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Abstract
A canker disease caused by the fungus Quambalaria coyrecup is devastating Corymbia
calophylla trees throughout much of its native range in the southwest of Western
Australia. Disease incidence is higher in remnant stands bordering cleared land such as
road edges where there is greater anthropogenic disturbance. It is likely that a
combination of factors is predisposing C. calophylla to canker disease: climate change,
fragmentation, introduction of pathogens, leaching of fertilizers from agricultural land
and changes in microclimate as a result of disturbance. These factors can have
detrimental effects on concentrations of nutrients in the soil, soil composition, and
communities of mycorrhizal fungi. This project examined these potential predisposing
factors and how they may interact with C. calophylla along a disturbance gradient.
Seventeen sites were selected. Each site consisted of a disturbance gradient of three
transects: remnant stand bordering cleared land and a road, a forest edge, and the
middle of intact forest. Soil was collected from ten trees along each transect and the
nutrient composition was tested. This soil was used in a glasshouse experiment from
which roots were harvested to test mycorrhizal composition. Results demonstrated
differences in soil nutrition between the disturbed and intact forest transects. The
mycorrhizal communities differed significantly among the three transects with the
community along the disturbed edge having a unique community assemblage.
Concentrations of soil macro- and micro-nutrients were correlated with changes in
mycorrhizal communities and canker incidence along disturbed edges, as were C.
calophylla stem basal area and overstory tree diversity. Soil moisture, pH and
mycorrhizal species richness were also correlated with canker incidence. It is possible
that the microclimate along disturbed edges is disrupting communities of mycorrhizal
fungi which is altering nutrient acquisition by the trees. The combination of decreased
mycorrhizal fungal richness and changes in microclimate along disturbed edges could be
responsible for predisposing C. calophylla to canker disease.
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Chapter 1: The ‘chicken or the egg’; which comes
first, forest tree decline or loss of mycorrhizae
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Abstract
Forest trees are experiencing massive declines globally caused by a multitude of
stressors, both abiotic (pollution, fragmentation, climate change) and biotic (fungi,
bacteria, viruses and insects). Mycorrhizal fungi aid plants in the acquisition of nutrients
through their mutualistic relationship with plant roots and are integral to tree health.
Stresses affecting tree health will also influence mycorrhizal fungi directly or indirectly,
and thus alter the pathways responsible for nutrient absorption. Such an intimate
association is a true chicken or egg quandary; do external stressors cause a loss of
mycorrhizae which leads to tree decline, does tree decline result in a loss of mycorrhizae,
or is it a combination of both? A review of literature has identified six stressors known
to contribute to tree decline and to impact directly on mycorrhizae: global climate
change, pesticides, heavy metals, excess fertilizer, pathogens and habitat
fragmentation. A few review papers have highlighted the link; however, what is missing
is irrefutable empirical research. This review documents the known direct impacts of the
six stressors on mycorrhizal communities and places this in the context of decline
syndromes in long-lived forest trees. We also discuss methodologies available to identify
fungi and future research needed to unravel the complex relationships between forest
tree declines and their associated mycorrhizal fungi.

Introduction
Many forests around the world would not exist in the absence of their mycorrhizal
symbionts. Temperate, boreal, and Mediterranean forests harbour hundreds of
different species of ectomycorrhizal fungi (EMF) taxonomically and functionally
different from each other (Brundrett et al. 1996; Tedersoo et al. 2014; Miyamoto et al.
2015). Mycorrhizal fungi play an important role in ecosystems; with benefits including
increased uptake of minerals and water through nutrient exchange, resistance to root
pathogens with the formation of a mantle (only in EMF) (Albornoz et al. 2017), an
increase in non-pathogenic microorganisms in the rhizosphere of a plant and improved
soil structure (Brundrett 1991). Mycelia of mycorrhizae explore a greater volume of the
soil than the roots alone, which enable the increase in surface area for the uptake of

2

moisture and minerals; they also form mycelial mats in the litter layer which results in
rapid recycling of nutrients (Brundrett & Abbott 1995). Mycorrhizae increase a plant’s
survival and growth. In return for providing all these benefits, mycorrhizal fungi absorb
carbohydrates from the plant (Brundrett 1991).
Many of the abiotic and biotic stressors affecting tree health also affect mycorrhizal
fungi (Figure 1.1) and thus the pathways responsible for nutrient absorption and water.
We suspect there is a direct link between forest tree declines and changes in
communities of mycorrhizal fungi. There is an extensive review on mycorrhizal diversity
and how global climate change drivers modify diversity of these fungi (Bellgard &
Williams 2011), as well as a review on mycorrhizal diversity as an indicator of forest
health (Egli 2011). At the time, Egli (2011) commented on the lack of data we had to
make the claim that changes in forest tree health cause changes in communities of
mycorrhizal fungi or vice versa. There is very little empirical evidence on biotic and
abiotic stressors incorporating both mycorrhizal fungi and their forest tree hosts; most
of the literature focuses on tree declines only, or mycorrhizae only (Table S1.1). The few
papers incorporating both are review papers and empirical studies are limited
predominantly to agricultural systems and glasshouse bioassay experiments.
We have completed a review of the current literature on one biotic and five abiotic
stressors (pathogens, climate change, pesticides, heavy metals, fertilizers and habitat
fragmentation) known to affect both forest trees and mycorrhizal fungi. There are
numerous articles highlighting the role of various stressors on tree decline (Diaz-Diaz &
Loague 2001; Allen et al. 2010; Wright et al. 2011; Rodriguez et al. 2012; Blood et al.
2016; Stenlid & Oliva 2016), but very few incorporating the role of mycorrhizal fungi in
tree declines. The catch-22 is the inability to untangle whether the changes in
communities of mycorrhizal fungi are causing or predisposing trees to decline, or
whether tree decline is responsible for the decline or changes in communities of
mycorrhizal fungi or a combination of both. Due to the complexity of tree declines it is
difficult to generate empirical data, as longitudinal studies capturing change would need
to run for decades. As such, most of the previous research has focused on simple
systems such as arbuscular mycorrhizal fungi (AMF) and agricultural crops. However,
there are new tools and analyses available to perform complex multivariate studies.
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There is also an increasing movement towards multidisciplinary research collaborations,
which will ultimately contribute positively to our understanding of complex tree
declines. Therefore, we conclude by addressing gaps in current research and suggestions
on how to collect empirical evidence in complex tree declines and their associated
mycorrhizal fungi.

Figure 1.1: Abiotic and biotic stressors that can affect tree health above and below
ground. Many of these stressors also affect mycorrhizal fungi and thus nutrient
cycling pathways. Stressors mentioned in the text include climate change,
pesticides, heavy metals, fertilizers, pathogens and fragmentation (and are
highlighted in red).

Abiotic and biotic stressors altering communities of
mycorrhizal fungi
Climate change
Climate change poses a major threat to forest ecosystems. Increases in surface
temperature will, in turn, have impacts on other climatic variables such as precipitation
and humidity (Allen et al. 2010; IPCC 2013; Hubbart, Guyette & Muzika 2016). With a
warming climate, changes in ecological and physical processes in forest ecosystems are
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apparent (Halofsky et al. 2016). For example, drought severity and duration has
increased in many regions (Matusick, Ruthrof & Hardy 2012; Brouwers et al. 2013a;
Keyser & Brown 2016). Extreme drought and heat events can cause cavitation of water
columns within the xylem of trees and carbon starvation which can increase a tree’s
susceptibility to biotic attacks (Allen et al. 2010). Prolonged periods of increased
temperature can result in an increased vapour-pressure deficit which in turn can
exacerbate drought events (Will et al. 2013). Increases in temperature can also have
indirect effects on EMF through the influence of their hosts (Pickles et al. 2012). Below
ground effects of increased temperatures include increased soil dehydration, fine root
mortality, and fungal respiration rates (Pickles et al. 2012).
Even though increased temperatures can cause negative effects below ground,
mycorrhizal fungi can play a positive role in the health of trees during drought and
heatwave events. When pistachio (Pistacia vera) plants were grown under drought
conditions, plants with AMF associations had an increase in osmotic adjustment
compounds, nutritional and antioxidant enzyme activity; this resulted in enhanced
drought tolerance (Abbaspour et al. 2012). The EMF tips of Cenococcum geophilum are
highly resistant to desiccation (Fernandez & Koide 2013); under soil drought conditions,
when other EMF species decline, C. geophilum is abundant (Lehto & Zwiazek 2011; Peter
et al. 2016). Interestingly, in warmed soil plots, increased soil temperatures favored
Ascomycete EMF and EMF with short-contact hyphal exploration types (Fernandez et al.
2016). In addition, the photosynthetic rates of the host trees (Acer balsamea and Betula
papyrifera) were 43% lower in the warmed plots in comparison to the ambient plots;
these photosynthetic rates were inversely correlated with the Ascomycete EMF
(Fernandez et al. 2016). It is possible the warming is shifting EMF communities to less
carbon demanding EMF due to the lower photosynthetic capacity (Fernandez et al.
2016).
Mycorrhizal fungi could promote tree performance during drought events through
sustained nutrient and water uptake which would lead to increased root and
mycorrhizae growth and thus better nutrient uptake (i.e., positive feedback loop) (Lehto
& Zwiazek 2011). Mycorrhizal fungi display large species-specific responses to changes
in temperature and drought, and gaining more knowledge on their carbon demand will
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improve our ability to understand their responses to this changing climate and their
interactions with their hosts.
What is the link between forest trees and mycorrhizal fungi in a changing climate? There
is extensive literature on climate change and forest ecosystems; however, there was one
example (Swaty et al. 2004) of experimental work linking forest decline with their
associated mycorrhizal fungi (Table S1.1). To really understand the role of mycorrhizal
fungi in a changing climate, we could use long-term drought as a proxy to climate change
and compare communities of mycorrhizal fungi in areas experiencing drought to
unaffected areas. One way of doing this in the same area would be to apply water or
use rain-out shelters.
Pesticides
Pesticides have been widely and heavily used in plantations and forest nurseries for
controlling fungal diseases (fungicides), weeds (herbicides), and arthropods
(insecticides) (Laatikainen & Heinonen-Tanski 2002). Knowledge on the effects of
pesticides on tree health are scant; however, some pesticides accumulate in the soil
over time and may affect the nutritional quality of soils, disrupt enzymatic activities and
alter communities of mycorrhizal fungi (Ramos et al. 2013; Riah et al. 2014). The effects
of pesticides on soil microbial communities have been tested in agricultural soils
(Ipsilantis, Samourelis & Karpouzas 2012; Karpouzas et al. 2014). Pesticides (applied at
the recommended rates) have little effect on mycorrhizal fungi, especially those
associated with agricultural plants (Brundrett 1991). However, there are inconsistences
in the literature. For example, insecticides and fungicides (spinosad, pyrethrum,
azadirachtin, terpenes, carbendazim) applied at the recommended rate to Capsicum
annum (pepper plant) in a pot experiment resulted in inhibition of AMF and had no
influence on plant growth, whereas in a field setting, there was no change in colonization
but there was a significant reduction in shoot biomass (Ipsilantis, Samourelis &
Karpouzas 2012). Similarly, a herbicide, nicosulfuron, was applied to Zea mays (maize)
in a pot and field trial resulting in reduced plant biomass and a reduction in AMF hyphal
colonization in the pot trial but no effect on hyphal, arbuscular and vesicular
colonization of AMF in the field trial (Karpouzas et al. 2014). Conversely, in a field trial,
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glyphosate, at the recommended dose, decreased viable AMF spores by 56% (Druille et
al. 2016).
The effects of pesticides on mycorrhizae in forest ecosystems are even less understood.
Some pesticides are persistent and could affect the soil in the long-term if agricultural
land is later transformed to forest (Laatikainen & Heinonen-Tanski 2002). Pesticides are
known to be transported and deposited by air and can thus contaminate nonagricultural areas (Laatikainen & Heinonen-Tanski 2002). Pesticides can also leach into
the soil or through water run-off into forests bordering agricultural land and the depth
to which these compounds can leach into the soil depend on the soil organic matter
content (Laatikainen & Heinonen-Tanski 2002; Prosser et al. 2016). In vitro, the
fungicides chlorothalonil and propiconazole, had strong inhibitory effects on the growth
of EMF commonly associated with forests in Finland (Laatikainen & Heinonen-Tanski
2002). Conversely, the herbicides glyphosate and terbuthylazine and the fungicide
maneb stimulated several EMF species in vitro (Laatikainen & Heinonen-Tanski 2002).
Diflubenzuron, an insecticide commonly used to control forest pests, had the ability to
cause non-lethal damage to Pinus pinaster (Maritime pine) by inhibiting root growth but
had no effect on EMF colonization rate (number of EMF per centimetre of root) (Ramos
et al. 2013). As the presence of pesticides in forests are most likely due to run off from
agricultural areas, the direct effects this has on tree health and microbial communities
may only be noticed in the long-term.
We were unable to find any literature on pesticides in forest ecosystems and their
associated mycorrhizal fungi (Table S1.1). However, the effects of pesticides are most
likely interacting with other stressors mentioned in this review such as fragmentation
and fertilizers (Figure 1.1). An experimental approach would be to establish transects to
compare communities of mycorrhizal fungi along agricultural and roadside run-off areas
to unaffected areas.
Heavy metals
Sources of heavy metals include activities such as mining, smelting, burning of fossil
fuels, land clearing, incineration of community waste, and direct additions to the
environment by dumping waste (Entry et al. 2002). Forests near these activities may

7

become contaminated by heavy metals, affecting future revegetation and afforestation
programs (Leung et al. 2013; Mani & Kumar 2014). Heavy metal exposure in plants
interferes with metabolic functions which can result in impaired cell division, increased
cell rigidity, changes in root respiration, stunted growth, and loss of enzyme activities
which can interfere with the uptake of important nutrients, and, in some cases, it can
even lead to death (Entry et al. 2002; Mani & Kumar 2014).
Some EMF (Huang et al. 2014) and AMF (Entry et al. 2002) can alleviate heavy metal
toxicity in trees. For example, the EMF Paxillus involutus stimulated plant phenolic
defence systems in Pinus sylvestris seedlings exposed to cadmium (Schützendübel &
Polle 2002). Eucalyptus globulus inoculated with the EMF Pisolithis albus could tolerate
high and toxic concentrations of nickel (Jourand et al. 2010). At supraoptimal levels, zinc
can be toxic and directly affect plant growth, photosynthetic activity, water relations
and metabolism (Apel & Hirt 2004). AMF can protect plants from highly toxic zinc
concentrations by reducing the amount of zinc in plant tissues by taking up less soil zinc
under toxic zinc concentrations (by measuring the mycorrhizal zinc uptake response)
(Watts-Williams, Patti & Cavagnaro 2013).
The presence of heavy metals can influence the composition of the mycorrhizal
community in favour of tolerant species. For example, soil manganese (Mn), copper
(Cu), and cadmium (Cd) structured the EMF community and these communities differed
depending on the host plant; Russula-Laccarius spp. were restricted to soils with lower
concentrations of heavy metals and high nitrogen levels, whereas the relative
abundance of Atheliaceae spp. increased with increasing levels of Mn (Huang et al.
2014). In addition, Thelephora-Tomentella spp. were observed in soils at various levels
of Mn (Huang et al. 2014). Heavy metal toxicity can add to other stresses trees may be
experiencing (Manion 1991) and is of concern in fragmented landscapes and urban areas
(where there is a higher chance of contamination) (Rodriguez et al. 2012; Cekstere &
Osvalde 2013), thus having mycorrhizal fungi capable of alleviating this toxicity will be
beneficial for future management. Further investigation is needed, as there are speciesspecific responses to the types of contaminants as well as the concentration of the
contaminants in both the host and mycorrhizal fungi species.
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Most experimental work on heavy metals is greater than 5-10 years old (Breckle & Kahle
1992; Perrier, Amir & Colin 2006; Rodriguez et al. 2012), and only one empirical study
incorporates both mycorrhizal fungi and forest declines (Wasserman, Mineo &
Majumdar 1987). As mentioned above, heavy metal contamination most likely interacts
with other variables, such as pesticide accumulation, in affecting forest ecosystems
(Figure 1.1). A similar approach as mentioned above in the pesticide section could be
applied for testing the effects of heavy metals on trees and their associated mycorrhizal
fungi.
Fertilizers and soil nutrition
Soil nutrition is essential for tree health and nutrient deficiencies and toxicities both
impact tree vigour (Kisko et al. 2015; Deng et al. 2016). Mycorrhizal fungi play an integral
role in soil nutrition and are key components in the degradation, transportation and
acquisition of organic nitrogen and phosphorus from the soil which are then supplied to
their host plant (Heng et al. 2016). However, nitrogen and phosphorus fertilization is a
common practice in agricultural productivity, and can have effects on the chemical
properties of the rhizosphere such as soil electrical conductivity, pH, and presence and
availability of soil nutrients (Jacobs & Timmer 2005). Changes in both nitrogen and
phosphorus can alter both the mycorrhizal fungi and their hosts (Treseder 2004).
Inputs of nitrogen (as NO2 and NO3) released from fuel combustion and nitrogen
fertilizers in agricultural landscapes (Heng et al. 2016) can spill into natural ecosystems.
Nitrogen deposition has the potential to saturate biotic demand for nitrogen causing
nutrient imbalances (Morrison et al. 2016). As reviewed in Heng et al. (2016), there are
contrasting results on the effects of nitrogen enrichment on communities of mycorrhizal
fungi; EMF and their associated host plants seem to be negatively affected (in terms of
density and growth) whereas plants with AMF associations have positive biomass
responses. There are also certain species of EMF such as Laccaria spp. or Paxillus
involutus which are nitrophilic and thus may respond more positively to increased
nitrogen concentrations (Fransson 2012). In addition, AMF and EMF differ in their
nutrient acquisition strategies: AMF are not able to degrade soil organic matter directly
whereas EMF are able to degrade soil organic matter directly (Heng et al. 2016).
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Long-term nitrogen deposition often results in an accumulation of soil organic matter,
and with different nitrogen acquisition strategies species composition of mycorrhizal
communities could change. For example, a field site treated with nitrogen for more than
twenty years showed changes in relative abundances, diversity and community
composition of soil fungi in a temperate hardwood forest (Morrison et al. 2016). There
was a decrease in the abundance and diversity of EMF with an increase in several
saprotrophic ascomycete taxa; however, nitrophilic EMF species such as Russula vinacea
increased three-fold (Morrison et al. 2016). At the same study site, the host tree, Pinus
resinosa, declined with a significant reduction in root biomass, reduced tree vigour,
needle loss and, in some cases, mortality (Frey et al. 2014).
Phosphorus is a limiting nutrient for many plants and is commonly used as a fertilizer in
agriculture (Plassard & Dell 2010). AMF (Williams et al. 2016) and EMF (Burgess,
Malajczuk & Grove 1993) play an important role in phosphorus uptake and thus can
improve agricultural sustainability; however, increased phosphorus fertilization can
reduce root colonisation, soil fungal biomass (Williams & Hedlund 2013) and fungal
species richness (Liu et al. 2012b; Williams et al. 2016). In a meta-analysis, with most
studies being in an agricultural setting, the abundance of AMF and EMF fungi declined
by an average of 32% under phosphorus fertilization (Treseder 2004). In contrast,
phosphorus fertilization and phosphorus experiments in forests are rare (Cairney 2011).
However, nitrogen deposition can result in decreased phosphorus concentrations in
forest trees (Braun et al. 2010). Phosphorus fertilization experiments in forests in China
resulted in increased microbial biomass in old-growth forests, but had no effect in either
mixed or pine forests; however, there was no effect of phosphorus fertilization on the
relative abundance of AMF in this study (Liu et al. 2012a).
The interactions of fertilization, soil nutrients, forest declines and their mycorrhizal fungi
is well documented and there are many empirical experiments (Table S1.1). Experiments
have been completed in forest areas to determine the effects of different
concentrations of nutrients in these ecosystems and tying it back to how mycorrhizal
fungi are affected (Power & Ashmore 1994; Delavaux et al. 2016).
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Pathogens
Biotic agents, such as pathogens, are intensifying in forest ecosystems via the influence
of other disturbance stressors (Seidl et al. 2017). Specifically, in a warming climate, it is
predicted that biotic agents could possibly dominate forest disturbance regimes (Seidl
et al. 2017). In addition, with global plant trade at an all time high, new invasive
pathogens could lead to outbreaks in forest ecosystems (Brasier 2008; Eschen et al.
2015).
Many glasshouse experiments have tested the disease resistance of plants in association
with AMF (Whipps 2004). For example, the AMF, Funneliformis mosseae, can decrease
symptoms of tomato (Solanum lycopersicum) to early blight disease caused by Alternaria
solani (Song et al. 2015). Some AMF also provide resistance to nematode infections in
agricultural crops (Vos et al. 2013).
The interaction between EMF and soil pathogens are complex and poorly studied. Some
Phytophthora spp. have devastated forests globally (Oßwald et al. 2014; Burgess et al.
2017); however, they are described as poor competitors due to other soil
microorganisms (McCarren et al. 2005). Mycorrhizae (in some situations) may be able
to provide protection against this pathogen (Malajczuk 1988; Corcobado et al. 2014).
Inoculation with Hebaloma crustiliniforme decreased disease symptoms and increased
shoot and root development in Castanea sativa (Chestnut) infected with Phytophthora
cambivora (Branzanti, Rocca & Pisi 1999). In comparing a site of C. sativa infected with
P. cambivora and a healthy site, the EMF formed a smaller root tip diameter, had less
abundant extrametrical hyphae and lower species richness at the diseased site than the
healthy site (Blom et al. 2009). Healthy Holm oak (Quercus ilex) trees in western Spain
had a higher proportion of non-mycorrhizal root tips than those infected with P.
cinnamomi, which leads to the hypothesis that vulnerable root tips may be an entry
point for P. cinnamomi (Corcobado et al. 2014). In addition, non-declining but infected
trees were colonised by more Russula spp. and other ectomycorrhizal fungi than
declining infected trees and declining trees also had a lower percentage of
ectomycorrhizal root tips than non-declining trees (Corcobado et al. 2014). A similar
result was found in Eucalyptus gomphocephala: unhealthy trees had fewer fine roots
and less EMF colonization than healthy trees (Scott et al. 2013b). In the same system,
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healthy E. gomphocephala were colonized by more EMF whereas AMF colonized roots
of unhealthy trees (Ishaq et al. 2013).
Disease in forest ecosystems has been extensively researched and as mycorrhizal fungi
may play a role is disease resistance there are a multitude of studies addressing this
(Jönsson 2004; Anderson et al. 2010) (Table S1.1). However, the physiological response
of hosts and fungi is not understood and how endemic mycorrhizal fungi will persist as
biotic invasions increase remains unknown.
Habitat fragmentation
Deforestation is occurring across the globe resulting in highly fragmented forests
contained within a matrix of other land uses such as agriculture and urban areas
(Crockatt 2012). Deforestation not only affects forest structure, species diversity and
composition, but can also affect soil nutrient cycling through a reduction in above
ground vegetation and litter return (Xiao et al. 2017). Edges can be ecologically distinct
from the forest interior as they can experience more extreme climate and other abiotic
stressors (Crockatt 2012). Edges can experience higher amounts of solar radiation and
wind gusts resulting in drier soil and air, and they can also experience greater
fluctuations in microclimate such as temperature, moisture and water levels (Crockatt
2012). Forest edges and fragments can result in tree population declines, species
extinction, shifts in community structure as well as collapse in forest structure (SantoSilva et al. 2016). Edges can also increase tree mortality, damage and turnover
specifically as the result of alterations in microclimate and greater wind turbulence
(Laurance et al. 1998). If fragments border agricultural land or urban areas, there is an
increased possibility of deposition by nitrogen and other fertilizers as well as pesticides
and other pollutants (Bignal, Ashmore & Headley 2008). Fragmented landscapes allow
easier access for pathogens through animal and human movement (Barber et al. 2013;
Tracey et al. 2014). For example, in South Africa, Euphorbia ingens, has declined in
recent years (Van der Linde et al. 2017). This was due to an increase in livestock grazing
among the trees, leading to habitat fragmentation and degradation thus predisposing
them to secondary attacks of pathogens and insects (Van der Linde et al. 2017).
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Habitat fragmentation can also directly influence mycorrhizal fungi residing in the soil.
EMF associations with Quercus macrocarpa are spatially complex with high colonisation
and diversity near trees (within a forest), high colonisation but low diversity with
seedlings at an intermediate distance away from the forest edge, and both low
colonisation and diversity with seedlings at a larger distance away from a forest edge
(Dickie & Reich 2005). However, there are contradictory reports within the literature,
and the effects of habitat fragmentation may be taxon (fungi) specific (Vannette,
Leopold & Fukami 2016). In Hawaii, the communities of fungi varied among forest
fragments with decreasing fragment size and connectivity (distance to nearest
neighbouring fragment) and there were no strong edge effects (fungal communities
along edges were not different to those at the center of the fragment) (Vannette,
Leopold & Fukami 2016). In contrast, the communities of EMF fungi associated with
Asteropeia mcphersonii, endemic to Madagascar, differ between seedlings in the forest
and those growing on the edge of mining roads (Henry et al. 2016). A lack of EMF
colonisation may be a limiting factor on seedling establishment especially for
revegetation and afforestation. Across a landscape gradient from urban to rural, Tonn
and Ibáñez (2016) demonstrated percent mycorrhizal colonisation varied by seedling
species: Acer rubrum having the lowest percent colonization followed by Carya ovata
and Quercus rubra. The level of colonisation, however, did not change across the
urbanisation gradient. Therefore, if communities or abundance of mycorrhizal fungi
were to change, trees species more dependent on mycorrhizal fungi could potentially
have a substantial decrease in recruitment (Tonn & Ibáñez 2016).
Fragmentation removes native vegetation and thus the native fungal associations;
weedy species take over these edges and can thus alter the fungal communities, which
again can be a limiting factor on tree seedling establishment in these areas (Hobbs
2001). Fragmentation also limits native fauna from dispersing EMF fungi and seeds to
new areas and thus limiting the dispersal range of EMF fungi and tree species (Wright &
Duber 2001; Fleming et al. 2014).
There is growing research on the effects of fragmentation on forest trees and their
associated mycorrhizal fungal communities (Malmivaara-Lämsä et al. 2008) (Table S1.1).
However, with increased fragmentation, these fungal communities and their hosts will
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be affected by multiple stresses (as mentioned above) and their interactions (Figure 1.1).
There needs to be more empirical evidence on the effects of fragmentation on forests
and their associated mycorrhizal fungi and this can be difficult due to the multiple
factors influencing edges. Taking a multivariate approach to this problem would be the
most effective; determining changes in microclimate can then be re-enacted in
glasshouse experiments which can take a closer look at changes in soil biota.

