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Abstract 
 

This thesis explored how root pathogen communities in Threatened Ecological Communities 

(TECs) would shift in response to precipitation and elevated CO2. I also completed a survey 

of current root pathogen communities within the Sydney Basin. Anthropogenic climate 

change has increased atmospheric CO2 resulting in higher temperatures and more intense and 

frequent drought and precipitation events. Root pathogens, in particular oomycetes, are 

reliant on water to germinate and infect their host. However, they can also persist during 

unfavourable conditions such as drought by producing protective structures. These pathogens 

have caused widespread dieback in the Jarrah Forest in Western Australia and sudden oak 

death in North America. This study focuses on root pathogens within TECs in the Sydney 

Basin, TECs are defined by a unique suite of coexisting flora and fauna and associated 

abiotic conditions. These ecological communities are important because they provide habitat 

and migratory corridors for vulnerable species. Within the Sydney basin these communities 

have been cleared for agricultural purposes and urban expansion as a result they are highly 

stressed and vulnerable to climatic changes and pathogen invasions.  

 

How climate change aspects such as elevated CO2 will influence oomycete communities is 

largely unknown. For my thesis I had the unique opportunity to investigate two aspects of 

climate change (elevated CO2 and increased precipitation) on oomycete communities at the 

Eucalyptus Free-Air CO2 Enrichment (EucFACE) experiment at Western Sydney University. 

This facility was been established on a water and nutrient limited mature Eucalypt forest that 

is representative of the Cumberland Plain Woodland. The site is composed of six rings, three 

of which are exposed to elevated CO2 concentrations and the other three ambient CO2 

concentrations. For my first experiment two plots within each ring were given supplemental 

water whilst the other two received nothing. Despite, the extra water only one oomycete was 

isolated across the site. At the time of this experiment we were experiencing a record-

breaking drought making it difficult to maintain soil moisture to the desired level. However, 

during the experiment soil moisture was higher in plots exposed to elevated CO2 than in 

ambient CO2, suggesting that if desired soil moisture levels were achieved that oomycete 

abundance would be higher in those plots. However, further research is needed to verify this 

assumption.   
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I also conducted a survey across four sites in the Sydney Basin that represent Threatened 

Ecological Communities. Whilst no pattern was observed between the community and factors 

such as soil moisture and tree health, I did isolate oomycetes. The two concerning species 

found were Phytophthora multivora and Phytophthora cryptogea. Both these species are 

known to infect native NSW vegetation, for example P. multivora has shown aggression 

towards the Wollemi Pine. Further research is needed to determine how widespread 

oomycetes are in the Sydney Basin and their impact on native vegetation. As both 

experiments were conducted in one season, it would be beneficial to investigate seasonal 

fluctuations. In the interim, ongoing monitoring can be established to prevent the dispersal of 

oomycetes into TECs as well as curb the arrival of new species.    
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Chapter 1: Background and Literature Review 

 

1.1 Disease and Forests in a Changing World  

Forests are important terrestrial ecosystems and provide a number of services such as 

sustaining biodiversity, maintaining landscape hydrology and storing carbon and nutrients. 

Even today, they are the source of medicine and are spaces that can be used for promoting 

both physical and mental health (Watson et al. 2018). The spread and development of plant 

diseases and associated dieback not only affects biodiversity but also communities who use 

the forest for recreation, incomes and cultural purposes. For example, the Kauri tree in New 

Zealand is fundamental to the spiritual belief of indigenous Mãori communities but is 

threatened by Phytophthora agathidicia, (Bradshaw et al. 2020). Forests are finely tuned 

ecosystems in which the soil, vegetation and animals are all interconnected. Yet, these 

connections have been disrupted by anthropogenic activities that have caused vast global 

change. A symptom of declining forest health is the introduction of invasive species, such as 

the oomycete Phytophthora cinnamomi (Pautasso, Schlegel, & Holdenrieder 2015). 

Anthropogenic activities that involve the movement of plant material have provided agency 

for the movement and spread of root pathogens across the globe (Paap, Burgess, & Wingfield 

2017). The issue with microscopic pathogens is that within their native range they often go 

undetected as they have co-evolved with their hosts. It is only once they encounter new 

environments and hosts that they cause disease outbreak and are made aware to land 

managers and researchers (Jung et al. 2017). Due to climate change, soil pathogens can 

migrate with their host, expanding their geographic range and providing the opportunity to 

infect new hosts (Chakraborty 2013).   

 

Unlike agricultural land, disease outbreaks in unmanaged forests are more difficult to detect 

and therefore regulate (Fisher et al. 2012). Already, diseases in forests have resulted in a vast 

loss of trees, with up to 100 million elm trees lost in the United States and United Kingdom, 

which also released stored carbon into the atmosphere (Fisher et al. 2012). In fact, 

approximately half of the areas declared World Heritage Sites across the globe are impacted 

by invasive species, including the notorious P. cinnamomi (Shackleton et al. 2020). It is 

difficult to stay ahead of the invasion frontline as many oomycetes remain undescribed and 

undiscovered (Desprez-Loustau et al. 2016). Also, the arrival of closely related Phytophthora 
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species from different geographic regions into the same area may lead to hybridisation. This 

is because these species did not coevolve together and as a result do not have established 

reproductive barriers (Jung et al. 2018). In comparison to their hosts, oomycetes are expected 

to adapt more quickly to climate change as they have shorter generation times (Desprez-

Loustau et al. 2016). Ongoing surveys of forests will contribute to an understanding of the 

origin of oomycetes, their diversity and adaptive abilities. This will aid decisions made 

regarding biosecurity and forest conservation (Jung et al. 2017). 

 

1.2 Oomycete Life Cycle and Forest Disease  

Oomycetes pose a significant risk to both managed and unmanaged forests and may 

exacerbate issues associated with habitat fragmentation and other abiotic and biotic stressors 

these systems experience (Pautasso et al. 2015). Oomycetes are eukaryotic microorganisms 

with marine origins. They are commonly referred to as ‘water moulds’ as their motile 

zoospores require water to reach hosts and cause infection (Fawke, Doumane, & Schornack 

2015). Due to their morphological similarities, oomycetes were originally thought to belong 

to a class in the Fungi kingdom. However, taxonomic analysis has placed them into a 

separate Eukaryotic branch (Latijnhouwers, de Wit, & Govers 2003). Although much of the 

evolutionary history of oomycetes has been ascertained through living organisms, fossil 

records suggest that oomycetes date back to the early Devonian period, circa 400 million 

years ago (Taylor, Krings, & Kerp 2006). However, plant parasitism doesn’t appear in the 

record until approximately 300 million years ago (Strullu-Derrien, Kenrick, Rioult, & Strullu 

2011). Many oomycete species are highly destructive and can have major impacts on 

ecosystems. One of the most infamous cases is the Irish Potato famine caused by 

Phytophthora infestans which led to crop failures, mass starvation and large economic losses 

(Kamoun et al. 2015).  

 

Oomycetes are excellent parasites as they can infect hosts by utilising the same signalling 

pathway that symbiotic fungi use (Wang et al. 2012). They are also successful pathogens as 

they exhibit flexible modes of reproduction and have a high evolutionary potential that 

enables them to expand their host range and occasionally overcome host resistance 

(Derevnina et al. 2016). They produce thick-walled sexual oospores that when germinated 

can produce zoospores (Judelson & Ah-Fong 2019). Through asexual reproduction 

oomycetes can produce zoospores which spread via wind or water. These spores can 
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germinate directly by producing hyphae or follow signals produced by their host. Although, 

host plants produce an immune response to infections, oomycetes produce elicitors which 

subdue this response (Fawke et al. 2015; Latijnhouwers et al. 2003). Amongst the arsenal of 

oomycetes is their ability to produce appressoria, these are specialised infection structures 

that perforate the epidermis of the host. (Latijnhouwers et al. 2003). Some oomycetes also 

produce structures called haustoria and it is thought this how they obtain nutrients from their 

host (Judelson & Blanco 2005). Plants infected by oomycetes can be asymptomatic but when 

symptoms are exhibited, they are similar to if the plant was drought stressed. For example, P. 

cinnamomi impedes its host’s ability to obtain and transport water as a result the host will 

show signs of wilting, chlorosis and root rot (Hardham & Blackman 2018).  

 

Specific oomycetes exhibit a variety of lifestyles and depending on their lifecycle may not 

always produce certain structures. Obligate biotrophic pathogens rely on living tissue for 

development and reproduction, many oomycetes within the Albuginaceae family fall within 

this category and commonly produce haustoria. In comparison, necrotrophs kill their host 

immediately and obtain nutrients from the dead tissue, this is frequently observed in the 

Pythium genus. Due to this lifestyle, many Pythium spp. do not produce haustoria nor 

proteins that inhibit the immune response of the host. Hemibiotrophs act initially as biotrophs 

but eventually turn necrotrophic and kill their host, this is most commonly seen in 

Phytophthora species (Judelson & Ah-Fong 2019; Latijnhouwers et al. 2003).  

 

Fine roots play an important role to the survival and health of trees as this is where they 

obtain nutrients and water and it is through this system that root pathogens cause infection 

(Laliberté, Lambers, Burgess, & Wright 2015). Once host plants start exhibiting visible 

symptoms of dieback, it is often a sign that its root system is highly damaged, at this stage it 

can also be difficult to determine the causal agent as inoculum load may be low (Jung et al. 

2018). Infection in coarse roots does occur, but whether it is via direct infection or through 

ingrowth is yet to be determined (Oßwald et al. 2014). Damage caused by oomycetes to the 

roots of the host can be quite damaging and lead to an array of conservation concerns. For 

example, P. multivora has shown high aggression to Eucalyptus gomphocephala via root 

infection in glasshouse trials, raising concerns for the survival of these species in natural 

stands (Scott et al. 2012). 
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Whilst oomycetes are able to implement an array of offensive tactics to invade and cause 

infection, they are not capable of doing this to all vegetation types and in fact may contribute 

to increased plant diversity in some regions (Laliberté et al. 2015). Nonmycorrhizal species 

that produce cluster roots are highly efficient at obtaining nutrients, such as phosphorus in old 

soils (Lambers, Raven, Shaver, & Smith 2008). Yet these roots are unprotected from 

pathogen attack in comparison to plants that form mycorrhizal associations. Thus, oomycetes 

can keep in check dominant non-mycorrhizal species, allowing space and nutrients for other 

vegetation to grow (Laliberté et al. 2015). Plant diversity can also be driven by negative 

density dependence (NDD), this is when the growth of a dominant species is limited, 

allowing space and resources for the growth of secondary plants. This can be driven by the 

accumulation of oomycetes that target juvenile dominant species (Laliberté et al. 2015).  

 

1.3 Distribution and Dispersal of Oomycetes 

The threat of oomycetes has been observed across the globe, for example, Phytophthora 

ramorum caused sudden oak death in California and Pythium ultimum causes damping off in 

soybeans and wheat worldwide. The most notorious of oomycetes is P. cinnamomi which has 

had a widespread impact in forests in southwest Western Australia (Kamoun et al. 2015). A 

recent study from Burgess et al. (2019) observed that the composition of Phytophthora 

communities was influenced by higher rates of precipitation and warmer temperatures. 

Already, we are observing increased temperatures across the globe and variability in weather 

causing pathogen ranges to shift (Chakraborty 2013). If this warming continues as expected, 

Burgess et al. (2017) modelled that P. cinnamomi will migrate towards higher latitudes and 

areas that currently favour its lifecycle, such as Mediterranean regions, will become less 

favourable to its survival. Abiotic features such as disturbance history, spatiotemporal 

features and soil characteristics can also influence oomycete communities and their impacts 

on hosts (Paap, Brouwers, Burgess, & Hardy 2017; Shearer et al. 2014). For example, 

Gómez-Aparicio et al. (2012) observed soils with a high sand content negatively impacted 

the abundance of oomycetes in two Mediterranean forests. It was concluded that this was due 

to lower water holding capacity associated with sandier soils.    

 

1.4 Urban Forests and the Dispersal of Oomycetes  

Forests are becoming increasingly fragmented to make way for human infrastructure. In some 

areas to compensate this loss, new forests are planted, and remaining fragments are 
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maintained. This serves many purposes as urban forests provide sanctuary for native species 

and their management can be used to increase biodiversity in urbanised regions (Alvey 

2006). However, fragmented ecosystems are also vulnerable to impacts from more extreme 

weather events. Ecosystems that are geographically and biologically constrained are already 

on a precipice and may succumb to disease outbreaks more readily (Laurance et al. 2011). 

However, maintaining urban forests can inadvertently lead to the introduction of oomycetes 

by using material obtained from nurseries for plantings (Paap, Burgess, et al. 2017). The 

nursery trade has been implicated in the spread of many invasive oomycetes for example, 

Jung et al. (2016) found a large number of Phytophthora taxa associated with nursery plants 

across Europe, some which had not been recorded on the continent before. They also isolated 

a number of highly destructive Phytophthora species such as P. cinnamomi, indicating that 

nursery plants pose a threat to the health of urban forests. A recent study found that 19 

Phytophthora species isolated from urban forests caused lesions in a number of common 

plants used in urban ecosystems in Western Australia. Amongst the most destructive species 

uncovered was Phytophthora pseudocryptogea, a recently described species that has the 

potential to be highly destructive (Khdiar et al. 2020). The establishment of oomycetes in 

urban forests can act as ‘bridgeheads’ and create a means for soil pathogens to move into 

protected reserves and unmanaged forests (Paap, Burgess, et al. 2017; Safaiefarahani, 

Mostowfizadeh-Ghalamfarsa, Hardy, & Burgess 2015).  

