4
0.0
0.0
0.9
1.1
6.0
0.4
0.0
0.0
0.0
0.0
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Phaeothecoidea intermedia
Phialocephala sp.
Phlogicylindrium eucalyptorum
Phoma sp.
Plectosphaera eucalypti
Pseudeurotium bakeri
Pseudotulostoma sp.
Rhizophydium aestuarii
Saccharicola sp.
Sistotrema sp.
Stenella musae
Teratosphaeria parva
Varicosporium delicatum
Variocladium giganteum
Verrucisporota daviesiae
Verrucisporota grevilleae
Zalerion varium

0

25

0.0
0.0
0.7
0.0
35.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.5
0.0
21.6
0.0
5.9
0.0
1.7
0.0
0.4
0.0
0.5
0.5
0.7
1.0
0.8
0.0
0.0

50

75

0.0
0.2
18.7
0.2
1.1
0.3
0.2
0.4
0.0
0.2
0.3
1.8
2.3
1.2
1.1
0.2
0.2

0.0
0.0
11.2
0.0
0.0
0.9
3.2
0.0
0.0
0.0
0.0
0.6
2.7
0.0
0.0
0.0
1.2

100

In comparison to the sporulation results, the spring samples contained 11 aquatic
Hyphomycete species out of the 82 fungal species recorded; summer 20 of 153; autumn 13 of
109; winter 23 of 169.
ANOSIM of pyrosequencing data, filtered at ≥ 1%, revealed all seasons and samples to be
significantly different (p<0.05) (Tables 18-19). MDS ordination gives a visual indication of
these differences, with clear seasonal and sample delineations. Point scattering would also
suggest a time trajectory, perhaps indicating successional changes occurring in the fungal
community (Figure 6).
Table 18 ANOSIM Table for seasonal comparisons of pyrosequencing dominant species reads data (≥
1% filter).

Season
summer, winter
summer, spring
summer, autumn
winter, spring
winter, autumn
spring, autumn

R statistic
0.515
0.513
0.651
0.188
0.403
0.213

Significance Level (%)
0.1
0.1
0.1
0.4
0.1
0.5
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Table 19 ANOSIM Table for sampling occasion comparisons of pyrosequencing dominant species
reads data (≥ 1% filter).

Sample
0,28
0,56
0,70
28,56
28,70
56,70

R statistic
0.159
0.44
0.649
0.099
0.249
0.045

Significance Level (%)
4.9
0.1
0.1
0.9
1.4
23.5
Transform: Square root
Resemblance: S17 Bray Curtis similarity
2D Stress: 0.13

70
7070

56
56
56
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Figure 6 MDS ordination of dominant fungal species pyrosequencing data, plotting season and
sample time (reads contributing ≥ 1%, square root transformed).

ANOSIM of pyrosequencing data, filtered at ≥ 0.05%, revealed all seasons and sampling
occasions to be significantly different (p <0.05) (Table 20-21). MDS ordination supports
these results, again showing clear seasonal and sample clustering, with a more distinct time
trajectory than the ≥ 1% filtered data (Figure 7). PERMANOVA for season and sampling
occasions found significant interactions between sampling occasions and season (p <0.001),
with 21% of the variation due to this interaction. Overall, each factor was found to be
significant (p <0.001), with season having the greatest influence on community variation
(29%), followed closely by sampling occasions (26%). Site was not able to be successfully
resolved in this test, so was not included in the PERMANOVA.
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Table 20 ANOSIM Table for seasonal comparisons of pyrosequencing species reads data (≥ 0.05%
filter).

Season
summer, winter
summer, spring
summer, autumn
winter, spring
winter, autumn
spring, autumn

R statistic
0.506
0.567
0.622
0.498
0.633
0.262

Significance Level (%)
0.1
0.1
0.1
0.1
0.1
0.1

Table 21 ANOSIM Table for sampling occasion comparisons of pyrosequencing species reads data (≥
0.05% filter).

Sample
0,28
0,56
0,70
28,56
28,70
56,70

R statistic
0.265
0.583
0.703
0.087
0.193
0.023

Significance Level (%)
0.6
0.1
0.1
2.7
1.3
31.3
Transform: Square root
Resemblance: S17 Bray Curtis similarity
2D Stress: 0.15
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Figure 7 MDS ordination of fungal species pyrosequencing data, plotting season and sample time
(species reads contributing ≥ 0.05%, square root transformed).
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Fungal community structure: seasonal extremes
When comparing the two most extreme seasons, summer and winter, using the ≥ 0.05% filter
to retain unique species, ANOSIM revealed a significant difference between the two seasons
(R = 0.506, p =0.1) and between sampling occasions. All experimental samples were
significantly different from the T0 samples (p<0.05), but not significantly different from each
other (p>0.05) (Tables 22-23). MDS ordination shows distinct clustering between summer
and winter, with the T0 samples also distinct from the seasonal decomposition samples
(Figure 8).
Table 22 ANOSIM Table for summer and winter comparisons of pyrosequencing species reads data
(≥ 0.05% filter).

Season

R statistic

Significance Level (%)

summer, winter

0.506

0.1

Table 23 ANOSIM Table for sampling occasion comparisons of summer and winter pyrosequencing
species reads data (≥ 0.05% filter).

Time
0,28
0,56
0,70
28,56
28,70
56,70

R statistic
0.695
0.843
0.924
0.1
0.022
0.051

Significance Level (%)
0.1
0.1
0.2
7.5
35.4
24.9
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Transform: Square root
Resemblance: S17 Bray Curtis similarity
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Figure 8 MDS ordination of summer and winter fungal species pyrosequencing data, plotting season
and sample time (species reads contributing ≥ 0.05%, square root transformed).

Fungal community structure: response at lower taxonomic resolution
At the class level, the dominant fungal groups, based on percentage reads, contributing to the
seasonal communities were: the Sordariomycetes, Leotiomycetes, Dothideomycetes and the
Ascomycota. The terrestrial (T0) samples were completely dominated by the Sordariomycetes
(> 90%), which remain prevalent in the submerged samples, but to a lesser extent. In terms of
overall diversity, winter showed the highest average of all the seasons, followed by autumn,
summer and spring (Figure 9).
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Figure 9 Average fungal Class diversity spring (black), summer (red), autumn (green), winter
(yellow) (reads contributing ≥ 1% filter).