Moving forward – empirical studies on tree decline and
changes in mycorrhizal communities
High-throughput sequencing
In reviewing current literature, we find many studies examining the effects of biotic and
abiotic stressors on tree decline and in separate studies, similar stressors affecting
communities of mycorrhizal fungi. However, there are no combined studies. The first
hurdle we need to cross is establishing a solid database of mycorrhizal fungi associated
with forest trees. Fungi spend most their life below ground and can be inconspicuous,
therefore making it difficult to get a full understanding of fungal diversity (Nilsson et al.
2011). There is also poor correlation between the presence of fruiting bodies and/or
other macroscopic properties (as some fungi lack these structures) and actual presence
of fungi; therefore, visual recordings highly underestimate fungal diversity (Nilsson et al.
2011). Fortunately, in recent years we have seen an expansion in fungal ecology with
the introduction of molecular methods such as high throughput sequencing (HTS) of
fungal barcoding regions from environmental DNA samples (Nilsson et al. 2011). Genetic
barcodes such as the ITS gene region can be amplified and sequenced (Ihrmark et al.
2012) enabling the identification of species (especially those that cannot be cultured)
and increased knowledge of their range and ecology (Tedersoo et al. 2010). This mass
sequencing is available on a multitude of platforms (Metzker 2010) and there are many
publicly available databases for identification of molecular operational taxonomic units
(MOTUs) (Tedersoo et al. 2010; Ihrmark et al. 2012). However, only 10% of fungal
species have been described (Kirk et al. 2008; Nilsson et al. 2011; Truong et al. 2017).
Thus, even with the improvements in technology with DNA sequencing, there are many
fungal species for which there is a sequence but no description (Truong et al. 2017).
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Consequently, many sequences from environmental samples fall in the category of
‘unknown’.
It is important to add these unknown MOTUs into databases as, even in the absence of
function, we can acquire distribution data. Unfortunately, few databases keep records
of species including the locations of where specimens have been found, and for those
that do, most records are based on region and lack sequencing data (Table 1.1). Herein,
lies the main issue, if we are to move forward in understanding fungal diversity, a global
taxonomic inventory needs to be put in place. The global community can expand on
current specimens to help in future identifications. Lastly, there is growing importance
for interdisciplinary work: a global inventory could use the help of taxonomists,
ecologists, and molecular biologists.
Table 1.1: Databases that keep records of fungal species including the locations
of where specimens have been found. Most records are based on region and lack
sequencing data.

Database
National Australian Fungimap Database
Assembling the Fungal Tree of Life (AFTOL)
UNITE
National Center for Biotechnology Information
(NCBI)
International Collection of Microorganisms from
Plants (ICMP)
Macrofungi Collection Consortium (MaCC)
Integrated Digitized Biocollections (iDigBio)
Sequence Clustering and Analysis of Tagged
Amplicons (SCATA)

Sequences

Written
records
x
x

Cultures

x
x
x

x

x
x
x

HTS has increased the success of interrogating the richness and composition of microbial
communities; however, it cannot allocate an ecological function to a species. Due to
their inconspicuous nature, assigning ecological roles to fungi can be challenging;
however, it is very important to be able to group organisms based on their ecological
niche (Truong et al. 2017). The ecology of an organism enables interpretation of how it
may interact with other species within an ecosystem and may further help us
understand their role in tree declines. The guild concept (also known as a functional
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group) was first introduced by Schimper and Fisher (1903) and refers to a group of
organisms exploiting the same environmental resources in a similar way (Root 1967).
Assigning guilds or ecological meaning to species is especially important in ecology as it
allows for comparative studies among different communities even if the species
composition is different (Nguyen et al. 2016). There has been some progress in this area
with the introduction of FUNGuild (http://www.stbates.org/guilds/app.php), a database
that currently contains 9476 entries based on three trophic modes of fungi, pathotroph,
symbiotroph and saprotroph, with 12 guilds within the trophic modes (Nguyen et al.
2016). However, most of the entries in this database are for northern hemisphere
species and thus may not be as useful to researchers in the southern hemisphere.
Building on the current FUNGuild would be very useful for the future of fungal ecology.
Sampling strategies
To get an accurate measurement of the mycorrhizal community present, sampling
design and sample collection is important (Cahill et al. 2016; Reinhart & Rinella 2016).
Mycorrhizal fungi distribution is dependent on soil depth and season (Brundrett 1991;
Hart et al. 2015). Reinhart and Rinella (2016) demonstrated how the mixing of soil
samples, a common soil handling technique, can generate incorrect estimates of the
effects of soil biota on plant growth. In glasshouse trials, soil collected from one
individual/plot should be used in one pot in the glasshouse rather than taking samples
from two or more individuals/plots (within the same treatment) used in a single pot
(Reinhart & Rinella 2016). This will ensure accurate depiction of the effects of
mycorrhizal colonization have on trees under various treatments. Additionally, setting
up transects across site gradients which can be measured during different seasons
enables monitoring of communities of mycorrhizal over time. For example,
chronosequences are important in looking at temporal changes in communities of
mycorrhizal and can be combined with disturbance events (e.g., drought and land use)
to help determine the trajectory of change (Walker et al. 2010).
Multivariate studies
The most important step in mycorrhizal diversity studies is to be able to link the data
back to their hosts and the potential biotic and abiotic stressors causing either the host
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and/or the mycorrhizal decline. As anthropogenic activities increase, we are beginning
to see more stressors interact, such as climate change, introductions and spread of
pathogens, and pollution. Mycorrhizal fungi might be able to facilitate the host to cope
with one of these stressors, but the interaction of two or three might result is a different
outcome. Knowing how mycorrhizal fungi interact with their tree hosts, especially when
trees are undergoing multiple stresses will help us understand tree declines and how we
may mitigate declines.
In our case, we define multivariate studies and those including the simultaneous study
of multiple stressors. Unfortunately, multivariate studies can be difficult without proper
funding, time and multi-disciplinary approaches. However, there are studies using
multivariate approach to tree declines (Gonzalez, Tucker & Sy 2012; Acácio et al. 2016;
Cobb, Meentemeyer & Rizzo 2016; Das, Stephenson & Davis 2016) and the next step is
to start incorporating mycorrhizal fungi as a variable in these forest decline syndromes.
Data we suggest collecting include litter depth, tree health status, tree size, percent
mycorrhizae colonised roots, vegetation cover, vegetation composition, forest patch
size, disturbance (e.g., distance from road, habitat fragmentation or fire), precipitation
and humidity. For example, to study the effects of forest edges on communities of
mycorrhizal fungi Dickie and Reich (2005) used distance from forest edge, tree size,
seedling mortality (seeds planted in plots on site), biomass, nutrient uptake and number
of root tips colonised by mycorrhizal fungi. To determine the interactions of wildfire and
disease on soil nutrients and carbon in forest ecosystems, Cobb, Meentemeyer and
Rizzo (2016) recorded forest type, forest ownership, fire history, pathogen-caused
mortality, diameter at breast height, tree health, Phytophthora infection and
concentration of soil nutrients. This study did not incorporate mycorrhizal fungi, but
they could have taken soil cores or root samples from their sites to look at percentage
of mycorrhizal colonisation or sequenced the roots for mycorrhizal fungi (and compared
across the different forest types). Another study incorporated both mycorrhizal fungi
and tree decline to examine communities of mycorrhizal fungi across sites that
experienced high tree mortality from drought and low tree mortality from drought; they
recorded trunk growth (tree rings), predawn water potential, ectomycorrhizal fungi
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colonisation (from root samples), soil particle-size distribution, soil pH and available
NH4, NO3 and PO4 (Swaty et al. 2004).

Conclusion
Mycorrhizal fungi often benefit their host when they are both undergoing a stress.
However, the intimate symbiotic relationship between forest trees and their associated
mycorrhizal fungi is intricate and complex and many factors are at play in maintaining
this interaction. Factors influencing one partner will inevitably affect the other. Are
changes in communities of mycorrhizal fungi causing or predisposing trees to decline, is
tree decline responsible for the decline or changes in communities of mycorrhizal fungi,
or is it a combination of both? To answer these questions, we need more empirical
evidence. In this review, we have outlined stressors known to influence both tree health
and mycorrhizae and suggest methods that could be used to untangle the various
stressors.

18

Chapter 2: Study species description and
overview of disease syndrome
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Description of study species
Corymbia calophylla (marri is the indigenous common name) is a tree species belonging
to the Myrtaceae family and is endemic to southwest Western Australia (SWWA). The
botanical name is derived from the Greek calos (beautiful), plus phyllon (leaf). It is a
medium to tall tree measuring up to 40 m in height and its diameter at breast height can
measure up to 1.5 m (Boland et al. 2006). Crown development varies with site, but under
favourable conditions it is usually dense and heavily branched. Its bark is tessellated,
brown to grey-brown and often has exudations of red gum known as kino (Boland et al.
2006). Flower clusters are large, generally white to creamy white but occasionally pink,
with a flowering period from December to April (Brooker & Kleinig 1990). From this
flowering, the fruits take a year to mature and the fertile seed is shed the following
summer (Seddon 1972; Powell 1990). The large urn-shaped fruits are commonly
referred to as “honkey nuts” (Powell 1990).
These seeds are an important food source for many species of parrots including the
endangered Carnaby’s black cockatoo (Calyptorhynchus latirostris) as well as the
vulnerable Baudin’s black cockatoo (C. baudinii) and the forest red-tailed black cockatoo
(C. banksii naso) (Cooper et al. 2003). The trees are also a common nesting location for
these cockatoos. Many other bird species and insects are also attracted to its nectar and
pollen; when C. calophylla are flowering heavily, birds located in areas where fruit is
cultivated are much less likely to feed on farmed fruits (Powell 1990; Cunningham 1998).
Corymbia calophylla is also one of the major honey plants in SWWA and beekeepers are
heavily dependent on it (Powell 1990). It is used in the furniture industry due to its
unique gumlines, which become a feature in furniture (Forest Industry Statement 2004).
Corymbia calophylla is widely distributed in SWWA and its major occurrence coincides
with the ranges of both Eucalyptus marginata (jarrah) and E. diversicolor (karri) (Boland
et al. 2006). Corymbia calophylla occurs in tall open-forest and open-forest formation
(Boland et al. 2006). Its overall distribution extends from north of Geraldton southwards
to Cape Riche and eastwards to beyond Narrogin in the wheatbelt (Figure 2.1) (Churchill
1968). Corymbia calophylla is found on lateritic soils, calcareous and ferruginous sandy
clays, and argillaceous clays. While it will grow on comparatively poor soils, its best
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development is generally found on the better sandy loam alluvium in the valleys
between laterite capped ridges (Boland et al. 2006).
Corymbia calophylla grows in a warm humid to sub-humid climate. Summers are dry and
warm to hot with the mean maximum temperature of the hottest month between 2430°C. The winters have mild days and cool nights with the mean minimum temperature
of the coldest month between 4-8°C. Areas near the coast may be frost-free while inland
there may be 1-15 frosts per year. The mean annual rainfall across all sites falls within
650-1500 mm, with a distinct winter maximum (Boland et al. 2006).

Figure 2.1: Map of range of Corymbia calophylla in southwest Western Australia
and the study sites.

Overview of Corymbia calophylla and canker disease
SWWA has a Mediterranean-type climate and is a recognized biodiversity hotspot
(Klausmeyer & Shaw 2009; Mittermeier et al. 2011). However, with increases in

21

anthropogenic activities such as agriculture and urbanisation, the native vegetation is
highly fragmented (Shepherd, Beeston & Hopkins 2002). The region has also suffered
from introduced pathogens such as Phytophthora cinnamomi (Burgess et al. 2017).
Furthermore, the region has experienced decreases in annual rainfall and increases in
temperatures since the 1970s (Bates et al. 2008) which is projected to continue into the
future (CSIRO & Bureau of Meterology 2007; IPCC 2013). The combination of these
factors is the most likely cause for the decline of many native tree species in the region
(Scott et al. 2009; Barber et al. 2013; Brouwers et al. 2013b; Matusick et al. 2013;
Brouwers & Coops 2016).
Corymbia calophylla is a keystone tree species in SWWA but has been more tolerant of
disease than other trees in this region. For example, it is field resistant to P. cinnamomi
(Shearer & Tippett 1989) and can likely tolerate drought conditions for longer periods of
time, in comparison to other tree species, due to greater osmotic adjustment and earlier
stomatal closure (Matusick et al. 2013). In 1939-1940 stem cankers were first noticed
on marri, but at the time were of no serious concern (MacNish 1963). Interestingly, the
same stem cankers ravaged a related species also endemic to SWWA, C. ficifolia; the
canker was only recorded from amenity planting and rarely from natural stands (Paap
et al. 2008). However, by the 1990s, these stem cankers were causing noticeable decline
of C. calophylla (Shearer 1994). Paap et al. (2008) identified the causal agent of this
canker disease as the basidiomycete fungus, Quambalaria coyrecup. The disease and
the pathogen has not been observed outside Western Australia and is thought to be
endemic to Western Australia (Paap et al. 2008). In the 1990s, there was no explanation
why the disease become more evident 50 years after the first observation; however,
there was a hypothesis that something must have changed in the environment or hostfungus relationship.
Following the initial diagnosis, a 13-year study (2001-2014) was conducted to examine
the incidence and progression of canker disease in C. calophylla. At the initial start of
the survey, 22.7% of trees surveyed had cankers and by the end of the survey 6.7% of
these trees had died as a result of their cankers (Paap et al. 2016). It was observed that
the majority of trees with cankers were located in anthropogenically disturbed sites such
as roadsides and paddocks; in comparison, canker incidence was significantly lower on
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trees located in forests (Paap et al. 2016). Factors such as trunk diameter at breast
height, tree height and tree crown ratings were not correlated with canker incidence.
This study was only conducted at three sites in three regions of varying climate, soil and
vegetation type but provided evidence that these cankers could cause tree death. So,
the question arose, how wide-spread was this disease and what was predisposing the
trees to disease?
At a landscape scale, 62 sites across the range of C. calophylla were surveyed (Paap et
al. 2017a). The results of this survey demonstrated that cankers were found across most
of the range of C. calophylla and canker incidence was related to climate, rainfall,
temperature, proportion of non-native vegetation area (proxy for disturbance) and
Phytophthora spp. presence (Paap et al. 2017a). Areas with wetter and cooler climates
and areas with a higher proportion of non-native vegetation (surrounding the stand of
C. calophylla trees) had higher incidences of canker (Paap et al. 2017a). Phytophthora
spp. have caused devastation to the forests in SWWA (Shearer 1994) and Paap et al.
(2017a) found a positive correlation between cankered trees and Phytophthora spp.
presence. Therefore, anthropogenic disturbance (measured as the proportion of nonnative vegetation), together with climate and soil-borne pathogens were potential
factors predisposing C. calophylla to canker disease.
From these initial studies, there was a general idea of the above ground factors
potentially predisposing these forest trees to canker disease, but what was happening
below ground? Many of the disturbed areas where there was higher canker incidence
were adjacent to agriculture land; did fertilizers leach into these disturbed areas and
alter the soil chemistry? In addition, below ground mycorrhizal communities are closely
related to tree health (Chapter 1). Did cankered trees have different communities of
mycorrhizal fungi which may be increasing their susceptibility to disease?

Overview of thesis
The aim of this project was to identify potential abiotic and biotic factors that were
predisposing C. calophylla to canker disease in anthropogenically disturbed areas. In
Chapter 3, a pilot study was conducted to identify a suite of abiotic and biotic
parameters to be measured in a larger landscape-scale study (Chapter 6). One main aim
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of this project was to determine the mycorrhizal communities associated with healthy
and cankered C. calophylla. Therefore, in Chapter 4, a bioassay glasshouse trial was
conducted to determine whether this method was a representative method of
measuring communities of mycorrhizal fungi associated with C. calophylla in comparison
to direct root collection from sites.
The results from these two chapters helped set-up a large landscape-scale study
(Chapters 5 and 6). For the landscape-scale study, 17 sites within the range of C.
calophylla throughout the SWWA were selected (Figure 2.1). Each site consisted of a
disturbance gradient (Figure 2.2) and abiotic soil properties were recorded. In Chapter
5, the soil from each site was also used in a bioassay glasshouse trial to bait for
mycorrhizal fungi to determine whether communities of mycorrhizal fungi shifted across
a disturbance gradient, at a landscape-scale, and whether abiotic soil factors correlated
to any changes in these communities. In Chapter 6, the factors potentially predisposing
C. calophylla to canker disease in anthropogenically disturbed areas at a landscape-scale
were examined and described.

Figure 2.2: A disturbance transect with a remnant stand of Corymbia calophylla
bordering cleared land and a road and the forest edge on the opposite side of the
road (left) and a photograph of a remnant stand (disturbed edge) and forest edge
(right).
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Chapter 3: Determining the abiotic and biotic
factors predisposing Corymbia calophylla to
canker disease: a pilot study
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Abstract
Tree declines within forests can be caused by a multitude of biotic and abiotic factors.
Corymbia calophylla, a keystone species endemic to southwest Western Australia, has
suffered from stem cankers caused by the fungus Quambalaria coyrecup. Initial studies
suggest anthropogenic disturbance and climate could be main drivers of this disease.
Therefore, this pilot study identified a suite of abiotic and biotic variables in
anthropogenically disturbed areas that may be driving canker incidence; these
parameters will be measured in a larger landscape-scale study. In a pilot study, five
lateral transects were established along a disturbance gradient where site
characteristics such as leaf litter depth, diameter at breast height and canopy health
were measured. Soil nutrients were measured to determine whether soil chemistry was
playing a role in tree health and the soil was tested for soil-borne pathogens in the genus
Phytophthora. A glasshouse bioassay trial was conducted to determine how C.
calophylla seedlings grow in the soil collected from each transect and to determine
ectomycorrhizal fungal root colonisation. The results demonstrated leaf litter depth,
concentration of soil nutrients and number of Phytophthora spp. were greater along the
disturbed edge than in the forest (healthy end of disturbance gradient). Diameter at
breast height and canopy health were not good indicators of canker incidence. Seedlings
grown in disturbed soils grew faster but did not differ in ectomycorrhizal fungal
colonisation than seedlings grown in healthy forest soils. The results from this pilot study
indicate for the larger landscape-scale study, leaf litter depth, soil nutrients and
Phytophthora spp. should be measured whereas diameter at breast height and canopy
health do not need to be measured.

Introduction
Tree declines within forests can be caused by a multitude of biotic and abiotic factors.
These include anthropogenic stressors such as air pollution (Bignal, Ashmore & Headley
2008), climate change (Allen et al. 2010), deforestation (Brouwers et al. 2013a), and
natural stressors such as bacteria, viruses, fungi (Anderson et al. 2010) and insects (Kurz
et al. 2008). Specifically, diseases are an increasing threat to forests through invasions
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by alien pathogens, emergence of new virulent and aggressive strains/species, a rise in
hybrid fungal or oomycete species, latent and cryptic pathogens, and establishment of
new associations between vectors and pathogens (Ghelardini et al. 2016). In most cases,
pathogens are the contributing factor to tree death: the tree can no longer handle other
stressors that might be acting on it, making it more susceptible to pathogen attack
(Manion 1991). Changes in temperature and precipitation can have direct effects on the
survival, reproduction, dispersal and distribution of pathogens (Ayres & Lombardero
2000). Determining the causes behind tree decline has become a major endeavour and,
in many cases,, figuring out what causes tree death can be complicated.
In recent years, stem cankers caused by the fungus Quambalaria coyrecup, have caused
noticeable decline of Corymbia calophylla (Paap et al. 2008). The incidence and severity
of cankers were much greater in areas affected by anthropogenic activities (Paap et al.
2016). Predisposing factors leading to the decline of C. calophylla may include the
presence of fertilizers, pesticides and herbicides on anthropogenically disturbed areas
(either by local council spraying road edges or run-off from adjacent farmland)
(Laatikainen & Heinonen-Tanski 2002), soil pathogens such as Phytophthora spp. and
changes in climate (Paap et al. 2017a). These factors can have detrimental effects on
concentrations of nutrients in the soil, soil composition, soil pH, and microbial
communities in the soil (Hobbs 2001; Davidson et al. 2007).
The aim of this study was to identify a suite of abiotic and biotic factors that may be
involved in driving incidence of canker in C. calophylla in anthropogenically disturbed
areas; the parameters addressed in this study will be used in a landscape-scale study. To
ensure appropriate data collection for a landscape-scale study, this pilot study was
conducted at a single site to determine the main predisposing factors. The site used in
this study was representative of an anthropogenically disturbed sites; therefore,
parameters identified in this study can be measured at other sites in the landscape-scale
study. Site characteristics such as leaf litter depth, diameter at breast height and canopy
health were measured. To determine whether soil health was playing a role, soil
nutrients were measured and soil-borne pathogens in the genus Phytophthora
recorded. A glasshouse bioassay trial was established to determine how marri seedlings

27

grow in the soil from the site and to determine the communities of mycorrhizal
communities (Chapter 4). We hypothesize soils in anthropogenically disturbed areas will
have higher concentrations of nutrients such as nitrogen and phosphorus and increased
presence of pathogens such as Phytophthora spp.