 

1.5 Management of Oomycetes 

Eradicating established oomycetes from the environment is a difficult task. Disease 

management focuses on using chemical treatments, quarantine measures and the 

establishment of exclusion zones (Crane & Shearer 2014; Dunstan et al. 2010). Chemical 

treatments including the use of phosphite applications are used to manage infection caused by 

root pathogens. However, they only slow the progression of infection and usually require 

multiple treatments (Hardy, Barrett, & Shearer 2001). Furthermore, some phosphorus 

sensitive plants can be impacted by continual chemical treatments used to impair disease 

development. This can impact seed germination and performance and may also encourage the 

growth of invasive weeds creating more competition (Lambers et al. 2013). There are also a 

variety of plant species that act asymptomatic when infected with oomycetes. What were 

once thought to be resistant plants, can in fact act as reservoirs for pathogens, securing their 

survival during unfavourable conditions and complicating disease management practices 
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(Crone, McComb, O’Brien, & Hardy 2013). Therefore, aiming to reduce inoculum load by 

removing hosts should target both symptomatic and asymptotic vegetation (Crone, McComb, 

O’Brien, & Hardy 2014). The introduction of hygiene measures such as vehicle washing 

stations and boot washes can be used to protect vulnerable areas to pathogen invasions 

(McDougall et al. 2018). Khaliq et al. (2019) found a variety of Phytophthora species in 

Australia’s alpine region and concluded that future climate conditions may be favourable to 

germination. Therefore, hygiene measures can be implemented to prevent the spread and 

dispersal of oomycetes into vulnerable communities (McDougall et al. 2018). As nurseries 

are commonly associated with the movement of pathogens globally, they can be used to 

monitor the arrival of invasive species. Monitoring programs can also be implemented in 

urban forests and green areas that experience high human activity (Hulbert et al. 2017). By 

increasing monitoring programs in urban forests, invasive species may be detected earlier. 

This can lead to higher levels of eradication success and be more cost effective than 

attempting to remove pathogens once they are well established. Furthermore, it increases 

public awareness and educates land managers (Carnegie & Nahrung 2019).     

 

1.6 Aims of this Research and Impacts From COVID-19 

This thesis explored root pathogen communities in Threatened Ecological Communities 

(TECs) in the Sydney Basin. Ecological communities are a unique suite of flora and fauna 

that have distinct abiotic characteristics such as soil type, latitude and climate. An ecological 

community becomes threatened once it is declared at risk of extinction largely due to 

anthropogenic activities such as land clearing, urban development and climate change 

(Department of Agriculture, Water and the Environment n.d). The particular TECs targeted in 

this study are highly fragmented and subject to pressures from human activities especially 

urban development. These communities are not discrete instead they often intersect with one 

another to provide important habitat and passageways for threatened species such as the 

Cumberland Land Snail and the spotted-tail quoll (Department of Environment, Climate 

Change and Water NSW 2010).  

 

The first experimental chapter investigated the response of oomycete communities in a 

fragment of the Cumberland Plain Woodland (CPW) to elevated CO2 and precipitation. 

Unpublished research from Eucalypt Free-Air CO2 Enrichment (EucFACE) facility indicated 

that oomycete richness was higher under elevated CO2 when soil moisture is high 



 

7 

(unpublished, Powell). Based on this observation, I expected to find a similar response in 

oomycete communities found in plots subject to high soil moisture and elevated CO2. This 

chapter also examined vegetation responses to these treatments and whether there was any 

correlation between these responses and the oomycete communities.  

 

The second experimental chapter was a survey of oomycete communities from four sites in 

the Sydney Basin that represent a variety of TECs. It also investigated whether there was any 

correlation to tree health and soil moisture. The sites chosen are subject to a number of 

pressures including urban development, agriculture and recreation. As a result, it was 

expected that a number of invasive oomycetes would be found in these sites. The final 

chapter discussed the implications of oomycetes on TECs and potential future research.   

 

The work presented in this thesis was impacted by COVID-19 and subsequent campus wide 

shut down in March 2020. In chapter 2 I was only able to complete one round of soil baiting 

before the lockdown. I also spent time preparing samples for long term storage by placing 

them into sterile water. During lockdown I made an attempt to establish a greenhouse 

experiment from home using soil collected from sites across the Sydney Basin. Using 

susceptible hosts, I attempted to assess the consequences of root pathogen community shifts 

on recruitment within Threatened Ecological Communities. This experiment was not 

successful as it was difficult to control condensation and other environment aspects within 

small greenhouses. Upon returning to campus I spent time re-culturing my isolates and 

finishing extractions and PCRs.  
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Chapter 2: Oomycete Community response to elevated CO2 and 

high soil moisture 

 

2.1 Introduction 

2.1.1 Climate Change and Oomycetes 

The impact of global industrialisation is having a profound impact on the earth’s climate. Due 

to increased emissions from anthropogenic activities, such as burning fossil fuels, global 

temperatures will increase by 1.5ºC between 2030 and 2052. Alterations to long term climate 

trends will result in more frequent and extreme weather events including, drought, floods and 

wildfires (IPCC 2018). Consequently, ecosystem ranges will shift and both flora and fauna 

species will migrate, adapt or succumb to climate driven pressures (Pautasso et al. 2015). 

With this shift the distribution of oomycetes is also expected to change, as species will move 

with their hosts and areas once considered unsuitable to their survival will be more 

favourable (Burgess, Scott, et al. 2017).  

 

Precipitation events are highly variable through time and space but due to climate change it is 

expected that these events will become more intense and may exceed rainfall events 

experienced in the 20th century in Australia (Alexander & Arblaster 2017; Delage & Power 

2020; Fischer & Knutti 2016). Oomycete reliance on soil moisture is well known as it is 

integral to the dispersal of spores that cause infection (Cahill et al. 2008). In addition to 

precipitation, warm temperatures have also been shown to influence the composition of 

Phytophthora communities (Burgess et al. 2019). Oomycetes are also excellent survivalists 

and can generate dormant spores that enable them to survive during unfavourable conditions 

such as drought and low temperatures (Jung, Colquhoun, & Hardy 2013). Drought may also 

predispose hosts to infection by oomycetes as stressed tissue may be more readily infected or 

immune responses may be impaired (Desprez-Loustau et al. 2006). Although evidence for 

this is contradictory for example Quercus ilex seedlings that were exposed to drought were 

more likely to succumb to infection from P. cinnamomi (Corcobado et al. 2014). Whereas 

González et al. (2020) observed that Quercus suber infected with P. cinnamomi did not show 

any difference in infection levels between drought and water treated plants. The impact of 
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multiple climate change factors on plant-pathogen interactions is highly complex and vary 

depending on the pathogen as well as host susceptibility (Eastburn, McElrone, & Bilgin 

2011).  

 

How elevated CO2 will impact oomycete communities is not well known and likely to vary 

depending on the location and other climate factors (Eastburn et al. 2011). In a mature 

Eucalyptus forest, there is an observed trend that oomycete richness will be higher under 

elevated CO2 during periods of high soil moisture (>15% VWC) (Fig 1.) (unpublished, 

Powell). Soil moisture and elevated CO2 can influence canopy architecture by increasing 

growth which can result in higher relative humidity and prevent soils from drying out quickly 

(Pangga, Hanan, & Chakraborty 2013). This influence on forest microclimate may be an 

important factor to the survival and production of oomycetes. However, at the EucFACE 

elevated CO2 has not contributed to increased productivity (Ellsworth et al. 2017). Rather, 

water availability appears to drive productivity by increasing above ground production and 

leaf area index (Collins et al. 2018; Duursma et al. 2016).  

 

Figure 1. Oomycete richness (OTU = Operational Taxonomic Unit) in response to ambient and elevated CO2 as 

a function of soil moisture (volumetric water content – VWC) averaged across the 37 days prior to sampling. 

The relationship depicted here only includes sampling dates following initiation of the elevated CO2 treatment. 

Ribbons are 95% confidence intervals on the relationships within each treatment (unpublished, Powell).  



 

 

10 

Whilst soil moisture directly influences the growth and survival of oomycetes, the effect of 

elevated CO2 on these communities may be more nuanced. CO2 concentrations within soil 

are much higher than atmospheric levels and it is likely that any influence CO2 has on 

oomycete communities will be mediated via plants (Chakraborty, Pangga, & Roper 2012). 

However, the effect of elevated CO2 at EucFACE on vegetation has been minimal, arguably 

due to low nutrients such as phosphorous (Ellsworth et al. 2017). Although, elevated CO2 has 

not increased aboveground growth, increased leaf photosynthesis and lowered stomatal 

conductance have been recorded under elevated CO2 (Ellsworth et al. 2017; Gimeno et al. 

2016). Lowered stomatal conductance can result in decreased transpiration potentially 

increasing soil moisture, which may be influencing oomycete richness at the site. However, 

water storage at EucFACE did not increase in response to elevated CO2 within the first two 

years of the experiment (Gimeno et al. 2018). In addition, elevated CO2 has resulted in a shift 

of dominant understory vegetation at the EucFACE facility. Dominant C4 vegetation 

diversity and richness has decreased within treatment plots and C3 vegetation has increased. 

This may influence nutrient cycling and soil properties and thus impact oomycete 

communities (Hasegawa et al. 2018). Furthermore, transient environmental disturbances in 

both wet and dry periods have resulted in greater below ground productivity in elevated CO2 

rings (Piñeiro et al. 2020). Pulse events in elevated CO2 plots may be influencing edaphic 

factors resulting influencing oomycete populations in these rings under high soil moisture.    

 

2.1.2 Climate Change and Plant Pathogen Interactions 

Researching the influence of elevated CO2 on oomycete communities in forest ecosystems is 

important and provides insight into how these sites should be conserved. Previous research 

that has investigated this effect has largely focused on crop plants and specific pathogens 

with mixed results. For example, elevated CO2 may reduce disease severity in soybeans as it 

caused them to age more quickly. This inadvertently, reduced the time in which downy 

mildews could infect juvenile soybeans (Eastburn et al. 2010). Contrarily, Kumari and Bharat 

(2018) found that elevated CO2 and temperature increased disease severity caused by P. 

nicotiana in bell peppers. Or elevated CO2 may not influence disease development and 

severity as Pugliese (2012) observed in zucchinis infected with powdery mildew. 

Additionally, oomycetes may be able to adapt to changing CO2 concentrations as increased 

host resistance host could result in the selection for more aggressive pathogens (Chakraborty 

& Datta 2003). There are numerous studies that investigate the impact of oomycetes on 
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forests but there exists a knowledge gap on how elevated CO2 will impact oomycete 

communities in a field setting as it requires specialised facilities (Jung et al. 2018). Therefore, 

this study will provide insight to how oomycete communities in forests are influenced by 

climate change. Results from this may contribute to management strategies and inform 

potential impacts root pathogens could have on vegetation in the future. 

 

2.1.4 Aims  

The Eucalyptus Free-Air CO2 Enrichment (EucFACE) experiment in Richmond was 

established in a water-limited mature forest with low phosphorus soils. Carbon input into this 

system appears to show a seasonal response with increased phosphorus availability occurring 

during spring and summer under elevated CO2 (Hasegawa, Macdonald, & Power 2016). The 

experiment was started in September 2012 and CO2 was increased incrementally within the 

treatment rings. This was associated with increased root and rhizosphere respiration (Drake et 

al. 2016) as well as increased enzymatic activity in the rhizosphere (Ochoa-Hueso et al. 

2017). The aim of my study was to investigate the impact of elevated CO2 and increased soil 

moisture on oomycete communities in a mature Eucalypt forest. Based on unpublished results 

from EucFACE oomycete richness was significantly higher in plots exposed to elevated CO2 

and soil moisture of 15% VWC (Fig. 1). Given the lifecycle of oomycetes and it being 

characterised as a ‘water mould’ I expect oomycetes abundance and richness to be greater in 

plots exposed to elevated CO2 and water treatments.  
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2.2 Materials and Methods 

2.2.1 Site Description 

The Eucalyptus Free-Air CO2 Enrichment (EucFACE) experiment in Richmond NSW, 

Australia is situated on a remnant patch of Cumberland Plain Woodland (CPW), a critically 

endangered ecological community (Department of Environment, Climate Change and Water 

NSW 2010). The upper soil profile consists of sand and small amounts of loam, which sits on 

a layer of clay and ferruginised sands (Ross et al. 2020). Tree density at the site is 

approximately 600 trees/ha and the dominant canopy species is Eucalyptus tereticornis. The 

understorey is quite diverse, the ground cover is made up of an array of grasses and forbs 

including Commelina cyanea and Lobelia purpurascens. There also exists a mid-storey layer 

of shrubs and trees including Hakea sericea and Bursaria spinosa (Hasegawa et al. 2018). 