Discussion
Seasonal changes to the fungal community
Both sporulation and 454-pyrosequencing revealed trends in fungal community structure both
seasonally and temporally in streams of the Bogong High Plains. The reproductive aquatic
Hyphomycete community, as highlighted by the sporulation data, showed higher spore
production during the summer months, with reduced abundance during the other seasons
(particularly winter). Diversity was found to be greatest during the spring and summer
periods, potentially indicating a greater range of species preferring the warmer temperatures,
with cool water specialists becoming a more dominant part of the community during the
autumn and winter. Of the 17 species identified from the seasonal leaf samples, 4 were
shared, being prolific spore producers. This could be as a result of effective dispersal and
early colonisation (with high attachment success). Heliscus lugdunensis is one such species,
present in all seasons and being a prolific spore producer. Similar studies in forested
mountain streams have reported 4-16 species from individual leaves, with 16 identifiable
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species found in alpine rivers of the Val Roseg glacier (Gessner and Robinson 2003b),
highlighting the typically low diversity within high altitude streams.
When comparing the specific aquatic hyphomycete community data obtained from 454pyrosequencing to the sporulation data, greater aquatic Hyphomycete diversity is found with
27 species and a change to patterns of diversity. Specifically, winter (23 species) became the
most diverse season over summer (20 species), a pattern also reflected in the overall fungal
community results. Summer samples still had high aquatic Hyphomycete diversity when
compared to the sporulation results, however these numbers were not as notably different to
the other seasons. The 454-pyrosequencing reveals all species within a sample, whereas
estimates of diversity based on sporulation only account for those species that are actively
reproducing. Using sporulation techniques alone, those species remaining in a mycelial
(vegetative) state, particularly when environmental conditions are below “optimum” for
reproduction and growth, are undetected, giving a lower estimate of diversity (Gessner and
Robinson 2003b).
Across the three sites the stream temperature ranged from 0.1 to 26˚C over the sampling
period. These temperature changes would have strongly influenced the fungal community, as
seen by the significant seasonal shifts in spore abundance and diversity. Seasonal changes to
the fungal community are common, with temperature cited as the main contributing factor
(Bärlocher 2000; Thomas et al. 1992). As well as influencing the diversity of species
occurring at a particular site (Goh and Hyde 1996), temperature also has an effect on the
growth and sporulation rates of aquatic Hyphomycetes (Abdel-Raheem 1997; Price and
Talbot 1966; Wong et al. 1998). Higher temperatures have been found to accelerate both
decomposition and fungal diversity (Bärlocher et al. 2008; Thomas et al. 1992), with
temperatures close to 0°C resulting in a 20-60% reduction in fungal activity (Robinson et al.
1998). Both Suter et al. (2011), and Gessner and Robinson (2003b), found that aquatic
Hyphomycetes were able to colonize and actively decompose leaf material in alpine and
glacial streams, albeit at a slower rate than lowland streams. This slower rate of
decomposition would allow for pronounced changes to occur in the fungal community within
a leaf, as the intermingling of fungal mycelia and individual fungi increase resource depletion
(Nikolcheva et al. 2005). The longer a leaf remains submerged and undergoing fungal
decomposition, the more likely the fungal community is to change as species become
established and compete for resources.
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Temporal changes to the fungal community
Thomas (1992) found successional changes to the fungal community present in a temperate
Australian stream, dividing stages into early, middle and late phases of succession. Although
clear changes were evident, the dominance of particular aquatic Hyphomycete species was
not consistent, potentially highlighting the significance of early colonisation. In the current
study, there were significant changes in both the aquatic Hyphomycete and overall fungal
community. Each sampling period showed distinct species assemblages, with the most
marked change occurring between the T0 and the aquatic conditioned samples, as the
terrestrial community was replaced by the aquatic community. In a terrestrial decomposition
study, Voriskova & Baldrian (2013) also detected temporal variation, with characteristic
assemblages representing different sampling times, with species only showing short-term
dominance. Both the sporulation and 454-pyrosequencing showed shared species between
samples, with 454-pyrosequencing revealing a combination of terrestrial and aquatic fungi
being shared between samples. The influence of season over community changes was again
apparent, with season influencing dominant species and accentuating temporal community
trends. Seasonal factors, including temperature, have an effect on the decomposition rate
changes to the fungal community are related to the availability of suitable leaf resources
(Casas and Descals 1997), with the very process of decomposition reducing the amount of
substrate available to fungal species to exploit for growth and reproduction (Gessner and
Robinson 2003b). As winter showed the least mass loss over time (Chapter 3), these leaves
are a long term resource, as opposed to the summer samples, with higher decomposition rates
resulting in a shorter term leaf resource for fungal communities to become established. So,
although not a particularly high season for reproductive output, winter allows a community to
become established and remain over a greater period of time than the warmer seasons when
the resource is depleted quickly in comparison, resulting in a more diverse community.
Techniques for estimating stream fungal community dynamics
The combined use of sporulation and 454-pyrosequencing techniques gave a comprehensive
overview of the fungal community present in these Australian alpine streams. Sporulation
techniques are a useful tool for determining fungal abundance and presence and identity of
aquatic Hyphomycetes from leaf samples or directly from the water column (Nikolcheva and
Bärlocher 2005). However, estimating diversity and abundance using spore data alone can
result in underestimates of diversity and both under- and overestimates of abundance,
particularly in species with high reproductive outputs, as compared to those in a growth phase
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(Bärlocher 2010; Seena et al. 2010). There is also the potential to misidentify species based
on spore morphology, due to similarities in form and a number of unidentified species
(Bärlocher 1992; Seena et al. 2010). The advancement of DNA technology has developed our
knowledge and understanding of the microbial world, revealing greater detail then was
available before, and can highlight the presence of rare taxa (in terms of genetic sequences
encountered) (Bärlocher et al. 2010). It has also allowed more general ecologists, rather than
specialist geneticists or mycologists, to gain insight into the role of microbes in an ecosystem.
In this case, 454-pyrosequencing provided a more comprehensive fungal species list.
As no primers have yet been developed for aquatic Hyphomycetes, due to the problematic
nature of their polyphyletic origins as a group (Bärlocher et al. 2010), fungal specific primers
were used. Information was revealed about the entire fungal community, including aquatic
Hyphomycetes. This resulted in a large amount of data and presented a high overall diversity,
including aquatic Hyphomycetes that were not identified from the sporulation data. Future
studies using DNA technologies will be greatly enhanced by the development of analysis
programs for sequence data that are accessible to scientists, not trained in sequencing or high
level computer statistics. It would also be useful to develop software, or an algorithm, to
estimate abundance from sequencing data. Also, although difficult, the development of DNA
primers for aquatic Hyphomycetes would be useful, along with an increase in the aquatic
hyphomycete sequences in shared taxonomic databases.
The combination of sporulation and DNA techniques in this study allowed a comprehensive
investigation of the fungal community present in three alpine streams across both time and
seasonal scales. Both techniques allowed different views of how the fungal community
changes as the leaf resource is decomposed, both in diversity and abundance. 454pyrosequencing gave unrivalled diversity. The combination of techniques provided
complementary data sets, revealing seasonal and temporal variation within the fungal
community.
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Chapter 6 Food web dynamics of two alpine streams
Introduction
Particulate organic matter is an important carbon source for consumers within freshwater
food webs (Arsuffi and Suberkropp 1984; Vought et al. 1998). Particulate organic matter can
be derived from two main sources; within the stream itself, or from external inputs. Organic
matter derived from the production and decay of algae, cyanobacteria, phytoplankton and
aquatic macrophytes (Atlas and Bartha 1993; Boulton and Brock 1999; Li and Dudgeon
2008), is referred to as autochthonous (Closs et al. 2004). Autochthonous sources of organic
carbon are particularly important in areas where in-stream primary production dominates (Li
and Dudgeon 2008) with open-canopy stream ecosystems allowing for high light penetration
that drives photosynthesis (Leberfinger et al. 2011; Leroy and Marks 2006).
Organic matter derived from external sources, most commonly terrestrial or riparian
vegetation, is referred to as allochthonous (Bilby and Likens 1980; Hall et al. 2000;
Sinsabaugh and Linkins 1990). For areas where in-stream primary production is reduced, in
reaches with thick canopy cover and low light penetration, allochthonous inputs become
more important, with consumers being more reliant on the breakdown of leaf litter and
detritus for energy production (Leroy and Marks 2006). Particulate organic matter transported
from upstream to downstream is also considered to be allochthonous, often being lost to one
part of the stream and retained and utilized by organisms downstream (Golladay 1997).
Microbial conditioning transforms allochthonous organic matter into a bioavailable resource
for higher order consumers (Duarte et al. 2006; Suberkropp et al. 1983), increasing nutrient
availability, softening leaf tissues and removing leaf defences to herbivory (Gessner 1991;
Suberkropp et al. 1983). The fungal contribution to organic matter decomposition commonly
involves aquatic Hyphomycetes (Sridhar and Bärlocher 2000; Suberkropp 1998a). Most
macroinvertebrate consumers lack the enzymes required to degrade leaf litter, with some
groups showing preferential selection for leaf litter that has been colonized by aquatic
Hyphomycetes (Graça 2001; Inkley et al. 2008; Robinson et al. 1998). It has also been
suggested that aquatic Hyphomycetes are a primary food resource themselves, with fungal
mycelia having micronutrients absent from leaf material (Graça et al. 2001a; Inkley et al.
2008), with fungal carbohydrates, lipids and proteins being a high quality food resource
(Chergui and Pattee 1991).
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The relative amounts and importance of allochthonous and autochthonous organic material to
a stream are influenced by a wide range of factors including stream location, climate, season,
flow, canopy-cover and water chemistry (Reid et al. 2008). Determining the organic material
driving a stream food web is important for understanding ecosystem dynamics and
community structure (Leberfinger et al. 2011). While the major source of organic matter
driving forested streams is allochthonous detritus (Leberfinger et al. 2011), energy sources
driving alpine streams are not well understood. Alpine streams flow through areas above the
tree line, where the input of allochthonous organic matter is low. In these open-canopy
streams it can be assumed that autochthonous sources of organic matter become more
important (Leberfinger et al. 2011; Zah et al. 2001), with algal and in-stream plant production
potentially being more significant than detrital processing and terrestrial inputs. With a shift
into the subalpine area and the presence of Eucalyptus pauciflora stands, there is a change in
the availability of potential food resources to the macroinvertebrate community, with the
potential for allochthonous resources to become more significant (Zah et al. 2001).
Stable isotope analysis (SIA) is a technique that has been used to determine resource
contribution to consumer organisms, characterizing food web structure and carbon flow
(Jones and Waldron 2003; Post 2002). Dual isotope analysis using δ13C and δ15N isotopes
(Fry 1991), combined with models designed to quantify the contribution of multiple sources
to a mixture (Phillips 2001), can be used to estimate trophic relationships and resource
contributions to consumers (Phillips 2001; Post 2002; Woodward and Hildrew 2002). Visual
analysis of the gut contents of consumer organisms is another approach used to examine food
webs. However, this technique relies on the ability to identify organisms often only present as
fragments; there is also a large pool of unidentified material in such analyses. DNA
sequencing approaches can also be used to investigate food web dynamics, in particular
identifying dietary components from consumer stomach contents. 454-pyrosequencing, a
technique which produces species information based on target DNA sequences and reference
databases (Mardis 2008), can be used to identify plant, fungal, bacterial and animal material,
which may have been indistinguishable through traditional microscopic examination of
stomach contents.
The most powerful way to investigate food web structures is to combine these techniques to
obtain complementary information. SIA has the ability to reveal assimilated food resources
and can be used to assess and estimate the significance of certain food types to consumer
organisms (Caut et al. 2010). DNA 454-pyrosequencing allows the assessment of stomach
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contents in a detail that is not possible by gut analysis alone, revealing information about
several communities simultaneously (Caporaso et al. 2010) and providing a new approach to
determining consumer diets and food web dynamics. In this work a combination of stable
isotope and DNA technology has been used to investigate and compare the macroinvertebrate
communities and main food resources supporting the food webs of two alpine streams.
The main aim of this study was to determine if E. pauciflora leaves, particularly those that
have undergone fungal conditioning, are important contributors to alpine stream food webs.
Consumer diets from two streams located in different catchments, one in an open-canopy area
the second in an area where E. pauciflora was present in the riparian zone, were compared
using SIA and DNA 454-pyrosequencing. To account for potential temporal changes to biotic
or abiotic factors, two sampling trips over a single summer were conducted to provide a more
representative estimate of the macroinvertebrate community (Hladyz et al. 2012). It was
hypothesized that the main dietary contributors would differ between the two sites, with both
being driven by different basal resources.

Materials & Methods
Site description
Two sites were selected for stable isotope food web analysis. Initial site selection was based
on the presence of the native fish ‘Mountain Galaxiids’ (Galaxias olidus), in areas where the
introduced trout were absent. In order to investigate the involvement of Snow Gum
(Eucalyptus pauciflora) in the aquatic food web a comparative study was conducted between
two sites: a site with an overstorey of E. pauciflora present and a site without E. pauciflora
present. The two study sites were both within the Bogong High Plains (Alpine National
Park), one on Whiterock Creek at an altitude of approximately 1680 m (Site 1 – E. pauciflora
present), and the other on Watchbed Creek at an altitude of approximately 1700 m (Site 2 –
E. pauciflora absent (Figure 1).
Site 1(Whiterock Ck) was located at the base of a waterfall, at an altitude of approximately
1680 m. This site was selected based on the presence of E. pauciflora in the riparian
vegetation (Figure 2 a). This section of the stream is composed of a mixture of shrub and
other understorey, riparian and macrophyte species. This 2nd order stream was approximately
two to three metres wide with a depth of 50-80 cm.
Site 2 was in the upper eastern section of Watchbed Ck, located in a canopy-free area, in the
absence of E. pauciflora, and surrounded predominantly by alpine heath and grass species
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(Figure 2 b). This 1st order stream ranged from one to two metres wide, with a depth of
approximately 30-60 cm.

1

2

Figure 1 Map showing sampling locations, Whiterock Creek (site 1), and Watchbed Creek (site 2).
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(a)

(b)

Figure 2 a-b Site photographs, comparing streamside vegetation at: (a) Whiterock Creek, (b)
Watchbed Creek.

Stream Physico-chemical Analysis
Site physico-chemical properties were collected and measured on each sampling occasion
following the methods outlined in Chapter 2.
Stable Isotope Sample Collection
Both sites were sampled twice, during the Australian summer of 2011 – 2012, for the main
basal resources and consumer organisms present, including: terrestrial and aquatic vegetation,
macroinvertebrates, algae, biofilms and fish (G. olidus).
Dominant riparian and aquatic vegetation were sampled in order to get a representative
selection of potential basal resources available to aquatic consumers. Replicate samples were
collected in zip lock bags and stored at 4˚C. Biofilms were gently collected from rock and
plant surfaces using a soft brush and deionised water (Huryn et al. 2001) and frozen.
Macroinvertebrate collection involved sweep and kick net sampling of multiple stream
habitats over a 3-4 hr period until a representative aquatic macroinvertebrate community was
sampled, with enough material for replicate stable isotope analysis. Preliminary identification
and sorting was undertaken in the field. Macroinvertebrate samples were initially stored in
distilled water to allow consumer invertebrates to void their digestive tracts and remove
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unassimilated food stuffs (Hladyz et al. 2012). Samples were then frozen until further
processing to prevent chemical changes due to bacterial decomposition. Fish (G. olidus)
samples, collected as representatives of the highest consumer level, were euthanized in an ice
slurry and frozen until further processing (Hladyz et al. 2012).
Stable Isotope Sample Processing
Vegetation samples were rinsed with deionised water to remove organic and inorganic
particulates and then dried in a 50˚C oven for 48-72 hours, until a constant weight was
achieved. Biofilm and filamentous algal samples were cleaned under a dissecting microscope
to remove macroinvertebrates and coarse particulate material. Filamentous algae were
centrifuged and the pellet collected and dried. Once dried to a constant weight, all vegetation
samples were ground to a fine powder (Hladyz et al. 2012).
Macroinvertebrates were identified to genus or species using taxonomic keys (see:
Appendices) and the Murray-Darling Freshwater Research Centre online Bug Guide
(Hawking et al. 2013) and assigned to functional feeding groups (FFGs). Samples were then
dried at 30˚C, until a constant weight was reached, and then ground using a mortar and pestle.
For samples with small individual insects, multiple organisms were combined to obtain a
representative sample reaching the minimum required sample weight (4-5 mg). Large
organisms were kept as individual replicates.
Fish samples had their scales, fins, tail, head, bones and stomach removed prior to drying so
that only muscle tissue was used for analysis, preventing contamination from non-dietary
carbonates. They were then dried and crushed using a mortar and pestle, with individual fish
used as replicates (Hladyz et al. 2012). The fish stomachs were removed and frozen
separately for 454-pyrosequencing analysis.
Stable Isotope Analysis (SIA)
Replicates of basal resources and consumers were sent for stable isotope analysis at Natural
Isotopes, Western Australia. Analysis of samples involved combustion by elemental analyser
(ANCA-SL, Sercon Limited, Crewe, United Kingdom) to N2 and CO2, followed by gas
chromatography and continuous flow isotope ratio mass spectrometry (20-22 IRMS, Sercon
Limited, Crewe, United Kingdom). Nitrogen isotope ratios were reported in parts per
thousand (‰) relative to N2 in air. Carbon isotope ratios were reported in parts per thousand
(‰) relative to Vienna Pee Dee belemnite. The analytical precision for basal resource
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measurements was 0.13‰ for δ15N and 0.14‰ for δ13C, and for consumers 0.13‰ for δ15N
and 0.13‰ for δ13C.
DNA Extraction & 454-Pyrosequencing
To determine dietary information for G. olidus, DNA was extracted from fish stomachs to
enable analysis via pyrosequencing. Prior to DNA extraction, fish gut samples were frozen
and then crushed using microfuge pestles to increase the amount of cell disruption. DNA
extraction was then carried out using a Powersoil DNA Isolation Kit (Mo Bio Laboratories,
USA) to manufacturer’s protocols. Genomic quality and quantity were examined using gel
electrophoresis

and

a

NanoDrop

2000

micro-volume

UV-Vis

spectrophotometer

(ThermoScientific) as outlined in Chapter 4.
Successfully extracted DNA was sent for pyrosequencing at the Research and Testing
Laboratories, USA. In order to determine dietary components, two assays were used (16S and
18S euk516-euk1055), with 10,000 average reads per assay, covering both prokaryote and
eukaryote contributors (including fungi). Sample processing was carried out following the
methods of the Research and Testing laboratory (Lubbock, TX, USA) outlined in Chapter 4
of this thesis.