Methods
Study site
The study site was in Pickering Brook, Western Australia (32° 01’ 27.2”S 116° 07’ 37.8”E;
264 m above sea level) and surveyed in June 2014 during austral winter. The site
consisted of a gradient from a disturbed road edge adjacent to cleared land, to healthy
forest block (opposite side of road). The gradient included five lateral transects and ten
trees from each transect were surveyed. The transect along the disturbed edge
contained a remnant stand of Corymbia calophylla (Figure 2.2). The remaining four
transects were part of an intact forest, with transect two located along the road edge,
transects three, four and five were 50 m, 100 m and 200 m from the road edge,
respectively into the forest block. While floristically diverse, the dominant species in the
forest block were C. calophylla, Eucalyptus marginata (jarrah, family: Myrtaceae), and
the midstory species Xanthorrhoea australis (grass trees, family: Asphodelaceae) and
Banksia grandis (Bull banksia, family: Proteaceae).
Site survey
The total number of cankers on each tree were recorded, together with whether
canker(s) had killed the tree (Paap et al. 2008; Paap et al. 2016). Leaf litter depth
(average of four measurements around the tree to the nearest 0.1 cm) and diameter at
breast height (DBH) (to the nearest 0.1 cm) were recorded for each tree along each
transect. The crown health was measured according to Grimes (1978).
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Soil collection
Four soil samples (collected around the base of the tree) were taken from each tree
along each transect. The four soil samples from each tree were bulked (total of ten
bulked samples from each lateral transect), thoroughly mixed and divided to be used in
different experiments.
Nutrient analysis-500 g of the bulked soil from each sample (i.e., 50 samples) was sent
to CSBP (CSBP Limited, Kwinana, Western Australia) for nutrient analysis. Compounds
tested included Colwell phosphorus, Colwell potassium, sulphur (KCl 40), organic carbon
(Walkley-Black), nitrate nitrogen, ammonium nitrogen, electrical conductivity, pH
(water), pH (CaCl2), boron, trace elements (DTPA: copper, zinc, manganese, iron),
exchangeable cations (calcium, magnesium, sodium, potassium, aluminium), and total
organic matter (loss on ignition).
Soil baiting-200 g of the bulked soil from each tree sampled (i.e., 50 samples) was used
to bait for Phytophthora spp. Baiting for Phytophthora spp. followed a modification of
the methods described by Davison and Tay (2005): 200 g of soil was placed in a
transparent plastic takeaway container (total of 50 samples). Deionized water was
poured into the container to produce at least a 1:4 ratio of soil to water (McDougall,
Hardy & Hobbs 2002). Soil particles on the surface of the water were pushed to the side
using paper towel. Leaves from plants such as Hedera spp. (ivy), Eucalyptus spp., and
Scholtzia involucrata were placed on the surface of the water. Leaves were checked daily
for lesions. Lesions were cut out of the leaves using a scalpel and placed on NARPH, a
selective medium for Phytophthora, modified from Hüberli, Tommerup and Hardy
(2000). The modified media included the antibiotics 0.5 mL nilstat, 0.05 g ampicillin, 0.25
mL rifadin and 0.025 g hymexazol for every 500 mL of medium but did not include PCNB
due to its carcinogenic effects. After 7-10 days, containers were drained and the soil was
dried (at least a week). Once the soil was dry, containers were re-flooded with deionized
water and the baiting process was repeated (i.e., double baiting procedure) (Davison &
Tay 2005).
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Lesions that were plated onto the modified NARPH agar were observed under a
compound microscope daily to look for mycelium growth characteristics of
Phytophthora species (Stamps et al. 1990; Beakes, Glockling & Sekimoto 2012).
Mycelium of Phytophthora spp. is coenocytic (aseptate) and the hyphal wall is composed
of cellulose (rather than chitin). Phytophthora spp. produce oospores (sexual spores) as
resting spores by gametangial contact and sexual reproduction is by gametangial
contact. The nuclei in the assimilative hyphae are diploid (rather than haploid in most
true fungi); most of the lifecycle is diploid. Asexual spores are motile zoospores with one
tinsel and one whiplash flagellum. Any isolates that had characteristic growth of
Phytophthora were sub-cultured until the culture was clean (i.e., no other organisms
present). All isolated Phytophthora spp. were stored for possible future use and the DNA
was sequenced for identification using the methods of Rea et al. (2010).
Glasshouse bioassay- The bulked soil from each tree from each transect was placed into
2.8 L free-draining polyurethane pots (50 pots; P175STK, 2.8L, Garden City Plastics,
Canning Vale, Western Australia, 6155). An additional ten pots filled with pasteurised
(steamed at 65˚C for three hours) river sand acted as controls for the glasshouse
environment. The glasshouse controls received one-quarter of the recommended rate
of Thrive (all-purpose soluble fertilizer; Yates Australia, Padstow, New South Wales,
2211) twice during the four months of the experiment. Due to the lack of nutrients in
the pasteurised river sand, the addition of Thrive prevented death of these plants. Five
pots (with soil collected from the 200 m forest transect) were used as sacrificial pots to
determine the optimal time to harvest plants (when root systems were well developed
with mycorrhizal fine root tips). Three C. calophylla seeds (provenance Plantagenet
collected from 34°39'11.8512"S 117°30'5.8356"E) were placed into pots and once
germinated, seedlings were thinned to one. Seedlings were chosen at random to be
thinned. All pots were covered in high density polyethylene beads (Qenos Pty Ltd,
Altona, Victoria, Australia) to reduce contamination by aerial spores. Pots were watered
to container capacity every three days. The height of each plant was measured weekly
(measured from top of soil to apex of plant). After three months, the roots were rinsed
of soil and fine roots were stripped from lateral roots. This was accomplished by placing
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a lateral root between the forefinger and thumb and “stripping” the roots as the fingers
were moved up the root. The stripped roots were placed into a Petri-dish of water and
from the Petri-dish the fine roots were picked out. The proportion of ectomycorrhizal
root tips was recorded using the intercept method as per Brundrett et al. (1996).
Statistical analysis
To determine whether the number of cankers on trees were different across the five
transects, total number of cankers on each tree was the response variable and factor
transect as the predictor variable. Data were analysed using the plyr (Wickham 2011)
and PMCMR (Pohlert 2014) packages in program R, version 3.4.0 (R Core Team 2017). A
one-way ANOVA was used and the assumptions of normality and homogeneity of
variances (Bartlett test) were tested. In the case that the test of homogeneity of
variances was significant and thus the assumption not met, a Kruskal Wallis test was
used. Post hoc analyses were completed to determine which transects were similar or
different to each other. A Tukey post hoc test was completed if the assumptions of an
ANOVA were met and a post hoc Kruskal nemenyi test was completed if a Kruskal Wallis
was used. All plots were developed using the package ggplot2 (Wickham 2009).
To determine whether leaf litter depth was different across the five transects, leaf litter
depth was the response variable and factor transect as the predictor variable. The
process as above was followed. To determine whether DBH of marri was similar across
all five transects, DBH was the response variable and factor transect as the predictor
variable. A one-way ANOVA was used and all assumptions were met. To determine
whether crown health was comparable across all five transects, the Grimes crown health
index was the response variable and factor transect as the predictor. Due to the ordinal
nature of the crown health index, the Kruskal Wallis test was applied.
To determine whether the concentration of nutrients was different across the five
transects, nutrient concentration (of each nutrient) was the response variable and factor
transect as the predictor variable. Analysis was the same as number of cankers above.
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Growth rates of seedlings grown in the five different soils (disturbed edge, forest edge,
50 m, 100 m and 200 m into the forest) were compared. Growth rate was the response
variable and transect as the predictor variable. A one-way ANOVA and Tukey post hoc
analysis was used to compare the growth rates. Assumptions of an ANOVA were tested
and met. The same method was used to determine the difference in proportion of
ectomycorrhizal root tips (response) across the five transects and the controls roots
(predictor).

Results
Site survey
The number of cankers on C. calophylla was significantly (χ2 = 25.16, df = 4, p < 0.001)
higher along the disturbed edge than 50 – 200 m into the forest (Figure 3.1). No cankers
were found on trees 50 – 200 m into the forest. Cankers had been fatal to two trees
along the disturbed edge. Leaf litter depth was significantly (χ2 = 25.48, df = 4, p <0.001)
higher along the disturbed edge than all forest transects (Figure 3.2). Diameter at breast
height (DBH) was marginally significantly (F4, 45 = 2.612, p = 0.047) different across the
transects. Post hoc analysis showed significance (p = 0.03) between the DBH along the
disturbed transect and 50 m into the forest. Tree crown health across the five transects
was comparable (χ2 = 5.88, df = 4, p = 0.21), even though cankers were more numerous
on the disturbed edge (Figure 3.3).
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Figure 3.1: The number of cankers on Corymbia calophylla along five transects in
Pickering Brook, Western Australia. The disturbed edge consisted of a remnant
stand of C. calophylla bordering cleared land and a road, and the forest edge
bordered the road (opposite side of disturbed edge) and three transects within a
forest block. For all variables with the same letter, the difference between the
medians was not significant through a Kruskal-Wallis test.

Figure 3.2: Leaf litter depth (cm) along five transects at Pickering Brook: disturbed
edge (remnant stand of Corymbia calophylla bordering cleared land and a road),
forest edge (C. calophylla bordering a road and forest), 50 m into forest, 100 m into
forest, and 200 m into forest. For all variables with the same letter, the difference
between the medians was not significant through a Kruskal-Wallis test.
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Figure 3.3: Corymbia calophylla crown health scores across five transects at a site
in Pickering Brook, Western Australia, according to Grimes (1978). Index was
dependent on scores for crown position, crown size, crown density, dead
branches and crown epicormic growth.

Nutrients
Fifteen soil nutrients, conductivity, pH (H2O and CaCl2) and total organic matter were
measured along the five lateral transects. A similar trend was found across all variables;
for most of the nutrients, concentration was higher on the disturbed edge than the
forest edge and the three forest transects (Table 3.1). Conductivity was significantly
higher and pH (H2O and CaCl2) lower along the disturbed edge than the other transects
(Table 3.1). Both organic carbon and matter were significantly higher along the
disturbed edge (Table 3.1).
Phytophthora presence
Through baiting methods, Phytophthora spp. were isolated from three of the ten trees
on the disturbed edge (P. versiformis was isolated from two trees and P. syringae was
isolated from one tree). Phytophthora cinnamomi was isolated from one out of ten trees
along the forest edge and P. versiformis was also isolated from one tree along the forest
edge and one tree 200 m into the forest.
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Table 3.1: Concentration of macronutrients, micronutrients, beneficial mineral elements, conductivity, pH, organic carbon, organic
matter, and organic moisture measured in the soil at Pickering Brook along five lateral transects (disturbed edge, forest edge, 50
m into the forest, 100 m into the forest and 200 m into the forest). Values are means ± 95% confidence intervals. The difference
between the means is not significant for values with the same letter (superscript). Grey shading highlights the transects that are
significantly different from the disturbed edge using ANOVAs.
Soil Properties

Disturbed edge

Forest edge

50 m

100 m

200 m

Ammonium Nitrogen (mg/kg)

10.00 ± 3.16 A

3.90 ± 0.92 B

4.60 ± 1.66 B

3.80 ± 2.63 B

5.30 ± 1.12 AB

Nitrate Nitrogen (mg/kg)

2.10 ± 0.23 A

1.00 ± 0.00 B

1.10 ± 0.23 B

1.00 ± 0.00 B

1.20 ± 0.30 B

Sulphur (mg/kg)

10.02 ± 1.58 A

5.69 ± 1.53 BC

4.32 ± 1.15 B

6.10 ± 1.44 ABC

11.48 ± 6.20 AC

Phosphorus (mg/kg)

8.80 ± 2.15 A

3.90 ± 0.63 AB

3.20 ± 0.56 B

3.10 ± 0.53 B

3.00 ± 0.58 B

Magnesium (meq/100g)

2.18 ± 0.52 A

1.02 ± 0.27 AB

0.67 ± 0.26 BC

0.42 ± 0.14 C

0.51 ± 0.16 BC

Calcium (meq/100g)

6.39 ± 1.37 A

3.60 ± 0.75 AB

2.69 ± 1.08 BC

1.60 ± 0.48 C

1.86 ± 0.61 BC

Potassium (mg/kg)

215.40 ± 59.88 A

86.10 ± 13.44 AB

55.40 ± 10.42 B

58.10 ± 10.81 B

71.50 ± 22.23 B

Exchangeable Potassium (meq/100g)

0.53 ± 0.16 A

0.21 ± 0.03 AB

0.14 ± 0.02 B

0.14 ± 0.02 B

0.17 ± 0.05 B

Iron (mg/kg)

97.88 ± 22.40 A

47.15 ± 9.57 B

44.42 ± 8.06 B

56.56 ± 13.26 AB

65.64 ± 14.81 AB

Manganese (mg/kg)

11.80 ± 3.73 A

3.76 ± 1.28 B

4.29 ± 1.94 B

3.42 ± 1.06 B

5.00 ± 3.28 B

Copper (mg/kg)

3.28 ± 1.37 A

0.37 ± 0.08 AB

0.26 ± 0.10 BC

0.17 ± 0.04 C

0.26 ± 0.04 BC

Zinc (mg/kg)

34.33 ± 60.27 A

0.59 ± 0.22 AB

0.45 ± 0.30 BC

0.13 ± 0.04 C

0.18 ± 0.05 C

Boron (mg/kg)

1.28 ± 0.24 A

0.47 ± 0.06 AB

0.32 ± 0.05 C

0.35 ± 0.05 BC

0.34 ± 0.04 BC

0.37 ± 0.13 A

0.10 ± 0.02 B

0.09 ± 0.02 B

0.08 ± 0.02 B

0.11 ± 0.04 B

Macronutrients

Micronutrients

Beneficial Mineral Elements
Exchangeable Sodium (meq/100g)
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Soil Properties

Disturbed edge

Forest edge

50 m

100 m

200 m

Exchangeable Aluminium (meq/100g)

0.95 ± 0.60 A

0.21 ± 0.13 B

0.37 ± 0.18 AB

0.50 ± 0.20 AB

0.51 ± 0.20 AB

Conductivity (dS/m)

0.09 ± 0.02 A

0.03 ± 0.01 B

0.03 ± 0.00 B

0.03 ± 0.01 B

0.04 ± 0.01 B

pH H2O

4.99 ± 0.29 A

5.81 ± 0.16 B

5.59 ± 0.26 BC

5.41 ± 0.19 C

5.46 ± 0.18 BC

pH CaCl2

4.16 ± 0.30 A

5.19 ± 0.19 B

4.96 ± 0.24 B

4.88 ± 0.25 B

4.98 ± 0.22 B

Organic Carbon (%)

4.44 ± 0.51 A

2.87 ± 0.39 B

2.39 ± 0.50 B

2.16 ± 0.54 B

2.89 ± 0.51 B

Organic Matter (%)

12.05 ± 2.85 A

8.69 ± 1.45 AB

7.49 ± 0.63 B

7.06 ± 0.75 B

7.50 ± 0.71 B

Organic Moisture (%)

15.55 ± 5.34 A

14.00 ± 2.57 A

9.65 ± 1.21 AB

7.59 ± 1.03 B

8.92 ± 1.68 B

Other
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Glasshouse bioassay
Growth rate of marri seedlings grown in the transect soils were significantly (F43, 4 = 7.49,
p = 0.0001) different across the disturbance gradient (Figure 3.4). Post hoc analysis
showed that the growth rates of seedlings in disturbed edge soils had a significantly
higher growth rate than all other seedlings. Phytotoxicity was observed in seedlings
grown in soils from the disturbed edge (Figure 3.5). The proportion of ectomycorrhizal
roots tips was not significantly (F53, 5 = 42.59, p < 0.0001) different across the five
transects; however, the control roots had significantly lower ectomycorrhizal root tips
than all other roots (Figure 3.6).

Figure 3.4: Mean height with 95% confidence intervals of containerised Corymbia
calophylla seedlings grown over fourteen weeks in soils collected from five
transects across a disturbance gradient: disturbed edge, forest edge, 50 m, 100 m
and 200 m into the forest.
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Figure 3.5: Corymbia calophylla seedling showing signs of phytotoxicity growing
in soils collected from the disturbed edge (adjacent to orchard and road) of the
forest site.

Figure 3.6: Proportion of ectomycorrhizal fungi (EMF) root tips on root systems
harvested from Corymbia calophylla seedlings in a glasshouse trial. The control
group were C. calophylla seedlings grown in steam pasteurized river sand.
Seedlings were grown in soils collected across five transects at Pickering Brook,
Western Australia: disturbed edge (remnant stand of C. calophylla bordering
cleared land and a road), forest edge (marri bordering a road and forest), 50 m into
forest, 100 m into forest, and 200 m into forest. For all variables with the same
letter, the difference between the means is not significant (ANOVA).
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Discussion
In this study, canker incidence was much higher along the disturbed edge in comparison
to the forest edge and transects at varying distances into the forest block. This confirmed
observations and results of Paap et al. (2016) who monitored C. calophylla for thirteen
years in the SWWA. There were no cankers observed at 50 m, 100 m and 200 m into the
forest suggesting measuring 50 m and 100 m into a forest may not be necessary for a
larger landscape-scale study (i.e., the disturbance gradient can be set up with fewer
lateral transects).
Leaf litter depth was significantly different along the transects with leaf litter depth
higher along the disturbed edge in comparison to the rest of the transects. Leaf litter is
an important factor as it plays a role in nutrient cycling and soil microbial communities
(Frankland 1998). It is possible that this may be driving communities of mycorrhizal fungi
associated with C. calophylla. Mycorrhizal fungi are examined in depth in Chapters 4 and
5. It is possible that leaf litter was greater on the disturbed transect because of branch
death caused by cankers; larger amounts of leaf litter may not be a direct predisposing
factor of marri to canker.
Diameter at breast height (DBH) and tree crown health were not indicators of canker
incidence. These results corroborate with Paap et al. (2016) who demonstrated patterns
of canker incidence were unrelated to DBH and crown health. Our results were
marginally significant, so we decided to ere on the side of caution with the DBH test.
Crown rating systems, such as Grimes (1978), have been successful in monitoring tree
health in other Eucalyptus declines (Brouwers et al. 2013a; Scott et al. 2013b). However,
the results indicate, in the case of C. calophylla, the tree crown health index was not a
valid tool in monitoring health. Corymbia calophylla can tolerate severe and extensive
cankers with little negative effect on their crown condition; only until late canker
development (i.e., the tree has been girdled by the canker) does the affected limb or
entire tree show signs of crown decline (Paap et al. 2016). Therefore, it may not be
necessary to measure crown condition in further surveys.
All macronutrients, except for sulphur, and all micronutrients, had higher
concentrations along the disturbed edge in comparison to all other transects. Nutrient
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concentrations along transects at 50 m and 100 m into the forest were comparable, thus
providing further evidence that these transects can be removed for the larger scale
study. The disturbed edge in this study bordered an orchard and a paved road. Fertilizer
from the agricultural side can leach into the remnant tree stand changing soil properties
(Jacobs & Timmer 2005). This is an important factor to consider when surveying more
sites.
Three Phytophthora spp. were isolated from the soil at the site. Phytophthora spp. are
known soil-borne pathogens that have caused extensive tree declines globally. Within
Western Australia, there are many Phytophthora species that are responsible for the
decline in health of native tree species (Shearer 1994). Phytophthora syringae and P.
versiformis were isolated from the disturbed edge and P. versiformis is not pathogenic
to C. calophylla (Paap et al. 2017b). It is unknown whether P. syringae is pathogenic to
C. calophylla. Phytophthora cinnamomi, an introduced species to Western Australia, was
isolated along the forest edge, and consequently is likely to have been spread by road
maintenance or other human activities. There is evidence that trees infected with
Phytophthora have fewer fine roots than uninfected trees (Scott et al. 2009; Scott et al.
2013b; Corcobado et al. 2014). This can reduce mycorrhizal colonisation and thus
pathways for water and nutrient uptake (Blom et al. 2009; Ishaq et al. 2013; Scott et al.
2013b; Corcobado et al. 2014). Few Phytophthora species were isolated using the baiting
method but it is possible, if molecular tools are used, more species could be detected
across the site. Due to time constraints the role of Phytophthora spp. was not addressed
in the large landscape-scale study (Chapter 6); however, Paap et al. (2017a) found a
positive correlation between Phytophthora spp. presence and canker incidence. Future
research regarding Phytophthora spp. and canker disease are discussed in Chapter 7.
The growth rates of seedlings in the glasshouse were significantly higher in those grown
in soils from the disturbed edge. However, these seedlings had visual phytotoxicity in
their leaves. This is most likely a result of nutrient toxicity as there were higher levels of
most nutrients in the disturbed edge soils. Chronic nitrogen addition can reduce root
biomass, tree vigour and, in some cases, result in death (Frey et al. 2014). So, even if the
initial response of the seedlings was to grow faster, this would not be maintainable.
Fertilizer additions is extremely common in agriculture; however, a high percentage of
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these fertilizers leach into nearby forests and other ecosystems (Tilman et al. 2002). The
proportion of ectomycorrhizal root tips was not significantly different across the five
transects. It is possible that ectomycorrhizal root tips are the same across the transects
but the difference lies in the communities of mycorrhizal fungi (Chapters 4 and 5).
Implications for larger scale study
This pilot study demonstrated that leaf litter, soil nutrients and Phytophthora spp. are
highly correlated with cankered Corymbia calophylla trees. Due to similarities across
transects at 50 m and 100 m into the forest (for all variables measured) it will be
unnecessary to measure these distances for the larger landscape-scale study. Therefore,
more sites throughout SWWA can be surveyed and used to determine whether similar
trends of predisposing factors are seen throughout SWWA and the range of C.
calophylla. The results of this pilot study helped establish the appropriate methodology
and study design needed for the landscape-scale study to determine the possible
predisposing factors to canker disease (Chapters 5 and 6). The landscape-scale study will
survey more sites throughout SWWA which will increase the power of the study and
account for the variability among sites. The outcomes of this initial study indicate further
variables need to be measured. Due to differences in leaf litter depth across the
disturbance gradient, soil temperature and moisture will be included in the large-scale
study as leaf litter can act as an insulator for the soil (Sydes & Grime 1981). In addition,
including leaf litter in the glasshouse trial will mimic natural conditions more accurately
(Chapter 5).

41

Chapter 4: High-throughput sequencing of fungal
communities: comparison of forest tree roots
with those obtained from a glasshouse
mesocosm
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Abstract
Glasshouse bioassay mesocosms are commonly used in studying fungal communities as
they provide a setting in which variables can be controlled; however, the question arises
whether they are representative of fungal communities in the natural environment. The
aim of this study was to determine whether a glasshouse mesocosm was representative
of fungal communities, specifically mycorrhizal fungi, present in the forest. To determine
the fungal communities associated with a forest tree (Corymbia calophylla) in Western
Australia, roots were collected and eDNA was extracted and amplified using HTS. Soil
collected from the same forest site was used in a glasshouse mesocosm, and C.
calophylla was used as the bioassay host. After four months, seedlings were harvested,
eDNA extracted and the fungal community amplified and sequenced. 1467 fungal
phylotypes were identified from both the glasshouse and forest experiments of which
262 corresponded to mycorrhizal fungi. There was substantial overlap in the glasshouse
and forest fungal communities with 93.5% of the reads shared between the two
methods (i.e., shared common phylotypes), whereas rare phylotypes represented the
remaining 6.5% of the reads. There was also considerable overlap in the glasshouse and
forest mycorrhizal communities with 85.1% of reads shared between the two methods
(i.e., 49.6% of the phylotypes were shared). The remaining 14.9% of reads were rare
phylotypes. Due to differences in rare phylotypes, observed advantages and
disadvantages to both methods are discussed, and ideas are presented on how to rectify
the disadvantages.