The facility consists of six circular plots each with a diameter of 25m, by random design 

three of the rings receive an ambient CO2 treatment, whilst the other three rings receive 

elevated CO2 concentrations approximately 150ppm greater than ambient (~550ppm) (Drake 

et al. 2016). Average rainfall for the site is 797mm per year, but rainfall in both 2018 and 

2019 was well below the average at 568.3mm and 481.2mm respectively (Australian Bureau 

of Meteorology, station 067021, http://www.bom.gov.au/). The mean annual temperature for 

the site is 24.3ºC but the average temperature in 2018 was 25.9ºC and in 2019 it was 26.1ºC 

(Australian Bureau of Meteorology, station 067105, http://www.bom.gov.au/). 

 

2.2.2 Watering Treatment and Soil Collection 

I set up my first watering experiment in late 2019 to assess the horizontal movement of water 

added to 1m2 plots and to determine how much water is needed to achieve soil moisture of at 

least 15% VWC. On September 10 I set up three 1m2 plots outside the rings at EucFACE; 

one plot was between rings 1 and 2, the second between rings 3 and 4 and the third between 

rings 5 and 6. Approximately every two days I added 10 litres of water to each plot using a 

watering can, water was added slowly to mimic a rainfall event. Using a HydroSense Soil 

Water Measurement System (Campbell Scientific Australia Pty. Ltd., Thuringowa Central, 

Australia) I collected Volumetric Water Content (VWC %) data to a depth of 12cm and 

20cm. Measurements were taken in the centre of the plot, on the northern and southern 

perimeter of the plot (50cm from the middle) and 50cm from the southern and northern edge 
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of the plot. I finished the water addition to these plots on October 2, once soil moisture was 

sufficiently higher than the start.  

 

On 24 October, four 1m2 plots per ring were selected for this study, two of which would 

receive supplemental water and two which will receive no extra water. Eight ML2 

ThetaProbe soil moisture sensor (Delta T Devices, Cambridge, England) were installed in 

each ring to a depth of 15cm. One was placed in one watered plot per ring and the other 

seven were installed in various locations outside of the sampling plots. Water was added to 

the treatment plots 3-4 times per week using a watering can and was added slowly to mimic a 

rainfall event. Each treatment plot received 10 litres of water at a given time, except for a few 

occasions when 20 litres of water was added, the pattern of water addition can be observed in 

Figure 3b. I also collected additional soil moisture data within each sampling plot using a 

HydroSense Soil Water Measurement System (Campbell Scientific Australia Pty. Ltd., 

Thuringowa Central, Australia) with a 12cm probe attached. Measurements were taken in the 

centre and at two spots between the centre and the edge of the plot after watering. To assess 

changes in plot greenness and vegetation growth I took weekly photos at sunset of each plot 

(both watered and non-watered) using a Nikon D80 DLSR, the camera settings are described 

in Macfarlane & Ogden (2012), I also took photos of each plot one month after completing 

the water treatment (Appendix A).  

 

The final water treatment date was on 18 November and on 20 November, eight soil cores 

were collected from each plot (3.5cm diameter and 10cm depth) and combined into a 

composite sample per plot, soil corers were cleaned with 70% ethanol between each plot. 

Approximately 200 grams from each soil sample was set aside for soil baiting. Using a 2-mm 

sieve, I sifted the remaining soil and collected roots, which were then oven dried at 70ºC for 

48 hours, after which, they were separated by size, fine root (diameter <2mm) and coarse root 

(diameter >2mm), which were then weighed. 

 

2.2.3 Soil Baiting 

Soil baiting was conducting following Centre for Phytophthora Science and Management 

protocols (Burgess et al. 2020). Soil collected from EucFACE was placed into 1 L sterilised 

takeaway containers and then flooded them with sterilised water (1:2 sample/water). The soil 

was left to settle for 3 hours, and any remaining debris floating on the water scraped off. I 
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then placed newly emerged leaves on top of the water (Brachychiton populneus, Eucalyptus 

sp., Grevillea sp., Persoonia sp., Rosa sp. and Jacaranda sp.). I monitored lesion 

development on leaf baits daily for 10 days, when lesions appeared, they were placed onto 

NARPH media (Appendix B). I also randomly collected baits without lesions throughout the 

experiment and placed them onto NARPH media. I inspected isolate growth daily and placed 

fast growing isolates on to new NARPH media, once single cultures were obtained, they were 

placed on to 10% V8 agar (Appendix C). After 10 days of baiting, I carefully drained the 

water from the takeaway containers and left the soil to air dry at room temperature for 8 days 

after which the baiting process was repeated for another 10 days (Davison & Tay 2005). 

Forceps and scalpel blades used during the baiting process were flame sterilised between 

each bait.  

 

2.2.4 DNA Extractions 

Table 1. Primers used in this study 

Primer Sense Primer Sequence Reference 

DC6 Forward GAGGGACTTTTGGGTAATCA (Cooke et al. 2000) 

ITS4 Reverse TCCTCCGCTTATTGATATGC (White, Bruns, Lee, & Taylor 

1990) 

ITS1-F Forward CTTGGTCATTTAGAGGAAGTAA (Gardes & Bruns 1993) 

 

Using a flame sterilised blade, mycelia was collected from the growing edge of cultures and 

extracted using the REDExtract-N-AmpTM Plant PCR Kit as per the manufacturer’s 

instructions (Sigma-Aldrich, St Louis, MO, USA). I initially used the oomycete specific 

primers DC6 and ITS4 (Table 1) to amplify DNA using the following PCR conditions: 96ºC 

for 2 min followed by 10 cycles of 95ºC for 30s, 54ºC for 30s and 72ºC for 1 min; followed 

by 25 cycles of 95ºC for 30s, 56ºC for 30s and 72ºC for 1 min; and with a final extension of 

72ºC for 7 min (Steinrucken et al. 2017). After little success, I tried amplifying DNA with the 

fungal specific primers, ITS4 and ITS1-F (Table 1) using the following PCR conditions 94ºC 

for 5 min; followed by 35 cycles of 94ºC for 30s, 55ºC for 30s and 72ºC for 30s; and a final 

extension of 72ºC for 5 min (Anderson, Campbell, & Prosser 2003), with more success (see 

results). All PCR products were checked via gel electrophoresis on 1% gel, DNA amplified 

using DC6/ITS4 gave a 1300 bp product and isolates amplified using ITS4/ITS1-F gave a 

500-800bp product. DNA were then cleaned up using Exosap (Thermo Fisher Scientific, 

Santa Clara) and sequenced using an Applied Biosystems 3500 platform and BigDye 
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chemistry by the in-house service facility at Hawkesbury Institute for the Environment. 10ul 

sequence reactions were set up with 3.2 pmol of ITS4 (sequencing primer) and 1-2ng of 

purified DNA for every 100bp, PCR grade water was used to bring reaction to 10ul. 

Sequence reactions were performed using BigDye Terminator v3.1 cycle sequence kit 

(Applied Biosystems). Using ethanol/EDTA precipitation method extension products were 

purified and then analysed on the 8-capillary sequencer with factory defined modules and a 

sequence standard as a control.  

 

2.2.5 Phylogenetic Analysis 

Sequences were uploaded into Geneious 10.0.9 software (https://www.geneious.com) and 

their quality assessed by investigating for any slippages in the sequence. After I evaluated 

sequences, isolates were identified using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Due to taxonomic misidentifications in GenBank, taxonomic assignments for sequences were 

made at the species level if the identity was 99% or greater and where possible matched with 

a voucher species. If sequences did not meet that criteria they were assigned to the Genus 

level if the identity was 95-99% (Steinrucken et al. 2017; Vilgalys 2003). I then used 

phylogenetic analysis to assign species labels to sequences. Sequences with lengths longer 

than 350bp were aligned and trimmed using MUSCLE in Geneious 10.0.9 and a Tamura-Nei 

Neighbouring Join Phylogenetic Tree was built using Bootstrap with 1000 replicates. 

Although most species found were fungal, some were distantly related, so I built two trees. 

For the outgroups I used the voucher species, Helvella setvensii (KU739828) and Umbelopsis 

nana (MK103605). I also added known species to the trees which were downloaded from 

GenBank and where possible, sequences from voucher specimens were used. DNA sequences 

obtained from this study were submitted to the NCBI Nucleotide database under accessions 

MW280310-MW280351 and MW275932-MW275969. 

 

2.2.5 Statistical Analysis  

Soil Moisture Data 

All statistical analysis was completed using the R program 3.6.3 (R Core Team 2020). To 

begin my analysis, I collected rainfall data and soil moisture date from EucFACE using the 

HIEv package (Duursma & Wohl 2018). All data used in the following statistical analysis 

were graphed using the package ggplot2 (Wickham et al. 2020).  
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Vegetation Response to CO2 and Water Treatments 

I used NEF raw files of each photo taken at EucFACE to calculate the green chromatic 

coordinate (GCC) which was achieved using the Phenopix package (Filippa et al. 2016). On 

each image regions of interest were drawn using the DrawMULTIROI function. GCC was 

calculated for each plot and date using the function extractVIs. To determine if there was 

response in the GCC to CO2 and water treatments during the experiment, I fitted a linear 

mixed-effects model to the data using the function lmer from the package lme4 (Bates et al. 

2020). Ring and plot were used as a random effects and date, CO2 and water treatments and 

their interactions were used as fixed effects. I then performed an ANOVA F test using 

Kenward-Rogers degrees of freedom using the anova function from the car package (Fox et 

al. 2020). To observe the interaction between date, water treatment and CO2 treatment, 

multiple comparisons (Tukey’s HSD) were performed using the emmeans package (Lenth et 

al. 2020) to estimate the marginal means for water treatment on each date and within each 

level of CO2 treatment.   

 

To assess the response of fine root growth to CO2, water treatment and coarse root growth, I 

fitted a linear mixed-effect model to the data using the lmer function in lme4 package (Bates 

et al. 2020). Roots were divided by diameter; fine roots were those with a diameter <2mm 

and coarse roots were >2mm. In addition, square root transformations were applied to the 

root data to normalise the distribution of residuals. I included CO2 treatment, water treatment 

and coarse root weight as fixed effects and ring was used as a random effect. I then 

performed an ANOVA F test using Kenward-Rogers degrees of freedom in the car package 

(Fox et al. 2020). To observe the interaction between fine root weight and CO2 and water 

treatments, multiple comparisons (Tukey’s HSD) were performed using the emmeans 

package (Lenth et al. 2020) to estimate the marginal means for water treatment within each 

level of CO2.   

 

Pathogen Response to CO2 and Water Treatments 

For the following analysis poisson regression was applied. To assess the response of species 

richness to treatment variables I fitted the data to a generalised linear mixed effect model 

using the glmer function in lme4 (Bates et al. 2020). In this model, CO2 and water treatments 

as an interaction were used as fixed effects and ring was used as a random effect. Next, I 

performed an ANOVA test using Wald chisquare test in the car package (Fox et al. 2020). 

This model and ANOVA test were also used to calculate the response of abundance to CO2 
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and water treatments. For frequently isolated species, I calculated the response of species 

richness to treatment variables by applying the same generalised linear mixed effect model to 

the data and ANOVA test. I also performed the same multiple comparisons test on this model 

that was used to assess the interaction between fine root weight and CO2 and water 

treatments.   

 

To attempt to improve explanatory power, additional models were fit that used vegetation 

measures as covariates. To assess the response of abundance to fine root production I fitted 

the data to a generalised linear mixed effect model using the glmer function in lme4 (Bates et 

al. 2020). In this model fine root mass, CO2, water treatment and their interaction were used 

as fixed effects and ring was used as a random effect. I then performed an analysis of 

deviance test using Wald chisquare test in the car package (Fox et al. 2020). This model and 

analysis of deviance test were repeated to test the response of abundance to GCC and the 

response of species richness fine root production and GCC.  

 

 

 

  



 

 

18 

2.3 Results 

2.3.1 Maintaining Soil Moisture in Treatment Plots 

During the initial water experiment outside of the rings at EucFACE, I was able to increase 

soil moisture to above or close to 15% VWC (Fig. 2). Based on this I aimed to increase soil 

moisture to 15% VWC by over a period of 4 weeks within the treatment rings. Overall 200 

litres of water was added to each treatment plot, I originally intended to add less water than 

this, but due to the dry conditions extra water was added to achieve desired soil moisture 

levels. The water added was equivalent to 200mm of rainfall which accounts for one quarter 

of the annual rainfall in an average year for the site (Australian Bureau of Meteorology, 

station 067021, http://www.bom.gov.au/). Due to extremely dry weather it was difficult to 

maintain soil moisture above 15% VWC, instead I observed an increase VWC after each 

water treatment but not to the desired level, this was then followed by a decline. Although, 

soil moisture was higher in plots in plots under elevated CO2 than those under ambient CO2 

treatments. After finishing the experiment VWC in the treatment plots dropped down to the 

same level (~3 %) as non-watered plots within a matter of days (Fig. 3a).  