Statistical Analyses
Data from the separate sampling trips were combined and used as a single data set for
subsequent analyses.
Physico-chemical Analyses
Analysis of the water chemistry data was carried out in SPSS (Brooks/Cole 2004a) and
involved the calculation of univariate statistics including averages, minimum values,
maximum values, standard deviations and analysis of variance (ANOVA). Data points were
plotted using SigmaPlot (Systat Software Inc).
Stable Isotope Analyses
Stable isotope data were analysed following the methods of Post et al. (2007). Basal
resources common to both sites were compared for δ13C to determine if they were statistically
different (Phillips et al. 2005), before combining replicates to obtain an average for resources
at each site. As all consumer C:N ratios were >3.5, normalisation was performed to account
for lipid bias using Equation 3 (aquatic organisms) (Post et al. 2007).
Δ δ13C = -3.32 + 0.99 × C:N
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As all basal resource samples had C values >40%, Equation 13 (for plants) was used (Post et
al. 2007).
Δ δ13C = -5.83 + 0.14 × %C
Trophic fractionation was also accounted for using the methods of Reid et. al (2008).
Individual consumers were corrected for trophic fractionation and lipid bias, due to slow
incorporation into lipid tissue, and then average values were calculated based on shared
functional feeding group and taxonomic class.
Filter Feeders & Shredders (Macroinvertebrates): δ13C – 0.4, δ15N – 2.3
Predator (Macroinvertebrates): δ15N – 4.6
Predator (Fish): δ15N – 6.9
To estimate potential food resources utilized by consumer organisms, the transformed data
were analysed using IsoSource 1.3.1, with a 2-isotope multiple-source mixing model (Phillips
and Gregg 2003). Each model examined source contributions in 1-2% intervals with the
lowest possible mass balance tolerance (starting at 0.1 then increased incrementally to a
maximum of 1.0), until a solution was found. Model outputs were plotted using SigmaPlot
(Systat Software Inc).
Pyrosequencing Analyses
Sample analysis was carried out following the methods of the Research and Testing
laboratory (Lubbock, TX, USA) outlined in Chapter 4.
Analysis of pyrosequencing data required the initial manipulation of data, received from the
Research and Testing Facility. This involved filtering the data to standardise against an
uneven number of reads per sample which potentially leads to erroneous low levels of
diversity. The data were filtered in two ways, firstly by excluding reads that contributed <
0.05 percentage, in order to reduce variation caused by overestimates of rare species, and
secondly by excluding reads that contributed <1 percent, in order to compare dominant
contributing species. This filtering process was selected based on multiple data manipulations
in order to determine which filter would remove rare “one off” species, whilst still retaining
sample distinctness. Taxa lists were compiled for each site based on these filtering
techniques.
The filtered data were then put into PRIMER v6, where they were presence/absence
transformed and the similarity between samples estimated using the Bray-Curtis coefficient.
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Data were displayed using non-metric multidimensional scaling plots (MDS). One-way
ANOSIM was used to determine statistical significance between sites.

Results
Stream Physico-chemical Analyses
Stream temperature profiles mirrored that of the ambient air temperature and were relatively
consistent between sites. Average stream temperature for both sites was 9.8-9.9˚C, with
diurnal temperatures ranging from 3.9-18˚C over the sampling period (Figure 3). Whiterock
Ck had higher pH and dissolved oxygen (both concentration and saturation), and lower
conductivity, than the Watchbed Ck site (Table 1). The higher oxygen saturation at the
Whitrock creek is likely a consequence of the sampling site being directly downstream from a
waterfall.
Table 1 Average site physicochemical parameters over the sampling period.
Physico-chemical Parameters
Whiterock Ck

Watchbed Ck

Average Temperature

9.8˚C

9.9

Minimum Temperature

3.9˚C

3.9˚C

Maximum Temperature

16.7˚C

17.9˚C

pH

6.7 ± 0.01 (9.5˚C)

5.84 ± 0.07 (10.5˚C)

Conductivity (μS cm )

4.72 ± 0.1

6.3 ± 0.21

DO %

97.6 ± 1.01

88.3 ± 3.9

DO (mg/L)

9.3 ± 0.4

8.2 ± 0.74

-1

Stream water chemistry – Carbon, nitrogen and phosphorus
Concentrations of DOC, nitrogen species (TN, TDN, NOx, NH4+, DON – calculated) and
phosphorus species (TP, TDP, FRP) (see Chapter 2) for the two sites are reported in Table 3,
averaged across the two sampling occasions. Ammonia (NH4+), NOx, and total nitrogen were
not significantly different between sites (p > 0.05). Total phosphorus, total dissolved
phosphorus and filterable reactive phosphorus were all below detectable limits, so no
differences could be calculated. Dissolved organic carbon concentrations and total dissolved
nitrogen concentrations were significantly different between sites (p = 0.019, p = 0.033), with
Watchbed Ck samples having higher concentrations than Whiterock Ck samples (Table 3).
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Table 3 Average concentrations of carbon, nitrogen and phosphorus species in water samples
collected from Whiterock Creek and Watchbed Creek, over two sampling occasions. Note: all
concentrations presented as μg/L (ppb) except for DOC in mg/L (ppm).
Chemical species

Whiterocks Ck

Watchbed Ck

NH4+ (μg-N/L)

10 ± 0.6

17.5 ± 3.8

NOx (μg-N/L)

3.5 ± 0.3

16.8 ± 5.2

TN (μg-N/L)

117 ± 17

158.1 ± 21.2

DON (μg-N/L)

76 ± 10

104 ± 18

TP (μg-P/L)

<8*

<8*

TDP (μg-P/L)

<8*

<8*

FRP (μg-P/L)

<5*

<5*

DOC (mg-C/L)

0.9 ± 0.04

1.9 ± 0.5

*limit of detection
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Figure 3 Hourly stream temperatures for the Whiterock Creek site (red) and Watchbed Creek site (blue), with ambient air temperature from the
Bureau of Meterology weather station at Falls Creek (black). Arrows indicate sampling occasions.
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Stream water chemistry – ionic components
Typical of the stream waters encountered in this region, the ionic concentrations were low at
both of the sites (Table 2; see also: Chapter 2). Chloride and nitrate showed no significant
differences between the sites (p >0.05). Sulfate was the only anion to produce a significant
difference between sites (p = 0.013), with the Whiterock Ck samples having a higher mean
concentration than Watchbed Ck samples. Sodium and potassium concentrations were not
significantly different between the two sites (p >0.05). Ammonia (p = 0.004), calcium (p
<0.001), and magnesium (p < 0.001), were significantly different in their concentrations, with
Watchbed Ck samples having a slightly higher mean than Whiterocks Ck samples.
Table 2 Average concentrations of ionic components in water samples collected from Whiterock
Creek and Watchbed Creek, over two sampling occasions.
Ionic Species

Whiterock Ck

Watchbed Ck

Chloride (mg-Cl/L)

0.36 ± 0.01

0.26 ± 0.06

Nitrate (mg-NO3/L)

0.13 ± 0.05

0.06 ± 0.02

Sulfate (mg-SO4/L)

0.16 ± 0.01

0.14 ± 0.01

Sodium (mg-Na/L)

0.53 ± 0.01

0.58 ± 0.03

Ammonia (mg-NH4/L)

0.02 ± 0

0.03 ± 0

Potassium (mg-K/L)

0.17 ± 0.02

0.16 ± 0.02

Calcium (mg-Ca/L)

0.21 ± 0.01

0.27 ± 0.01

Magnesium (mg-Mg/L)

0.1 ± 0

0.14 ± 0

Food web dynamics – Community structure
Functional feeding groups were identified for each site. The combined Whiterock Ck samples
contained a high proportion of herbivores (63%), in particular filter feeders and grazers
(combined 56%). Predators were also well represented making up approximately 37% of the
diversity, with shredders contributing the least to overall community composition. The
Watchbed Ck samples had a higher proportion (46%) of predators than Whiterocks, but
herbivores were still dominant, despite an absence of filter feeders, with shredders showing
the highest contribution (46%) (Figure 4).
In total, 27 species were recorded from the Whiterocks Ck site, from within 7 orders;
however, only 16 species (from 6 orders) were sampled in sufficient biomass to be used for
stable isotope analysis. Similarly, 33 taxa were sampled from the Watchbed Ck site (within
10 orders), with only 13 species (from 7 orders) providing enough biomass for stable isotope
analysis (Appendix 1).
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Figure 4 Proportion of Functional Feeding Groups for macroinvertebrates found at Whiterock Creek
(Site 1) and Watchbed Creek (Site 2).

At Whiterocks Ck site the consumers were dominated by trichopterans, followed by
ephemeropterans, plecopterans and dipterans. The Watchbed Ck site also showed dominance
with trichopterans, ephemeropterans and plecopterans. Watchbed Ck also included Isopoda
and Odonata, which were not encountered in the Whiterock Ck samples (Figure 5).
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Figure 5 Proportion of taxonomic Orders found at Whiterock Creek (site 1) and Watchbed Creek
(site 2).

Consumer Dietary Analysis – Whiterocks Creek
Stable Isotope Analysis
Prior to lipid correction and trophic fractionation, the dominant sources of allochthonous
organic matter (terrestrial basal resources) sampled from Whiterocks Ck had mean δ13C
values ranging from -27.6 to -30.3‰. Dominant forms of aquatic autochthonous resources
(aquatic basal resources) had mean δ13C values ranging from -17.5 to -29.1‰. Primary
consumers (filter feeders, shredders, grazers) had mean δ13C values ranging from -23.6 to 28.7‰. Secondary consumers (predators) had mean δ13C values ranging from -19.5 to 27.7‰ (Figure 6a). Following lipid correction, trophic fractionation and the removal of single
samples (with no replicates), these ranges were altered to -25.9 to -29.7‰ for terrestrial basal
resources, -18.6 to -28.6‰ for aquatic basal resources, -21.3 to -25.3‰ for primary
consumers, -23.6 to -25.1‰ for secondary consumers (Figure 6b).
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Figure 6 Stable isotope signatures for basal resources and consumers at Whiterock Creek: (a) average
values (b) after lipid correction and trophic fractionation (mean ± SE, for δ13C versus δ12N).