Introduction
Mycorrhizal fungi are integral to tree health, and abiotic and biotic stresses can also
affect mycorrhizal fungi, which in turn can affect the interactions with their tree hosts
(and vice versa) (Pickles et al. 2012; Cameron et al. 2013; Karpouzas et al. 2014; Henry
et al. 2016; Sapsford et al. 2017 (Chapter 1)). The role of mycorrhizae in tree and
ecosystem health is a vital discipline (Crocker et al. 2016; Das, Stephenson & Davis 2016;
Sapsford et al. 2017 (Chapter 1)). By identifying the mycorrhizal species associated with
trees and understanding their ecology we can further understand specific issues,
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including whether or not they play a role in tree declines (Payn et al. 2015). Therefore,
using the correct methodology to understand mycorrhizal fungi is paramount.
In studies of soil-plant associations, there are two options, either standardise in a
glasshouse trial or cope with the heterogeneity of a field trial. With the improvements
of high-throughput sequencing (HTS), we can gain greater knowledge on fungi
associated with plants. There are few studies which actually make direct comparisons
between both methods, specifically with data from HTS. Taylor and Bruns (1999)
compared the community structure of ectomycorrhizal fungi associated with Pinus
muricata between mature forest roots and resistant propagules colonising potted
seedlings; using internal transcribed spacer (ITS) restriction fragment length
polymorphism (RFLP), they only identified one species, Tomentella sublilacina, common
in both communities. Similarly, Sýkorová et al. (2007) compared three sampling
methods of communities of arbuscular mycorrhizal fungi using RFLP: roots collected
from the field, roots from bait plants transplanted in the field, and roots from a
greenhouse experiment using field soil. Communities obtained from root samples from
each method differed significantly from each other; in the greenhouse experiment, only
a certain subset of arbuscular mycorrhizal fungi colonized roots. In comparison, results
from the bait plants in the field and roots collected from the field both had a high
diversity of arbuscular mycorrhizal fungi and both seemed useful in assessing
colonisation of arbuscular mycorrhizal inoculum present in the field (Sýkorová et al.
2007). However, bait plants and the greenhouse experiment provided insight in
different life history strategies of arbuscular mycorrhizal fungi when plants were
harvested at different times and only generalist fungi were found with high frequency
across all three experimental approaches (Sýkorová et al. 2007).
Clearly, there are pros and cons to both glasshouse and field studies. In glasshouse
bioassays, variables such as temperature, water availability (Leinonen & Jones 2004) and
biotic interactions (Reinhart et al. 2003) are controlled. Conversely, field studies lack this
control (Arndal et al. 2013; Ekblad et al. 2016); however, samples can be collected
directly from the field and analysed to collect a snapshot of the fungi that are colonising
the plant in question (Bahram et al. 2012; Huang et al. 2014). For example, seedlings
near established plants are colonized by arbuscular mycorrhizal fungi faster than
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seedlings that grow alone and this would be missed in a glasshouse trail if there is only
one seedling per pot (Pietikäinen & Kytöviita 2007). However, this aspect can be
controlled in the glasshouse by adding additional seedlings. Furthermore, field trials can
be semi-controlled in that certain applications or variables can be controlled (e.g.,
applying different concentrations of nitrogen fertilizer), but they do not control for
environmental factors such as wind, rainfall and temperature.
With obvious differences and outcomes from the different methodologies used, it is
important to consider the biological question being asked. However, many studies either
conduct a field study or a glasshouse study and thus potentially misses valuable
information of the system in question. In the present study, the communities of
rhizosphere fungi associated with a dominant Australian forest tree, Corymbia
calophylla, and their functional ecological niches were compared. Corymbia calophylla
are mainly ectomycorrhizal hosts but do have arbuscular mycorrhizal associated with
their roots; however, little is known about the communities of fungi in C. calophylla.
Metabarcoding was conducted on roots collected from trees in the forest and from bait
plants grown in soil under controlled glasshouse conditions collected from under the
same trees. Specifically, the aim was to highlight the similarities and/or differences
between the two methods and provide advantages and disadvantages to both methods
that can be used as a template for researchers when asking their biological questions.
We hypothesize mycorrhizal communities will share common species between the two
methods and that the glasshouse experiment will be representative of our natural
system.

Materials and methods
Study site
The study site was in Pickering Brook, Western Australia (32° 01’ 27.2”S 116° 07’ 37.8”E;
264 m above sea level). The site included five lateral transects and ten trees from each
transect were surveyed. While floristically diverse, the dominant species in the forest
site were C. calophylla, Eucalyptus marginata (jarrah, family: Myrtaceae), and the
midstory species Xanthorrhoea australis (grass trees, family: Asphodelaceae) and
Banksia grandis (Bull banksia, family: Proteaceae).
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Forest experiment
Ten C. calophylla trees from each transect were randomly selected and four soil samples
(collected at cardinal points around the base of the tree) were taken from each tree in
June 2014. The four soil samples from each tree were bulked (total of ten bulked
samples from each transect) and thoroughly mixed. Corymbia calophylla roots were
picked out of each of the bulked soil samples (i.e. total 50 samples from all transects).
By collecting from the base of the tree, we increased the probability of collecting C.
calophylla roots; C. calophylla roots were identified by their distinct colour and form in
comparison to other plant roots. Once the roots were picked out, we stripped them of
their fine roots. This was accomplished by placing a lateral root between the forefinger
and thumb and “stripping” the fine roots as the fingers were moved up the root. The
stripped roots were placed into a Petri-dish of water and from the Petri-dish the fine
roots were picked out. To prevent contamination between samples, new gloves were
worn for each sample and new clean Petri-dishes were used for each sample. The fine
roots were ground using liquid nitrogen and 50 µg of root material was placed into a 2
mL vial and stored at -20˚C.
Glasshouse bioassay mesocosm experiment
The mixed bulked soil from each tree from each transect was placed into 2.8 L freedraining polyurethane pots (P175STK, 2.8L, Garden City Plastics, Canning Vale, Western
Australia, 6155). An additional ten pots filled with pasteurised (steamed at 65˚C for three
hours) river sand acted as controls for the glasshouse environment. The glasshouse
controls received one-quarter of the recommended rate of Thrive (all-purpose soluble
fertilizer; Yates Australia, Padstow, New South Wales, 2211) twice during the four
months of the experiment. Due to the lack of nutrients in pasteurised river sand, the
addition of Thrive prevented death of the control plants. Three C. calophylla seeds
(provenance Plantagenet collected from 34°39'11.8512"S 117°30'5.8356"E) were placed
into pots and once germinated, seedlings were thinned to one. Seedlings were chosen
at random to be thinned. All pots were covered in high density polyethylene beads
(Qenos Pty Ltd, Altona, Victoria, Australia) to reduce contamination by aerial spores.
Pots were watered to container capacity every three days. The height of each plant was
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measured weekly (measured from top of soil to apex of plant). After four months, the
roots were rinsed of soil and fine roots were stripped from lateral roots (as described
above). The proportion of ectomycorrhizal root tips was recorded using the intercept
method as per Brundrett et al. (1996). After ectomycorrhizal root tips were recorded,
fine roots were ground using liquid nitrogen and fifty micrograms of the fine roots were
placed into a 2 mL vial and stored at -20˚C.
DNA extraction and high-throughput sequencing
DNA was extracted from ground forest and glasshouse roots (including the ten
glasshouse controls) using a PowerPlant Pro DNA isolation kit as per the manufacturer’s
protocol (Gene Works Pty Ltd, Thebarton, South Australia, 5031). Amplicon libraries
were generated by amplifying eDNA with the fungal specific primer fITS7 (Integrated
DNA Technologies, Baulkham Hills, New South Wales, 2153) and the eukaryotic primer
ITS4 as the reverse primer (Integrated DNA Technologies, Baulkham Hills, New South
Wales, 2153) which amplified the ITS2 gene region (universal genetic barcode for fungi)
(Ihrmark et al. 2012). Seven (four from the field trial and three from the glasshouse trial)
extraction controls were included and negative controls were run for each PCR sample
(54 from forest trial and 63 from glasshouse trial). PCR amplification was conducted in
an iCycler Thermal Cycler (Bio-Rad Laboratories Pty. Ltd., Gladesville, Victoria, New
South Wales, 2115) in 25 µL reactions [2.5 μL of 25 mM MgCl2 (Promega, Alexandria,
New South Wales, 2015), 1.5 μL of 10mM dNTPs (Promega, Alexandria, New South
Wales, 2015), 1 μL of 10mg mL-1 BSA (Fisher Biotec, Wembley, Western Australia, 6014),
0.5 μL of 10 µM pyro fITS7 (Integrated DNA Technologies, Baulkham Hills, New South
Wales, 2153), and 0.125 μL of 5U µL-1 Go Taq Hot Start Polymerase (Promega,
Alexandria, New South Wales, 2015) in buffer, 5 min at 94˚C, 30 cycles of (30 s at 94˚C;
30 s at 57˚C; 30 s at 72˚C); 7 min at 72˚C]. The amplicons were double purified using the
Agencourt AMPure XP Bead PCR Purification protocol (Bechman Coulter Australia Pty
Ltd, New South Wales, 2066). PCR products were visualized on 1% agarose gels and
pooled based on band intensity. Some glasshouse controls only produced faint bands,
but this was equalised at the pooling stage. The emulsion PCR reactions were carried
out according to the Roche GS Junior emPCR Amplication Method Manual Lib-L. The
libraries were sequenced using Junior Genome Sequencer plates (454 Life
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Sciences/Roche Applied Biosystems, Nutley, NJ, USA). There was one library for forest
roots and one for glasshouse roots (as sequencing was completed at different times).
Bioinformatic analysis
Sequence deconvolution such as quality control and clustering was carried out using the
bioinformatics platform SCATA (scata.mykopat.slu.se) developed and maintained by the
Swedish University of Agricultural Sciences in Uppsala (parameters were set as per
Clemmensen et al. 2015). Specifically, reads with low mean quality (<20) and sequences
with missing primers were removed. Threshold distance for clustering was set at 0.015
and minimum alignment for clusters was 0.85 (proportion of longest sequence). All
singletons and doubletons were removed. Identification of MOTUs was conducted
through BLAST searches in SCATA

(uses UNITE database) and GenBank

(https://www.ncbi.nlm.nih.gov/genbank/). All identifications provided by SCATA were
rechecked on Genbank. Positive identifications were made at >99% and were otherwise
conservative with assignment at genus, family, order or class level depending on %
identical sites, query coverage, and where the reference came from (origin of specimen);
the lower these rated the more conservative the assignment. Phylogenetic analysis was
conducted on unknowns to provide correct classification. Positive identifications were
grouped either by order or family and then analysed using a nucleotide alignment
consensus tree. By doing so, the unknowns could be assigned to a group based on where
they were located on the consensus tree. This process in turn double checked that the
assignments were correct. In each nucleotide alignment consensus tree, sequences (not
from our dataset) were included that were 100% identified for that group, i.e., curated
by NCBI staff and/or augmented with data from the CBS isolate database. Final identities
are considered phylotypes acknowledging that their identity is based on sequence data
rather than a living isolate. Any phylotypes found only in control samples were excluded
from the analyses.
Ecological information of each phylotype was based primarily on FUNGuild
(https://github.com/UMNFuN/FUNGuild)

following

the

user’s

manual

where

assignments were made on ranks of ‘probable’ and ‘highly probable’ (Nguyen et al.
2016). Where there was no match or a phylotype was ranked as ‘possible’, literature
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searches were conducted and phylotypes assigned to a guild based on published
literature. If more than one guild was applicable to a phylotype, then assignment was
based on the most likely guild that would be found on tree roots. If no information was
found than the phylotype was classified as an “unidentified fungi” guild.
Statistical analysis
The proportion of phylotypes in each ecological guild based on relative abundance and
incidence were compared. Specifically, the aim of this study was to determine which
method (glasshouse bioassay mesocosm or forest roots) sequenced more mycorrhizal
fungi (target guild). Relative abundance and incidence of all mycorrhizal guilds
(ectomycorrhizal fungi and arbuscular mycorrhizal fungi) was the response variable and
factor treatment (glasshouse or forest roots) was the predictor variable. Data were
analysed in program R, version 3.4.0 (R Core Team 2017). A one-way ANOVA was used
and the assumptions of normality and homogeneity of variances (Bartlett test) were
tested. In the case that the assumptions were violated, a Kruskal Wallis test was used.
The same procedure was repeated for the saprotroph guild.
To determine the difference in fungal communities among glasshouse roots, glasshouse
controls and field roots relative abundance (Hellinger transformed) of each phylotype
on the non-singleton and non-doubleton fungal communities was the response. The
factor treatment (i.e., glasshouse roots, glasshouse controls, and forest roots) was the
predictor variable. Data were analysed using the vegan package (Oksanen 2015) in
program R, version 3.4.0 (R Core Team 2017). Functions vegdist and adonis were used
to determine fungal community dissimilarities among the treatments. The Bray-Curtis
dissimilarity index was used. Both incidence data and relative abundance data were
analysed and produced the same result; therefore, relative abundance data is presented
throughout the results. A Tukey post hoc test was used to determine which treatments
were different to each other. Function multipatt from the indicspecies package (De
Cáceres, Legendre & Moretti 2010) was used to determine indicator phylotypes
between the treatments. The indicspecies package determines the group of
sites/treatments to which a species is most strongly related as measured by the
indicator value index (De Cáceres, Legendre & Moretti 2010).
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To determine the difference in mycorrhizal communities between the glasshouse roots
and forest roots functions vegdist and adonis were used. The phylotype matrix of
mycorrhizal fungi (relative abundance) was the response variable and factor treatment
(i.e. glasshouse roots or forest roots) was the predictor variable. All functions and
analyses conducted were the same as above. Alpha (α) diversity of mycorrhizal fungi
found in both glasshouse and forest samples were measured using the function diversity
and the Shannon index from the vegan package. To determine mycorrhizal richness
(number of phylotypes) of each sample, operational taxonomic unit (OTU) mycorrhizal
richness was rarefied based on the minimum number of sequences observed per sample
using the rarefy function in the vegan package in program R (Oksanen 2015). Rarefying
richness allows meaningful comparisons of mycorrhizal OTU richness among samples
while standardizing for number of samples (Gotelli & Colwell 2001).
Analysis using package vegan were visualized using non-metric multidimensional scaling
(NMDS) based on Bray-Curtis distance matrix using the metaMDS function. All plots
were developed using the package ggplot2 (Wickham 2009).

Results
MOTU identification
The libraries from the forest roots and glasshouse roots were combined for
deconvolution and 95.7% sequences passed quality control (for summary of sequence
depth see Figure S4.1 and Table S4.2). All PCR and extraction controls were sequenced
and these were all negative (i.e., no DNA was sequenced and thus there was a low
likelihood of cross contamination among samples). Through SCATA, 1917 clusters were
identified and after removing doubletons and singletons, 1467 OTUs were identified. Of
these, SCATA only positively identified 8.5% (124); SCATA consists of internally curated
databases and downloads from UNITE version 4 (https://unite.ut.ee/). Therefore, by
using the BLAST function in Geneious version R8, all 1467 OTUs were identified. From
the 124 identified from SCATA, 18 OTUs considered incorrect were changed using
parameters mentioned in the methods. Overall, 33.6% OTUs to genus, 58.5% to family,
72.9% to order, 88.6% to class, 97.1% to phylum, and 2.9% to kingdom only were
identified. The 1467 OTUs were unique and corresponded to 1467 phylotypes.
50

Assignment of ecological niche
Phylotypes grouped into 6 ecological guilds (Figure 4.1) based on FUNGuild terminology
(https://github.com/UMNFuN/FUNGuild) (Nguyen et al. 2016). An additional two guilds
were added: unidentified fungi and non-fungal. FUNGuild assigned 32.7% of the OTUs
(those with confidence ranking of ‘highly probable’ and ‘probable’) and the remainder,
67.3%, were assigned in this study (includes those assigned as “unidentified fungi”).
Comparison of glasshouse mesocosm and forest roots
Communities of fungi from the control roots, glasshouse roots and forest roots were
significantly (F2,105 = 9.265, p = 0.0001) different from each other (Figure 4.2). Of the
1467 phylotypes, the glasshouse and forest treatments shared 571 dominant
phylotypes, which accounted for 93.6% of the reads from both the forest roots and
glasshouse mesocosm. However, 531 rare phylotypes were found in the forest samples
only, and accounted for 4.9% of total reads. In comparison, 243 rare phylotypes were
found in the glasshouse samples only, accounting for 1.5% of the total reads.
Of the 1467 phylotypes, 115 were found in the control group only. The glasshouse
controls had a high proportion of non-fungal phylotypes such as green algae, known
glasshouse mycorrhizal contaminants in the family Thelephoraceae, and known putative
plant pathogens (Figure 4.1).
The proportion of phylotypes in each ecological guild based on incidence and relative
abundance of phylotypes (Figure 4.1) were compared. Using incidence data, mycorrhizal
fungi (F1,95 = 3.021, p = 0.0854) and saprophytic fungi (F1,95 = 1.718, p = 0.193) were not
significantly different between forest and glasshouse roots (Figure 4.1). Using the
relative abundance data, mycorrhizal fungi (F1,95 = 5.261, p = 0.024) and saprotrophic
fungi (F1,95 = 15.83, p = 0.0001) were significantly different between forest roots and
glasshouse roots (Figure 4.1).
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Figure 4.1: Relative proportion of fungal communities sequenced from tree roots
collected from a forest site and bait plants grown in soils collected from under the
same forest trees in the glasshouse. Tree seedlings were also grown in control
pots containing steam pasteurised river sand. Fungi were designated into
trophic/ecological functional guilds represented by (A) relative abundance and (B)
incidence of phylotypes.

52

Figure 4.2: Fungal communities were compared across two methodologies: tree
roots collected from a forest site and bait plants grown in the same forest soils in
a glasshouse experiment. To control for the glasshouse environment seedlings
were also grown in control pots of steam pasteurised river sand. A non-metric
multidimensional scaling (NMDS) plot shows the three fungal communities. Stress
= 0.164. Stress is less than 0.3 indicating the distance between samples in reduced
dimensional space corresponds with the actual multivariate distance between the
samples.

Mycorrhizal communities
Out of the 1467 phylotypes, 262 were mycorrhizal fungi. Of the 262 mycorrhizal
phylotypes, 87.4% were ectomycorrhizal fungi and 12.6% were arbuscular mycorrhizal
fungi (AMF). Of the 262 mycorrhizal phylotypes, 130 were found in both the forest roots
and the glasshouse roots (many belonging to the same family and accounting for 85.1%
of total reads; Error! Reference source not found.). 97 phylotypes were found in the
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forest roots only, accounting for 10.1% of the total reads; 35 phylotypes were found in
the glasshouse roots only, accounting for 4.8% of total reads. The glasshouse control
group mainly picked up Thelephorales, known as common glasshouse contaminants.
There was substantial overlap between the communities of mycorrhizal fungi between
the glasshouse roots and forest roots; however, they were significantly (F1,96 = 4.262, p
= 0.0001) different from each other (Figure 4.4). The main difference among the two
methods were eight families of mycorrhizal fungi were only found in the forest roots:
Amanitaceae, Boletaceae, Pisolithaceae, Sclerodermataceae, Serpulaceae, Hydnaceae,
Gomphaceae, and Phallaceae (Table 4.1). However, these only accounted for a small
proportion of the reads (Table 4.1). Alpha diversity differed significantly (F1,95 = 8.749, p
= 0.0039) between the glasshouse and forest roots with the forest roots (mean ± 95%
CI: α = 1.516 ± 0.192) having a higher mycorrhizal diversity than the glasshouse roots
(1.105 ± 0.201).
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Figure 4.3: A non-metric multidimensional scaling (NMDS) plot of the communities
of mycorrhizal fungi found in forest roots collected from a forest site in Western
Australia and glasshouse roots baited from the same forest soils. Stress = 0.215.
Stress is less than 0.3 indicating the distance between samples in reduced
dimensional space corresponds with the actual multivariate distance between the
samples
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Table 4.1: Twenty-three families of mycorrhizal phylotypes found in both forest roots collected from a forest site in Western Australia
and glasshouse roots baited from the same forest soils. N represents total number of phylotypes found in each family and relative
proportion is the proportion of reads belonging to the family in question. Grey shaded rows indicate phylotypes not found in the
glasshouse mesocosm but found in the forest roots collected from the forest site.

Family
Gloniaceae
Pezizaceae
Pyronemataceae
Amanitaceae
Cortinariaceae
Inocybaceae
Tricholomataceae
Atheliaceae
Boletaceae
Pisolithaceae
Sclerodermataceae
Serpulaceae
Ceratobasidiaceae
Clavulinaceae
Hydnaceae
Gomphaceae
Phallaceae
Russulaceae
Sebacinaceae
Bankeraceae
Thelephoraceae
Claroideoglomeraceae
Glomeraceae

Total
N Relative proportion
4
0.0416
7
0.0571
2
0.1494
7
0.0037
29
0.0364
26
0.0513
4
0.0417
7
0.0501
11
0.0051
2
0.0047
2
0.0065
2
0.0005
4
0.0008
2
0.0101
2
0.0021
2
0.0178
1
0.0296
16
0.0216
43
0.1246
5
0.0105
51
0.3212
6
0.0006
27
0.0129

Glasshouse
N Relative proportion
4
0.0262
7
0.0565
2
0.1486
0
0.0000
8
0.0112
20
0.0349
3
0.0410
4
0.0014
0
0.0000
0
0.0000
0
0.0000
0
0.0000
3
0.0003
2
0.0024
0
0.0000
0
0.0000
0
0.0000
14
0.0116
34
0.0308
4
0.0011
30
0.2499
5
0.0002
25
0.0085

Forest
N Relative proportion
4
0.0154
2
0.0007
1
0.0008
7
0.0037
29
0.0252
20
0.0164
3
0.0008
7
0.0487
11
0.0051
2
0.0047
2
0.0065
2
0.0005
3
0.0005
2
0.0077
2
0.0021
2
0.0178
1
0.0296
16
0.0099
35
0.0938
5
0.0094
45
0.0713
5
0.0004
21
0.0044
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Discussion
Glasshouse controls
The glasshouse controls consisted of seedlings grown in river sand and had
approximately a quarter of non-fungal DNA. If the proportion of fungal DNA to plant
DNA is low in an environmental sample then the fITS7/ITS4 primers will pick up nonfungal DNA (Tedersoo et al. 2010). Consequently, any non-fungal DNA (i.e., algae) would
be a result of the glasshouse environment (e.g., humidity and moisture) or the river sand
itself. Only faint bands were produced for glasshouse controls in the current experiment
indicating limited fungal DNA in the samples. Glasshouse controls are used to account
for any fungal contaminants from the glasshouse environment (Navie et al. 2004;
Mason, French & Russell 2007; French & Watts 2015). Therefore, it is important to
include glasshouse controls in experiments as the sequencing results from these
samples aid in removing similar phylotypes from the experimental samples; these
removals can be considered glasshouse contaminants.
Comparison of communities of rhizosphere fungi between glasshouse
and forest
Even though the communities of fungi amplified from forest roots were significantly
different from those amplified from glasshouse roots, there was considerable overlap
across these communities; this overlap accounted for over 93.6% of the reads, with the
differences represented by rare phylotypes. The forest soils were used in the glasshouse
bioassay experiment; therefore, the inoculum of fungi present in the forest soils
colonized the roots of the bioassay seedlings. The results, with 93.6% of the reads
overlapping between both methods, suggests that glasshouse mesocosms are
representative of communities of fungi associated with trees in the forest. In contrast,
Sýkorová et al. (2007) found strong influences of culturing techniques (greenhouse
versus field collection) on arbuscular mycorrhizal fungi communities of plant roots.
Taylor and Bruns (1999) also found differences in the spatial distribution of dominant
ectomycorrhizal fungi on mature roots (forest collection) and propagules (bioassays) in
the soil and highlight the different roles of spores versus mycelial spread.