 

 

Figure 2 Initial water experiment measurements taken outside of rings at EucFACE (A) to depth of 20cm and 

12cm before adding water to the plots and (B) after water addition to a depth of 20cm and 12cm. 
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Figure 3 (A) VWC (%) of treatment and control plots under both ambient and elevated CO2 conditions over 

water addition experiment and (B) the accumulation of water added to each treatment plot over the entire 

experiment, including rainfall on 4 November and 25 November.  
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2.3.2 Effect of Water Treatment on Vegetation  

To assess the efficacy of the watering treatment and effects on potential hosts, I investigated 

the relationship between plot greenness (GCC) and root production to water and CO2 

treatments. Plot greenness (GCC) scores in unwatered plots remained low in both ambient 

and elevated CO2 treatments. On the 14 November, 21 days after starting the water addition 

experiment, GCC in watered plots was significantly greener (1.8%) than unwatered plots in 

elevated CO2 treatments (TukeyHSD, P = 0.002; Fig. 4). I continued to observe an increase 

in GCC and on 18 November, watered plots were significantly greener (3%) than unwatered 

plots in elevated CO2 treatments (TukeyHSD, P = <0.001; Fig. 4). This trend was not 

observed between unwatered and watered plots receiving ambient CO2 treatment on 14 

November (TukeyHSD, P = 0.10; Fig. 4) and 18 November (TukeyHSD, P = 0.15; Fig. 4). 

When analysing fine root production, I observed a small non-significant trend towards more 

fine root production in water and CO2 treatment plots (TukeyHSD, P = 0.16) than in watered 

plots in ambient CO2 treatment (TukeyHSD, P = 0.76; Fig. 5) 

 

 

Figure 4 GCC (greenness) over the duration of the water manipulation experiment and one month after the last 

watering date. GCC increased in watered plots under elevated CO2 conditions on the 14 November and 18 

November. Plots receiving ambient CO2 treatment are shown in the left panel and plots receiving elevated CO2 

treatment are shown in the right panel. Each box plot represents watered (blue) or unwatered (red) plots within 

that date and CO2 treatment. Outliers are shown as dots below or above the box plot. The line in the middle of 

the box marks the median score, 50% of scores fall within the box and each whisker represents 25% of scores.  
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Figure 5 Fine root weight under ambient CO2 (left panel) and elevated CO2 (right panel) treatment in watered 

(blue) and non-watered (red) plots.  

 

2.3.3 Isolate Identification  

I collected 106 isolates from across all 24 samples, to begin I amplified DNA using oomycete 

specific primers. However, I only recovered one oomycete which I identified as 

Phytopythium vexans via BLAST and phylogenetic analysis. This species was found in a 

plot receiving ambient CO2 and non-watered treatments (Table 2). After this, I used fungal 

specific primers to identify 43 isolates whose identity were confirmed via BLAST and 

phylogenetic analysis (Table 2; Fig. 6). Majority of isolates sequenced were Ascomycetes 

and the most common species isolated of those was Fusarium oxysporum (Table 2; Fig. 6). I 

also isolated incertae sedis fungi which were placed within their own phylogenetic tree (Fig. 

7).   

 

 

 

 

 

 
 Phylogenetic tree included in Chapter 3. 
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Table 2. Classification of isolates found at EucFACE based on NCBI match, including query cover, percent id and accession number of best matched database sequence. 
aIsolate: code R = ring number, P = plot number, followed by isolate number. bVoucher species: Y = yes, N= no. cWater treatment applied: Y = yes, N =No. dCO2 treatment: 

A = ambient, E = elevated. 

Isolate 

codea 

Taxon Query cover ID % Accession 

number 

bVoucher 

species 

cWater 

treatment 

dCO2 treatment 

R2P3_182 Absidia sp. 75% 98.51% KU168829 N Y A 

R3P2_33 Fusarium sp. 100% 100% MT152341 N N A 

R6P2_39 Fusarium sp. 100% 99.69% LC503277 N N A 

R2P2_31 Fusarium sp. 100% 100% LC433824 N Y A 

R6P1_49 Fusarium sp. 100% 100% MT361791 N Y A 

R4P3_35 Fusarium sp. 100% 100% MT361791 N N E 

R5P1_38 Fusarium sp. 100% 98.77% LC512048 N N E 

R5P4_37 Fusarium sp. 100% 100% MT361791 N N E 

R5P2_74 Fusarium sp. 100% 100% MT361791 N Y E 

R6P2_186 Fusarium sp. 100% 100% MF281299 N N A 

R6P4_185 Fusarium oxysporum 100% 99.54% MT530269 N N A 

R3P3_58 Fusarium 

neocosmosporiellum 

97% 100% MH857350 N Y A 

R2P1_12 Fusarium oxysporum 100% 100% MT530269 N N A 

R2P1_52 Fusarium oxysporum 100% 100% MT747190 N N A 

R2P2_88 Fusarium oxysporum 100% 99.79% MT530269 N Y A 

R3P1_63 Fusarium oxysporum 100% 100% MT530269 N Y A 

R3P3_46 Fusarium oxysporum 100% 100% MT747190 N Y A 

R6P1_57 Fusarium oxysporum 100% 100% MT530269 N Y A 

R1P2_22 Fusarium oxysporum 100% 100% MT530269 N N E 

R1P2_44 Fusarium oxysporum 100% 99.58% MT747190 N N E 

R4P3_34 Fusarium oxysporum 100% 100% MT530269 N N E 

R4P3_55 Fusarium oxysporum 100% 100% MT453296 N N E 

R5P1_60 Fusarium oxysporum 100% 100% LR535802 N N E 
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Isolate 

codea 

Taxon Query cover ID % Accession 

number 

bVoucher 

species 

cWater 

treatment 

dCO2 treatment 

R5P1_76 Fusarium oxysporum 100% 100% MT530269 N N E 

R5P4_13 Fusarium oxysporum 100% 100% MT530269 N N E 

R5P4_72 Fusarium oxysporum 100% 100% MT530269 N N E 

R1P3_43 Fusarium oxysporum 100% 100% MT747190 N Y E 

R4P1_11 Fusarium oxysporum 100% 100% MT530269 N Y E 

R4P1_59 Fusarium oxysporum 100% 100% MT530269 N Y E 

R4P2_54 Fusarium oxysporum 100% 100% MT560381 N Y E 

R2P4_30 Fusarium proliferatum 100% 99.59% MH368119 Y N A 

R1P2_21 Fusarium solani 100% 100% MN844733 Y N E 

R1P4_26 Fusarium solani 99% 100% MT883242 Y N E 

R2P1_10 Gongronella sp. 100% 99.52% MT152334 N N A 

R3P2_8 Gongronella butleri 100% 99.74% MN103605 N N A 

R3P1_81 Penicillium sp. 99% 99.44% GU565100 N Y A 

R2P4_189 Phytopythium vexan 99% 98.66% MN959767 N N A 

R2P4_190 Trichoderma sp. 100% 99.82% HQ630962 Y N A 

R6P4_65 Trichoderma sp. 100% 100% MK808807 N N A 

R2P3_187 Trichoderma sp. 100% 99.74% MT606188 N Y A 

R6P3_70 Trichoderma sp. 100% 100% MK808807 N Y A 

R6P3_71 Trichoderma sp. 100% 100% MK808807 N Y A 

R5P2_193 Trichoderma sp. 100% 99.82% HQ630962 Y Y E 

R5P3_192 Trichoderma sp. 100% 99.82% HQ630962 Y Y E 
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Figure 6. Phylogenetic Tree showing relationship of Ascomycetes isolated from EucFACE. Isolate codes 

represent location the species was found (R62_186 = Ring 6, Plot 2, isolate 186). Reference sequences are in 

bold and obtained from GenBank, where possible voucher species were used. Ascomycetes collected from the 

study conducted in chapter 3 were used in this tree to support their identity, these isolates start with ‘WRP’, 

‘LCR’, ‘SNP’, ‘GSR’, which relate to sites where they were found. Tree was constructed using Geneious 10.0.9 

software (https://www.geneious.com). DNA sequences obtained from this study were submitted to the NCBI 

Nucleotide database under accessions MW280310-MW280351. 
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Figure 7 Phylogenetic reconstruction of incertae sedis Fungi belonging to the Cunninghamellaceae family found 

in TECs in the Sydney Basin with the exception of Absidia spp. which were isolated from the study in chapter 3. 

Tree was constructed using Geneious 10.0.9 software (https://www.geneious.com). DNA sequences obtained 

from this study were submitted to the NCBI Nucleotide database under accessions MW280310-MW280351.  
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2.3.4 Pathogen Response to Watering and CO2 Treatment 

On average four isolates were found within each plot (range = 0-10) and the only plot where 

no isolates were found was receiving a non-watered and elevated CO2 treatment. Water and 

CO2 treatments did not significantly affect abundance (generalised linear mixed effect model 

P (CO2) = 0.62, P (water treatment) = 0.12, P CO2 and watering treatment interaction = 0.93; Fig. 8a). Nor did I 

observe water and CO2 treatments to have a significant influence on species richness 

(generalised linear mixed effect model P (CO2) = 0.61, P (water treatment) = 0.82, P (CO2 and watering 

treatment interaction) = 0.33; Fig 8b). Fusarium oxysporum was isolated in 13 of the 24 of plots, 

making it the most abundant species found across all the plots. I found more Fusarium spp. in 

unwatered plots than in watered plots under elevated CO2 (TukeyHSD, P = 0.03; Fig. 8c) but 

did not observe any differences between watered plots under ambient CO2 (TukeyHSD, P = 

0.77; Fig. 8c). As a result, Fusarium spp. exhibited a marginally non-significant response to 

the interaction of CO2 and water treatments (generalised linear mixed effect model, P = 0.08; 

Fig. 8c). 

 

Figure 8 Response of (A)abundance, (B) species richness and (C) Fusarium spp.to CO2 treatment. A = ambient 

CO2 and E = elevated CO2. In watered (blue) and non-watered (red) plots. 



 

 

27 

2.3.5 Response of Abundance and Species Richness to Changes in Vegetation 

Including vegetation (plot greenness and find root growth) did not improve ability to detect 

CO2 or watering treatment effects. I did not observe a significant association between 

abundance to plot greenness and root production (Generalised linear mixed effect model, P 

(fine root production) = 0.17; P (GCC) = 0.63; Fig. 9). Nor did I observe a significant association 

between species richness to plot greenness and root production (Generalised linear mixed 

effect model, P (fine root production) = 0.82; P (GCC) = 0.59; Fig. 10). 

 

 

Figure 9. Association between abundance and (A) fine root weight collected from soil samples and (B) GCC in 

watered (Y) and non-watered (N) plots. GCC calculations are based on photos taken on the 18 November 2019, 

at the end of the water manipulation experiment.   

 

 
 

Figure 10. Association between species richness and (A) fine root weight collected from soil samples and (B) 

GCC (B) in watered (Y) and non-watered (N) plots. GCC calculations are based on photos taken on the 18 

November 2019, at the end of the water manipulation experiment.
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2.4 Discussion 

2.4.1 Reasons for Detecting Low Oomycete Communities 

The original aim of this study was to determine the impact of elevated CO2 and precipitation 

on oomycete communities in a TEC however, only one oomycete was isolated in this study. 

Based on the first watering experiment that was conducted to determine the amount of water 

required to increase soil moisture, it was expected that soil moisture could be maintained and 

that the soils would not immediately dry out. The second watering experiment took place 

during the driest November on record in Australia, this was preceded by record breaking low 

soil moisture across Australia during winter 2019 (Fig. 11) (Bureau of Meteorology 2019). 

Maintaining soil moisture above 15% VWC proved to be extremely difficult due to the 

drought that was occurring at the time of this study (Fig. 3). Nonetheless, I did observe a 

small but significant increase in vegetation greenness as well as a trend to increased fine root 

production in plots receiving both water and CO2 treatments in the final week of the 

experiment (Fig. 4; Fig. 5). Possibly if the water treatment was extended by an additional few 

weeks, I would have successfully isolated oomycetes. However, it would be unrealistic to add 

over 200mm to the plots during this time of year. On average the site receives 797mm of 

water per year and on occasion, the month of November can receive almost 200mm of water, 

for example the area received 193.7mm of rain November 2013 but exceeding this level is 

extremely rare (Australian Bureau of Meteorology, station 067021, http://www.bom.gov.au/). 

Majority of the rainfall that occurred in November 2013 occurred over a course of a week. 

Perhaps the water addition could have been done with the same overall total of water but over 

a shorter time period to reflect increasing rainfall intensity and decreasing frequency. 

Whether this will prevent the soils from drying out and allow for the proliferation of 

oomycetes would have to be further investigated. Based on the life cycle of oomycetes I 

hypothesised that community richness and abundance would be higher in watered plots in 

comparison to non-watered plots under elevated CO2. Given that soil moisture was 

consistently higher in watered plots under elevated CO2 (Fig. 2a), I would expect this 

hypothesis to be supported. Therefore, theoretically it is expected that soils within this 

ecological community under predicted CO2 concentrations will be more conducive to 

oomycete reproduction. However, further research is needed to test this.  
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Figure 11 Root zone soil moisture (0-1m) for winter in 2019 (Bureau of Meteorology 2019). 