Isotopic mixing model
Application of the isotopic mixing model was generally more successful for the Whiterock
Ck site compared to the Watchbed Crk site, with feasible solutions found for 7 out of 16
individual consumer organisms (Figures 7 a-g).
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Of the averages for different grazing consumers, Ephemeroptera and Coleoptera showed
feasible solutions in the mixing model. The model indicates that for grazing Ephemeroptera
(Figure 7a) the most feasible contributors to the diet were; E. pauciflora (fresh and brown
terrestrial), Bellendena montana, submerged moss, Epacris glacialis, algae-liverwort mixture
and biofilm (plant substrate). Sources with the greatest overall proportion and percent
frequency, and therefore the estimated main dietary contributors were Bellendena montana
(0-0.34), algae and liverwort mixture (0.27-0.42) and biofilm (plant substrate) (0-0.38). For
grazing Coleoptera (Figure 7b), potential food sources were fresh E. pauciflora, Sphagnum,
filamentous algae, biofilm (plant substrate), algae-liverwort mixture, and biofilm (rock
substrate). The main dietary contributors, as estimated by the model were Sphagnum (0-0.38)
and the algae-liverwort mixture (0.12-0.56).
Within the filter feeding group, Trichoptera, Diptera and Ephemeroptera showed feasible
solutions in the mixing model. The model indicates that for filter feeding Trichoptera at
Whiterock Ck (Figure 7c), the most feasible contributors to the diet were; terrestrially-aged
brown E. pauciflora, Sphagnum, Tasmannia lanceolata, fresh green E. pauciflora, E.
pauciflora in early, mid and late stages of conditioning, Richea and submerged moss. The
main dietary contributors, as estimated by the model were Sphagnum (0-0.38) and the algaeliverwort mixture (0.12-0.56). For filter feeding Diptera (Figure 7d), potential food sources
were deemed to be conditioned E. pauciflora, Sphagnum, filamentous algae, biofilm (plant
substrate), algae-liverwort mixture and biofilm (rock substrate). The main dietary
contributors, as estimated by the model were the algae-liverwort mixture (0-0.36) and
Sphagnum (0.21-0.46). For the filter feeding Ephemeroptera (Figure 7e), potential food
sources were conditioned E. pauciflora, Sphagnum, filamentous algae, biofilm (plant
substrate), the algae-liverwort mixture and biofilm (rock substrate). The main dietary
contributors, as estimated by the model were the biofilm (plant substrate) (0-0.74), the algaeliverwort mixture (0-0.32) and biofilm (rock substrate) (0-0.66).
Of the shredders, the Ephemeroptera showed feasible solutions in the mixing model (Figure
7f). Potential food sources were filamentous algae, biofilm (plant substrate), algae-liverwort
mixture, biofilm (rock substrate) and Tasmannia lanceolatea. The main dietary contributors,
as estimated by the model were biofilm (plant substrate) (0-0.6), algae-liverwort mixture (00.5), biofilm (rock substrate (0-0.36) and Tasmannia lanceolata (0-1).
Of the predators, Plecoptera showed feasible solutions in the mixing model (Figure 7g).
Potential food sources included filter feeders (Trichoptera, Diptera and Ephemeroptera),
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grazers (Plecoptera, Diptera and Ephemeroptera), and shredding Ephemeroptera. The main
dietary contributors, as estimated by the model were, filter feeding Trichoptera (0-0.21) and
grazing Plecoptera (0-0.42).
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Figures 7a-c IsoSource mixing model estimates of resource contributions to consumer organisms
from Whiterock Creek samples. Shown are: (a) grazing ephemeropteran, (b) grazing coleopteran, and
(c) filter feeding trichopteran.
170

2

d

Diptera (Filter Feeder)
Conditioned Snowgum

1

Sphagnum
Filamentous Algae
Biofilm (plant substrate)
Algae & Liverwort mixture

0

Biofilm (rock substrate)

0.21-0.46

-1

0-0.36

-2

-3

-4

-5
2

0-0.66

e

1

d12N

0-0.32

0-0.74

0

Ephemeroptera (Filter Feeder)
Conditioned Snowgum
Sphagnum
Filamentous Algae
Biofilm (plant substrate)
Algae & Liverwort mixture
Biofilm (rock substrate)

-1

-2

-3

-4

-5
2

0-0.6

f

Ephemeroptera (Shredder)
Filamentous Algae
Biofilm (plant substrate)
Algae & Liverwort mixture
Biofilm (rock substrate)
Tasmannia lanceolata

1

0-0.36

0

0-0.5

-1

0-1

-2

-3

-4

-5
-30

-28

-26

-24

-22

-20

-18

-16

d13C
Figures 7 d-f IsoSource mixing model estimates of resource contributions to consumer organisms
from Whiterock Creek samples. Shown are: (d) filter feeding dipteran, (e) filter feeding
ephemeropteran, and (f) shredder ephemeropteran.
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Figures 7g IsoSource mixing model estimates of resource contributions to consumer organisms from
Whiterock Creek samples. Shown is the mixing model estimate for a predatory plecopteran.

Consumer Dietary Analysis – Watchbed Creek
Stable Isotope Analysis
Prior to lipid correction and trophic fractionation, the dominant sources of allochthonous
organic matter sampled from the riparian vegetation of Watchbed Ck had mean δ13C values
ranging from -25.7 to -28.9‰. Dominant forms of aquatic autochthonous resources had mean
δ13C values ranging from -25.9 to -35.1‰. Primary consumers had mean δ13C values ranging
from -26.2 to -37.7‰. Secondary consumers (predators) had mean δ13C values ranging from 30.2 to -35.1‰ (Figure 8a). Following lipid correction, trophic fractionation and the removal
of samples with no replicates, these ranges were altered to -24.5 to -27.9‰ for terrestrial
basal resources, -25.6 to -35.5‰ for aquatic basal resources, -24 to -33.3‰ for primary
consumers, and -29 to -30.6‰ for secondary consumers (Figure 8b).
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Figure 8 Stable isotope signatures for basal resources and consumers at Watchbed Creek: (a) average
values (b) after lipid correction and trophic fractionation (mean ± SE, for δ13C versus δ12N).

Isotopic mixing model – Watchbed Creek
Application of the isotopic mixing model to samples collected from Watchbed Crk were
generally less successful, with 3 out of 13 consumer organisms giving feasible solutions
(Figures 9a-c); these were Plecoptera, Ephemeroptera and Isopoda in the shredder FFG.
Potential food sources for the Plecoptera (Figure 9a) were Riccardia, Empodisma,
filamentous algae, biofilm (rock substrate), Sphagnum, E. glacialis, Carex and Oriobolus.
The main dietary contributors, as estimated by the model were filamentous algae (0.06-0.52)
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and E. glacialis (0.21-0.36). For the shredding Ephemeroptera (Figure 9b) potential food
sources were filamentous algae, Richea, Empodisma, Sphagnum, E. glacialis, Riccardia and
biofilm (rock substrate). The main dietary contributors, as estimated by the model were
filamentous algae (0.68-0.78) and E. glacialis (0.1-0.22). Potential food sources for the
shredding/detrivorous Amphipoda (Neoniphargus) (Figure 9c) were filamentous algae,
biofilm (rock substrate), Richea, Empodisma, Sphagnum, E. glacialis, Carex, Oriobolus and
Riccardia. The main dietary contributor, as estimated by the model was Oriobolus.
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Figures 9a-c IsoSource mixing model estimates of resource contributions to consumer organisms
from Watchbed Creek samples. Shown are: (a) shredding plecopteran, (b) shredding ephemeropteran,
and (c) shredding isopod.
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Top Order Predator Dietary Analysis – 454-Pyrosequencing of fish gut contents
For both streams, the fish species, Galaxias olidus represented the top aquatic predator. The
gut contents of G. olidus were analysed using 454 pyrosequencing in order to identify likely
food sources. Pyrosequencing analysis involves the successful matching of identified DNA
sequences with known sequences within genetic databases, with taxonomic identification
based on sequence similarity. In this study, species identification was based on >97%
similarity. Although the technique can identify taxa to the species level, sequences from
Australian taxa are underrepresented in the genetic database. Several aquatic hyphomycete
species also remain as uncultured or unclassified samples within the mitosporic Ascomycota
library. Consequently, while analyses undertaken at the species level are still useful in some
instances, Class, Order and Phylum are probably the most accurate way to display and
analyse the taxonomic identifications obtained for these samples. After viewing the data for
fish gut contents at different taxonomic levels, the following taxonomic classifications were
used: fungal data – class, bacteria – phylum, and animals – order.
For the Whiterock Ck samples, 454-pyrosequencing revealed 7 dominant fungal classes, with
1 recognised aquatic Hyphomycete species (Trichladium chaetocladium), 21 dominant
bacterial phyla and 13 dominant animal orders. Animal samples were dominated by
coleopterans, most of which were of a terrestrial origin (Appendix 3). Watchbed Ck samples
revealed 4 dominant classes of fungi, with no recognised aquatic Hyphomycetes, 11 bacterial
phyla and 26 animal orders, dominated by terrestrial families and subfamilies of coleopterans,
mites and collembolans (Appendix 4). Despite physico-chemical site differences, G. olidus
gut content analyses for both streams suggest that terrestrial beetles (coleopterans) form a
major part of the fish diet in these alpine streams.
MDS ordination of all reported sequences, including both identified and unidentified taxa,
gave a visual representation of the 454-pyrosequencing data. Both the 0.5% and 1% filters
show the same overall pattern in data clustering, so only the 1% results are presented. When
all community data were compiled into a single analysis, (i.e. fungi, prokaryote and
eukaryote data sets, using a 1% filter), a clear visual clustering of sites is not evident. One
Watchbed Ck sample lies quite separate from the others, having lower overall diversity and
more unique bacterial sequences than the others. No significant differences were found
between sites, with ANOSIM significance levels of 99.5% (Figure 10).
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Galaxias olidus 454-pyrosequencing
All taxa
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2

Figure 10 PRIMER MDS ordination of G. olidus gut analysis – all taxa combined (1% filter,
presence/absence transformed) (site 1 = Whiterocks Creek, site 2 = Watchbed Creek).

When comparing the bacterial composition of the fish from the two sites, ANOSIM revealed
a significant difference between the Whiterock Ck and Watchbed Ck samples (1.6 %
significance level) (Figure 11).
Galaxias olidus 454-pyrosequencing
Bacteria
Transform: Presence/absence
Resemblance: S17 Bray Curtis similarity
2D Stress: 0.11

site
1
2

Figure 11 PRIMER MDS ordination of G. olidus gut analysis – bacterial comparison of both sites
(1% filter, presence/absence transformed) (site 1 = Whiterocks Creek, site 2 = Watchbed Creek).

Fungal sequences showed no discernible patterns between sites. ANOSIM revealed no
significant differences between sites (81% significance level). The two samples separate from
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the main cluster, are the only samples found to contain sequences identified as the genus
Gomphus (Figure 12).

Galxias olidus 454-pyrosequencing
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Figure 12 PRIMER MDS ordination of G. olidus gut analysis – fungal comparison of both sites (1%
filter, presence/absence transformed) (site 1 = Whiterocks Creek, site 2 = Watchbed Creek).