57

There was a higher proportion of mycorrhizal fungal phylotypes from the glasshouse
roots compared to the forest roots. In comparison, there was a higher proportion of
saprotrophic fungi sequenced from forest roots compared to glasshouse roots. Roots
harvested in the glasshouse trial were healthy and actively growing, while those from
the field included older and senescent roots and other pieces of decomposing organic
matter; similar observations were made by Dejene, Oria-de-Rueda and Martín-Pinto
(2017). More arbuscular mycorrhizal fungi were recovered from the glasshouse roots,
and as mycorrhizal fungi were the target group, the glasshouse bioassay method was
more appropriate for this group of fungi.
One factor that might be driving the differences in the 6.4% of rare phylotypes between
the communities of fungi between forest and glasshouse roots is that the environments
between both are different. The glasshouse was missing components present in the
forest site, such as leaf litter. Leaf litter is an important component (as a nutrient source)
in fungal succession and can alter communities of fungi (Frankland 1998; Dejene, Oriade-Rueda & Martín-Pinto 2017). The glasshouse is a more controlled environment,
which removes other factors that might alter fungal communities (e.g. rainfall,
temperature, other plant species) (Kivlin & Hawkes 2011; Klironomos et al. 2011).
Mycorrhizal communities
An overlap of the mycorrhizal communities between the glasshouse roots and the forest
roots was observed with 85.1% of the reads found in both methods. Soil was used in the
glasshouse immediately after collection and thus could explain this similarity. Long-term
soil storage and the temperature at which soil is stored can alter soil properties and thus
fungal communities (Blake et al. 2000; Lindahl et al. 2013). However, the 14.9% of the
reads that accounted for rare phylotypes can be explained. Many of the families of
mycorrhizal fungi found only in the forest roots are late successional mycorrhizal fungi
(Liang, Guo & Ma 2004; Kyaschenko et al. 2017), and those phylotypes found in higher
proportions in the glasshouse, such as Pyronemataceae, are early successional
mycorrhizal fungi (Tedersoo et al. 2006). Early successional ectomycorrhizal fungi are
those fungi that colonize early and young root systems whereas late successional
ectomycorrhizal fungi are those that are found on older root systems (Bergemann &
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Miller 2002). Colonization and establishment of both of these types of fungi are related
to physiological interactions between the fungi, the host plant, the environment, and
the reproductive strategies of the fungi (Bergemann & Miller 2002).
Pisolithaceae and Sclerodermataceae are considered early succession mycorrhizal fungi
based on their ecology (i.e., visually found around young trees) (Fleming 1983;
Termorshuizen 1991; Lu et al. 1999), but were only found in the forest samples. The
concept of early and late successional mycorrhizal fungi has been based on fruiting
bodies from studies published 30 years ago (Last et al. 1984; Last, Dighton & Mason
1987), and current molecular techniques may be changing the ideas of what are
considered early and late successional fungi (Truong et al. 2017). Trees turn over roots
annually and can have a proportion of younger roots, therefore it is possible for older
trees at a forest site to have early successional mycorrhizal fungi (Mason et al. 1983;
Liang, Guo & Ma 2004). Alternatively, the roots collected in the forest may not have
been exclusively from C. calophylla and the observed differences may be related to roots
of hosts growing amongst the roots of C. calophylla. However, the differences observed
between the two treatments were based on rare phylotypes and were only found in few
samples meaning the majority of the phylotypes were the dominant mycorrhizal fungi
associated with these trees. Little is known about the mycorrhizal fungi associated with
C. calophylla so the results from this study represent a baseline of the communities of
mycorrhizal fungi for this tree.
Advantages and problems of different methods
The advantages of determining fungal communities directly from the forest roots
included gaining 1) an accurate snapshot of what was present in the natural
environment at that point in time, and 2) a higher proportion of rare phylotypes
including the putative early succession fungi in the Pisolithiaceae and Sclerodermaceae.
Another potential advantage is inclusion of more late-successional fungi. The main
disadvantage as observed in the current experiment was a reduction in the detection of
arbuscular mycorrhizal fungi. Another potential disadvantage was the inclusion of roots
from species other than the species of interest. To rectify these, primers specific for
arbuscular mycorrhizal fungi can be used and care taken to ensure that newly developed
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roots from the host of interest are included in the sample. However, if the research aim
is to determine rare phylotypes the forest roots sequenced more of these and thus this
method may be better for encompassing both dominant and rare phylotypes.
While the dominant phylotypes were shared, there were differences in rare phylotypes
between the methods and thus depending on the research question, there are
advantages and disadvantages for each method. In this study, the advantages of the
glasshouse bioassay were 1) understanding mycorrhizal communities colonizing
seedlings, 2) detection of more arbuscular mycorrhizal fungi, 3) certainty that only roots
of the target host were analysed, and 4) a controlled environment. The disadvantages
were glasshouse contaminants. However, there are other potential disadvantages that
were not observed in this study such as 1) loss of late-successional mycorrhizal fungi,
and 2) exclusion of mycorrhizal fungi that depend on breakdown of litter for nutrients.
Many of these disadvantages can be rectified. To reduce glasshouse contaminants,
including controls pots is essential, as this allows for removal of contaminant phylotypes
during analysis. In addition, the top layer of soil in each pot can be covered, protecting
the pot from aerial spores. To ensure colonisation of late-successional fungi, seedlings
can be grown for a longer period as well as ensuring that the soil collected for the
mesocosms contains roots of the host. To include all nutrient sources, leaf litter from
the collection site can be placed on the top of each pot.
Conclusion
Communities of fungi, specifically mycorrhizal fungi, can be biased towards a sampling
method. Biased estimates of fungal communities can result in misinterpretations of
ecological and functional importance and this can pose a major problem when
understanding structure and function of rhizosphere ecosystems. However, this study
demonstrated that the vast majority of dominant phylotypes were shared across both
forest and glasshouse mesocosm roots allowing us to gain understanding of the fungal
communities associated with this ecosystem using both methods. As many studies only
choose either field or glasshouse methodologies, this study demonstrates the
importance of choosing an appropriate method to answer the question at hand or to
even use both methods to gain a greater understanding of the study system.
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Chapter 5: Anthropogenic disturbance alters
communities of mycorrhizal fungi in a
Mediterranean-type forest
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Abstract
Forest ecosystems are heavily affected by anthropogenic disturbance with tree declines
becoming increasingly common. Mycorrhizal fungi are closely associated with trees and
it has been hypothesized that a loss in mycorrhizal fungi can predispose trees to decline
or alternatively, tree decline can alter communities of mycorrhizal fungi. One type of
disturbance, increased habitat fragmentation, can result in interactions among abiotic
(climate change, pesticides, heavy metals, fertilizers) and biotic (pathogens)
disturbances, contributing to the complexity of tree declines. These same factors can
also affect mycorrhizal fungi. Corymbia calophylla is a keystone tree species in
southwest Western Australia that has been heavily impacted by anthropogenic
disturbances. The aim of this study was to determine whether the mycorrhizal
communities associated with C. calophylla are changing across a disturbance gradient,
and whether these changes were linked to alterations in climate and various abiotic
factors. To determine if these changes were occurring throughout the range of C.
calophylla, 17 sites were selected consisting of a disturbance gradient from highly
disturbed (remnant stand of C. calophylla bordering cleared land and a road) to
undisturbed (intact forest block). Soil was collected from each site across the
disturbance gradient for soil nutrient and property analysis; the soil was also used in a
glasshouse bioassay experiment where C. calophylla was used as the bioassay host. After
six months, seedlings were harvested, eDNA extracted from the seedling roots and the
fungal community amplified and sequenced. The communities of mycorrhizal fungi
associated with C. calophylla changed across the disturbance gradient with mycorrhizal
species richness lower along the disturbed edges than within the forest. Abiotic soil
variables were highly associated with the mycorrhizal communities along the highly
disturbed site, especially soil pH, soil moisture, soil temperature, phosphorus, copper
and iron. Anthropogenic disturbances are resulting in fragmented forests where edges
experience different microclimates; these changes in microclimates are altering
communities of mycorrhizal fungi which could be predisposing trees to decline. This
study is one of the first landscape-scale multivariate studies to include mycorrhizal fungi
as a biotic factor involved in tree declines.
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Introduction
Anthropogenic disturbance (i.e., disturbance as the result of human intensification) has
altered landscapes and the dynamics of many ecosystems (White & Jentsch 2001). As
the climate changes, the nature of these disturbances change, resulting in increased
uncertainty with how disturbances will impact ecosystems (Johnstone et al. 2016).
Forest ecosystems are heavily affected by anthropogenic disturbance with tree declines
becoming increasingly common (Seidl et al. 2017). The disturbances causing tree
declines include fire (e.g., Westerling 2016), drought (reviewed in Allen et al. 2010),
insect outbreaks (reviewed in Kautz et al. 2017) and introduced pathogens (e.g., Burgess
et al. 2017). Some tree declines can be resolved easily as the decline may only be caused
by a single disturbance; however, the majority of declines are more complex, with
multiple and interacting factors affecting tree health.
Mycorrhizal fungi may play an important role in forest tree declines. Mycorrhizal fungi
are closely associated with trees, and all forests around the world would not exist
without these fungal associations. These soil fungi increase uptake of minerals and
water through nutrient exchange, provide resistance to root pathogens and improve soil
structure (Brundrett 1991). It has been hypothesized that a loss in mycorrhizal fungi can
predispose trees to decline or alternatively, tree decline can alter communities of
mycorrhizal fungi (Egli 2011; Sapsford et al. 2017 (Chapter 1)). Due to the intimate
association between mycorrhizal fungi and their tree hosts, it makes it extremely
difficult to determine whether mycorrhizal fungi or tree declines are the cause or the
effect. However, there is a direct link between forest tree declines and changes in
communities of mycorrhizal fungi as the disturbance factors affecting forest trees are
also affecting communities of mycorrhizal fungi. This direct link has major implications
in the processes of tree declines as it adds an extra variable in understanding complex
tree declines and unfortunately, increases the challenges we have with untangling
specific drivers or processes of tree declines.
Sapsford et al. (2017) (Chapter 1) reviewed the main abiotic (climate change, pesticides,
heavy metals, fertilizers and habitat fragmentation) and biotic (pathogens) factors
affecting both trees and mycorrhizal fungi and the importance of studying mycorrhizal
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fungi in complex tree declines. Specifically, increased habitat fragmentation can result
in interactions among these abiotic and biotic disturbances, contributing to the
complexity of tree declines. Habitat fragmentation results in edge habitats that are
characterised by different environmental conditions in comparison to their interior
forest habitats (Forman & Moore 1992). Edges can experience more extreme climate
such as higher amounts of solar radiation and wind gusts resulting in drier soil and air.
In addition, edges can experience greater fluctuations in microclimate such as
temperature and moisture (Crockatt 2012). Roads can cause both chemical and physical
disturbance to adjacent forest habitats (Neher, Williams & Lovell 2017). Fragments that
border agricultural land or urban areas have an increased probability of deposition by
nitrogen and other fertilizers as well as pesticides and other pollutants (Bignal, Ashmore
& Headley 2008; Alzetta et al. 2012). These fragments are also prone to exposure by
biotic stressors such as pathogens and insects through human and animal movement
(Barber et al. 2013; Tracey et al. 2014). The result is complicated decline syndromes
affecting both tree health and communities of mycorrhizal fungi; unfortunately, few
empirical studies show the relationship between tree decline and mycorrhizal fungi (see
Sapsford et al. 2017 for references (Chapter 1)). The study presented here is one of the
first to look at the relationship between tree decline and mycorrhizal fungi at a
landscape-scale.
The decline in health of marri, Corymbia calophylla (family: Myrtaceae), an important
forest tree species in Western Australia has been associated with anthropogenic
disturbance, changes in climate, and a canker disease caused by Quambalaria coyrecup
(Paap et al. 2017a). Corymbia calophylla are mainly ectomycorrhizal hosts but do have
arbuscular mycorrhizal fungi associated with their roots; however, little is known about
the communities of these fungi in C. calophylla. Therefore, the aims of this study were
to determine 1) whether the mycorrhizal communities associated with C. calophylla are
changing across a disturbance gradient, and 2) whether this change is linked to
alterations in climate and various abiotic factors such as leaf litter depth, soil nutrient
levels and soil temperature and moisture. It is hypothesized that mycorrhizal
communities close to anthropogenically disturbed areas will be different than
mycorrhizal communities found within intact forest. Additionally, anthropogenically
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disturbed areas will have higher nitrogen and phosphorus deposition which will also
cause changes in communities of mycorrhizal fungi.

Methods
Sites
Seventeen sites were selected in southwest Western Australia throughout the range of
Corymbia calophylla (Paap et al. 2017a) (Figure 2.1). Each site consisted of a gradient
from a highly disturbed area (road edge along cleared land) to a healthy forest block
(opposite side of road). These disturbed areas also had high incidences of canker disease
caused by the fungus Quambalaria coyrecup (Paap et al. 2017a). The disturbance
gradient included three lateral transects consisting of ten trees each. The transect along
the highly disturbed area (henceforth disturbed edge) consisted of a remnant stand of
C. calophylla adjacent to cleared land (Figure 2.2). The remaining two transects were
part of an intact forest (where transect two was along the forest edge) and transect
three was 200 m into the forest block. While floristically diverse, the dominant species
in the forest block were C. calophylla, Eucalyptus marginata (jarrah, family: Myrtaceae),
and the midstory species Xanthorrhoea australis (grass trees, family: Asphodelaceae)
and Banksia grandis (Bull banksia, family: Proteaceae).
Soil and litter collection
At each site, ten C. calophylla trees from each transect were randomly selected (every
10 m the closest tree was sampled) and one soil sample was taken from each tree. Soil
was collected in June 2015 (austral winter). For each transect, soil was bulked (total of
one bulked sample from each lateral transect; 51 samples) and divided to be used in two
different experiments: soil nutrients and properties analysis and a glasshouse bioassay.
During the same survey, one handful of leaf litter around each tree was collected and
bulked for each transect for use in the glasshouse bioassay experiment to mimic natural
conditions. For ten C. calophylla along each transect, at each site, leaf litter depth was
recorded by taking the average of four measurements around the tree to the nearest
0.1 cm.
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Soil nutrients and properties
From each bulked soil sample, from each transect at each site, 500 g of soil was sent to
CSBP (CSBP Limited, Kwinana, Western Australia) for nutrient analysis. Compounds that
were tested included Colwell phosphorus, Colwell potassium, sulphur (KCl 40), organic
carbon (Walkley-Black), nitrate nitrogen, ammonium nitrogen, electrical conductivity,
pH (water), pH (CaCl2), boron, trace elements (DTPA: copper, zinc, manganese, iron),
exchangeable cations (calcium, magnesium, sodium, potassium, aluminium), and total
organic matter (loss on ignition).
Soil moisture was measured in austral summer (March 2016) and winter (September
2016) by collecting soil from each transect at each site, weighing the soil, allowing the
soil to dry (2 weeks in a 37˚C room), and weighing the dried soil. The difference in weight
was calculated as a percentage which was used as a proxy for soil moisture throughout
the analyses.
Soil temperature was recorded every two hours for one year (October 2015 – October
2016) by placing one Thermochron iButton datalogger (model DS1921G, precision:
0.5˚C, accuracy: 1˚C) 10 cm below the surface of the soil at each transect at each site.
They were placed approximately 1 m from a C. calophylla tree in the middle of each
transect. If there was a layer of leaf litter, the litter was removed and the iButton placed
10 cm below the soil and the leaf litter was replaced. By doing so the effects of leaf litter
on soil temperature were accounted for.
Glasshouse bioassay experiment
The remainder of the bulked soil from each transect was divided into 2.8 L free-draining
polyurethane pots (P175STK, 2.8L, Garden City Plastics, Canning Vale, Western Australia,
6155). There were five replicate pots for each transect for each site for a total of 255
pots. An additional ten pots filled with pasteurised (steamed at 65˚C for three hours)
river sand acted as controls for the glasshouse environment. The glasshouse controls
received one-quarter of the recommended rate of Thrive (all-purpose soluble fertilizer;
Yates Australia, Padstow, New South Wales, 2211) twice during the six months of the
experiment. Due to the lack of nutrients in pasteurised river sand, the addition of Thrive
prevented death of the control plants. Three C. calophylla seeds (provenance
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Plantagenet collected from 34°39'11.8512"S 117°30'5.8356"E) were placed into pots
and each pot was covered in leaf litter collected from the respective site and transect.
Control pots were covered in high density polyethylene beads (Qenos Pty Ltd, Altona,
Victoria, Australia) to replicate leaf litter. Once the seeds germinated, seedlings were
reduced to one. Seedlings were chosen at random to be thinned. Pots were watered to
container capacity every three days. Pots were placed in a randomized plot design and
each pot was moved randomly to a new location in the glasshouse every two weeks.
After six months, the roots were rinsed of soil and roots were stripped (accomplished
by placing a lateral root between the forefinger and thumb and “stripping” the fine roots
as the fingers were moved up the root) and fine roots were separated from larger lateral
roots through a sieve. To prevent contamination between samples, new gloves were
worn for each sample. Fifty micrograms of fine root material were placed into a 2 mL
vial and stored at -20˚C.
DNA extraction and high-throughput sequencing
DNA was extracted from the roots (including the ten glasshouse controls) using a
PowerPlant Pro DNA isolation kit as per the manufacturer’s protocol (Gene Works Pty
Ltd, Thebarton, South Australia, 5031). Amplicon library preparation was performed
according to recommended protocols (Illumina Demonstrated Protocol: 16S
Metagenomic Sequencing Library Preparation) with exceptions. eDNA was amplified
using the fungal specific primer fITS7 (Integrated DNA Technologies, Baulkham Hills,
New South Wales, 2153) and eukaryotic primer ITS4 as the reverse primer (Integrated
DNA Technologies, Baulkham Hills, New South Wales, 2153) which amplified the ITS2
gene region (universal genetic barcode for fungi; Ihrmark et al. 2012). Twelve extraction
controls and 11 PCR controls included were negative. PCR products were visualized on
2% agarose gels and pooled based on band intensity. Some glasshouse controls only
produced faint bands, but this was equalised at the pooling stage. Up to 265 uniquely
indexed libraries were pooled for the sequencing run, which was performed on an
Illumina MiSeq using 600-cycle V3 chemistry (300 bp paired-end reads) following the
manufacturer’s recommendations.
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Bioinformatic analysis
Paired-end reads were merged using USEARCH v8.0.1623 (Edgar 2010) with a minimum
overlap length of 50 bp and no gaps allowed in the merged alignments. Sequence
deconvolution such as quality control and clustering was carried out using the
bioinformatics platform SCATA (scata.mykopat.slu.se) developed and maintained by the
Swedish University of Agricultural Sciences in Uppsala. Alignments of sequences and
identification of molecular operational taxonomic units (MOTUs) followed the protocol
from Chapter 4. In addition, the library built in Chapter 4 was used to compare
sequences and determine final identities of MOTUs. Final identities were considered
phylotypes acknowledging that their identity is based on sequence data rather than a
living isolate. Any phylotypes found in control samples were removed from all other
samples, as they were considered glasshouse contaminants (Chapter 4).
Ecological information of each phylotype was based primarily on FUNGuild
(https://github.com/UMNFuN/FUNGuild)
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assignments were made on ranks of ‘probable’ and ‘highly probable’ (Nguyen et al.
2016). Where there was no match or a phylotype was ranked as ‘possible’, literature
searches were conducted and phylotypes assigned to a guild based on published
literature. If more than one guild was applicable to a phylotype, then assignment was
based on the most likely guild that would be found on tree roots. If no information was
found than the phylotype was classified as an “unidentified fungi” guild.
Statistical analysis
All analyses were performed using R version 3.4.0 (R Core Team 2017) and all plots were
developed using the package ggplot2 (Wickham 2009). To determine whether the
proportion of sequenced reads of each ecological guild differed across the disturbance
gradient, a Chi-square test was conducted. To determine specifically which ecological
guilds differed across the disturbance gradient, a Fisher’s exact test was performed.
To determine mycorrhizal richness (number of phylotypes) of each sample, molecular
operational taxonomic unit (MOTU) mycorrhizal richness was rarefied based on the
minimum number of sequences observed per sample using the rarefy function in the
vegan package in program R (Oksanen 2015). Rarefying richness allows meaningful
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comparisons of mycorrhizal MOTU richness among samples while standardizing for
number of samples (Gotelli & Colwell 2001). The MOTU matrix (relative abundance) was
transformed using a Hellinger transformation in function decostand in the vegan
package. To determine the differences in mycorrhizal fungal communities across the
disturbance gradient, the Bray-Curtis dissimilarity index was calculated among samples.
These communities were then visualized using non-metric multidimensional scaling
(NMDS). The incidence of MOTUs was also tested using the Jaccard dissimilarity index.
To test for differences among the three disturbance transects, permutational
multivariate analysis of variance (PERMANOVA) using the function adonis was used in
the vegan package (Oksanen 2015) in program R. When appropriate, pairwise
comparisons were used between each pair of transects and adjusted p-values for
multiple comparisons using the function p.adjust with the “holm” procedure (Holm
1979). Alpha diversity (diversity of each sample) was calculated using function diversity
in the vegan package and to test differences among the three transects, an ANOVA was
performed. Beta diversity (i.e., species turnover) was calculated using function bray.part
in the betapart library (Baselga & Orme 2012; Baselga 2013). To compare beta diversity
across the three transects, function betadisper was used in the vegan package.
A summary of soil nutrients and properties that were recorded across all sites is listed
in Table 5.1. Many soil nutrients and properties were collinear, so those with high
variance inflation factor (VIF; Table S5.1; Table S5.2) were removed for the rest of the
analyses as collinearity can bias results (Zuur et al. 2010). To evaluate whether changes
in mycorrhizal communities were related to abiotic factors (i.e., soil nutrients, soil
temperature, soil moisture and leaf litter depth), a canonical correspondence analysis
(CCA) was performed. Relevant explanatory environmental variables (NH4, NO3, P, K,
Mn, Cu, Zn, Fe, S, Na, pH, organic matter, mean soil temperature during the driest
quarter, mean soil temperature during the wettest quarter, winter soil moisture, and
leaf litter depth) were selected by permutation tests with forward model selection using
the function ordistep in the vegan package (Oksanen 2015) in program R.
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Results
Molecular operational taxonomic unit (MOTU) identification
Through SCATA, 76.5% of reads (total 14,035,861) passed quality control (see summary
of sequence depth in Figure S5.1 Table S5.3). The top MOTUs that represented at least
0.001% of the reads (most dominant) were used, and this resulted in a library of 1665
phylotypes. As this study focused on communities at a regional scale, only the dominant
MOTUs were used in the analysis. Final identities were considered phylotypes
acknowledging their identity is based on sequence data rather than a living isolate. Of
these, 286 were identified as mycorrhizal fungi through the library developed in Chapter
4, literature and FUNGuild.
Ecological function of fungal communities
The proportion of sequenced reads of each phylotype (quantitative data) in each
ecological guild differed across the disturbance gradient; there was a significant
difference (χ2 = 105.38, df = 13, p <0.001) in distributions of ecological guilds between
the disturbed edge and forest (Figure 5.1). A significantly (p < 0.0001) greater proportion
of reads of ectomycorrhizal fungi were sequenced from the disturbed edge than the
other two transects; however, this did not correlate to more phylotypes (n = 112 on
disturbed edge; n = 130 in forest). A greater (p = 0.003) proportion of reads of
saprotrophic fungi were sequenced from within the forest in comparison to the other
transects (Figure 5.1). In this case, there were a greater number of saprotrophic
phylotypes found within the forest (n = 319) in comparison to the disturbed edge (n =
267). A slightly higher proportion of arbuscular mycorrhizal fungi were sequenced from
within the forest than both edge transects, but the difference was not significant (p =
1.000; Figure 5.1). In comparison, the relative proportion of incidence of phylotypes
(qualitative data using presence/absence) did not differ significantly (χ2 = 3.418, df = 13,
p = 0.999) between the disturbed edge and forest (Figure 5.1).
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Figure 5.1: Fungal communities sequenced from glasshouse bait plants
(Corymbia calophylla) grown in soils collected along a disturbance gradient:
disturbed edge (i.e., remnant stand of C. calophylla bordering cleared land and a
road), forest edge, and 200 m within a forest. Fungi were designated into
trophic/ecological functional guilds represented by (A) using relative abundance
(quantitative data) and (B) using incidence data (qualitative data).