 

2.4.3 Oomycetes and Drought 

The asexual zoospores produced by many oomycetes are reliant on soil moisture to move 

through soil and infect host species (Judelson & Blanco 2005). It is possible that oomycetes 

were present in the soil via chlamydospores which enable survival during unfavourable dry 

conditions. Although, in the case of P. cinnamomi the role of chlamydospores as long term 

survival structures is not well supported (McCarren, McComb, Shearer, & Hardy 2005). In 

fact, Jung, Colquhoun & Hardy (2013) observed that chlamydospores of P. cinnamomi were 

short-term survival specialists during ‘moderately dry’ periods and instead long term survival 

was attributed to structures within infected roots. Based on the response of vegetation in this 

study it seems that the watered plots in elevated CO2 went from extremely dry to moderately 

dry. Nonetheless, only one oomycete was isolated, and roots were not assessed for signs of 

lesions, therefore it cannot be determined if oomycetes were present within these structures. 

 

 It is expected under predicted climate conditions the regions in which oomycetes are 

currently surviving will change, for example Mediterranean regions which are currently 

suitable to the survival of oomycetes may soon become unfavourable (Burgess, Scott, et al. 

2017). A warming in winter months may also be favourable to the persistence of oomycetes 

during colder months however, the lack of rainfall, especially during spring could offset their 
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survival (Thompson, Levin, & Rodriguez‐Iturbe 2014). Whilst, the reduction of oomycetes in 

forests due to droughts can be beneficial to the survival of highly susceptible species, it is 

also highly problematic. Firstly, drought in itself causes dieback and secondly the loss of soil 

pathogens in some regions may reduce plant diversity (Brouwers et al. 2013; Gómez‐

Aparicio et al. 2017).  

 

2.4.3 Isolation Techniques 

Baiting is a common approach used to isolate oomycetes from soil and whilst it is a time 

intensive task it is advantageous as homothallic species that have survived as dormant 

oospores can be isolated, large volumes of soil can be tested and species occurring in low 

density can be detected (Martin, Abad, Balci, & Ivors 2012). However, soil baiting is 

dependent on a number of factors including the type and variety of leaf baits as this may 

influence species recovery (Hüberli et al. 2013). In comparison, molecular methods that 

identify pathogen DNA directly from soil samples are useful as they can isolate pathogens at 

various life stages, detect species occurring at low densities and is not as time consuming as 

traditional baiting methods (Scibetta et al. 2012). It is an important tool to assess pathogen 

diversity in environmental samples however, success can be variable as it does not allow for 

the production of cultures and will also detect DNA from dead organisms (Scibetta et al. 

2012). Extraction techniques also need to account for soils with high humic acid inhibitors 

which may prevent detection of pathogens. In addition, these methods target conserved short 

reads of DNA rather than amplifying larger reads as a result it can be difficult to distinguish 

closely related species (Burgess, White, et al. 2017). Degraded survival structures in soil due 

to environmental stress can also lead to low isolation using this method (Khaliq, Hardy, 

White, & Burgess 2018). Therefore, given the conditions when the main experiment took 

place, oomycetes were likely low in abundance and using DNA-based approaches may not 

have led to higher oomycete recovery.  

 

2.4.3 Pathogen Communities and Climate Change 

Overall, I did not observe a response of abundance and richness to soil moisture and CO2 

treatments. Fusarium spp. were the most commonly isolated pathogen in this study but the 

frequent recovery of this genus from soil is not unusual as it is considered as quite pervasive 

and able to survive in a variety of environmental conditions (Summerell et al. 2011). All but 

one pathogen identified were fungal, previous research indicates that drought is a key driver 
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in shaping fungal communities (Curlevski, Drigo, Cairney, & Anderson 2014). Fungal 

communities shaped by drought, occur consistently through time suggesting they are able to 

survive within a range of environmental conditions, whereas fungal communities that emerge 

during periods of rainfall are highly variable and less repeatable over time (Hawkes et al. 

2011). In addition, fungal diversity has been shown to be higher in soil associated with 

oomycete symptomatic vegetation, indicating that it may be a secondary pathogen taking 

advantage of dead plant tissue (Byers et al. 2020). However, the aims and methods of the 

present study were designed to target oomycete communities thus, I cannot conclusively 

determine fungal community response to climate variables nor any association that may 

occur between them and oomycetes.  

 

2.4.4 Conclusions 

In conclusion, whilst there is evidence that oomycete communities may show a response to 

elevated CO2 under well-watered conditions (Fig. 1) this study was only able to isolate one of 

these pathogens. Environmental conditions at the time of this study were incredibly dry and 

incompatible with the life history of oomycetes. It is possible that if this experiment was 

repeated in spring of 2020 the outcome would be different as the La Nina event that has set in 

is expected to bring about increased rainfall across spring and summer (Bureau of 

Meteorology 2020a). Soil moisture was consistently higher in plots with watered and CO2 

treatments, this suggests that under the right conditions oomycetes may occur more 

frequently in these plots. However, further research is needed to ascertain if there is truth to 

this assumption.  
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Chapter 3: Oomycete communities in Threatened Ecological 

Communities 

3.1 Introduction 

3.1.1 Threatened Ecological Communities 

Ecological communities are unique suites of coexisting flora and fauna that encompass 

abiotic features such as soil chemistry and climate. Many ecological communities in 

Australia are threatened by habitat clearing, climate change, introduced species and disease. 

Due to this they can be listed by the Australian government as a Threatened Ecological 

Communities (TECs) based on their conservation status (Table 3) (Department of 

Agriculture, Water and the Environment n.d). Within NSW, ecological communities and 

individual species can also be awarded a conservation status (Table 3) by the NSW 

Threatened Species Scientific Committee (Department of Environment, Energy and Science 

NSW 2018). TECs are commonly associated with ‘key threatening process(es)’ which are 

identified in the Environment Protection and Biodiversity Act 1999 as threats to ‘the survival, 

abundance or evolution… of native species or ecological communities’. The commonwealth 

has identified an array of key threatening processes including dieback caused by 

Phytophthora cinnamomi, land clearing and greenhouse gas emissions (Commonwealth of 

Australia 1999). Listing communities as threatened raises conservation awareness, however 

this listing does not make it immune to further habitat loss and fragmentation (Auld & Tozer 

2004). 

 Table 3. Categories that ecological communities can be allotted in (Commonwealth of Australia 1999; NSW 

Government 2016). 

Status Government  Definition 

Critically 

endangered 

Commonwealth/NSW High risk of extinction in the ‘immediate 

future’. 

Endangered Commonwealth/NSW High risk of extinction in the ‘near future’ 

Vulnerable Commonwealth/NSW High risk of extinction in the ‘medium 

future’ 

Conservation 

dependent  

Commonwealth Part of a conservation program essential to 

the species survival. Without such a 

program it could be listed as one of the 

above statuses. 
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The compounding impact of land use type, habitat fragmentation and climate change on 

TECs is profound and responses of communities vary depending on the strength and duration 

of these activities. For example, Hill et al. (2005) found that patches of Cumberland Plain 

Woodland in the Sydney Basin, disturbed by both clearing and grazing exhibited higher 

richness and cover in exotic plant than native species compared to patches of woodland that 

were relatively undisturbed. Across the globe, we are also observing a shift in the native 

range of species as a result of a changing climate (Pautasso et al. 2015). This puts fragmented 

TECs at risk as some species, especially sessile vegetation may be unable to move between 

fragments or may be too specialised to move in response to changed conditions (Chen et al. 

2011). Conservation of ecosystems as they were under historic climate conditions may not be 

possible under present and predicted climate scenarios. Harris et al. (2015) suggest that 

attempting to maintain individual species may be an unattainable long-term goal. Instead, 

management should focus on minimising pressure on current intact communities to maintain 

ecosystem function and if possible, translocate species to more suitable environments. 

Ecological communities are dynamic and multilayered and current laws and regulations 

surrounding conservation are quite moderate when it comes to building resilient communities 

(McDonald et al. 2016). By focusing research on the landscape level, rather than individual, 

ecological processes can be better understood (Auld & Tozer 2004).    

 

3.1.2 Restoration of TECs and Soil Pathogens 

Tree planting programs are common forms of forest restoration programs that have been used 

across the globe. If implemented correctly these programs can be used to enhance 

biodiversity, create habitat for animals, used in carbon offset schemes and also foster a sense 

of community amongst those who take place in such programs. For example, the Trees for 

Life scheme in South Australia is a program in which volunteers in urban areas grow 

seedlings from nurseries for rural landholders to reforest their land. The program successfully 

produced 22.5 million trees between 1994 and 2012 (Bond, Saison, Lawley, & O’Connor 

2019). Revegetation programs have also been implemented in TECs across the Sydney Basin, 

with mixed success. Nichols, Morris & Keith (2010) observed that planting dominant 

Cumberland Plain Woodland (CPW) tree species as part of reforestation did not result in 

understorey growth of native species. Whereas, a variety of native seed species sown directly 

into disturbed CPW sites resulted in the growth of a native ground cover where exotic species 

once dominated (Cuneo et al. 2018). Revegetation of CPW is part of the Saving Our Species 
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strategy to combat historic and ongoing habitat loss from land clearing (Office of 

Environment and Heritage NSW 2009). Although, bush regeneration groups are recognising 

that revegetation is not the key solution to protecting this woodland (Greater Sydney 

Landcare 2018). One key issue with replanting programs is the origin of materials used, the 

nursery trade has made it easier for soil pathogens to disperse across the globe. Urban 

environments and areas subject to revegetation programs can be the first access points for 

many root pathogens before dispersing into nearby ecosystems (Paap, Burgess, et al. 2017). 

Practices within nurseries such as, poor hygiene, over-crowding plants and recycling material 

such as pots, soil and compost have facilitated this spread (Jung et al. 2016). For example, a 

study isolated 49 Phytophthora taxa from 732 nurseries tested across Europe, with aggressive 

species found in both young plantings and nursery strands and noted routines employed by 

nursery staff assisting the survival of these oomycetes (Jung et al. 2016). In Western 

Australia, Simamora et al. (2018) found Phytophthora boodjera in a nursery that produces 

plant stock for native bush regeneration. This species has been shown to cause infection in a 

number of Eucalyptus spp. and poses a significant risk for native forests where planting has 

occurred using vegetation from infected nurseries. Invasions such as this are costly, they 

require ongoing monitoring, tree removal at times and loss of ecosystem services and 

biodiversity (Paap, Burgess, et al. 2017). In addition, humans themselves are inadvertent 

carries of root pathogens between environments, soil can spread via bushwalking, four-wheel 

driving, cycling, construction activities and even during field work excursions for scientific 

research (Cahill et al. 2008). This poses significant risks for TECs in the Sydney Basin, these 

ecosystems are fragmented and interspersed between housing, agriculture and busy roadways 

and oomycete invasions are highly likely within these pockets.  

 

3.1.3 Oomycete Communities in NSW 

Oomycetes have been isolated in a number areas across NSW including Kosciuszko National 

Park (Khaliq et al. 2019; McDougall et al. 2018), the Gondwana Rainforests of central 

eastern NSW (Scarlett et al. 2015), Wollemi National Park (Puno, Laurence, Guest, & Liew 

2015) and the Greater Blue Mountains World Heritage Area (Newby 2014). The majority of 

surveys across the Sydney basin have focussed on P. cinnamomi and results indicate that it is 

widely distributed and found in a number of well used National Parks and Reserves (Suddaby 

2008a, 2008b). Phytophthora cinnamomi has also been observed colonising the roots of a 

number of plant species native to the NSW, some of which are highly susceptible to infection 
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such as Eucalyptus sideroxylon, which can be found in Castlereagh Scribbly Gum Woodlands 

and Castlereagh Ironbark Forest (Suddaby 2008c; Tozer 2003). It has also been found 

associated with Proteaccae, Epacridaceae and Fabaceae in Heathland communities in the 

Royal National Park in Sydney (Walsh et al. 2006). In addition, Phytophthora personii and 

an undescribed species have been found in Kemps Creek Nature Reserve in Southwest 

Sydney, this is the first record of P. personii in NSW (NSW NPWS 2014). To my 

knowledge, no other published surveys assessing oomycete communities have been 

conducted in the Sydney Basin. Yet due to human activities in the area oomycetes may be 

widespread within the basin, potentially threaten a number of TECs. 

 

3.1.4 Aims and Hypothesis  

The aim of this study was to survey oomycete communities found in Threatened Ecological 

Communities within the Sydney Basin and whether indicators such as soil moisture and tree 

health are associated with oomycete communities. The types of oomycetes (other than that 

mentioned previously) within TECs in the Sydney Basin is largely unknown and knowledge 

regarding these communities will benefit land manager decisions regarding the conservation 

of these TECs. Due to the fragmentation of TECs across the Basin and ongoing stressors 

from recreational use, urban development I expect invasive oomycetes to be present in the 

field sites chosen.  
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3.2 Materials and Methods 

3.2.2 Site and TEC Descriptions 

Four sites were selected to survey oomycete communities within the Sydney Basin; 

Scheyville National Park, Lt Cantello Reserve, George Street Reserve and Wianamatta 

Regional Park (Fig. 12; Fig. 13). The sites were chosen as they form part of the ‘Save Our 

Species Cumberland Plain Restoration Program’. They also represent a variety of TECs with 

varying levels of health.  