When comparing the eukaryote (excl. fungi) sequences in the fish gut analyses, there was a
visual separation between sites but this was not supported by ANOSIM (20.2% significance
level) (Figure 13).
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Figure 13 PRIMER MDS ordination of G. olidus gut analysis – eukaryote (excl. fungi) comparison of
both sites (1% filter, presence/absence transformed) (site 1 = Whiterocks Creek, site 2 = Watchbed
Creek).
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Discussion
Stream physico-chemical characteristics
Despite being in different catchments, the physico-chemical characteristics of the two sites
were not significantly different, except for pH, conductivity, and DO percentage and
concentration. Stream temperatures showed little variation between sites and reflected
ambient air temperature with clear diurnal patterns. This close association with air
temperature, as seen previously in Chapter 2, is likely a result of the inherent heat exchange
and surface area to volume ratios associated with small stream sizes (Constantz 1998).
Differences in pH could be reflecting catchment differences, or distance from source waters,
as the groundwater sources feeding these types streams typically have a pH of 5.25-5.4
(McCartney et al. 2013; Silvester 2009). The Watchbed Ck site is higher in the catchment
than the Whiterocks Ck site, so may be more influenced by the groundwater characteristics.
Conductivities at both sites were <10 µS cm-1, an extremely low value for freshwater streams,
and reflective of the surrounding geology (Silvester 2009). Variation between the DO
concentration and saturation between sites could be highlighting the influence of the waterfall
at Whiterocks Ck, with high turbulence and flows resulting in elevated DO (Guasch et al.
1998). Both sites have low ionic concentrations, typical of alpine streams (Suter et al. 2011),
with small differences in sulfate, ammonia, calcium and magnesium concentrations again
possibly reflecting subtle catchment properties and distance from groundwater sources.
Dissolved Organic Carbon (DOC) concentrations at both sites were low in terms of
worldwide freshwater values (0.5-50 mg-C/L) (Mulholland 2003), despite both sites being
downstream from peatlands, with Watchbed Ck samples being marginally higher than
Whiterocks Ck samples. Dissolved Organic Nitrogen (DON) and Dissolved Organic Carbon
(DOC) concentrations were higher at the Watchbed Ck site potentially reflecting site
characteristics, with this site located closer to the source water peatlands, resulting in less
time for DOC assimilation or uptake. With a higher potential for authochthonous production
in this stream, a correlation may also exist between DOC and TDN, with Watchbed Ck also
being more enriched in DOC (Bernal et al. 2005).
The abundance and distribution of the biotic community inhabiting a stream can be
influenced by flow, temperature, and water chemistry (Brown et al. 2003) in combination
with food quality and quantity (Merritt et al. 2008). Apart from a difference in stream pH at
Whiterock Ck and Watchbed Ck, the differences in physico-chemical characteristics between
these sites are very small, with both sites broadly typical of the alpine streams of this region.
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In-stream alpine food web dynamics
Prior to this investigation, we hypothesised that the food webs in these alpine streams would
be relatively simplistic, lacking the complexity of higher order lowland stream or wetland
food webs. It was also anticipated that Eucalyptus pauciflora might have some role in
structuring the stream community. The biotic communities of each site could be
differentiated by their aquatic invertebrate assemblages, with a greater proportion of filterfeeders at Whiterocks Ck and predators at Watchbed Ck. Species numbers were equivalent,
along with a shared dominance of trichopterans from different functional feeding groups
(FFGs). The most notable difference was the absence of filter feeding taxa at Watchbed Ck
with a higher proportion of predatory and detritivorous species. In alpine glacial streams,
chironomids often represent the dominant insect order, especially in areas close to the glacier
where disturbance is high and food resources are low. The diversity within these streams
often increases with distance from the glacier, with chironomids still well represented within
the macroinvertebrate community (Füreder et al. 2001; Hieber et al. 2005; Ward 1994). In
this study, chironomids composed a high proportion of the taxa at the Watchbed Ck site,
sharing dominance with Trichoptera and Ephemeroptera. Chironomids were depauperate at
Whiterocks Ck, with only 1 chironomid species (Polypedilum sp) collected. This may be due
to a combination of site characteristics, with the presence of an upstream waterfall, increasing
turbulence and reducing available habitat or the retention of organic matter.
The macroinverterbate community encountered at the Watchbed Ck site showed a higher
abundance and diversity of predatory taxa, with representatives from most of the sampled
orders. In contrast to the Whiterocks Ck site, there were shredding macroinvertebrates
present, potentially indicative of the abundance of submerged grass, terrestrial grass and
heath vegetation present in and around the site. The relatively stable flow conditions at this
site have resulted in a large accumulation of fine organic detritus across the stream bed along
with the formation of biofilms and filamentous algae. This abundant food resource and stable
substratum provides resources for detritivores and shredders (Ward 1994) which in turn
increases prey opportunities for predators as reflected in the high abundance of predators at
this site.
The species assemblages present at both sites would indicate food webs driven by
autochthonous resources, in terms of detritus and fine particulate organic matter (FPOM),
despite the sites being located in different catchments with contrasting riparian vegetation and
cover. Overall, the dominance of primary consumers adapted to collecting suspended FPOM
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from the water column at Whiterock Ck is reflecting dominant site characteristics at this site,
with the waterfall creating an environment of high mixing and transport of FPOM from
upstream (Wallace and Merritt 1980).
Consumer dietary analyses
Due to the low total biomass collected for some taxa, resulting in inadequate amounts of
material for SIA, the diversity of both communities was not well represented. Only a small
proportion of the consumer diets could be successfully estimated by the isotopic mixing
model, although there is evidence for the importance of autochthonous resources within the
macroinvertebrate assemblages and food webs from both sites.
Samples from the Whiterock Ck site had a higher success rate in feasible diets as estimated
by the isotopic mixing model. From the successful estimations, the main basal resources
contributing to consumer diets were biofilm (plant substrate), Sphagnum, and the algaeliverwort mixture. E. pauciflora, both terrestrial and conditioned, were repeatedly estimated
as potential food resources, but were not found to be major contributors. It is possible that
conditioned E. pauciflora leaves may become a more important food resource at the
Whiterock Ck site when primary production is low. The current study was conducted during
the highest productivity season, with likely maximum autochthonous production in the
stream. Analyses of the Watchbed Ck data produced only 3 successful diet estimates. All
three were shredder/detritivorus macroinvertebrates, with main resource contributors being E.
glacialis (heath species), Oriobolus (submerged grass) and filamentous algae.
Of the successful analyses, the primary producers were well represented in the mixing
models, supporting the theory that alpine streams are driven predominantly by autochthonous
processes (Füreder et al. 2003). The importance of these resources could have been
overestimated, as potential resources like FPOM were not sampled and some samples did not
provide adequate biomass to be analysed. Previous (lowland) food web studies have revealed
a relatively plastic feeding behaviour in freshwater macroinvertebrates, with a more
generalist and opportunistic feeding strategy, exploiting locally abundant and readily
available resources (Hladyz et al. 2012; Leberfinger and Bohman 2010; Zah et al. 2001).
Dietary study of top-order predator (G. olidus)
Given the low success rate using the mixing model, the 454-pyrosequencing of fish stomach
contents was beneficial in providing insight into the diet of Galaxias olidus.
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Although a greater diversity is revealed from these analyses it must be noted that the
technique does not distinguish between consumed taxa and the internal microflora. There is
also the potential to over-estimate the importance of particular species as percentage reads
and counts are presented rather than actual abundance (Amend et al. 2010), with potential
overestimation of rare species (Kunin et al. 2010).
454-pyrosequencing of G. olidus fish stomach contents revealed high similarity between the
2 sites, with only the bacterial assemblages providing significant separation. The main
finding from this approach was the significance of terrestrial invertebrates to the diet of these
fish, in particular coleopterans, mites and collembolla. This is consistent with the feeding
studies of Cadwallader et al. (1980), who catergorized G. olidus as an opportunistic visual
predator that fed on drifting invertebrates, with the substantial amount of its diet coming from
terrestrial sources. Terrestrial invertebrates can become dominant food resources for fish
species, particularly in summer when inputs are high (Baxter et al. 2005).
Although fungal sequences provided no significant separation between sites, 1 aquatic
Hyphomycete species was encountered in the Whiterocks Ck fish samples. The detection of
an aquatic Hyphomycete in the fish gut analyses from Whiterocks Ck, may be from the direct
consumption by the fish of microbially conditioned organic matter or fungal spores, or the
consumption of a macroinvertebrate that had previously fed on conditioned material.
Although conditioned E. pauciflora leaves were not resolved as dominant contributors to
primary consumers via SIA, fungal conditioning is still likely to be an important process
within the food web, at a time or place (i.e. further downstream) that was not covered in this
study.
Although the stable isotope analyses indicated that both sites were largely autochthonously
driven, it would appear that the terrestrial riparian zone is still significantly contributing to
the food web, via direct inputs of litter and invertebrates. This would suggest that the
macroinverterbrate community feeds predominantly on the most abundant food resource,
whether that is FPOM, algae, biofilm or terrestrial vegetation.
The terrestrial invertebrates were not sampled, although it would seem that terrestrial
invertebrates are highly important and should be investigated further, along with seasonal
shifts in dietary composition and food webs. Overall, a greater complexity exists in alpine
stream food webs than previously hypothesized, with terrestrial inputs having greater
significance particularly for higher order predators (fish), perhaps suggesting a combined
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importance of both allochthonous and authochthonous food sources at different levels
throughout the in-stream food web. This complexity would not have been revealed using one
technique of food web or dietary comparison alone. By combining SIA with gut content 454pyrosequencing a broader story is revealed that may previously have been overlooked if
relying on a single technique. Although inherently difficult, it would be interesting to use
these combined techniques to determine the main basal resources exploited during periods of
low in-stream primary production and during snow cover when macroinvertebrate activity
and both allochthonous and autochthonous inputs are reduced.
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Chapter 7: Summary of Major Findings and Directions for Future
Research
Despite a good deal of work having been carried out on aquatic hyphomycetes globally,
knowledge on their biology and ecology is under represented in Australian systems. This is
particularly the case for Australian alpine streams, and so the broad aim of this study was to
investigate the aquatic hyphomycete community present in alpine streams of the Bogong
High Plains (BHPs). Given the limited information available, the aims of the thesis were:
1) to understand the physico-chemical environment of the headwater streams of the BHPs,
2) to determine the activity of hyphomycetes on decomposing leaves,
3) to characterize the fungal community present on decomposing leaves,
4) to study the chemical changes of leaves as they undergo decomposition by the
hyphomycetes (and other microbes) and
5) to determine the role of these hyphomycetes in the broader food web of alpine streams on
the BHPs.
These aims have been achieved and the major findings of the research and identified areas for
future research are summarized below.

The physico-chemical environment
Alpine streams on the Bogong High Plains (part of the Alpine National Park) exhibit unique
characteristics in terms of the source of waters, ionic concentration, nutrient availability,
temperature regime, riparian vegetation, and organic matter inputs. These streams do not
necessarily have characteristics typical of the glacial and highland streams of the Northern
Hemisphere (Chapman et al. 2001; Reynolds and Edwards 1995; Tockner et al. 2003). Many
of the physico-chemical properties of headwater streams on the BHPs are directly influenced
by chemical and biological processes occurring within the upstream, groundwater-fed,
peatlands (Silvester 2009), as well as by the catchment geology and the strongly seasonallyvariable alpine climate (Dojlido and Best 1993). In general, these streams are nutrient limited,
particularly with respect to major nutrients such as carbon, nitrogen and phosphorus.
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Seasonal variations were observed in the stream water concentrations of carbon, nitrogen,
phosphorus and chloride, with some unexpected trends that were independent of maximum
in-stream primary productivity (spring-summer). The greatest control exerted over the
chemical composition of these streams is undoubtedly the biogeochemical and plant uptake
processes that occur within the upstream peatlands. Peatlands are a characteristic vegetation
community occurring within the BHPs (McDougall 1982; Wahren et al. 1999), and were a
feature of all of the streams investigated in this study. In particular, these peatlands appear to
exert control over seasonal variations in the stream water concentrations of DOC, nitrate and
chloride, with higher DOC export in summer-autumn and higher chloride and nitrate export
in winter-spring (Silvester 2009). Seasonal variations in climate appear to be a strong driver
in these systems. Due to the absence of riparian cover, these streams can have temperatures
varying from a minimum of 0.12˚C during the snow-covered winter months to 26.9˚C in the
summer. Nutrient limitation, reduced inputs of organic material from the surrounding riparian
vegetation, and strong temperature variations are likely to have a strong effect on the aquatic
community and biotic activities that occur within the streams.