Communities of mycorrhizal fungi
Rarefied MOTU mycorrhizal richness differed significantly (F2,240 = 29.42, P < 0.0001)
across the disturbance gradient with mycorrhizal richness lower along the disturbed
edge than the forest (Figure 5.2). The communities of mycorrhizal fungi differed
significantly (F2,240 = 3.27, p = 0.0001) across all three transects (Figure 5.3). When looked
at separately, the communities of ectomycorrhizal and arbuscular mycorrhizal fungi
differed across the disturbance gradient (Figure S5.2); however, as arbuscular
mycorrhizal specific primers were not used the rest of the results focused on the
mycorrhizal community as a whole. Alpha diversity differed significantly (F2, 240 = 24.46;
p < 0.0001) across all transects with diversity greatest within the forest. Beta diversity
was similar (F2,240 = 1.90; p = 0.1526) across all transects.
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Figure 5.2: Rarefied molecular operational taxonomic unit (MOTU) mycorrhizal
richness across a disturbance gradient: disturbed edge (i.e., remnant stand of C.
calophylla bordering cleared land and a road), forest edge, and 200 m within a
forest.
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Figure 5.3: Non-metric multidimensional scaling (NMDS) plot demonstrating the
communities of mycorrhizal fungi associated with Corymbia calophylla across a
disturbance gradient: disturbed edge (i.e., remnant stand of C. calophylla
bordering cleared land and a road), forest edge, and 200 m within a forest. Stress
= 0.260.

Soil nutrients and properties
The mean concentrations of soil nutrients were higher along the disturbed edges than
within the forest, specifically nitrate nitrogen, phosphorus, magnesium, potassium,
boron, zinc and sodium (Table 5.1; Figure S5.3). Soil conductivity was also higher along
disturbed edges than within the forest. Mean winter soil moisture, mean soil
temperatures and leaf litter depth were higher along disturbed edges than within the
forest (Table 5.1; Figure S5.3).
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Table 5.1: The site and soil properties across 17 sites in southwest Western
Australia along a disturbance gradient: disturbed edge (i.e., remnant stand of C.
calophylla bordering cleared land and a road), forest edge, and 200 m into intact
forest. Values are means ± 95% confidence intervals. The difference between the
means is not significant for values with the same letter (superscript). Grey shading
highlights the transects that are significantly (p < 0.05) different from the disturbed
edge (ANOVA).
Site and soil properties
Macronutrients

Disturbed edge

Forest edge

Forest

Ammonium nitrogen (mg/kg)

4.82± 0.75 A

4.88 ± 1.04 A

3.71 ± 0.99 A

Nitrate nitrogen (mg/kg)

1.18 ± 0.60 A

0.76 ± 0.35 AB

0.50 ± 0.00 B

Sulphur (mg/kg)

5.81 ± 1.08 A

4.54 ± 0.71 A

5.78 ± 3.12 A

Phosphorus (mg/kg)

6.31 ± 0.84 A

4.88 ± 1.04 B

3.47 ± 0.58 C

Magnesium (meq/100g)

2.03 ± 0.56 A

1.51 ± 0.31 A

0.90 ± 0.18 B

Calcium (meq/100g)

4.06 ± 1.32 A

3.22 ± 0.62 A

2.37 ± 0.54 A

Potassium (mg/kg)

129.65 ± 33.71 A

104.71 ± 25.22 A

65.82 ± 13.76 B

Exchangeable potassium (meq/100g)

0.30 ± 0.08 A

0.24 ± 0.05 A

0.16 ± 0.03 B

Iron (mg/kg)

60.88 ± 11.73 A

57.98 ± 13.18 A

44.35 ± 10.44 A

Manganese (mg/kg)

5.39 ± 2.25 A

3.98 ± 1.63 A

5.06 ± 2.69 A

Copper (mg/kg)

0.37 ± 0.28 A

0.21 ± 0.08 A

0.15 ± 0.05 A

Zinc (mg/kg)

1.63 ± 0.96 A

0.81 ± 0.64 B

0.17 ± 0.06 C

Boron (mg/kg)

0.91 ± 0.21 A

0.67 ± 0.13 A

0.43 ± 0.10 B

Exchangeable sodium (meq/100g)

0.24 ± 0.06 A

0.16 ± 0.04 B

0.13 ± 0.04 B

Exchangeable aluminium (meq/100g)

0.51 ± 0.16 A

0.52 ± 0.24 A

0.58 ± 0.22 A

Conductivity (dS/m)

0.05 ± 0.01 A

0.04 ± 0.01 B

0.03 ± 0.01 B

pH H2O

5.86 ± 0.17 A

5.95 ± 0.22 A

5.85 ± 0.24 A

pH CaCl2

4.72 ± 0.18 A

4.89 ± 0.22 A

4.74 ± 0.29 A

Organic carbon (%)

3.32 ± 0.59 A

2.73 ± 0.52 A

2.57 ± 0.57 A

Organic matter (%)

8.32 ± 1.36 A

7.51 ± 1.21 A

6.50 ± 0.86 A

Organic moisture (%)

8.74 ± 1.97 A

9.16 ± 2.34 A

7.87 ± 2.07 A

Winter soil moisture (%)

8.80 ± 2.06 A

8.15 ± 2.14 AB

5.66 ± 1.17 B

Summer soil moisture (%)

5.07 ± 1.15 A

4.49 ± 1.20 A

3.76 ± 0.82 A

Mean soil temperature of wettest quarter (˚C)

12.30 ± 0.54 A

11.50 ± 0.45 B

11.29 ± 0.40 B

Mean soil temperature of driest quarter (˚C)

18.67 ± 1.01 A

19.65 ± 1.13 AB

20.65 ± 1.24 B

Mean soil temperature of coldest quarter (˚C)

12.24 ± 0.58 A

11.44 ± 0.47 AB

11.23 ± 0.42 B

Micronutrients

Beneficial Mineral Elements

Other Soil Properties
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Site and soil properties
Mean soil temperature of warmest quarter (˚C)

Disturbed edge
20.29 ± 0.86 A

Forest edge
21.33 ± 1.09 AB

Forest
22.24 ± 1.21 B

Minimum soil temperature of coldest month (˚C)

8.85 ± 0.93 A

7.53 ± 0.97 AB

6.72 ± 0.89 B

Maximum soil temperature of warmest month (˚C)

25.71 ± 2.42 A

28.86 ± 2.77 AB

32.00 ± 2.76 B

Annual mean soil temperature (˚C)

16.74 ± 0.60 A

16.90 ± 0.64 A

17.18 ± 0.59 A

Temperature annual range of soil (˚C) 1

3.11 ± 0.69 A

4.28 ± 1.19 AB

5.21 ± 1.10 B

5.84 ± 1.60 A

3.28 ± 0.91 B

1.76 ± 0.39 C

Site characteristics
Leaf litter depth (cm)
1

Temperature Annual Range = Max Temperature of Warmest Month/Min Temperature of Coldest Month

Environmental fitting tests (permutations = 999) revealed all 16 predictor variables (NH4,
NO3, P, K, Mn, Cu, Zn, Fe, S, Na, pH, organic matter, mean soil temperature during the
driest quarter, mean soil temperature during the wettest quarter, gravimetric soil water
potential, and leaf litter depth) had significant effects on the communities of mycorrhizal
fungi and explained 23.5% of the variance structuring mycorrhizal communities (Figure
5.4).
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Figure 5.4: Canonical correspondence analysis (CCA) between communities of
mycorrhizal fungal associated with Corymbia calophylla and soil chemistry and
properties across a disturbance gradient (disturbed edge (i.e., remnant stand of
C. calophylla bordering cleared land and a road), forest edge, and 200 m within
intact forest). Relevant explanatory environmental variables (p ≤ 0.01) were
selected by a permutation test with forward selection using 999 permutations.
Ammonium (NH4), nitrate (NO3), phosphorus (P), potassium (K), manganese (Mn),
copper (Cu), zinc (Zn), iron (Fe), sulphur (S), sodium (Na), organic matter (Org.M)
and soil pH were the soil chemistry variables selected. Mean soil temperature
during the driest quarter (Driest.T), mean soil temperature during the wettest
quarter (Wettest.T), and soil moisture (Moisture) were the soil properties selected.

Discussion
The results from this study demonstrated how the communities of mycorrhizal fungi
differed along a disturbance gradient. A greater proportion of ectomycorrhizal fungi
were sequenced from disturbed edges but this did not correlate to greater mycorrhizal
richness along these edges, nor did it correlate to a higher diversity. Furthermore,
abiotic soil properties drove the differences in these communities of mycorrhizal fungi.
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The individual effects of the top correlated abiotic variables are discussed below;
however, it is important to note nutrient concentration and availability in the soil varies
depending on the interaction among physical characteristics such as soil water content,
soil depth, pH, cation-exchange capacity, redox potential, amount of soil organic matter
and microbial activity (Marschner & Rengel 2012). These interacting factors make it
difficult to determine a single soil factor responsible for changes in communities of
mycorrhizal fungi.
Ecological functional guilds
The ecological functional guilds of fungi differed across the disturbance gradient. A
higher proportion of ectomycorrhizal fungi were sequenced along the disturbed edge
than within the forest but this did not correlate to higher mycorrhizal richness. Instead,
mycorrhizal richness was much lower on the disturbed edge than within the forest. The
amount of leaf litter on the disturbed edges could explain the greater proportion of
ectomycorrhizal fungi. Leaf litter depth along disturbed edges was greater than the leaf
litter depth within the forest; this pattern could be correlated with nitrogen gradient
found across the transects (Satti et al. 2003; Paudel et al. 2015). Thus, as a nutrient
source, leaf litter is an important component in fungal succession and can alter
communities of fungi (Frankland 1998; Dejene, Oria-de-Rueda & Martín-Pinto 2017).
Many mycorrhizal species are found in leaf litter, which is a substrate they use to obtain
nutrients (Grove, Thomson & Malajczuk 1996). It is possible this increase in nutrient
source explains the increase in mycorrhizal fungi along the disturbed edge. Arbuscular
mycorrhizal fungi also decompose leaf litter, but higher colonisation is found in the most
decomposed leaves near the roots of trees (Aristizábal, Rivera & Janos 2004). Since
arbuscular mycorrhizal fungi specific primers were not used, the understanding of the
community composition of these fungi, in this study, may be limited. Further research
of these fungi is needed in this study system. The differences in mycorrhizal richness can
be explained by other abiotic variables mentioned below.
Soil nutrients
The communities of mycorrhizal fungi were correlated with all nutrients; however,
showed strong correlation with the nutrients nitrate nitrogen and iron. Environmental
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gradients can alter communities of mycorrhizal fungi and these changes can occur based
on subtle temporal changes in soil moisture content, temperature, pH and nutrient
availability (Ge et al. 2017; McBurney et al. 2017). Nitrogen is a limiting macro-nutrients
for many plants and is used as a fertilizer in agriculture (Plassard & Dell 2010). The
majority of the disturbed transects bordered agricultural land where nitrogen
fertilization would be common (Department of Primary Industries and Regional
Development 2016). It is highly probable that excess nitrogen leached into these
disturbed edges altering the levels of nitrogen in the soil, and thus the mycorrhizal fungal
communities. Long-term nitrogen deposition often results in an accumulation of soil
organic matter, and with different nitrogen acquisition strategies species composition
of mycorrhizal communities could change. For example, a field site treated with nitrogen
for more than twenty years showed changes in relative abundances, diversity and
community composition of soil fungi in a temperate hardwood forest (Morrison et al.
2016). There was a decrease in the abundance and diversity of EMF with an increase in
several saprotrophic ascomycete taxa; however, nitrophilic EMF species such as Russula
vinacea increased three-fold (Morrison et al. 2016). At the same study site, the host tree,
Pinus resinosa, declined with a significant reduction in root biomass, reduced tree
vigour, needle loss and, in some cases, mortality (Frey et al. 2014).
Iron is intricately related to soil phosphorus and there were higher amounts of
phosphorus along both the disturbed and forest edge in comparison to the forest. Iron
complexes can bind to inorganic phosphorus and as phosphorus levels increase so does
iron (Giesler, Petersson & Högberg 2002). Alternatively, there are species specific
responses of mycorrhizal fungi to heavy metal accumulation in the soil; for example,
Some arbuscular mycorrhizal fungi can mobilise and/or take up iron from the soil to the
plant (Caris et al. 1998). There did seem to be a slightly higher abundance of arbuscular
mycorrhizal fungi along the disturbed edge which may be responding to this higher
amount of iron in the soil. Alternatively, there are species specific responses of
mycorrhizal fungi to heavy metal accumulation in the soil (Kahle 1993).
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Soil pH, moisture and temperature
Soil moisture and soil temperature were also highly correlated with communities of
mycorrhizal fungi. There is extensive evidence on the effects of these soil properties on
communities of mycorrhizal fungi (Fernandez et al. 2016; Selonen & Setälä 2016; Ge et
al. 2017; McBurney et al. 2017).
There were higher moisture levels along the disturbed edges in comparison to within
the forest; interestingly, this is opposite to what is found in the literature on forest edges
(Crockatt 2012). The higher amounts of leaf litter along the disturbed edges could
explain the higher soil moisture content in the disturbed edge soils; leaf litter could be
acting as an insulator preventing evaporation of water (Sydes & Grime 1981).
Decomposing organic matter is a major source of microcapillary water (water utilized by
tree roots) and thus the amount of organic matter in the soil is important for tree health
(Manion 1991). However, excess water is detrimental to tree roots (Manion 1991) and
thus mycorrhizal formation (Slankis 1974; García, Mendoza & Pomar 2008).
Alternatively, water stress can result in decreased colonization of mycorrhizal fungi
(Momayyezi & Upadhyaya 2016); consequently, the lower proportion of mycorrhizal
fungi sequenced in this study from undisturbed forest could be due to lower soil
moisture content.
On average, the soils within the forest reached a maximum temperature of 32˚C and a
minimum of 7˚C; in comparison, the soils of the disturbed edges reached a maximum of
25˚C and a minimum of 9˚C. Soil temperatures can shift communities of mycorrhizal
fungi as some mycorrhizal species are more tolerant of increased temperatures (Lehto
& Zwiazek 2011; Fernandez et al. 2016). When soil plots were warmed +3.5˚C,
mycorrhizal communities became more ascomycete dominant and also consisted of
more ectomycorrhizal fungi with short-contact hyphal exploration types (Fernandez et
al. 2016). Once again, the greater amount of leaf litter along the disturbed edge could
be insulating the soil, thus preventing soil temperatures to increase (Sydes & Grime
1981).
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Conclusion
This study has demonstrated how abiotic soil factors compounded by anthropogenic
disturbance changes the communities of mycorrhizal fungi across a regional scale. Due
to the intricate relationships among the different soil nutrients and properties, it is likely
that multiple factors are responsible. In this study, it is possible that leaf litter was
causing changes in some nutrient concentrations, soil moisture and temperature, and
thus communities of mycorrhizal fungi as a response to anthropogenic disturbance.
Further research is needed to determine what exactly is changing (i.e., species richness
or functional groups of mycorrhizal fungi).
There is an intricate relationship among disturbance events in the health of forest
ecosystems and below-ground microbial associations. In the case of C. calophylla it is
possible mycorrhizal communities are changing in response to disturbance which
decreases the health of their host or alternatively tree health decreases from the
stresses of anthropogenic disturbances which then alters their communities of
mycorrhizal fungi. This relationship is difficult to tease apart. Although, not included in
the present study, a canker disease is associated with the disturbed sites and another
study (Chapter 6) examined the relationships with mycorrhizal fungi, anthropogenic
disturbance and canker disease in C. calophylla. Similar scenarios are likely to be
occurring in other forest ecosystems; however, empirical studies that incorporate
mycorrhizal fungi, especially that the landscape-scale of this study, in tree declines are
limited (Sapsford et al. 2017). With increases in global change, more disturbances
interact, such as climate change, introductions and spread of pathogens and pollution.
Understanding how mycorrhizal fungi interact with their tree hosts, especially when
their hosts are experiencing multiple stressors, will help us understand tree declines and
how to mitigate them.
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Chapter 6: Anthropogenic disturbance,
mycorrhizal fungi and soil properties predispose
a Mediterranean-type forest tree to a canker
disease
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Abstract
Abiotic and biotic stressors and environmental factors highly influence pathogen range
expansion and impact. In many cases, these stressors interact and cause complicated
disease syndromes. Corymbia calophylla, a keystone tree species in southwest Western
Australia, has been more tolerant of disease than other trees in this region. However,
by the 1990s, stem cankers were causing noticeable decline of C. calophylla. It has been
demonstrated that disease incidence in C. calophylla is higher in areas with wetter and
cooler climates and areas affected by anthropogenic activities. The aim of this study was
to determine what abiotic and biotic factors may be driving disease in C. calophylla in
anthropogenically disturbed areas. Seventeen sites were selected consisting of a
disturbance gradient of three transects: remnant stand of C. calophylla bordering
cleared land and a road, a forest edge, and the middle of intact forest. Soil was collected
from ten trees along each transect and the nutrient composition was tested. This soil
was used in a glasshouse experiment from which roots were harvested to determine the
communities of mycorrhizal fungi. Results demonstrated macro- and micro-nutrients,
soil moisture, pH and mycorrhizal species richness were potentially driving changes in
canker incidence along disturbed edges. Above ground variables, C. calophylla stem
basal area and overstory tree diversity, were also potential drivers of canker incidence:
high basal area and low overstory tree diversity were correlated to high canker
incidence. It is possible the microclimate along disturbed edges is disrupting
communities of mycorrhizal fungi which is altering nutrient acquisition by the trees. The
decrease in mycorrhizal species richness compounded with low tree diversity and high
host basal area could potentially be predisposing C. calophylla to canker disease,
resulting in a complicated disease syndrome.

Introduction
Climate change poses a major threat to forest ecosystems. The distributions of hosts
and pathogens are strongly influenced by environmental conditions such as increases in
temperature and changes in precipitation (Evans et al. 2008; Sturrock et al. 2011). The
roles of pathogens as disturbance agents are predicted to increase as their ability to
adapt to changes in the environment is greater than their long-lived tree hosts (Sturrock
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et al. 2011). How these pathogens impact forest ecosystems will be compounded by
other abiotic and biotic disturbances and environmental influences (Seidl et al. 2017).
These abiotic and biotic stressors can act on both the pathogen and host independently,
altering the host-pathogen relationship and thus controlling the dynamics of the disease
(Cobb & Metz 2017). Therefore, it has become an important goal in current research to
elucidate the environmental influences on both pathogens and their tree hosts, in an
effort to mitigate forest tree diseases and declines (Cobb & Metz 2017).
Many abiotic and biotic stressors can contribute to and exacerbate tree disease (Cobb
& Metz 2017; Sapsford et al. 2017 (Chapter 1)), and include and are not limited to 1)
increased nitrogen deposition and habitat fragmentation as a result of increases in
anthropogenic activities (Heng et al. 2016; Morrison et al. 2016); 2) introduced pests
and pathogens due to increased global plant trade (Eschen et al. 2015); and 3) the
resulting changes in below ground microbial communities such as mycorrhizal fungi and
alterations in soil chemistry and composition (Sapsford et al. 2017 (Chapter 1)). In many
cases, these interactions result in complicated disease syndromes. For example, a
changing climate, tree size and age, introduced blister rust (Cronartium ribicola) and
mountain pine beetles (Dendroctonus ponderosae) all contribute to the decline and loss
of whitebark pines (Pinus albicaulis) in North America (Wong & Daniels 2016). Due to
the long-lived nature of forest trees and the accumulating interactive drivers affecting
trees, mitigating tree disease can be a colossal task.
The southwest of Western Australia (SWWA) has a Mediterranean type climate and is a
recognized biodiversity hotspot (Klausmeyer & Shaw 2009; Mittermeier et al. 2011).
However, the native vegetation is highly fragmented due to the extensive clearing
throughout this landscape (Shepherd, Beeston & Hopkins 2002), and the region has also
suffered from introduced pathogens such as Phytophthora cinnamomi (Burgess et al.
2017). Furthermore, the region has experienced decreases in annual rainfall and
increases in temperatures since the 1970s (Bates et al. 2008) which is projected to
continue into the future (CSIRO & Bureau of Meterology 2007; IPCC 2013). The
combination of these factors is the most likely cause for the decline of many native tree
species in the region (Scott et al. 2009; Barber et al. 2013; Brouwers et al. 2013a;
Matusick et al. 2013; Brouwers & Coops 2016).
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Corymbia calophylla, a keystone tree species in SWWA, has been more tolerant of
disease than other trees in this region. For example, it is field resistant to P. cinnamomi
(Shearer & Tippett 1989). In 1939-1940 stem cankers were first noticed on C. calophylla,
but at the time were of no serious concern (MacNish 1963). However, by the 1990s,
these stem cankers were causing noticeable decline of C. calophylla (Shearer 1994).
Paap et al. (2008) identified the causal agent of this canker disease as the fungus
Quambalaria coyrecup, a species related to rusts thought to be endemic to the region.
A recent landscape-scale survey demonstrated disease incidence in C. calophylla was
higher in areas with wetter and cooler climates and areas with a higher proportion of
non-native vegetation (proxy for disturbance) (Paap et al. 2017a). Canker disease
incidence was also greater in areas affected by anthropogenic activities such as parks,
small remnants, peri-urban areas, cleared land used for farming and/or grazing and
along roadsides (Paap et al. 2016; Paap et al. 2017a).
As disturbance is playing a key role in canker disease incidence in C. calophylla, ‘what
abiotic and biotic factors may be driving disease in anthropogenically disturbed areas?’
In addition to above ground influences such as vegetation and climate, there are below
ground influences that can drive tree diseases and declines (Sapsford et al. 2017
(Chapter 1)). Therefore, the aims of this study were to 1) determine the effects of soil
microbial communities, soil nutrients and soil temperature and moisture on canker
disease incidence in C. calophylla in SWWA, and 2) determine whether these below
ground variables drive canker disease incidence in conjunction with above ground
variables (total stem density, basal area and overstory tree diversity). It is hypothesized
that canker incidence is higher along anthropogenically disturbed sites due to the higher
concentrations of soil nutrients and low mycorrhizal fungal richness in comparison to
intact forest sites. With a greater understanding of the environmental influences and
disturbances driving this canker disease, we will be in a better position to mitigate the
decline of C. calophylla.
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Methods
Study species and area
Corymbia calophylla is a bloodwood tree endemic to southwest Western Australia
(SWWA; Chapter 2) occurring in areas of precipitation between 360 – 1150 mm annual
rainfall (averages for 1981-2010, derived from the Australian Water Availability Project
(AWAP) dataset, see Jones, Wang & Fawcett 2009; Raupach et al. 2009; Raupach et al.
2011).
Field survey and study sites
Seventeen sites were selected throughout the C. calophylla range in SWWA (Figure 2.1).
Each site consisted of a gradient from a highly disturbed area (road edge with
anthropogenic disturbance) to healthy forest block (opposite side of road). The gradient
included three lateral transects consisting of ten trees each. The transect along the
highly disturbed area (henceforth disturbed edge) consisted of a remnant stand of C.
calophylla. All disturbed edges bordered a road and land designated into agricultural or
horticultural purposes. The remaining two transects were part of an intact forest (where
transect two was along the road edge, opposite the disturbed edge) and transect three
was 200 m into the forest block. Each transect was 100 m in length and 3 m in width and
thus an area of 300 m2.
Assessment of cankers was based on the presence or absence of the symptoms and signs
associated with Q. coyrecup, including excessive bleeding (gummosis) staining the trunk
or limb dark red, splitting and eventual shedding of the bark to reveal perennial cankers,
and sporulation of the pathogen visible as powdery white masses within the cankered
area (Paap et al. 2008; Paap et al. 2016). For each transect, the number of C. calophylla
trees with cankers was converted into a proportion by dividing it by the total number of
surveyed C. calophylla trees.
All trees within each transect with a diameter at breast height (DBH) > 5 cm were
measured and the species identity and abundance recorded. Total stem density was
calculated as number of stems per hectare. Total stand basal area (m 2 ha-1) was
calculated as the sum of the basal area of all trees within each transect divided by
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transect area and multiplied out to a hectare. Basal area of C. calophylla relative to other
species was calculated as C. calophylla basal area divided by total basal area.
Soil properties and nutrients (as per Chapter 5)
Soil temperature was recorded every two hours for one year (October 2015 – October
2016) by placing one Thermochron iButton datalogger (model DS1921G, precision:
0.5˚C, accuracy: 1˚C) 10 cm below the surface of the soil at each transect. They were
placed approximately 1 m from a C. calophylla tree in the middle of each transect. If
there was a layer of leaf litter, the litter was removed and the iButton placed 10 cm
below the soil and the leaf litter was replaced. soil moisture was measured in austral
summer (March 2016) and winter (September 2016) by collecting soil from each
transect at each site, weighing the soil, allowing the soil to dry (at a constant 37˚C for
two weeks), and weighing the dried soil. The difference in weight was calculated as a
percentage which was used as a substitute for soil moisture throughout the analyses.
Five hundred grams of soil from each transect at each site was sent to CSBP (CSBP
Limited, Kwinana, Western Australia) for nutrient analysis. Compounds that were tested
included Colwell phosphorus, Colwell potassium, sulphur (KCl 40), organic carbon
(Walkley-Black), nitrate nitrogen, ammonium nitrogen, electrical conductivity, pH
(water), pH (CaCl2), boron, trace elements (DTPA: copper, zinc, manganese, iron),
exchangeable cations (calcium, magnesium, sodium, potassium, aluminium), and total
organic matter (loss on ignition).
Mycorrhizal fungal communities
To evaluate mycorrhizal fungal communities of each transect at each site, soil was
collected from each transect and used in a bioassay glasshouse trial to bait for
mycorrhizal fungi. The protocol of the glasshouse experiment, DNA extractions, DNA
sequencing and bioinformatics analysis were described in Chapter 5. The rarefied
molecular operational taxonomic unit (MOTU) mycorrhizal richness calculated in
Chapter 5 was used in the following analysis.
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Statistical analysis
All analyses were performed using R version 3.4.0 (R Core Team 2017) and all plots were
developed using the package ggplot2 (Wickham 2009). Data exploration was carried out
according to Zuur, Ieno and Elphick (2010). Many soil nutrients and properties were
collinear (Chapter 5) so those with high variance inflation factor (VIF; Chapter 5) were
removed for the rest of the analyses as collinearity can bias results (Zuur et al. 2010).
To calculate overstory tree diversity at each transect at each site Shannon diversity was
calculated using the function diversity in the vegan package (Oksanen 2015).
To model canker incidence as a function of the covariates, a binomial generalized linear
mixed model with a logit link was used with function glmer in the package lme4. Fixed
covariates included rarefied mycorrhizal richness, total stem density, C. calophylla basal
area per hectare, overstory tree diversity at each transect, soil nutrients (NH4, NO3, P, K,
S, Mg, Mn, Cu, Zn, Na) and soil properties: pH, soil organic matter, mean soil
temperature during wettest quarter, mean soil temperature during driest quarter and
winter gravimetric water potential (final nutrients after collinearity check; Chapter 5).
To incorporate the dependency among sites site was used as a random intercept. Model
assumptions were verified by visually inspecting residuals for assumptions of normality
and homoscedasticity (Zuur & Ieno 2016). The best model was based on Akaike’s
Information Criterion (AIC) (Burnham & Anderson 2004). Models with lower AIC values
are considered more parsimonious explanations of the data than models with higher AIC
values.