 

 
Figure 12 Site distribution within the Sydney Basin, north facing map. For reference, Prospect Reservoir is the 

patch of water just left of the centre of the map, the right edge of the map is Sydney Harbour including 

Parramatta River, the left of the map is bordered by the Blue Mountains (source: Google Earth)  
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Figure 13 Sampling area for Scheyville NP, Lt Cantello Reserve, George Street Reserve and Wianamatta 

Regional Park marked by the red square (source: Google Earth).  

 

Scheyville National Park (SNP) 

SNP sits on a layer of Wianamatta shale, the soils are largely composed of clays due to 

historic flooding of the Hawkesbury river, as a result the area is poorly drained and aerated 

and quite swampy in parts. The site contains ecological communities that represent 

Cumberland Plain Woodland, Castlereagh Scribbly Gum and Shale Gravel Transition Forest 

(Fig. 14; Table 4). The area was occupied by the Cattai people of the Dharug nation and 

archaeological findings indicate that the lagoons and swamps were the most heavily used 

areas. Due to the highly fertile soils, the area was targeted by European settlers for 

agricultural purposes. From 1940 the area was used for military training and was declared a 

National Park in 1996. SNP is highly disturbed in parts and has been detrimentally impacted 

by colonial occupation, for example changes in fire regimes and the introduction of invasive 

weeds such as African Lovegrass (NSW NPWS 2000). Surveys in the northern part of the 

park have isolated P. cinnamomi along walking tracks (Suddaby 2008a). I targeted the 

southern part SNP in this study as it included a mixture of healthy and unhealthy vegetation 

(Fig. 13). 
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Figure 14. A snapshot of SNP taken during field sampling. 

 

Wianamatta Regional Park (WRP) 

This site is representative of the following TECs: Cooks River Ironbark Forest, Shale Gravel 

Transition Forest, Cumberland Plain Woodland and Castlereagh Scribbly Gum Woodland 

(Fig. 15; Table 4). Initial colonial practices cleared the land for grazing and farming as well 

as logging for ironbark species. In the 1940s the site was used to assemble bombs and shells 

and was later turned into a munition’s factory. The vegetation was maintained through a 

combination of sheep grazing, slashing and mowing as a result majority of hollow-bearing 

trees have been removed. Prior to colonial invasion, the area was occupied by the Gomerigal-

tongara people of the Dharug Nation who utilised the major water sources in the park (Ropes 

creek and South creek) as well as foods in the area, scar trees are also present in the park but 

are rare due to past logging. The site was declared a regional park in 2008 (NSW NPWS 

2011). Soil analysis of the site show that soil is composed of clay and phosphorus levels are 

relatively low (Table 5). 
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Figure 15. WRP snapshot taken during field sampling.  

 

Lt Cantello Reserve (LCR) 

This site represents a number of TECs including Shale Gravel Transition Forest, Cooks 

River/Castlereagh Ironbark Forest and River Flat Eucalypt Forest, the reserve forms part of 

the land occupied by the Dharawal nation (Fig. 13; Table 4). Dieback has been observed 

within this site, but the cause is unknown. Recently, part of the site was burnt in the recent 

2019/2020 bushfire season (Alexi Gilchrist, Liverpool City Council, personal communication 

2019). In this site, there is a concern that the Phytophthora spp. found in Kemps Creek 

Nature reserve could move downstream to this location, the consequences of which are 

currently unknown (Saving Our Species 2011).   

 

George Street Reserve (GSR) 

This reserve forms part of a vegetation corridor with Windsor Downs Nature Reserve and 

Agnes Banks Nature reserve. The Boorooberongal people of the Dharug nation lived in the 

area that GSR occupies. It is a highly disturbed site that has been subject to grazing and 

housing development (Fig. 13). As the site sits on a floodplain, the soils found on the site are 
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predominantly clay and contains relics of Cumberland Plain Woodland and Shale Gravel 

Transition Forest (Table 4; Table 5) (Urban Bushland Management Consultants 2007). 

 

 





 

 

42 

Table 5. Soil characteristics associated with each site. P = Phosphorus, EC = Electrical Conductivity, OM = 

Organic Matter, Total C = Total Carbon, Total N = Total Nitrogen, C/N ratio = Carbon/Nitrogen ratio.   

Site P 

(mg/kg) 

pH EC (dS/m) OM 

(%) 

Total 

C (%) 

Total 

N (%) 

C/N 

ratio 

Texture 

LCR 9.5 5.95 0.065 5.9 3.4 0.2 17 Loam 

WRP 8.5 6.57 0.073 6.3 3.6 0.23 16 Clay 

GSR 8.9 5.72 0.073 6.5 3.7 0.24 15 Clay 

Loam 

SNP 5.6 6.57 0.057 4 2.3 0.17 14 Clay 

 

3.2.3 Soil Collection (Scientific Licence number: SL102346) 

Before accessing each site, all shoes, car wheels and equipment were cleaned with 70% 

ethanol. I collected soil from eight trees with varied health conditions within each site, health 

was assessed by looking for signs of dieback and defoliation and leaf colour (Table 6; 

Appendix D). I collected a total of eight soil cores to a depth of 10 cm from each tree (Fig. 

16). Four cores were collected 50cm from the base of the tree and four were collected 1m 

from the tree base, I then combined these into a composite sample. The soil corer was 

cleaned with ethanol between each tree and site. I also collected soil moisture data from four 

points around each tree using a HydroSense Soil Water Measurement System (Campbell 

Scientific Australia Pty. Ltd., Thuringowa Central, Australia) with a 12cm probe attached 

which was cleaned with 70% ethanol. A composite sample was generated from all soil 

samples collected from each site and sent to Southern Cross University, Environmental 

Analysis Laboratory where it was assessed using the Agricultural – Standard A-2 test (Table 

5). The remaining soil from each tree was set aside for soil baiting.  
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Figure 16. Soil core taken from SNP 

 
Table 6. Dieback template, two scores are assigned to trees based on dieback symptoms and health.  

Score Dieback  Health 

1 Dead Near death 

2 Severe Dieback Severe defoliation/browning of leaves 

3 Moderate dieback Some defoliation/yellow-brown leaves 

4 Minor dieback Few signs of defoliation/green-yellow leaves 

5 No signs of dieback Green-yellow leaves or better 

 

 

3.2.4 Soil Baiting 

Soil was baited using the same methods as baiting methods in Chapter 2. The only difference 

between these methods was that only one round of baiting was completed as the campus was 

closed due to COVID-19. Before the campus wide lockdown, isolates growing on V8 media 

were placed in sterile water for long term storage.   

 

3.2.5 DNA Extraction and Sequencing 

Isolates were cultured on V8 media from long term storage on sterile water, DNA extractions 

and sequencing were completed using the same methods from Chapter 2. The only exception 

is that oomycete primers were successful for amplifying DNA from majority of isolates. 
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DNA sequences obtained from this study were submitted to the NCBI Nucleotide database 

under accessions MW280310-MW280351 and MW275932-MW275969. 

 

3.2.6 Phylogenetic Analysis 

The Phylogenetic Trees were built using the same parameters as Chapter 2, the outgroup used 

for the oomycete tree was Eurychasma dicksonii (HQ643131).  

 

3.2.5 Statistical Analysis  

All statistical analysis going forward were performed using poisson regression and all graphs 

were made using ggplot from the ggplot2 package (Wickham et al. 2020). To assess the 

association between species richness to site, soil moisture and tree health I fitted a 

generalised linear model to the data using the function glm in the stats package (R Core Team 

2020). To observe the interaction between species richness and site, multiple comparisons 

(Tukey’s HSD) were performed using the emmeans package (Lenth et al. 2020) to estimate 

the marginal means for each site. The generalised linear model used to assess the association 

between abundance to site, soil moisture and tree health. I again used this model to analyse 

the association between Phytopythium spp. abundance to site, soil moisture and tree health. In 

addition, I also estimated the interaction between Phytopythium spp. and site using the same 

multiple comparison test used to assess the interaction between species richness and site. 
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3.3 Results 

3.3.1 Oomycete and Fungi Isolates 

Overall 57 isolates were sequenced from four sites representing a number of TECs in the 

Sydney Basin, 16 of the isolates were Fungi and 41 were oomycetes (Table 7). Phytopythium 

vexans was the most commonly isolated oomycete and was found in all sites except for LCR 

(Fig. 17). Baiting and subsequent phylogenetic analyses also recovered two Phytophthora 

species, Phytophthora multivora and Phytophthora cryptogea, whose identities were 

confirmed via BLAST and subsequent phylogenetic analysis (Fig. 18). Phytophthora 

multivora was found in WRP and P. cryptogea were found in both SNP and WRP, both these 

sites were observed to have clay texture and the samples from which they were found had 

high VWC (>30%) (Table 7; Table 5). I also used fungal specific primers, to identify fungal 

species within the Ascomycota order (Fig. 6) and incertae sedis fungi (Fig. 7), these species 

were used to support Phylogenetic analysis in Chapter 2.  

 

 

Figure 17 Oomycete richness across all sites surveyed in the Sydney Basin. Median values are represented by 

the dark lines on the boxplot, on average species richness was higher at GSR. Dots represent outliers as shown 

in SNP.   
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Table 7. List of isolates collected from TECs in the Sydney Basin, identification is based on closest match to isolates in the NCBI database. aIsolate: code Site location, tree 

number, isolate number. bVoucher species: Y = yes, N= no. cVWC = Volumetric Water Content, dTree health score based on table 6. 

 

aIsolate code Taxon Query 

cover 

ID % Accession 

number 

bVoucher 

species 

cVWC (%) dTree 

health 

WRP 2_180 Phytopythium mercuriale 100% 100% DQ916366 N 23 1 

GSR 4_149 Phytopythium vexans 100% 98.96 MF115192 Y 3 1 

LCR 6_169 Phytopythium vexans 100% 100.00% MN959767 N 4 1 

GSR 1_118 Phytopythium vexans 100% 99.17% MF115286 Y 6 1 

GSR 1_136 Phytopythium vexans 98% 99.72% HQ643954 Y 6 1 

GSR 1_152 Phytopythium vexans 96% 99.66% HQ643954 Y 6 1 

GSR 1_166 Phytopythium vexans 97% 99.72% HQ643954 Y 6 1 

GSR 8_195 Phytopythium vexans 98% 99.72% HQ643954 Y 4 3 

WRP 1_207 Phytopythium vexans 100% 99.67% HQ643954 Y 19 3 

WRP 6_178 Phytopythium vexans 97% 99.72% HQ643954 Y 31 3 

GSR 2_196 Phytopythium vexans 97% 99.72% HQ643954 Y 5 3.5 

WRP 4_139 Phytopythium vexans 97% 99.30% HQ643954 Y 16 3.5 

SNP 4_108 Phytopythium vexans 98% 99.58% MK796014 Y 26 3.5 

SNP 4_117 Phytopythium vexans 100% 99.28% MF115286 Y 26 3.5 

SNP 4_142 Phytopythium vexans 99% 99.33% HQ643954 Y 26 3.5 

SNP 4_161 Phytopythium vexans 97% 99.44% HQ643954 Y 26 3.5 

GSR 5_112 Phytopythium vexans 100% 99.12% MF115192 Y 2 4 

GSR 5_203 Phytopythium vexans 100% 99.72% HQ643954 Y 2 4 

GSR 7_100 Phytopythium vexans 98% 99.63% HQ643954 Y 4 4 

GSR 7_133 Phytopythium vexans 97% 99.73% HQ643954 Y 4 4 

SNP 6_151 Phytopythium vexans 97% 99.45% HQ643954 Y 22 4 

SNP 6_160 Phytopythium vexans 89% 99.48% HQ643954 Y 22 4 
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aIsolate code Taxon Query 

cover 

ID % Accession 

number 

bVoucher 

species 

cVWC (%) dTree 

health 

SNP 6_172 Phytopythium vexans 100% 99.44% HQ643954 Y 22 4 

SNP 8_170 Phytopythium vexans 97% 99.72% HQ643954 Y 24 4 

SNP 8_204 Phytopythium vexans 100% 99.72% MF115286 Y 24 4 

SNP 3_109 Phytopythium vexans 96% 99.71% HQ643954 Y 26 4 

SNP 3_114 Phytopythium vexans 100% 99.05% MF115192 Y 26 4 

SNP 3_162 Phytopythium vexans 97% 99.72% HQ643954 Y 26 4 

SNP 2_115 Phytopythium vexans 99% 99.17% MF115286 Y 28 4 

SNP 2_153 Phytopythium vexans 99% 99.72% HQ643954 Y 28 4 

WRP 7_148 Phytopythium vexans 96% 99.74% HQ643954 Y 34 4 

WRP 7_177 Phytopythium vexans 95% 99.17% MF115286 Y 34 4 

LCR 1_132 Phytopythium vexans 100% 98.55% KU248803 N 4 4.5 

LCR 1_198 Phytopythium vexans 99% 98.98% MN535818 N 4 4.5 

SNP 7_173 Phytopythium sp. 100% 99.64% JX122746 N 25 2 

WRP 1_206 Phytopythium sp. 100% 98.41% KY938877 N 19 3 

LCR 1_150 Phytopythium sp. 98% 99.24% AB468803 N 4 4.5 

WRP 8_181 Phytopythium chamaehypon 100% 100% HQ643374 Y 31 1 

SNP 1_171 Phytopythium chamaehypon 100% 99.84% HQ643374 Y 39 1 

GSR 8_163 Phytopythium chamaehypon 100% 99.82% HQ643374 Y 4 3 

LCR 2_141 Phytophthora sp. 98% 98.19% KR154765 N 16 3.5 

WRP 3_130 Phytophthora multivora 100% 100.00% MF115521 Y 27 3.5 

WRP 8_143 Phytophthora cryptogea  98% 99.84% KY696612 Y 31 1 

SNP 1_137 Phytophthora cryptogea  100% 99.73% MF115389 Y 39 1 

WRP 5_179 Phytophthora cryptogea  100% 99.50% KY696612 Y 37 4 

LCR 3_89 Ilyonectria sp. 100% 100% MF101382 N 10 3.5 

GSR 2_155 Fusarium sp. 99% 99.27% MF281299 N 5 3.5 
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aIsolate code Taxon Query 