Decomposition process in alpine streams of the BHP
The data presented in this thesis show that the aquatic hyphomycete community present in
alpine streams of the Bogong High Plains is actively decomposing Snowgum (Eucalytpus
pauciflora) leaves, altering them physically and chemically at rates that vary with seasonal
influences. In these streams, it would appear that temperature variation, submersion time and
resource availability are the main determinants of both fungal community structure and
fungal activity. The greatest contrast in leaf decomposition rate and fungal biomass is
observed between summer and winter, with the lower winter rates of decomposition
consistent with lower fungal biomass. It would appear that, although fungi successfully
colonize leaves in winter, fungal activity remains effectively dormant.
This seasonal variation is also reflected in the chemical changes occurring within the leaf
tissues, with increased depletion of the carbohydrate located within the xylem tissues in
summer when compared to winter. Despite the higher rate of decomposition of E. pauciflora
leaves in summer, both rate of leaf mass loss and the associated fungal biomass are lower
than reported previously for other eucalypt species (Gonçalves et al. 2007; Pozo et al. 1998).
This difference is likely due to the intrinsic nature of the leaf resource itself, with E.
pauciflora displaying the distinct eucalypt defenses to herbivory (Bärlocher et al. 1995;
Canhoto and Graça 1999), along with a physical toughness associated with its tolerance of
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harsh climatic conditions of snow cover and reduced photosynthetic periods (Ball et al. 1997;
Öquist and Huner 2003). Given this toughness, it is not surprising that these leaves are
retained intact for extended periods within the stream, particularly in the absence of
shredding macroinvertebrates. In this study individual leaves were retrieved from the stream
after well over a full year cycle (455 days). Therefore, these leaves appear to be a long-term
source of both dissolved and particulate carbon for in-stream (and downstream) processes.

Chemical changes to leaves
With the combination of climate, stream physico-chemical properties and the nature of the
incoming leaf resources, a change in the structure of the fungal community would be
expected, with altered behavior and activity even if only in quantity and rates of
decomposition. Despite an ever changing environment, the fungal community present in
these streams remains active, although at varying rates, throughout this study.
From a nutritional perspective, eucalypt leaves have been regarded as a poor quality food
given their high C:N ratios, combined with their structural and chemical defenses to
herbivory (Pozo et al. 1998). However, numerous studies have now shown that despite these
physical and chemical barriers a wide range of eucalypt leaves are readily decomposed in
aquatic environments, albeit at different rates (E. camaldulensis and E. pauciflora, E
vimmiinalis, E. delegatensis and E. globulus) (Bärlocher et al. 1995; Canhoto and Graça
1996; Kerr et al. 2013; Suter et al. 2011). Successful utilization of a leaf resource by
hyphomycetes requires successful attachment to the leaf surface and penetration of the cell
wall by fungal hyphae (Belliveau and Bärlocher 2005). Prior to this conditioning in the
stream occurs with soluble materials including tannins and other chemical components lost
from the eucalypt leaf (Boulton 1991). In this study, terrestrially-aged brown leaves were
selected, so patterns found here will differ from those obtained using fresh leaves. By
mapping the chemical properties of a leaf through to decomposition we can obtain a clearer
picture of where fungal activity is most prevalent, determining the target areas for fungal
nutrition.
Kerr et al. (2013) developed histological and infra-red microspectroscopic methods for both
identifying the regions of high fungal activity, and the interaction of these fungi with the leaf
substrate. These methods have been further developed and used to investigate seasonal
variations in leaf decomposition with E. pauciflora leaves. Consistent with the findings of
Kerr et al. (2013) the xylem tissue represents the target area for fungi within the leaf. Being
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rich in carbohydrate it represents a highly significant nutritional resource for the growing
fungal community (Hammel 1997; Heraud et al. 2007). The fungal community exhibits an
ability to break down structural, highly lignified material in order to access this resource, seen
in both the histological and FTIR maps. This study also revealed significant differences in the
internal structure of a fresh leaf still growing on a tree and a terrestrially-aged brown leaf.
When compared to a fresh leaf, a terrestrially-aged brown leaf has lost much of the readily
biodegradable material in both the mesophyll and vascular tissue, and with the remaining
tissue having much higher concentrations due to dessication. The pattern of fungal
colonization is consistent across all samples, with fungal material always detected between
xylem and phloem fibres, and between phloem fibres and cuticle. The variation in fungal
abundance (as measured by the presence of either fungal protein or chitin) between the
summer and winter samples support the ergosterol measures of fungal abundance. Although
aquatic fungi were always present, they were largely inactive during winter and not building
up biomass. Consistent with this, depletion of carbohydrate within the winter samples was
less than for summer samples when fungi were highly active. In winter the fungal community
is effectively dormant, perhaps awaiting a return to favourable conditions before
proliferating. Although eucalypts are perceived as a less favourable food resource for aquatic
hyphomycetes, it would appear that the nutritional components are accessible, with the fungal
community present in these alpine streams adapted to dealing not only with climate variation
and extremes, but also with recalcitrant leaf litter.
In contrast with the work of Kerr et al. (2013) there was no evidence for the accumulation of
oxidized lignin in decomposed leaves. Instead, E. pauciflora leaves appeared to lose both
cellulose and lignin during fungal decomposition. This observation is likely due to the
placing of leaf packs in fast flowing streams with the decomposition products leached from
the substrate. This contrasts with the work of Kerr et al. (2013) where the leaves were placed
in a non-flowing wetland, allowing accumulation of oxidation products. The leaching of this
material from E.pauciflora leaves suggests that they are a source of stream DOC during
fungal decomposition.

Fungal community dynamics on decomposing snow gum leaves
Using the sporulation technique Suter et al. (2011) reported low diversity and abundance for
aquatic hyphomycetes on two different eucalypt leaf litter resources (E. pauciflora and E.
delegatensis) from the BHPs. Similarly, a distinct community shift occurred as
decomposition proceeded. In the present study, the temporal changes to the fungal
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community are consistent between all seasons, with significant shifts indicating changes in
composition and/or dominance of taxa. This succession is most evident in the shift from a
terrestrial community to an aquatic one, observed in all seasons between the T0 and the
following submerged samples. Following on from previous observations, the winter samples
show the lowest spore abundance, however diversity is on a par with the other seasons. This
would again indicate that the fungal community is present but inactive. If samples had been
taken directly from the water column in winter, spore abundance and diversity may have
differed, with the very action of being aerated in the laboratory potentially prompting
sporulation, due to slightly elevated water temperatures.
By analyzing the fungal community over time (0, 28, 56, 70 d) and seasonal time scales, I
clearly demonstrated that a terrestrial fungal community was ultimately replaced once the leaf
was submerged and aquatic fungi colonized the leaf. DNA approaches showed the
community that developed to be highly diverse (with 82-169 species detected). Dominant
non-hyphomycetes that contributed large numbers of reads included Bagadiella lunata,
Bagadiella sp. and Plectosphaera eucalypti. A diverse fungal community on the T0 leaves
highlights that decomposition is occurring prior to submergence within the stream, whether
just on the leaf surface or within the leaf tissues themselves. As ergosterol measurements
where below detection limits in the T0 leaves, it may be that these fungi were active when the
leaf was green, however presenting no living fungal tissue in the brown leaves. In both the
sporulation and DNA analyses aquatic Hyphomycete diversity was lower than in previous
eucalypt studies (Gonçalves et al. 2007; Pozo et al. 1998). This may indicate an actual alpine
specific community or that only a small number of species actually have the combined ability
to tolerate the environment whilst also being able to degrade E. pauciflora leaf tissue.
This small aquatic hyphomycete community has the ability to maintain its presence within
leaf resources throughout a full seasonal cycle, showing greatest activity during the more
productive warmer seasons, particularly summer and early autumn. Their ability to
overwinter not only enables them to exploit leaf resources quickly and efficiently when the
spring snowmelt and influx of new litter occurs, but also means they represent a potential
food resource for overwintering macroinvertebrates.

Food webs and broad ecology
In controlled feeding trials macroinvertebrate shredders have shown preferential selection for
leaves that have undergone fungal conditioning (Graça 2001; Inkley et al. 2008; Robinson et
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al. 1998). This selectivity has been attributed to the protein content of conditioned leaves,
with fungal protein replacing leaf tissues (Chergui and Pattee 1991). It is also thought that as
most macroinvertebrates lack the required digestive enzymes to access nutrients from leaf
tissue, by consuming these fungi along with leaf tissue the fungal enzymes may remain active
within the consumer’s stomach (Graça 2001; Inkley et al. 2008; Robinson et al. 1998).
In alpine streams the timing and amount of organic material is different to lowland streams,
particularly in terms of quantity with a distinct absence of large tree and shrub-type riparian
vegetation. The treeless nature of these catchments means that primary production from
within the stream is a dominant factor driving stream metabolism (Leberfinger et al. 2011;
Zah et al. 2001). As the aquatic hyphomycete community is present and active within these
streams, this study investigated whether variation existed between food webs in a stream free
from E. pauciflora and a stream where E. pauciflora was a dominant riparian feature.
Effectively, I was trying to determine a) if the presence of the leaves within the stream, and
increased litter input, affected the stream food web and b) the relative dependence on
allochthonous inputs and the relative importance of E. pauciflora to the food web. The two
sites did show differences in consumer functional feeding groups. This was most likely
related to site characteristics influencing habitat availability, particularly the presence of the
waterfall at the Whiterocks Creek that created a higher flow and a more turbulent
environment

favouring

filter

feeding

organisms.