Results
The proportion of trees with canker differed significantly (F2,36.96 = 70.607, P <0.0001)
across the disturbance gradient (Figure 6.1).
The output from the binomial GLMM suggested that proportion of trees with canker
(canker incidence) was correlated with rarefied mycorrhizal richness, C. calophylla basal
area/hectare, overstory tree diversity of each transect, winter gravimetric water
potential (soil moisture), pH and all soil nutrients included in the model (NH4, NO3, P, S,
Cu, Fe, Zn, and Na) (R2 = 0.36; Table 6.1; summary statistics in Chapter 5). Total stem
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density was removed from the model as the inclusion resulted in a higher AIC value. Soil
moisture was only marginally significantly correlated with canker incidence. Rarefied
mycorrhizal richness, overstory tree diversity, nitrate (NO3), sulphur (S) and copper (Cu)
were negatively correlated with canker incidence (Figure 6.2), whereas C. calophylla
basal area/hectare, ammonium (NH4), phosphorus (P), iron (Fe), zinc (Zn), sodium (Na)
and pH were positively correlated with canker incidence (i.e., as those predictor
variables increased so did canker incidence) (Figure 6.2). Sodium was collinear with soil
conductivity, indicating that either sodium or conductivity could be the predictor
variable.

Figure 6.1: Proportion of Corymbia calophylla trees with cankers across a
disturbance gradient: disturbed edge (i.e., remnant stand of C. calophylla
bordering cleared land and a road), forest edge, and 200 m into intact forest.
Values are means ± 95% confidence intervals. Values are means ± 95% confidence
intervals.
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Table 6.1: Estimated regression parameters, standard errors, z-values and pvalues for the binomial generalized linear mixed model where proportion of trees
with canker (canker incidence) was the response and various abiotic and biotic
variables were the predictors. Bold values indicate predictor variables that were
significant (p<0.05).

Response
Canker
incidence

Predictor
Intercept

Estimate
-1.5263

Std.
error
0.1712

z-value p-value
-8.914 <0.0001

Rarefied mycorrhizal richness
C. calophylla basal area/hectare
Overstory tree diversity
Soil moisture
Mean soil temperature during the
wettest quarter (˚C)
Mean soil temperature during the
driest quarter (˚C)
Ammonium (NH4)
Nitrate (NO3)
Phosphorus (P)
Sulphur (S)
Copper (Cu)
Iron (Fe)
Zinc (Zn)
Sodium (Na)
pH

-0.1227
0.8018
-0.2569
0.1620
0.1262

0.0491
0.1097
0.0908
0.0818
0.0887

-2.497
7.309
-2.831
1.980
1.423

0.0125
<0.0001
0.0046
0.0477
0.1546

-0.2314

0.1211

-1.911

0.0560

0.2262
-0.1624
0.2490
-0.2334
-0.4673
0.1997
0.1428
0.3644
0.3432

0.0793
0.0686
0.0864
0.1128
0.0876
0.0910
0.0650
0.0910
0.0978

2.850
-2.368
2.883
-2.069
-5.336
2.194
2.197
4.004
3.511

0.0044
0.0179
0.0039
0.0386
<0.0001
0.0282
0.0280
<0.0001
0.0005
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Figure 6.2: The relationship among proportion of trees with canker (canker
incidence) and the top biotic and abiotic predictor variables from the binomial
GLMM. Lines indicate mean fitted values extracted from the best fit model and
grey ribbons represent 95% confidence intervals about the means.
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Discussion
Canker incidence in C. calophylla was potentially driven by a multitude of abiotic and
biotic factors. These potential drivers included 1) above ground variables: overstory tree
diversity and C. calophylla basal area per hectare, and 2) below ground variables:
richness of mycorrhizal fungi, soil moisture, soil pH and soil nutrients (ammonium,
nitrate, phosphorus, sulphur, copper, iron, zinc, and sodium).
Corymbia calophylla basal area and overstory diversity were correlated with canker
incidence, with more diverse stands showing lower incidence of canker, while stands
with higher C. calophylla basal area showed higher incidence of canker. Unfortunately,
along these disturbed edges, C. calophylla is the last tree species standing as other
species have been removed for timber or have succumbed to stressors of these
disturbed edges. Decreases in tree species diversity and increased density of a single
species may lead to levels of pathogen pressure above those which the host is adapted
to, potentially resulting in increased damage by pathogens (Ennos 2015). Forests with
higher species diversity, compared to a monoculture forest, have been observed to have
a reduction in damage from pathogens (Haas et al. 2011; Jactel et al. 2017); thus, forest
management strategies promoting tree species diversity may reduce the susceptibility
of forests to pathogens (Holdenrieder et al. 2004). This effect of diversity can be
mechanistically explained by the ‘pathogen dilution’ effect: alternative hosts are able to
dilute disease transmission by competent hosts and thus buffering forests from disease
(Haas et al. 2011).
Cankered trees had lower mycorrhizal richness than trees without cankers. In addition,
healthy trees were located within forests where the overstory diversity was high. Trees
located in areas where anthropogenic disturbance is minimal may be able to combat
disease due to the higher mycorrhizal richness associated with the higher overstory
diversity within these undisturbed areas (Klironomos et al. 2000; Vogelsang, Reynolds &
Bever 2006). Furthermore, there is evidence that diseased trees have different
communities of mycorrhizal fungi in comparison to their healthy counterparts (Blom et
al. 2009; Scattolin et al. 2012; Ishaq et al. 2013; Corcobado et al. 2014). The communities
of mycorrhizal fungi associated with C. calophylla changed across a disturbance gradient
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(Chapter 5); communities of mycorrhizal fungi along disturbed edges where canker
incidence was high were different than communities of mycorrhizal fungi within forests
where canker incidence was low. Furthermore, studies of root and soil-borne pathogens
such as Phytophthora have found the health of Phytophthora infected trees are related
to the proportion of ectomycorrhizal root tips and the competition between
Phytophthora spp. and mycorrhizal fungi for fine root tips (Blom et al. 2009; Corcobado
et al. 2014; Albornoz et al. 2017). Phytophthora species have been isolated from C.
calophylla at the sites in this study (Paap et al. 2017a; Paap et al. 2017b; Chapter 3) so,
in conjunction with low plant diversity along the disturbed edges, Phytophthora species
could be competing with mycorrhizal fungi and thus decreasing the mycorrhizal species
richness.
Three macronutrients (nitrogen, phosphorus and sulphur), four micronutrients (copper,
iron, zinc and sodium) and physical soil properties (pH and moisture) were potential
drivers of canker disease in this study. The quantity and quality of soil has major
implications in tree health and vigour, especially nutrient availability (Manion 1991).
Nutrient concentration and availability in the soil varies depending on physical
characteristics such as soil water content, soil depth, pH, cation-exchange capacity,
redox potential, amount of soil organic matter and microbial activity (Marschner &
Rengel 2012). These interacting factors make it difficult to determine a single soil factor
that could be responsible for changes in tree health. The combined effect of these soil
nutrients and properties were different for trees with canker than those without.
Incidence of canker was greater along disturbed edges that border various types of landuse, mainly agricultural land, vineyards and orchards. Fertilizers and pesticides used in
those anthropogenic activities can leach into these remnant forest stands (Bignal,
Ashmore & Headley 2008; Alzetta et al. 2012). Additionally, these remnant stands also
border roads; roads can cause both chemical and physical disturbance to adjacent forest
habitats (Neher, Williams & Lovell 2017). Therefore, trees in these disturbed edges are
experiencing very different microclimates than trees in undisturbed, unfragmented
forests. Interestingly, these same soil properties can alter communities of mycorrhizal
fungi associated with their hosts (Chapter 5). It is possible that the microclimate,
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specifically moisture and temperature, along disturbed edges is disrupting communities
of mycorrhizal fungi which is altering nutrient acquisition by the trees.
In the case of canker in C. calophylla, the effects of disturbance and the resulting changes
in microclimate, soil properties and communities of mycorrhizal fungi are causing
increased stress in these trees increasing their susceptibility to canker disease. For a tree
that has been tolerant of Q. coyrecup in the past, it seems that a tipping point has been
reached where increases in anthropogenic disturbances in recent years have resulted in
an increased susceptibility of C. calophylla to Q. coyrecup. The loss of this species will
potentially have significant implications for wildlife populations such as the endangered
Carnaby’s black cockatoo (Calyptorhynchus latirostris), the vulnerable Baudin’s black
cockatoo (C. baudinii) and the forest red-tailed black cockatoo (C. banksii) who depend
on these trees for shelter and food (Cooper et al. 2003). The results from this study
provide a better understanding of the variables predisposing C. calophylla to canker
disease, which will assist in the development and implementation of management plans
for infected areas.
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Chapter 7: General discussion
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Overview of study
Two experimental studies were conducted (Chapter 3 and 4); these preliminary
experiments provided insight into how a larger scale, more comprehensive study could
be conducted. By comparing communities of mycorrhizal fungi associated with bait
plants in the glasshouse to plant roots in the forest (Chapter 4), it was established that
glasshouse studies can provide insight into the mycorrhizal community dynamics
occurring in a natural system.
In this comprehensive study, 17 disturbance gradients throughout the range of
Corymbia calophylla in southwest Western Australia were selected to determine the
potential factors predisposing these trees to canker disease. There were two major
findings; one of these demonstrated how communities of mycorrhizal fungi changed
across disturbance gradients (Chapter 5). Communities of mycorrhizal fungi were
sensitive to soil chemical changes which resulted in a decrease in mycorrhizal species
richness along disturbed edges. This is one of the first studies to demonstrate these
changes at a land-scape scale. The other main finding demonstrated the complexity of
canker disease in C. calophylla: land-use has changed the microclimate along these
disturbed edges which has resulted in alterations in soil chemistry and composition
(Chapter 6). The potential drivers of canker incidence included 1) above ground
variables: overstory tree diversity and C. calophylla basal area per hectare, and 2) below
ground variables: richness of mycorrhizal fungi, soil moisture, soil pH and soil nutrients
(ammonium, nitrate, phosphorus, sulphur, copper, iron, zinc, and sodium).
Anthropogenically disturbed edges, where canker incidence was higher, had low
overstory tree diversity and high C. calophylla basal area per hectare compared to the
forest transects. Furthermore, these edges had lower mycorrhizal richness and thus, this
change in communities of mycorrhizal fungi could possibly be altering the nutrient
pathways of C. calophylla. The overall potential increase in stress in these trees may
have resulted in the increased susceptibility of C. calophylla to Quambalaria coyrecup.
This study highlights the importance of multivariate studies and the intricate
relationship between trees and their associated mycorrhizal fungi. Complex tree
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declines are increasing globally and multivariate studies promote the tools to study
these. For example, the area of natural forest (as opposed to forest plantations)
decreased globally by 3% between 1990 and 2015 (Keenan et al. 2015). Much of the loss
in area was due to land clearing for agriculture or urban development (Keenan et al.
2015). However, in addition to the decrease in area there has also been a decline in the
health of these forests (Payn et al. 2015). The decline in forest health has been
attributed to many factors including climate change (Allen et al. 2010), pollution (Bignal,
Ashmore & Headley 2008), nitrogen deposition (Frey et al. 2014), disease (DesprezLoustau et al. 2006) and combinations of these factors. The concept of tree decline has
been described by the disease tetrahedron (Figure 7.1) (Agrios 2005) and the decline
disease spiral (Figure 7.2) (Manion 1991).

Figure 7.1: Visual representation of the disease tetrahedron as seen in Agrios
(2005). Host, pathogen and environment are each represented by one of the sides
of the triangle and time is represented by the perpendicular line arising from the
centre of triangle. Humans are at the peak of the triangle where the red circle
represents the influence humans have on each of the four other components (i.e.,
humans have the ability to increase or decrease the magnitude of disease).
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Figure 7.2 Visual representation of decline disease spiral as seen in Manion (1991).

Both concepts show visual representations of tree decline and the factors that may be
attributing to the decline and have been used extensively to determine the etiology of
tree declines. However, currently, anthropogenic disturbances are the main attributing
factors of tree decline due to their rapid changes they have in forest ecosystems
(Pautasso, Schlegel & Holdenrieder 2015; Seidl et al. 2017). Both concepts need to be
updated with specific anthropogenic disturbances; climate and land use change,
increased pollution, trade and urbanisation and invasive species will influence wildfires,
droughts, storms and pathogen and insect outbreaks (Pautasso, Schlegel & Holdenrieder
2015). Manion’s decline disease spiral includes some of these factors but fails to
visualize the interactions anthropogenic disturbances may have on other factors.
Furthermore, both concepts fail to include mycorrhizal fungi. Chapter 1 (Sapsford et al.
2017) discussed the intricate relationship between trees and their mycorrhizal fungi and
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how factors causing tree decline are also changing communities of mycorrhizal fungi.
Studies of tree decline incorporating mycorrhizal fungi are extremely limited and thus,
so is our understanding of the role of mycorrhizal fungi in tree declines. By including the
effects of anthropogenic disturbances and mycorrhizal fungi on tree declines we can get
a more complete understanding of tree declines and how to mitigate them.
Using the knowledge provided by Manion (1991), a decline disease spiral can be
constructed for C. calophylla and the factors predisposing this tree to canker disease
(Figure 7.3). The predisposing factors include the long-term factors and their
interactions. Fragmentation is a result of anthropogenic disturbance and has the
capacity to alter soil chemistry and properties. Fragmented forests may border land
used for agricultural or horticultural purposes and thus may also be exposed to
pesticides, herbicides and fertilizers that could leach into these areas (Laatikainen &
Heinonen-Tanski 2002; Prosser et al. 2016). Climate change will have long-term impacts
on temperature and precipitation and it has been demonstrated this has significant
effects on C. calophylla (Paap et al. 2017a). The genetic potential of hosts can determine
the ability of the host’s response to pathogens which is discussed in the ‘Future
directions’ section. Inciting factors are short-term factors and include decreased
richness of mycorrhizal fungi (Chapters 5 and 6), and two pathogens: Quambalaria
pitereka and Phytophthora spp. Quambalaria pitereka causes shoot-blight in C.
calophylla, C. maculata and C. eximia (Paap et al. 2008), but is not fatal to the host.
Phytophthora spp. presence is correlated to canker incidence (Paap et al. 2017a), but
further research is needed to tease apart the relationship between these pathogens and
mycorrhizal fungi (see ‘Future directions’ section). The contributing long-term biotic
factor in the decline of C. calophylla is Q. coyrecup. At this point, the host is in a
weakened, stressed state and is thus vulnerable to this contributing factor. A host not
experiencing either predisposing factors or inciting factors would most likely be able to
defend itself from contributing factors (Manion 1991).
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Figure 7.3: Decline disease spiral depicted for Corymbia calophylla and canker
disease. The factors highlighted in red are those discussed in this study and
factors in black have either been demonstrated to predispose C. calophylla or
require further research.

Future directions
Origin and population genetics of Quambalaria coyrecup
Diseases can emerge in two different ways. In the novel pathogen hypothesis, a
pathogen spreads into a new area encountering naïve hosts that are highly susceptible
to the pathogen (Alford 2001). Introductions of pathogens have been exacerbated by
human activities such as the pet and plant trade; however, unintentional introductions
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are just as common through movement of contaminated products through agricultural
produce and aquaculture stock (Pyšek et al. 2010).
The endemic pathogen hypothesis states that the pathogen has been present in the
environment, but entered a new host species, or increased in pathogenicity because of
environmental and/or genetic changes (Rachowicz et al. 2005). Furthermore, there is a
possibility where 1) the balance between endemic host and its pathogen becomes
disturbed and this previously minor pathogen causes an epidemic or increased incidence
of disease, or 2) this “minor” pathogen through selection, genetic or phenotypic change
becomes more pathogenic. The natural relationship between host and pathogen can
become disrupted through environmental influences; for example, drought-induced
diseases are often caused by facultative parasites having saprophytic or endophytic
abilities (Desprez-Loustau et al. 2006; Lindner et al. 2010). These “latent” pathogens coexist with their host; however, when the host becomes drought-stressed, these
pathogens can trigger changes in host susceptibility (Desprez-Loustau et al. 2006). Hosts,
through intraspecific variation, could differ in their susceptibility to these pathogens
depending on their ability to perform in stressed conditions (Desprez-Loustau et al.
2006). Disentangling the direct and indirect effects of disturbances on plant diseases is
difficult because it is challenging to determine whether increased pathogenicity of a
pathogen is caused by climatic conditions or whether the changes in climatic conditions
cause an increase in host susceptibility (Fabre et al. 2011).
With the evidence from this study, it seems likely that Q. coyrecup follows the endemic
pathogen hypothesis: this pathogen was present in the early 1920s with no apparent
effect on C. calophylla, but symptoms were observed in the 1990s primarily in disturbed
habitats. However, there are three possible explanations for this: 1) Q. coyrecup is an
endemic pathogen that has increased in pathogenicity due to changes in environmental
or genetic factors, or 2) Q. coyrecup has not necessarily expanded its host range but C.
calophylla have become susceptible to this possibly endemic “latent” pathogen due to
increases in predisposing factors linked to anthropogenic disturbance, or 3) a
combination of both. However, to verify the first hypothesis, we need to understand the
genetic structure of the pathogen (McDonald & Linde 2002), and determine possible
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variation in morphotypes and characteristics of isolates (Desprez-Loustau et al. 2006).
To conduct genetic analyses on this pathogen, isolates need to be collected from within
Western Australia and, if any, outside Western Australia. To verify the second
hypothesis, various parameters need to be measured for C. calophylla (see following
section).
Population genetics and physiology of C. calophylla
As mentioned above, there are three possible hypotheses describing the canker disease
syndrome. The second hypothesis describes how the host, C. calophylla, has become
more susceptible to Q. coyrecup from the influence of other stressors. One approach to
verify this is to measure physiological responses of the host in both disturbed
environments and healthy environments. These physiological responses could include
metabolic (i.e., photosynthesis and respiration) (Kreuzwieser & Rennenberg 2014) and
defence responses (Baldwin et al. 2006). However, the genetic diversity of C. calophylla
also needs to be considered as the genetics of the host can determine the host’s ability
to respond to changes in environmental conditions and pathogens (Ahlholm et al. 2002).
There is currently a long-term common garden trial underway where 170 families of C.
calophylla (collected from across the complete range of C. calophylla) have been planted
in three different climatic regions within the SWWA. This trial will determine whether
there is a genetic component to host resistance. In addition, in collaboration with
colleagues at the Hawkesbury Institute for the Environment at Western Sydney
University, the physiological responses of C. calophylla within these trials are being
measured. This trial incorporates the effects of environment, pathogen and host, giving
a platform from which we can untangle the canker disease syndrome. It is also possible
that both hypotheses could explain the increased incidence of canker disease as both
host and pathogen can be altered (third hypothesis).
Foliage nutrient concentration
In this study, the concentrations of soil nutrients along disturbed edges altered
communities of mycorrhizal fungi and drove canker incidence in C. calophylla. However,
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the direct effects of these soil nutrient concentrations on the health of C. calophylla are
unknown. Concentrations of many of the soil nutrients measured were much higher in
anthropogenically disturbed areas, but were these concentrations toxic to the trees?
Only a proportion of the total nutrient amount in the soil is taken up by the tree and this
proportion is dependent on a variety of soil, plant and environmental factors (Marschner
& Rengel 2012). Therefore, the soil concentrations measured in the soil may not be
reflective of the concentrations within the tree. The high levels of certain nutrients in
the soil may be altering communities of mycorrhizal fungi which are disrupting nutrient
transfer in diseased trees. Therefore, it is possible diseased trees are nutrient deficient.
Mature tree foliage of C. calophylla would need to be collected and the nutrient levels
analysed. Comparing nutrient concentrations between trees with canker to trees
without canker will help determine the role of plant nutrients in this disease syndrome.
Both macro- and micronutrients are essential for tree health and growth, and thus
deficiencies and toxicities can have negative effects on the tree. For example, nitrogen
and sulphur are assimilated into amino acids and phosphorus is a structural element in
nucleic acids and is involved in transfer of carbohydrates in leaf cells (Hawkesford et al.
2012). Similarly, micronutrients such as copper play a major role in plant defences by
catalysing the reactions of plant phenols (Broadley et al. 2012). If, for example, it is
determined that C. calophylla trees along disturbed edges are copper deficient, then
copper sprays, which are absorbed through leaves and used as fungicides, could possibly
reduce canker incidence in these areas (see ‘Management’ section below). Therefore,
one of the first things that need to be completed, as a follow-up to this study, is foliar
analyses across disturbance gradients to determine optimum and deficient levels of
nutrients. This knowledge could be linked to the mycorrhizal fungi associated with C.
calophylla and provide information on the specific impacts of anthropogenic
disturbance on soil nutrient health.
Mycorrhizal fungi, the rhizosphere and pathogens
This study demonstrated how disturbance, soil chemistry, disease and mycorrhizal fungi
are intricately related to each other, emphasizing the complexity of forest tree declines.
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It is still unknown whether tree declines cause changes in mycorrhizal fungi or whether
changes in mycorrhizal fungi cause tree declines. However, this study did build on the
database of known fungi in the southern hemisphere. Many known fungal databases
have high representation of northern hemisphere fungi but are extremely limited in
their representation of southern hemisphere fungi (Chapter 1). Through DNA
sequencing, a library of known fungi and mycorrhizal fungi associated with C. calophylla
was built in this study (Chapter 3, Chapter 5). There is now a baseline database to work
from; these data can be included in other databases such as FUNGuild. This is an
important first step, as it furthers our understanding of the role of mycorrhizal fungi in
various soil processes and climates. However, it will be important, in the future, to
conduct long-term seasonal surveys to determine how communities of mycorrhizal fungi
change over time. Through improved technology, high-throughput sequencing has
provided large amounts of data on mycorrhizal fungi; however, it would be important
to include physical collection of fruiting bodies. Physical collection will enable sequence
identification which can be added to fungal databases; this is important for undescribed
and unknown fungal species, especially in the southern hemisphere.
This study provided a baseline of information on the relationship between marri canker
and communities of mycorrhizal fungi. It also demonstrated the importance of including
mycorrhizal fungi in complex tree decline models. Mycorrhizal fungi are important in
forest ecosystems and failing to include these in studies may produce biased results.
This could be detrimental to management plans. In addition, this study also shows how
important it is to include multiple variables as there are many interacting factors to
consider in tree decline syndromes.
However, questions remain on significant drivers in this disease syndrome. Specifically,
is mycorrhizal richness or relative abundance of mycorrhizal fungi causing increased
susceptibility of marri to cankers? Or is it the specific composition of these communities
(i.e., certain species) potentially driving canker disease? To answer these questions,
manipulative experiments are required. For example, inoculating marri tree seedlings
with Quambalaria coyrecup after being grown in forest soils located at varying distances
from disturbance could provide information of whether communities of mycorrhizal
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fungi change after the tree succumbs to disease. Manipulative experiments will provide
further insight into causation rather than correlation of environmental variables
associated with marri tree decline.
Communities of bacteria were not considered in this study; however, there is evidence
that bacterial volatiles may promote growth of ectomycorrhizal fungi and play important
roles in the regulation of mycorrhizal network establishment (Mendes, Garbeva &
Raaijmakers 2013). Microbes of the rhizosphere and mycorrhizal fungi can also interact
with soil-borne plant pathogens (Mendes, Garbeva & Raaijmakers 2013). To infect tree
roots, pathogens need to compete with the rhizosphere microbiome for nutrients and
microsites (Chapelle et al. 2016). Invading pathogens may induce (either directly or via
the plant host) stress responses in the rhizosphere community which leads to shifts in
this microbial community (Chapelle et al. 2016).
There is an intricate relationship among microbes in the rhizosphere. For example, the
biomass of non-mycorrhizal plants was reduced when grown in the presence of the soilborne pathogen Phytophthora whereas, the biomass of mycorrhizal plants were
unaffected by the presence of this pathogen (Albornoz et al. 2017). In addition, the
growth of mycorrhizal plants was correlated to percent ectomycorrhizal root
colonization but interestingly, this was only significant in the presence of Phytophthora
(Albornoz et al. 2017). In our study system, Paap et al. (2017a) found a correlation
between canker incidence and Phytophthora spp. presence (also Chapter 3). As the DNA
has already been extracted from the root samples of C. calophylla, the same samples
could be sequenced for Phytophthora spp. The information obtained could help
determine whether the greater amount of ectomycorrhizal fungi sequenced from trees
in disturbed edges is correlated to Phytophthora spp. presence. It is possible there is
greater colonization of mycorrhizal fungi in these plant roots which are helping prevent
Phytophthora infection but this colonization is not enough to prevent canker disease.
However, mycorrhizal root tip counts would need to be conducted to verify this.
Mycorrhizal fungi may be unable to tolerate the effects of abiotic stressors such as
excess nutrients, toxins/heavy metals, and soil pH and thus, this ‘tipping point’ may
prevent alleviation of the tree from canker infection. More work is needed to determine
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how Phytophthora spp. and mycorrhizal fungi interact. It is not known how mycorrhizal
fungi, Phytophthora spp., and Q. coyrecup interact with C. calophylla. Incorporating
these variables in future studies will be necessary, especially since Phytophthora spp.
are a global problem.