cover 

ID % Accession 

number 

bVoucher 

species 

cVWC (%) dTree 

health 

WRP 4_156 Fusarium sp. 99% 99.62% MF281299 N 16 3.5 

GSR 7_123 Fusarium sp. 100% 100% LC503277 N 4 4 

SNP 5_101 Fusarium sp. 100% 100% MF281299.2 N 23 4 

GSR 3_15 Fusarium sp. 100% 100% MK336579 Y 4 5 

GSR 4_91 Fusarium solani 100% 100% MN557156 N 3 1 

WRP 2_98 Fusarium oxysporum 100% 100% MT560381 N 23 1 

LCR 2_102 Absidia sp. 99% 99.51% KU168829 N 16 3.5 

LCR 4_95 Absidia sp. 93% 98.39% KU168829 N 6 4 

GSR 3_144 Absidia sp. 80% 97.88% KU168829 N 4 5 

GSR 3_94 Absidia sp. 99% 99.02% KU168829 N 4 5 
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Figure 18. Phylogenetic reconstruction of oomycete species found in TECs in the Sydney Basin, with the 

exception of one oomycete found at EucFACE. Reference species are in bold and were obtained from GenBank, 

where possible voucher species were used. Isolate codes represent location the species was found (SNP3_109 = 

Scheyville National Park, Tree 3, isolate 109). Tree was constructed using Geneious 10.0.9 software 

(https://www.geneious.com). DNA sequences obtained from this study were submitted to the NCBI Nucleotide 

database under accessions MW275932-MW275969. 
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3.3.2 Response of Species Richness and Abundance to Site Characteristics 

Due to COVID-19 and subsequent campus wide lockdowns during the soil baiting 

component of this study, I could not complete a second round of baiting, therefore species 

richness and abundance is underestimated in this chapter. The most pathogens were found in 

SNP, of the nineteen detected there, seventeen were oomycetes. I found eighteen pathogens 

at GSR of which twelve were oomycetes. I also found eleven oomycetes in WRP, including 

P. multivora. Nonetheless, I did not observe any significant responses between abundance to 

tree health, VWC and site (Generalised linear model, P (tree health) = 0.79, P (VWC) = 0.78, P (site) 

= 0.18; Fig. 19). Nor did I observe a significant association between species richness to tree 

health and VWC (Generalised linear model, P (tree health) = 0.70, P (VWC) = 0.67; Fig. 20). I did, 

however detect a small non-significant association between species richness and site 

(Generalised linear model, P(site) = 0.09; Fig. 17), due to the differing frequencies of 

occurrence within each site. The most frequently isolated genus in this study was 

Phytopythium, which were found in each field site, although were most abundant in SNP and 

GSR. As a result, I observed a significant association between Phytopythium spp. abundance 

to site (Generalised linear model, P(Site) = 0.04; Fig. 21). 

 

 

Figure 19. Association between oomycete abundance to (A) tree health, (B) VWC (%) and (C) site. Dots 

represent individual samples (A & B) and box plots (C) represent abundance within each site.   
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Figure 20 Association between species richness to (A) tree health and (B) VWC (%).  

 

 

  

 

Figure 21. Association between Phytopythium spp. to individual sites. Dots represent individual samples (A & 

B) and box plots (C) represent the dispersion of abundance within each site.   
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3.4 Discussion 

3.4.1 Oomycetes Isolated in TECs in the Sydney Basin 

Although no pattern was observed between species richness and abundance with tree health 

and soil moisture, some potentially aggressive species were detected. Phytophthora 

multivora, Phytophthora cryptogea were isolated from WRP and SNP. I also detected one 

Phytophthora spp. in LCR but for this particular species only the genus label was attached 

via BLAST as due to poor sequence quality it was not included in phylogenetic analysis. This 

indicates that oomycete diversity is higher across TECs in the Sydney Basin than what is 

currently covered in the scope of this study. 

 

Phytophthora multivora was found in WRP, this site includes a number of cycle and walking 

paths and it is surrounded by housing. This species is widely distributed across Western 

Australia second to that of P. cinnamomi, which is likely accredited to the nursery trade and 

movement of common urban trees across the globe (Migliorini et al. 2015; Scott et al. 2009). 

It has an extensive host range and many native Australian plants as well as exotic urban trees 

have shown varying levels of susceptibility to this pathogen (Migliorini et al. 2019). 

Phytophthora multivora has also been isolated from soil in the remote Wollemi Pine site, 

within the Wollemi National Park and pathogenicity trials indicate that it is highly aggressive 

towards and able to cause death in the pine (Puno et al. 2015). It also causes fine root loss and 

lesions but no above ground symptoms on Eucalyptus marginata and Eucalyptus 

gomphocephala, two Western Australian native eucalypts (Scott et al. 2012). Although only 

one P. multivora was isolated in this study, its wide host range and ability to be 

asymptomatic could be devasting to TECs within the Sydney Basin. More extensive surveys 

and pathogenicity trials would need to be conducted to understand the impact this pathogen 

may have on local flora.   

 

Phytophthora cryptogea was found in both WRP and SNP, at both these sites the soil was 

clay, therefore its high water holding capacity is favourable to oomycete growth and survival 

(Gómez‐Aparicio et al. 2012). This particular species has a widespread distribution across 

NSW and has been found in a number of National Parks across NSW, including Kosciuszko, 

Barrington Tops, Border Ranges, New England and Oxley Wild Rivers (Khaliq et al. 2019; 

Scarlett et al. 2015). It has a wide host range and has been associated with declining Pimelea 

bracteata a critically endangered subalpine shrub endemic to NSW (Kroon, Brouwer, de 
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Cock, & Govers 2012; McDougall et al. 2018). In vitro experiments indicate that P. 

cryptogea is capable of growing over a wide temperature range going as low as 3ºC and up to 

33ºC (Safaiefarahani et al. 2015). Phylogenetic analysis puts P. cryptogea in Clade 8, where 

it has been shown to readily hybridise with closely related Phytophthora spp., these hybrids 

could potentially be more potent and have an even wider host range than their parents 

(Safaiefarahani, Mostowfizadeh-Ghalamfarsa, Hardy, & Burgess 2016). To my knowledge, 

this is the first time P. cryptogea has been isolated in the Sydney Basin.  

 

Phytopythium vexans (formally Pythium vexans) have been associated with dieback in a 

number of important crop species, including Kiwifruit (Polat, Awan, Hussain, & Akgül 

2017), apples (Jabiri et al. 2020) and buckwheat (Baten et al. 2014). It has also been isolated 

from a number of nurseries in Turkey and shown to be cause disease in Picea orientalis and 

Thuja occidentalis (Lehtijärvi et al. 2017). In Australia, P. vexans has been found alongside 

invasive tree Parkinsonia aculeata in both Queensland and Western Australia (Steinrucken et 

al. 2017). Phytopythium species have also been found within nurseries and were shown to 

cause lesions on a variety of host plants (Lehtijärvi et al. 2017). It is obvious that 

Phytopythium species are widespread and whether they pose a threat to indigenous flora in 

the Sydney Basin under future climate conditions is yet to be determined.  

 

3.4.2 Factors Influencing Tree Health 

The abundance of oomycete species found across sites within the Sydney Basin did not show 

any association with tree health status. But the presence of root pathogens in soil does not 

necessarily correlate to visible signs of tree health decline. Inoculum loads in soil vary 

depending on infection stage, early during infection soil inoculum loads can be high and at 

this point visible disease symptoms may not be apparent. Once the infection advances into 

the hosts crown, inoculum load in soils may be low as the tree roots are all but destroyed 

(Jung et al. 2018). Seemingly healthy trees may also be maintaining inoculum loads by 

harbouring pathogens in their roots. This enables pathogens to survive unfavourable 

conditions and maintain inoculum load in soils across seasons without causing plant death 

(Crone et al. 2013). This can result in a positive feedback for pathogens, for example 

Phytophthora ramorum can infect both Tan Oak and Bay Laurel but disease severity is 

different between the two. Inoculum can build up on the tolerant Bay Laurel tree and in turn 

build up on the Tan Oak tree and cause mortality (Cobb, Meentemeyer, & Rizzo 2010). 
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Furthermore, it would be remiss to ignore other factors that may cause tree health decline that 

weren’t accounted for in the scope of this study. Between 2009 and 2013, an outbreak of 

Psyllids led to the defoliation and decline of tree health in a number of key CPW tree species 

across Western Sydney, including GSR (Hall et al. 2015). Low tree health may also be 

attributed to water stress brought on by droughts, such as the big dry that occurred in this 

region in 2017-2019 (Kauwe et al. 2020). Further investigations assessing oomycete 

communities and TEC health in the Sydney Basin would have to account for other factors 

that cause tree health decline such as drought and insect attack.  

 

3.4.3 Management and Conservation of TECs  

The detection of P. multivora and P. cryptogea in SNP and WRP is of great concern for these 

reserves and surrounding forests. Susceptibility of native NSW vegetation to root pathogens 

has largely focused on infection caused by P. cinnamomi, as it is a generalist pathogen and 

classified as key threatening process by the Australian government (Cahill et al. 2008; 

Commonwealth of Australia 1999). It is apparent that P. multivora and P. cryptogea are 

widespread in NSW, perhaps more so than what is known and research into the impact these 

species are having on NSW vegetation is limited (Khaliq et al. 2019; Puno et al. 2015). 

Future research should focus on the pathogenicity of these oomycetes on native vegetation 

found within the Sydney Basin to ascertain the potential impacts it can have on TECs. These 

pathogenicity trials should also include P. cinnamomi as it is widespread not only in the 

Sydney Basin but also NSW. A recent pathogenicity trails show that three rare and threatened 

native NSW plants are highly susceptibility to P. cinnamomi and that four others are likely to 

be susceptible to infection (Wan, McDougall, & Liew 2019). This highlights that although P. 

cinnamomi has been a known threat to vegetation across Australia for quite some time, its 

impact on native vegetation in NSW is still largely unknown; much less the impact of lesser 

known oomycete species on native NSW vegetation.   

 

Given the current findings, not only is more extensive research required to understand the 

susceptibility of native vegetation to oomycete species but also their modes of dispersal. The 

spread of soil pathogens through anthropogenic activities such as the nursery trade and the 

movement of soil via recreational activities is well known (Cahill et al. 2008). Local 

management of National Parks and reserves should focus on introducing hygiene measures as 

well as education programs. For example, citizen science projects can be a powerful tool to 
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monitor forest health and track the movement of invasive species. They are not only 

beneficial to research but engage local communities with science and native environments 

(Hulbert et al. 2017). Other management tools can include the use of sentinel plantings in 

nearby gardens and reserves which give land managers an indication of pathogen invasion, 

given them a chance to stay ahead of the incursion (Paap, Burgess, et al. 2017). The two 

Phytophthora identified in Kemps Creek Nature are examples of the importance of ongoing 

monitoring, to prevent further spread into the environment. This is especially important when 

the pathogenicity of the pathogen on native vegetation is relatively unknown (Saving Our 

Species 2011). Monitoring nurseries for oomycetes that are located close to parks and 

reserves or ones that supply material for plantings is also a valuable tool to combat pathogen 

invasions. During a survey of botanical gardens in South Africa, Hulbert et al. (2019) found 

three oomycete species that had not been reported before in South Africa. Thus, 

demonstrating the use of these botanical gardens as sentinel facilities that can lead to greater 

detection of root pathogens and halt their dispersal. As only four areas were surveyed in this 

study more extensive surveys should be conducted across a variety of TECs to gain a better 

understanding of the oomycete community currently existing in the Sydney Basin.  