Despite

some

differences

in

macroinvertebrate taxa between the two sites, neither stable isotope analysis nor 454pyrosequencing of fish guts revealed E. pauciflora (whether conditioned or not), to be a
dominant contributor to the food web at the Whiterocks Ck site. Successfully modeled diet
analyses identified that at both sites primary producers were the dominant contributors to
macroinvertebrate diets. These results support the theory that Whiterocks Creek was reliant
on autochthonous processes, despite the presence of E. pauciflora which may not be
surprising given the irregular quantity and timing of litter inputs to the stream. However,
given the relatively small amount of fungal material present within leaf samples, it may be
that relative biomass was not enough to obtain a specific reading for either isotope.
Seasonal factors can influence the dominance of primary productivity to the food web,
particularly throughout the cooler seasons (Reid et al. 2008), when other food resources may
increase in importance. Macroinvertebrates have been shown to display feeding plasticity and
opportunistic feeding on newly available and abundant resources (Hladyz et al. 2012),
potentially allowing them to overcome seasonal changes in resource availability. The food
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chain study in this work was conducted during the summer period, when primary production
is at a maximum. Primary production therefore may have overshadowed all other potential
food resources, with macroinvertebrates feeding on the most readily abundant food supply.
DNA analysis (454-pyrosequencing) revealed a more complex food web than originally
hypothesized. In particular this approach highlighted the importance of the terrestrial
invertebrate community to the top-order predators (G. olidus) in these streams. This finding is
consistent with previous studies into G. olidus feeding behaviour (Cadwallader et al. 1980).
Despite not being detected as prominent food resources within the dietary models, E.
pauciflora, and fungi contained in decomposing E. pauciflora, still represent a resource that
is present and potentially exploitable by the stream macroinvertebrate community.
Implications of the research
Traditional methods of sampling, culturing, quantifying and identifying aquatic
hyphomycetes should not be disregarded; in fact, the combination of new techniques (DNA
sequencing, IR analysis etc), with traditional methods allowed for greater resolution. It is still
important to understand the system, the ecology and the target organism, not just rely on the
genetics, particularly when databases are still relatively scarce for Australian aquatic biota in
general. The benefits of cross disciplinary approaches to study ecology have also been
highlighted, in particular combining ecology, biology, chemistry and physics to investigate
fungal decomposition in terms of leaf chemistry using infrared mapping at the Australian
Synchrotron.
By increasing our understanding of the process of decomposition in different environments
and leaf types, in this case alpine streams and E. pauciflora, we may be able to more
accurately predict changes to carbon availability in streams. As climate change models
predict an alteration to the current position of the treeline and vegetation assemblage present
in Australian alpine areas, baseline data are important for predicting potential environmental
impacts. As source waters for many of our major rivers (specifically within the MurrayDarling Basin), it is important to understand the processes, both biological and chemical,
occurring in these systems in order to predict potential effects and to manage them for a
changing climate. Furthermore, changes occurring within these streams may have
repercussions in terms of carbon export and nutrient availability, affecting downstream
aquatic ecosystems.
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This study has also highlighted a very distinct alpine aquatic ecosystem present in Australia,
and management practices developed for similar environments in the Northern Hemisphere
may not be transferable to Australian systems. With the intrinsic nature of these streams,
particularly the significance of groundwater -fed peatlands (listed as endangered ecological
communities under the EPBC Act 1999) to stream C and N dynamics and physico-chemistry,
the importance of protecting these systems from damaging practices is crucial. Unecessary
damage to these systems through disturbances such as cattle grazing, which alter flow
regimes and nutrient cycles, should be actively opposed and avoided at all costs.
Directions for future research
In terms of directions for future research, a concerted effort to add information to genetic
databases is required, in order for emerging genetic techniques to realize their full potential.
In terms of 454-pyrosequencing outputs, it would be useful to develop a method to allow
quantitative information on taxa abundance to be extracted, allowing an estimate of
abundance, or a way to quantify reads and counts into a more useful and user-friendly or
interpretable format. This would allow greater usage in ecological research, with accessibility
outside of genetic specific fields.
Further research is required to determine where Australian alpine aquatic ecosystems fit on a
world scale. In order to sustain alpine aquatic communities, particularly those communities
and species listed under the EPBC Act, it also needs to be determined how different
Australian alpine systems truly are. Once this is established, more specific models of function
can be developed for use in the management of these highly significant regions.
In terms of aquatic hyphomycete ecology and biology, investigating the winter “dormancy”
of the fungal community could provide further information about fungal community
adaptations and survival in harsh conditions. A finer temporal scale succession study, in
combination with a chemical leaf study, from the leaf on the tree to the submerged
decomposing leaf in the stream, would allow for a greater understanding of physical and
chemical leaf changes and associated fungal changes. Following on from this, although
inherently difficult, an alpine stream seasonal-scale food web study would develop our
understanding of stream community dynamics. This type of study may reveal seasonal shifts
in resource availability and dominant food resources utilized by macroinvertebrates. In
particular, it may highlight an increased importance of fungal conditioned leaves in periods
when primary productivity is reduced. This thesis has described the physico-chemical
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conditions in headwater streams of the BHPs, highlighting the low ionic and nutrient
concentrations compared with equivalent in the Northern Hemisphere. Aquatic
Hyphomycetes actively utilize E. pauciflora leaves, breaking down the carbohydrates and
lignin in the vascular bundles, as demonstrated using traditional staining methods and
Synchrotron spectroscopy. Activity is highest in summer, but there appears to be dormancy
during winter months. Although stable isotope analyses did not demonstrate high fungal
utilization by aquatic macroinvertebrates, or consumption of E. pauciflora leaf material
during summer, it demonstrated the importance of autochthonous resources in the food web.
The food web of alpine streams in the Australian Alps appears complex and 454pyrosequencing of the gut contents of the top order predator (G. olidus) indicated
considerable utilization of terrestrial resources in its feeding. However, resource utilization in
non-productive times (e.g. winter) needs to be investigated as autochthonous resources would
be lower and macroinvertebrate may shift to a food supply sourced from leaf material and
fungal material.
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APPENDICES

Appendix 1a
Spring Pyrosequencing Species List (≥ 0.05% filter)
Angulospora sp.
Articulospora atra
Articulospora tetracladia
Ascocoryne cylichnium
Ascocoryne sarcoides
Bagadiella lunata
Bagadiella sp.
Chalara sp.
Cladosporium nigrellum
Claussenomyces sp.
Cryptococcus skinneri
Dimorphospora foliicola
Fusarium merismoides
Fusicladium cordae
Fusicladium rhodense
Fusicladium sicilianum
Gloeosporium sp.
Gyoerffyella sp.
Kappamyces sp.
Microdochium sp.
Mycosphaerella dendritica
Neonectria sp.
Ophiocordyceps crassispora
Penidiella tenuiramis
Pestalotiopsis besseyi
Phaeosphaeria sp.
Phaeothecoidea melaleuca
Phlogicylindrium eucalyptorum
Phoma sp.
Plectosphaera eucalypti
Pseudeurotium bakeri
Rhizophydium aestuarii
Robillarda sessilis

Sarea difformis
Seimatosporium discosioides
Sistotrema sp.
Sydowia eucalypti
Teratosphaeria parva
Tomentella sp.
Tricladium splendens
Varicosporium delicatum
Variocladium giganteum
Venturia hystrioides
Vibrissea truncorum
Amanita inculta
Camarophyllus borealis
Cryptococcus gattii
Cylindrosympodium lauri
Fellomyces borneensis
Galerina sp.
Hydnum sp.
Hygrophorus olivaceoalbus
Hymenoscyphus varicosporoides
Leohumicola minima
Leohumicola verrucosa
Leucosporidium sp.
Meliniomyces bicolor
Meliniomyces vraolstadiae
Mollisia minutella
Monochaetia sp.
Monodictys sp.
Mycena haematopus
Mycena sp.
Mycosphaerella madeirae
Neobulgaria pura
Neonectria lucida

Neonectria sp.
Ochroconis constricta
Penicillium sp.
Phlogicylindrium eucalypti
Pholiota mixta
Phoma macrostoma
Sebacina vermifera
Sistotrema alboluteum
Sistotrema muscicola
Sporobolomyces beijingensis
Sterigmatomyces sp.
Tetracladium furcatum
Tricholoma sejunctum
Troposporella fumosa
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Sarcinomyces sp.

Neonectria radicicola
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Appendix 1b
Acarospora schleicheri
Acremonium sp. Hypocreales
Alternaria sp.
Angulospora sp.
Articulospora atra
Articulospora tetracladia
Ascocoryne cylichnium
Ascocoryne sarcoides
Ascocoryne sp.
Aureobasidium pullulans
Bagadiella koalae
Bagadiella lunata
Bagadiella sp.
Bensingtonia musae
Bensingtonia sp.
Bionectria ochroleuca
Brunneosphaerella protearum
Cadophora finlandica
Cadophora malorum
Candida sake
Catenaria sp.
Catenulostroma protearum
Chaetosphaeria sp.
Chalara sp.
Cladosporium nigrellum
Cladosporium sp.
Clathrosphaerina sp.
Claussenomyces sp.
Clonostachys divergens
Collophora africana
Coniothyrium nitidae
Cosmospora vilior
Crocicreas amenti
Crocicreas cacaliae

Summer Pyrosequencing Species List (≥ 0.05% filter)
Cryptococcus skinneri
Ilyonectria cyclaminicola
Phaeosphaeria sp.
Cryptococcus sp.
Lachnum fuscescens
Phaeothecoidea intermedia
Dasyscyphella montana
Lachnum sp.
Phaeothecoidea melaleuca
Davidiella sp.
Lanzia griseliniae
Phialea strobilina
Didymella exitialis
Lasiodiplodia rubropurpurea
Phialocephala sp.
Dimorphospora foliicola
Lecythophora sp.
Phialophora cinerescens
Dipodascus australiensis
Leptodontidium sp.
Phialophora sp.
Epicoccum nigrum
Leptosphaeria sp.
Phlogicylindrium eucalyptorum
Epicoccum sp.
Leptosphaerulina sp.
Phlogicylindrium sp.
Exophiala eucalyptorum
Lewia infectoria
Phlogicylindrium uniforme
Fontanospora fusiramosa Lunulospora curvula
Phoma herbarum
Fulvoflamma eucalypti
Massarina corticola
Phoma sp.
Fusarium avenaceum
Meliniomyces sp.
Pichia sp.
Fusarium merismoides
Microcyclospora tardicrescens
Pilidium concavum
Fusicladium cordae
Microdochium phragmitis
Plectosphaera eucalypti
Fusicladium pini
Microdochium sp.
Pleiochaeta setosa
Fusicladium rhodense
Minimidochium sp.
Pseudeurotium bakeri
Fusicladium sicilianum
Mollisia sp.
Pseudotulostoma sp.
Fusidium griseum
Mortierella sp.
Psilocybe sp.
Gelatinodiscus flavidus
Mycosphaerella dendritica
Pyrenochaeta cava
Gibberella pulicaris
Nectria flavoviridis
Pyrenochaetopsis microspora
Gibberella sp.
Nectria sp.
Readeriella nontingens
Glarea sp.
Neobulgaria sp.
Rhizophydium aestuarii
Gloeosporium sp.
Neonectria ditissimopsis
Rhizosphaera sp.
Gyoerffyella rotula
Neonectria sp.
Rhodotorula psychrophenolica
Gyoerffyella sp.
Neotyphodium occultans
Russula sp.
Helicodendron sp.
Ophiocordyceps crassispora
Saccharicola bicolor
Helminthosporium solani
Otidea smithii
Saccharicola sp.
Holwaya mucida
Paraconiothyrium sporulosum
Sarcinomyces crustaceus
Hormonema sp.
Paraphaeosphaeria sp
Sarea difformis
Hydnum rufescens
Penidiella tenuiramis
Sistotrema sp.
Hypocrea pachybasioides Pestalotiopsis microspora
Sphaeropsis pyriputrescens
Hypocrea rufa
Pestalotiopsis sp.
Stagonospora sp.
Ilyonectria crassa
Pezizella discreta
Sympoventuria capensis

Taphrina aff virginica
Teratosphaeria parva
Tetracladium breve
Trichocladium opacum
Trichopezizella otanii
Tricladium chaetocladium
Tricladium splendens
Tuber sp.
Varicosporium delicatum
Varicosporium elodeae
Variocladium giganteum
Venturia hystrioides
Venturia sp.
Verrucisporota daviesiae
Vibrissea truncorum
Volutella ciliata
Zalerion varium
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Appendix 1c
Autumn Pyrosequencing Species List (≥ 0.05% filter)
Alternaria sp.
Angulospora sp.
Articulospora tetracladia
Ascocoryne cylichnium
Ascocoryne sarcoides
Bagadiella lunata
Bagadiella sp.
Ceratobasidium sp.
Chalara sp.
Ciborinia camelliae
Cladosporium nigrellum
Claussenomyces sp.
Clonostachys divergens
Corynespora proliferata
Cosmospora vilior
Cosmospora vilior
Cryptococcus gattii
Cryptococcus huempii
Cryptococcus skinneri
Cylindrosympodium lauri
Dasyscyphella montana
Davidiella tassiana
Dimorphospora foliicola
Dumontinia tuberosa
Epicoccum nigrum
Eucasphaeria capensis
Eutypella scoparia
Fimetariella rabenhorstii
Fusarium larvarum
Fusarium merismoides
Fusicladium africanum
Fusicladium cordae
Fusicladium ramoconidii
Fusicladium rhodense

Fusicladium sicilianum
Fusidium griseum
Galerina sp.
Gibberella avenacea
Gibberella sp.
Guignardia sp.
Gyoerffyella sp.
Gyoerffyella sp.
Hormonema sp.
Hymenoscyphus varicosporoides
Lanzia griseliniae
Lecythophora sp.
Leptodontium sp.
Lunulospora curvula
Mallorcan basidiomycete
Meliniomyces bicolor
Microbotryum bistortarum
Microbotryum tragopogonis-pratensis
Microdochium phragmitis
Monochaetia sp.
Mycena aurantiidisca
Mycosphaerella dendritica
Nectria sp.
Neobulgaria pura
Neonectria lucida
Neonectria radicicola
Neonectria sp.
Neonectria sp.
Ophiocordyceps crassispora
Paraphaeosphaeria sp.
Penicillium sp.
Penidiella tenuiramis
Pestalotiopsis besseyi
Pestalotiopsis sp.