 

3.4.5 Conclusion  

In conclusion, whilst associations between tree health, soil moisture and the presence of 

particular oomycetes cannot be confirmed, the finding of P. multivora and P. cryptogea is 

concerning. The reserves and parks surveyed in this study represent a number of TECs which 

may be at risk from oomycete induced dieback. The consequences of which will impact the 

functioning of an already stressed ecosystem. Given, the finding of invasive species in this 

study, monitoring nearby reserves and urban communities for the arrival of invasive 

pathogens can be used to prevent the spread of oomycetes further or the introduction of new 

ones.   
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Chapter 4: General Discussion 

4.1 Summary and Evaluation of Two Experimental Chapters  

The experiments in my thesis attempted to understand the response of root pathogen 

communities to global change factors such as elevated CO2 and precipitation events as well 

as survey the occurrence of oomycetes in Threatened Ecological Communities in the Sydney 

Basin. Although, only one oomycete was isolated from EucFACE in Chapter 2, it is evident 

that oomycetes, including some potentially aggressive species, do exist within TECs in the 

Sydney Basin based on results from Chapter 3. Understanding what root pathogen 

communities exist and how they may respond to climate change is important as oomycetes 

are readily dispersed via to anthropogenic activities. Furthermore, climate change will enable 

the survival of these pathogens in regions once considered unsuitable (Burgess, Scott, et al. 

2017; Paap, Burgess, et al. 2017). 

 

Both of the experimental chapters took place within sites that represent a mix of TECs that 

often intersect with one another. However, soil was collected during two very different 

seasons making it difficult to compare results due to temporal differences. When soil was 

collected at EucFACE we had been experiencing an extremely dry winter and spring. In 

comparison, soil collected from sites across the Sydney Basin was done in early March 2020, 

after an extremely wet February, 391.6 mm of water was recorded over 4 days at Observatory 

Hill (Bureau of Meteorology 2020b). Before sampling took place across the field sites 

identified in chapter 3, I took four soil cores from LCR in February approximately three days 

after experiencing heavy rain. These soils were baited and although having just experienced 

heavy rain I was only able to isolate fungal species from these cores (Appendix E). Based on 

these results I assume that if soil had been collected from these sites in November, I would 

have also had low oomycete isolation, however additional sampling across seasons would 

need to be conducted to test this assumption. Finally, given the intensity of rain before 

sampling in chapter 3 it would be interesting to assess oomycete community response to a 

more intense rainfall event under elevated CO2. This would include adding a similar amount 

of water but over a shorter period of time. 

 

In addition, the COVID-19 pandemic resulted in a campus shutdown in late March, so I was 

only able to conduct one round of soil baiting on samples collected in Chapter 3. It is likely 

the results from this experimental chapter underestimate the oomycete diversity across the 



 

 

57 

sites sampled and do not account for seasonal variation (Davison & Tay 2005). Furthermore, 

bait efficiency can vary across seasons based on their physiology, Ferguson & Jeffers (1999) 

observed that Camellia baits were more variable when used to isolate Phytophthora species 

during summer than autumn. I also did not have access to Quercus species, one of the most 

effective baits to use. If investigations into oomycete communities in the Sydney Basin 

continue it is advisable that plant species commonly used for baiting are potted and 

maintained. This is a practice that the Centre for Phytophthora Science Management (CPSM) 

utilises to ensure they have access to viable bait material year-round (Burgess et al. 2020).  

 

4.2 Management of TECs  

It is evident from findings in Chapter 3 that potentially problematic oomycetes are present in 

Sydney Basin and it is likely that TECs will continue to be exposed to pathogen invasions 

due to anthropogenic activities (Paap, Burgess, et al. 2017). Ongoing monitoring of reserve 

and nearby nurseries can be used in early detection programs to prevent the spread of new 

root pathogens into protected forests. Eradication programs can be implemented as well but 

they can be expensive and labour intensive, especially when the pathogen is too widespread 

and established (Carnegie & Nahrung 2019). Managing oomycete outbreaks such as 

Phytophthora cinnamomi in forests can involve clearing infected vegetation, establishing 

exclusion fencing and/or soil fumigation (Dunstan et al. 2010). However, management 

strategies that focus on infected vegetation to reduce inoculum load do not account for the 

survival of oomycetes on asymptomatic or tolerant vegetation (Crone et al. 2013). Phosphite 

treatments can also be used to control the spread of root disease, by stimulating the defence 

response of the host as well as acting on the pathogen itself (Hardy et al. 2001). However, 

since Australian soils are largely P-improvised, there is concern that phosphite levels will 

negatively impact native vegetation designed to survive in low nutrient soils (Lambers et al. 

2013). In fact, increased nutrient in Hawkesbury sandstone soils in the Sydney Basin was 

shown to negatively impact the growth of native species whilst allowing for the incursion of 

exotic weeds (Thomson & Leishman 2004). Tightened biosecurity measures at a local level 

will enable land managers to identify the arrival of invasive species before they spread into 

reserves and parks. This can be achieved through sentinel plantings as well as monitoring 

nearby nurseries and botanical gardens (Hulbert et al. 2019; Paap, Burgess, et al. 2017). 

Heightened biosecurity practices are beneficial as they are less costly and more feasible than 
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eradication programs. They can also promote awareness and education for land managers and 

the general public (Carnegie & Nahrung 2019). 

 

4.3 Future Directions  

Assessing Impacts on Host Species 

This study isolated Phytophthora multivora and Phytophthora cryptogea from TECs within 

the Sydney Basin. Little is known regarding the impact of these two species on native 

vegetation found in these ecosystems nor how vegetation responses to climate change will 

influence disease severity. It is known that Phytophthora multivora is widespread across 

Australia and capable of causing infection in native vegetation, including the endangered 

Wollemi pine (Puno et al. 2015). Phytophthora cryptogea is also widespread across NSW 

although little is known about its pathogenicity to native vegetation in the Sydney Basin 

(Khaliq et al. 2018; Scarlett et al. 2015). Already, glasshouse trials show that rare and 

threatened species found in the Sydney Basin are susceptible to P. cinnamomi (Wan et al. 

2019). Widening the scope of pathogenicity trials to include the oomycete species such as P. 

multivora and P. cryptogea on species found within TECs would contribute to the 

conservation of these ecosystems.  

 

Relationship Between Overall TEC Health and Oomycete Communities 

Oomycetes and other soil pathogens promote species coexistence but also cause major 

dieback events that shapes and alters ecological communities (Laliberté et al. 2015). Crown 

dieback caused by oomycetes influence abiotic factors such as light availability, moisture and 

humidity. This alters the microclimate of the forest and influence the occurrence and type of 

vegetation in the lower canopy storeys (Sapsford & Waller 2020). One flaw associated with 

current legislation used to identify TECs is that it does not protect the ecological community 

from harmful activities (McDonald et al. 2019). Such activities may ease the passageway of 

oomycetes and lead to the establishment of novel pathogens. Therefore, assessing the 

relationship between TEC health and root pathogen communities will help researchers and 

land managers identify present and future challenges related to the conservation of these 

already stressed communities. This should also be assessed in the context of predicted 

climate conditions which is critical as current legislation does not account for species 

reorganisation and the formation of novel ecosystems (Bonebrake et al. 2018; McDonald et 
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al. 2016). To achieve this more intensive soil sampling will need to be conducted across 

TECs in the Sydney Basin as well as across seasons.   

 

4.3 Conclusion  

Due to the drought occurring at the time of the experiment conducted at EucFACE only one 

oomycete was isolated. I did observe higher soil moisture in plots under elevated CO2 

compared to ambient conditions. Theoretically, future climate conditions may be more 

conducive to the life cycle of oomycetes although further research will need to be conducted 

to assess this. In addition, this study found that some aggressive species do exist within the 

Sydney Basin. To enhance the conservation of TECs in the Sydney Basin additional and 

more in-depth surveys across multiple sites and seasons should be conducted.  Gathering 

baseline data of oomycete communities in the Sydney Basin services multiple purposes. 

Firstly, it demonstrates what pathogens exist currently and secondly provides justification for 

biosecurity measures to prevent the spread of oomycetes. This can contribute to the gap in 

knowledge regarding the biogeography of these species and be used to captain future 

research. Since eradication is complicated and at times impossible, ongoing monitoring is a 

viable management tool to implement (Paap et al. 2020). Understanding how these 

communities may shift under predicted climate scenarios will aid ongoing conservation 

programs. 
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Appendix A GCC photos 

Photos taken weekly at EucFACE, top set of 6 photos were taken of watered plots (R1P1) 

and bottom set of 6 were taken of non-watered plots (R4P4). 
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Appendix B NARPH agar 

Hüberli, D, Tommerup, IC, Hardy, GEStJ 2000, ‘False-negative isolations or absence of 

lesions may cause mis-diagnosis of disease plants infected with Phytophthora cinnamomi’, 

Australian Plant Pathology, vol. 29, no. 3, doi: 10.1071/AP00029 with the following 

modifications: PCNB removed and 25mg of Hymexazol per 1 Litre of deionised water (Rajah 

Belhaj, Murdoch University Perth, WA, Australia, personal communication). 

Ingredients To make 500L Supplier 

Deionised water 500ml Laboratory 

Corn Meal Agar 8.5g Sigma Aldrich 

Nilstat 0.5ml Local chemist 

Ampicillin 0.05g Sigma Aldrich 

Rifadin 0.25ml Sigma Aldrich 

Hymexazol 0.025g Sigma Aldrich 

 

1) Corn Meal Agar added to schott bottle with 500ml of deionised water. 

2) Add 15 ml of distilled water to 25ml McCartney bottles 

3) Autoclave agar and McCartney bottles at 121ºC for 30 minutes.  

4) Place bottle with agar in oven, this will allow it to cool down without solidifying the 

contents.  

5) Put McCartney bottles in the fridge, once they have reach room temperature add the 

antibiotics. 

6) Shake McCartney bottle and add to agar bottle and place in oven for 30 minutes. 

7) Pour agar into petri dishes in a laminar flow hood.
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Appendix C 10% V8 agar 

Miller, PM 1955, ‘V8 juice agar as a general purpose medium for fungi and bacteria’, 

Phytopathology, vol. 45, pp. 461-462.  

Ingredients To make 500L Supplier 

V8 juice (original)* 50ml Grocery store 

CaCO3 0.05g Laboratory stock 

Bacteriological agar 8.5g Sigma Aldrich 

Distilled water 450ml Laboratory stock 

 

1) Centrifuge V8 at 1800 g for 10 minutes.  

2) Dissolve CaCO3 in the V8 juice. 

3) Add 450 ml of distilled water and adjust to a pH of 7 using 1 M NaOH. 

4) Add agar and autoclave at 121ºC for 20 minutes.  

5) Once cool, pour into petri dishes in a laminar flow cabinet.  

*There are a variety of V8 juices that can be purchased, ensure that the one picked is labelled 

‘original’
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Appendix D TEC GPS locations and tree health scores 

Sample  GPS location Health 

score 

Dieback score Score 

GSR1 S -33.63346, E 150.79018 1 1 1 

GSR2 S -33.63324, E 150.79031 4 3 3.5 

GSR3 S -33.63295, E 150.79059 5 5 5 

GSR4 S -33.63288, E 150.79091 1 1 1 

GSR5 S -33.63292, E 150.79100 4 4 4 

GSR6 S -33.63253, E 150.79121 1 1 1 

GSR7 S -33.63280, E 150.79172 4 4 4 

GSR8 S -33.63254, E 150.79195 3 3 3 

LCR1 S -33,95276, E 150.96797 5 4 4.5 

LCR2 S -33.95174, E 150.96750 4 3 3.5 

LCR3 S -33.95171, E 150.96754 4 3 3.5 

LCR4 S -33.95154, E 150.96758 4 4 4 

LCR5 S -33.95141, E 150.96793 3 3 3 

LCR6 S -33.95367, E 150.96538 1 1 1 

LCR7 S -33.95377, E 150.96458 3 2 2.5 

LCR8 S -33.95302, E 150.96519 1 1 1 

SNP1 S -33.61212, E 150.88086 1 1 1 

SNP2 S -33.61239, E 150.88084 4 4 4 

SNP3 S -33.61264, E 150.88072 4 4 4 

SNP4 S -33.61294, E 150.88068 4 3 3.5 

SNP5 S -33.61284, E 150.88049 4 4 4 

SNP6 S -33.61282, E 150.87979 4 4 4 

SNP7 S -33.61289, E 150.87965 2 2 2 

SNP8 S -33.61316, E 150.87938 4 4 4 

WRP1 S -33.71919, E 150.75421 3 3 3 

WRP2 S -33.71899, E 150.75359 1 1 1 

WRP3 S -33.71906, E 150.75336 3 4 3.5 

WRP4 S -33.71906, E 150.75307 3 4 3.5 

WRP5 S -33.71864, E 150.75365 4 4 4 

WRP6 S -33.71807, E 150.75365 3 3 3 

WRP7 S -33.71811, E 150.75397 4 4 4 

WRP8 S -33.71824, E 150.75412 1 1 1 
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Appendix E Trial sites  
 

 

Fungal 

(F)  

Location Family Species Query 

cover 

ID % Accession 

F TLCR 1 Cunninghamellaceae Absidia 

pseudocylindros

pora 

94% 99.24 EF030525 

F TLCR 3 Cunninghamellaceae Absidia sp. 99% 95.28 KU168829 

F TLCR 4 Cunninghamellaceae Absidia sp.  79% 98.06 KU168829 

F TLCR 4 Brionectriaceae Clonstachys 

candelabrum 

87% 99.79 LT22054 

 

 

 

 

 