Phaeosphaeria sp.
Phaeothecoidea intermedia
Phlogicylindrium eucalypti
Phlogicylindrium eucalyptorum
Phoma sp.
Plectosphaera eucalypti
Polyscytalum algarvense
Polyscytalum fecundissimum
Pseudeurotium bakeri
Pseudophloeospora eucalypti
Pyrenochaeta cava
Pyrenochaetopsis microspora
Readeriella angustia
Readeriella mirabilis
Rhodotorula aff diffluens
Rhodotorula arctica
Rhodotorula cresolica
Rhodotorula sp. Sporidiobolales
Saccharicola sp.
Sarcinomyces sp.
Scleropezicula alnicola
Scytalidium lignicola
Sebacina vermifera
Seimatosporium discosioides
Sistotrema alboluteum
Sistotrema brinkmannii
Stachybotrys echinata
Sterigmatomyces sp.
Sydowia eucalypti
Sympoventuria capensis
Teratosphaeria considenianae
Teratosphaeria microspora
Teratosphaeria parva
Tomentella sp.

Trichosporon montevideense
Tricladium splendens
Truncatella angustata
Varicosporium delicatum
Venturia hystrioides
Vibrissea truncorum
Xylaria sp.
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Appendix 1d
Winter Pyrosequencing Species List (≥ 0.05% filter)
Albonectria rigidiuscula
Alternaria sp.
Arthrinium sp.
Arthrographis sp.
Articulospora atra
Articulospora tetracladia
Ascocoryne sarcoides
Aulographina pinorum
Aureobasidium pullulans
Bagadiella koalae
Bagadiella lunata

Cylindrium sp.
Cylindrobasidium
evolvens
Davidiella sp.
Devriesia fraseriae
Didymella exitialis
Dimorphospora foliicola
Dioszegia crocea
Dioszegia hungarica
Dioszegia sp.
Discostroma fuscellum
Elsinoe eucalypticola

Bagadiella sp.
Beauveria bassiana
Bensingtonia musae

Epicoccum nigrum
Epicoccum sp.
Erythrobasidium clade

Hymenoscyphus sp.
Kappamyces sp.
Lachnum sp.
Lalaria sp.
Lanzia griseliniae
Lasiodiplodia rubropurpurea
Lunulospora curvula
Massarina corticola
Meliniomyces sp.
Microcyclospora pomicola
Microcyclospora
tardicrescens
Microdochium phragmitis
Microdochium sp.

Bisporella citrina
Bullera globispora
Cadophora finlandica
Cadophora malorum
Catenulostroma
protearum
Chalara sp.
Cladoriella paleospora
Cladosporium nigrellum
Cladosporium sp.
Clathrosphaerina sp.
Claussenomyces sp.
Clavulina sp.
Collophora africana

Eucasphaeria capensis
Exophiala sp.
Fontanospora fusiramosa
Fulvoflamma eucalypti

Mollisia sp.
Mortierella alpina
Mortierella fimbricystis
Mortierella parvispora

Phialocephala sp.
Phialophora cinerescens
Phialophora sp.
Phlogicylindrium
eucalyptorum
Phlogicylindrium sp
Phlogicylindrium uniforme
Phoma herbarum

Fusicladium africanum
Fusicladium cordae
Fusicladium pini
Fusicladium rhodense
Fusicladium sicilianum
Geomyces sp.
Gibberella sp.
Glarea sp.
Glomus sp.
Graphiopsis
chlorocephala

Mortierella sp.
Mycena metata
Mycosphaerella berberidis
Mycosphaerella dendritica
Mycosphaerella sp.
Myrothecium masonii
Naohidea sebacea
Nectria sp.
Neobulgaria sp.

Phoma sp.
Plectosphaera eucalypti
Pseudeurotium bakeri
Pseudocercospora sp.
Pseudotulostoma sp.
Pyrenochaeta cava
Pyrenochaetopsis microspora
Ramichloridium strelitziae
Readeriella nontingens

Tremella nephromatis
Trichocladium opacum
Trichosporon porosum
Tricladium chaetocladium
Tricladium splendens
Varicosporium delicatum
Varicosporium elodeae
Variocladium giganteum
Venturia hystrioides

Neonectria ditissimopsis

Rhexocercosporidium sp.

Venturia sp.

Coriolopsis cf byrsina

Hormonema sp.

Penidiella tenuiramis

Saccharicola bicolor

Pestalotiopsis besseyi
Pestalotiopsis microspora
Pezicula sp.
Pezizella discreta
Phaeococcomyces nigricans
Phaeosphaeria eustoma
Phaeosphaeria sp.
Phaeothecoidea intermedia
Phaeothecoidea melaleuca
Phialea strobilina

Saccharicola sp.
Sarcinomyces crustaceus
Sistotrema sp.
Sporidesmium knawiae
Sporobolomyces gracilis
Stagonospora sp.
Stenella musae
Sterigmatomyces elviae
Sydowia polyspora
Taphrina aff virginica
Teratosphaeria complicata
Teratosphaeria nubilosa
Teratosphaeria parva
Teratosphaeria suberosa
Tetracladium breve
Tetracladium marchalianum
Tetracladium sp.
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Crocicreas amenti
Cryptococcus
bromeliarum
Cryptococcus podzolicus
Cryptococcus skinneri
Cryptococcus sp.
Cryptococcus victoriae

Guehomyces pullulans

Neonectria sp.

Rhizophydium aestuarii

Verrucisporota daviesiae

Gyoerffyella sp.
Helicodendron sp.
Helminthosporium solani
Herpotrichia sp.
Holwaya mucida

Neotyphodium occultans
Ophiocordyceps crassispora
Ophiocordyceps unilateralis
Paraphaeosphaeria sp.
Peltaster fructicola

Rhizosphaera sp.
Rhodotorula psychrophenolica
Rhynchosporium agropyri
Rhynchosporium secalis
Russula sp.

Verrucisporota grevilleae
Vibrissea truncorum
Zalerion varium
Zasmidium pseudoparkii
Phyllosticta harai
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Appendix 2a Taxonomic and functional food group classification of consumers sampled from Whiterocks Creek
Whiterocks Creek sampled taxa
Genus/species
Reference

Order
Amphipoda

Neoniphargus

Arachnida

Red mites

Ephemeroptera

Plecoptera

Austrophlebioides AV2
Coloburiscoides sp C
Nousia AV3/17
Austrocerca/Austrocercella
Eunotoperla kershawi
Eusthenia sp
Riekoperla trapeza
Trinotoperla (irrorata)

FFG

King and Bradbury (2012)

Detritivore

Hawking et al. (2013)

Predator

Dean (2011)
Suter et al. (2010)
Dean (2011)

Grazer
Filter Feeder
Shredder/Detritivore

Hynes (1978)
Hynes (1978)
Hynes (1978)
Mynott et al. (2011)
Hynes (1978)

Detritivore
Grazer
Predator
Grazer

Trichoptera

Archaeophylax ochreus
Asmicridia AV1
Austrheithrus
Austropsyche AV1
Austropsyche AV2
Hydrobiosella waddana
Psyllobetina
Smicrophylax AV1
Taschorema "complex"

Dean (2000)
Dean et al.(2004)
Dean et al.(2004)
Dean et al.(2004)
Dean et al.(2004)
Cartwright (1997)
Dean et al. (2004)
Dean (1999)
Dean et al. (2004)

Predator
Filter Feeder
Predator
Filter Feeder
Filter Feeder
Predator
Predator
Filter Feeder
Predator

Diptera

Edwardsina sp
Austrosimulium montana
Tipulid EPA 39
Athericid sp
Polypedilum
Atrichopogon
Ceratopogoninae

Zwick (1977)
Mackerras and Mackerras (1949)

Grazer/scraper

Hawking et al. (2013)
Madden (2009)
Hawking et al. (2013)
Hawking et al. (2013)

Predator
Predator

Sclerocyphon maculatus

Davis (1998)

Scraper/grazer

Coleoptera

Detritivore
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Appendix 2b Taxonomic and functional food group classification of consumers sampled from Watchbed Creek
Watchbed Creek sampled taxa
Genus/species
Reference

Order
Amphipoda

Neoniphargus

Coleoptera

Large Elmid

Diptera

Chironomidae
Ablabesmyia
Apsectrotanypus
Austrosimulium montana
Ceratopogoninae
Orthocladiinae sp
Polypedilum
Tipulid EPA 36

Ephemeroptera

Nousia AV3/17
Nousia AV3/18
Ameletoides BHP
Tasmanophlebia AV2

Isopoda

Colubotelson

Mollusca

Pisidium casertanum

Odonata

Austroaeschna flavomaculata
Austroaeschna atrata

Oligochaeta

Oligochaeta

Plecoptera

Eusthenia sp
Austropentura victoria
Austrocerca/Austrocercella
Dinotoperla serricauda/thwaitsei
Dinotoperla hirsuta

Trichoptera

Archaeophylax ochreus
Austrheithrus
Hydobiosella waddama
Kosrheithrus
Psyllobetina

FFG

King and Bradbury (2012)

Detritivore

Madden (2009)
Madden (2009)
Zwick (1977)
Hawking et al. (2013)
Madden (2009)
Madden (2009)

Predator
Predator
Predator

Detritivore
Dean (2011)
Dean (2011)
Suter and Webb (2012a)
Suter and Webb (2012b)

Shredder/Detritivore
Shredder/Detritivore
Grazer/scraper
Detritivore

Wilson (2012)

Detritivore

Smith and Kershaw (1979)

Filter Feeder

Hawking (2003)
Hawking (2003)

Predator
Predator

Hynes (1978)
Hynes (1978)
Hynes (1978)
Thomas (2012)
Thomas (2012)

Predator
Shredder/detritivore
Detritivore
Detritivore

Dean (2000)
Dean et al.(2004)
Cartwright (1997)
Dean et al.(2005)
Dean et al. (2004)

Predator
Predator
Predator
Predator
Predator
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Appendix 2c Taxonomic diversity of G. olidus stomach contents from Whiterocks Ck as revealed by 454-pyrosequencing
Pyrosequencing Fungal Class
List From Galaxiid Stomach
Contents Whiterocks Creek
Ascomycota (class)
Dothideomycetes
Agaricomycetes
Leotiomycetes
Saccharomycetes
Exobasidiomycetes
Sordariomycetes

Pyrosequencing Bacterial
Phylum List From Galaxiid
Stomach Contents Whiterocks
Creek
Firmicutes
Nitrospirae
Proteobacteria
Actinobacteria
Acidobacteria
Synergistetes
Bacteroidetes
Chloroflexi
Chlorobi
Verrucomicrobia
Planctomycetes
Cyanobacteria
Caldiserica
TM7
Spirochaetes
Tenericutes
Gemmatimonadetes
Lentisphaerae
Dictyoglomi
Chrysiogenetes
Deinococcus-Thermus

Pyrosequencing Animal Order
List From Galaxiid Stomach
Contents Whiterocks Creek
Coleoptera
Ephemeroptera
Psocoptera
Ascaridida
Araneae
Anura
Hemiptera
Rhabditida
Cypriniformes
Squamata
Trichoptera
Phoronis
Hymenoptera
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Appendix 2d Taxonomic diversity of G. olidus stomach contents from Watchbed Ck as revealed by 454-pyrosequencing
Pyrosequencing Fungal Class
List From Galaxiid Stomach
Contents Watchbed Creek
Agaricomycetes
Leotiomycetes
Tremellomycetes
Saccharomycetes

Pyrosequencing Bacterial
Phylum List From Galaxiid
Stomach Contents Watchbed
Creek
Firmicutes
Nitrospirae
Proteobacteria
Actinobacteria
Acidobacteria
Bacteroidetes
Chloroflexi
Planctomycetes
Cyanobacteria
Tenericutes
Gemmatimonadetes

Pyrosequencing Animal Order List
From Galaxiid Stomach Contents
Watchbed Creek
Coleoptera
Harpacticoida
Ascaridida
Parasitengona
Araneae
Anystae
Anura
Diptera
Symphypleona
Hymenoptera
Anguilliformes
Poduromorpha
Cypriniformes
Enoplida
Squamata
Barentsia
Trichoptera
Mermithida
Phyllodocida
Phoronis
Polydesmida
Opiliones
Cyclopoida
Branchiobdellidae
Entomobryomorpha
Diplostraca
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