Management options
Management of an entire forest ecosystem is not practical. For example, the jarrah
forest of SWWA, one forest-type where C. calophylla is found, is approximately one
million hectares. Therefore, high priority areas need to be identified, such as road
verges, and this will provide options to manage and mitigate the decline of these trees.
For example, if resistant C. calophylla individuals are identified, it could be possible to
plant these individuals in identified high priority areas. Through discussions with the
community, citizens are concerned about the decline of C. calophylla, so involving
farmers and shires in this process could be extremely beneficial for management plans.
Due to the high basal area of C. calophylla along disturbed edges, inoculum load of Q.
coyrecup within hosts may be higher along disturbed edges than in undisturbed areas;
therefore, another management option is thinning. However, care would have to be
taken with this option as thinning can actually increase disease incidence, especially root
diseases (Maloney et al. 2008). Furthermore, thinning is also likely to increase soil
moisture; evapotranspiration is reduced after removing forest biomass (Sun et al. 2017).
This could also increase the risk of root diseases and cause changes in soil fungal
communities. Quambalaria coyrecup is not a root disease (Paap et al. 2008); however,
to ensure removal of pathogen inoculum the entire tree above ground would need to
be removed (stump included) or else the stump treated with a fungicide. Alternatively,
other tree species could be planted in these areas to increase the diversity and resistant
hosts of these disturbed stands.
Micronutrients can be used for implants in treatments of some tree diseases. Injections
of phosphite combined with zinc sulphide improved crown condition of declining
Eucalyptus gomphocephala (tuart) in Western Australia (Scott et al. 2013a). Phosphite
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applications are known to control Phytophthora spp. infections (Scott et al. 2013a).
Xanthomonas citri subsp. citri is a bacterial pathogen that causes canker in Citrus
sinensis; when copper in regularly sprayed on the foliage of infected trees, canker
incidence decreases in comparison to non-treated trees (Behlau et al. 2010). Copper
sprays are also successful in reducing preharvest fungal diseases in avocados (Persea
americana) (Korsten et al. 1997). A similar type of treatment plan could be put into use
for C. calophylla trees infected with cankers in high priority areas.

Conclusion
With the predicted increases in global climate change, there will likely be increases in
pathogen outbreaks and thus tree declines. Therefore, the concepts of complex tree
declines are important to recognize. Understanding the abiotic and biotic factors
involved in tree declines and the interactions among these factors is important;
however, it is a colossal task. This study has demonstrated how important multivariate
studies are in understanding tree declines. Through these types of studies and
interdisciplinary collaborations, it is possible to determine the magnitude of abiotic and
biotic factors in their role in a forest tree decline. This information can then be used to
prioritise management efforts on the main drivers of declines. Hopefully, the
methodologies and outcomes of this study can be applied at a global scale as we attempt
to understand forest tree declines.
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Supplementary material for Chapter 1

Table S1.1: Literature on six abiotic/biotic stressors (climate change, pesticides, heavy metals, fertilizers, pathogens and habitat
fragmentation) affecting mycorrhizal fungi or both forest trees and mycorrhizal fungi. There is very little empirical evidence on
biotic and abiotic stressors incorporating both mycorrhizal fungi and their forest tree host. The few papers that do incorporate
both are review papers and empirical studies are limited. Shaded cells are studies that include both forest tree decline and
mycorrhizal fungi. R= review study, E = empirical study.
Effect on forest tree decline

Effect on mycorrhizae

Climate Change
Swaty et al. (2004) E

An extreme drought event caused high local Surviving trees from high mortality areas had 50% lower EMF
mortality of pinyon pines in northern Arizona. colonisation than trees in low mortality areas. The communities of EMF
were different between high mortality and low mortality areas in
relation to abundance and the types of EMF present. EMF colonisation
was higher in trees with higher ring-width expansion.

Breda et al. (2006) R

Severe and recurrent drought events are a
contributing factor to tree decline and
mortality and have effects on physiological
processes of trees.

Kreuzwieser and Gessler
(2010) R

Depending on the sensitivity of a tree species Drought can alter the physiology of the uptake systems in mycorrhizal
to reduced water and nutrient availability,
tree roots and by altering the carbon supply of mycorrhizal roots.
physiological performance, growth and
competitive ability of trees will be affected
during drought events.

Mycorrhizal root tips increase absorption surface and enhanced
hydraulic conductivity. Some species of EMF are sensitive to soil water
shortage and thus communities of EMF can shift after drought events.
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Effect on forest tree decline

Effect on mycorrhizae

Bellgard and Williams
(2011)R

Intimate relationship between climate, plants and mycorrhizal fungi;
climate change will cause change to resource availability, distribution of
mycorrhizae, below ground allocation of carbon and plant species
distribution

Lehto and Zwiazek (2011) R

EMF increase water uptake by increased absorbing surface area through
mycelial growth. This review examines other modes such as increased
aquaporin function of EMF in water uptake and how EMF can be
beneficial in drought events.

Pesticides
Trappe, Molina and
Castellano (1984) R

This review highlights the species-specific response of mycorrhizal fungi
to various fungicides, herbicides, and insecticides. Studies recorded no
effect, mycorrhizal formation increased, or mycorrhizal formation
decreased and in some cases a combination of responses.

Manninen, Laatikainen
and Holopainen (1998) E

Fungicides, copper oxychloride and propiconazole, were applied to Pinus
sylvestris for two years. Propiconazole reduced mycorrhizal colonisation
whereas copper oxychloride had stimulatory effects on mycorrhizal
colonisation.

Busse, Fiddler and Ratcliff
(2004) E

Tree species were grown in soils containing 0, 1 and 2 times the
recommended rate of triclorpyr, imazapyr, and sulformeturon methyl.
Mycorrhizal formation on root tips was uninhibited by all herbicide
treatments regardless of application rate.

Heavy metals
Wasserman, Mineo and
Majumdar (1987) E

Acid precipitation and air pollution harm tree Heavy metals may decrease the frequency of advantageous mycorrhizal
canopies and may increase availability of
fungi and thus cause decreases in forest oak growth
heavy metals in certain soils
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Kahle (1993)

R

Effect on forest tree decline

Effect on mycorrhizae

Heavy metal accumulation in forest
ecosystems in the result of natural
metalliferous soils, anthropogenic inputs and
air pollution. The effects of substrate
concentration, transpiration conditions,
nutrient composition, pH on heavy metal
uptake in tree roots and their effect on root
growth is discussed.

There are species specific responses to heavy metal accumulation. There
are recorded incidences of reduced mycorrhizal root tips for soils
naturally enriched with Cu, Pb and Zn. In comparison, the presence of
mycorrhizal fungi is necessary for trees to grow in soils with high levels of
Cu and Zn. The reduction of metal toxicity by mycorrhizal fungi is due to
direct detoxification of metals and/or enhanced nutrient uptake.

Leyval, Turnau and
Haselwandter (1997) R

Effects of heavy metals on occurrence of mycorrhizal fungi, heavy metal
tolerance in mycorrhizal fungi and their effect on metal uptake and
transfer to their host plant are discussed. There are species-specific
responses so to fully understand the interactions it is important to
understand the tolerance of the mycorrhizal fungi and the host plant, the
nutritional status of the fungi and the host, soil properties, the level and
exposure, and the availability of the metals.

Cairney and Meharg
(1999) R

All forms of pollution have been reported to alter communities of
mycorrhizal fungi to varying degrees. There is evidence of reduced EMF
colonisation as a result of heavy metals, Cd, Cu, Ni, Pb and Zn and
colonisation decreases as heavy metal concentration increases.
However, there are species-specific responses to heavy metals.

Jentschke and Godbold
(2000) R

Metal toxicity as a role in forest decline in
Central Europe and North America. There is
evidence that non-mycorrhizal and
mycorrhizal seedling are not affected by
heavy metals in the soil (with certain tree
species and mycorrhizal species).

Mycorrhizal fungi show amelioration of metal toxicity by filtering toxic
metals in the hyphal sheath, by restricting metal mobility in the fungal
apoplast and by releasing organic acids that are capable of binding to
metals. This review discusses species-specific responses where some
mycorrhizal fungi show amelioration and some show no effect.
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Effect on forest tree decline

Effect on mycorrhizae

Schützendübel and Polle
(2002) R

Mycorrhizal roots show elevated levels of wall-bound phenolics in the
presence of heavy metals suggesting mycorrhizal fungi stimulate the
hosts defence systems.

Perrier, Amir and Colin
(2006) E

Arbuscular mycorrhizal fungi formed symbiosis with ten plant species
growing in metalliferous nutrient depleted ultramafic soils.

Fertilizers and soil
nutrition
Burgess, Malajczuk and
Grove (1993) E

When all other nutrients are held constant, the percent mycorrhizae
decreased as phosphorus concentration increased.

Power and Ashmore
(1994) E

Nutrient imbalances are causing declines in
beech forests in Europe and North America.
Healthy trees grew in soils containing higher
concentrations of calcium, magnesium and
potassium and lower ratios of
aluminium/calcium in comparison to
unhealthy trees.

Above-ground disturbances are related to below-ground disturbances:
healthy trees had a higher proportion of live mycorrhizal roots than
unhealthy trees.

Lukac et al. (2010) R

Climate change can alter the cycling and
availability of nitrogen and phosphorus in
forest ecosystems. Nitrogen can limit tree
growth with increases in CO2 whereas
phosphorus will the effected indirectly
through responses of the biotic parts of the
ecosystem.

Mycorrhizal activity is influenced by climate change with both positive
and negative effects (i.e., species-specific response) which then has flowon effects on absorption of nutrients from the soil.

Plassard and Dell (2010) R

Mycorrhizal (EMF and AMF) roots have a greater capacity to absorb
phosphorus than non-mycorrhizal roots in phosphorus limited forest
ecosystems. Mycorrhizal fungi have extraradical hyphal penetration in
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Effect on mycorrhizae
the soil and the physiology and biochemistry of the fungi/soil and
fungi/plant associations result in higher absorption of phosphorus.

Gosling et al. (2013) E
Delavaux et al. (2016) E

Williams et al. (2016) E

Diversity of arbuscular mycorrhizal fungi decreased at concentrations of
phosphorus at > 25 mg/L.
Tropical montane forests are nutrient-poor so AMF root colonization potential was negatively correlated with soil
nutrient enrichment through anthropogenic phosphorus but positively correlated with soil nitrogen.
activities may have drastic effects on these
forests by altering abundance and community
structure of bacteria and fungi in the soil.
Changes in these microorganisms will alter
litter decomposition, soil aggregation and
nutrient cycling.
Nitrogen fertilization reduces arbuscular mycorrhizal fungal diversity and
phosphorus has no effect AMF diversity in a field trial. Plants can reduce
carbon allocation to AMF in response to phosphorus fertilization.

Pathogens
Branzanti, Rocca and Pisi
(1999) E
Ayres and Lombardero
(2000) R

EMF fungi increased plant (Castanea sativa) biomass by increasing shoot
and root development in the presence of Phytophthora cambivora or P.
cinnamomi. Mycorrhizal plants showed no sign of pathogen infection.
Identifies 32 biotic syndromes affecting
Host-mycorrhizal fungi associations will be affected as many mycorrhizal
forests in North America that could be
fungi may not be able to compete with pathogen/pest infections which
exacerbated by climate change including 15
will potentially interact with changes in the climate.
insect herbivores and browsing mammals, 12
pathogens, 1 plant parasite, and 3
undiagnosed patters of decline.
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Jönsson (2004)

E

Anderson et al. (2010) E

Effect on forest tree decline

Effect on mycorrhizae

Phytophthora quercina and P. cactorum are a
contributing factor to oak decline in Europe.
These pathogens caused dieback of fine roots
and produced necrotic lesions on courser
roots.

There was no difference between the number of seedlings with visually
detectable EMF colonisation between Phytophthora infected and
noninfected seedlings. However, this is a very coarse measure and does
not quantify the mycorrhizal colonisation accurately.

Phytophthora cinnamomi has caused severe
tree decline in Western Australia.

Communities of macrofungi were different between infected and
uninfected forest sites and uninfected sites had higher abundance and
diversity of macrofungi.

Velmala et al. (2014) E

EMF richness and colonization were not affected by infection of the foliar
pathogens Botrytis cinerea and Gibberella avenacea

Albornoz et al. (2017) E

Growth of EMF plants was positively correlated with per cent root
colonisation by EMF fungi when EMF plants were grown in the presence
of Phytophthora.

Zampieri et al. (2016) E

Mycorrhizal density (Tuber borchii) increased with fungal pathogen
(Heterobasidion irregulare and H. annosum) colonization of the host
plant (Pinus pinea).

Habitat fragmentation
Close and Davidson (2004) Rural tree decline involves the dieback of
R
native trees following removal of native
vegetation, introduction of pasture species,
soil fertilisation and introduction of life stock
in Tasmania, Australia.

With clearing and fragmentation there is loss of EMF diversity which has
negative impacts on tree health in fragmented areas.

Dickie and Reich (2005) E

EMF communities were measured in agricultural fields. Abundance and
species richness of EMF decreased the further away they were from the
base of trees of a forest edge.
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Malmivaara-Lämsä et al.
(2008) E

Effect on forest tree decline

Effect on mycorrhizae

Fragmentation increases the proportion of
edge habitats resulting in changes of plant
species composition.

There was decreased microbial activity at forest edges which implied
decreased litter decomposition rates. This can also alter nutrient cycling.

Bainard, Klironomos and
Gordon (2011) E
Crockatt (2012) R

(González-Cortés et al.
(2012)) E

AMF and EMF colonisation was lower in trees (26 species) growing in
urban environments than those in rural areas in southern Ontario,
Canada.
Forest ecosystems are becoming more
fragmented resulting in forest patches that
are isolated and exposed at edges.

Fungi can be affected by the altered microclimate and nitrogen
saturation commonly found on forest edges and these factors can alter
the relationship between mycorrhizal fungi and their hosts.
Temperature forests have been converted to avocado plantations and
maize fields in central Mexico. This impact of land-use change had a
greater effect on the composition of AMF than AMF richness.
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Supplementary material for Chapter 4

Table S4. 1: List of mycorrhizal phylotypes that were present in both forest and glasshouse roots where EMF = ectomycorrhizal
fungi, and AMF = arbuscular mycorrhizal fungi.
Phylum
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota

Order

Family

Genus

Pezizales
Pezizales
Pezizales
Agaricales
Agaricales
Agaricales
Agaricales
Atheliales
Atheliales
Cantharellales
Cantharellales
Russulales
Russulales
Russulales
Sebacinales

Gloniaceae
Pezizaceae
Pezizaceae
Pyronemataceae
Cortinariaceae
Cortinariaceae
Inocybaceae
Tricholomataceae
Atheliaceae
Atheliaceae
Ceratobasidiaceae
Clavulinaceae
Russulaceae
Russulaceae
Russulaceae
Sebacinaceae

Cenococcum sp.
Hydnoplicata sp.
Ruhlandiella sp.
Nothojafnea sp.
Cortinarius sp.
Hebeloma sp.
Inocybe sp.
Laccaria sp.
Amphinema sp.
Piloderma sp.
Ceratobasidium sp.
Clavulina sp.
Lactarius sp.
Russula sp.
–
–

Number phylotypes

Ecology
4
1
1
1
7
1
14
2
1
3
2
2
1
11
2
26

ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
ECM
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Phylum

Order

Family

Genus

Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Glomeromycota
Glomeromycota
Glomeromycota

Thelephorales
Thelephorales
Thelephorales
Thelephorales
Thelephorales
Glomerales
Glomerales
Glomerales

Bankeraceae
Bankeraceae
Thelephoraceae
Thelephoraceae
Thelephoraceae
Claroideoglomeraceae
Glomeraceae
Glomeraceae

Phellodon sp.
–
Tomentella sp.
Tomentellopsis sp.
–
Claroideoglomus sp.
Glomus sp.
–

Number phylotypes

Ecology
3
1
19
1
4
4
1
19

ECM
ECM
ECM
ECM
ECM
AMF
AMF
AMF
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Figure S4.1. Rarefaction curve of all samples showing phylotype richness and the read count of each sample
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Table S4.2: Sequencing depth of tree roots collected in southwest Western
Australia: range of reads of each sample
Forest
Samples
Forest 1
Forest 2
Forest 3
Forest 4
Forest 5
Forest 6
Forest 7
Forest 8
Forest 9
Forest 10
Forest 11
Forest 12
Forest 13
Forest 14
Forest 15
Forest 16
Forest 17
Forest 18
Forest 19
Forest 20
Forest 21
Forest 22
Forest 23
Forest 24
Forest 25
Forest 26
Forest 27
Forest 28
Forest 29
Forest 30
Forest 31
Forest 32
Forest 33
Forest 34
Forest 35
Forest 36
Forest 37
Forest 38
Forest 39
Forest 40
Forest 41
Forest 42
Forest 43
Forest 44
Forest 45
Forest 46

Min. Max.
reads reads
0
2264
0
1913
0
1372
0
1252
0
510
0
2366
0
1170
0
577
0
1971
0
1865
0
537
0
497
0
599
0
629
0
1507
0
371
0
646
0
1500
0
514
0
260
0
363
0
687
0
477
0
665
0
71
0
500
0
896
0
860
0
109
0
1816
0
1384
0
821
0
552
0
646
0
838
0
420
0
1024
0
926
0
1488
0
140
0
515
0
872
0
838
0
1134
0
2348
0
1917

Glasshouse
samples
Glasshouse 1
Glasshouse 2
Glasshouse 3
Glasshouse 4
Glasshouse 5
Glasshouse 6
Glasshouse 7
Glasshouse 8
Glasshouse 9
Glasshouse 10
Glasshouse 11
Glasshouse 12
Glasshouse 13
Glasshouse 14
Glasshouse 15
Glasshouse 16
Glasshouse 17
Glasshouse 18
Glasshouse 19
Glasshouse 20
Glasshouse 21
Glasshouse 22
Glasshouse 23
Glasshouse 24
Glasshouse 25
Glasshouse 26
Glasshouse 27
Glasshouse 28
Glasshouse 29
Glasshouse 30
Glasshouse 31
Glasshouse 32
Glasshouse 33
Glasshouse 34
Glasshouse 35
Glasshouse 36
Glasshouse 37
Glasshouse 38
Glasshouse 39
Glasshouse 40
Glasshouse 41
Glasshouse 42
Glasshouse 43
Glasshouse 44
Glasshouse 45
Glasshouse 46

Min. Max.
reads reads
0
1294
0
1705
0
1112
0
863
0
830
0
1065
0
366
0
1433
0
2223
0
1588
0
561
0
1169
0
1520
0
860
0
720
0
476
0
538
0
198
0
867
0
1196
0
472
0
736
0
808
0
386
0
821
0
634
0
1144
0
4200
0
818
0
1078
0
518
0
2120
0
1315
0
253
0
687
0
639
0
1717
0
1099
0
1032
0
1223
0
824
0
573
0
1686
0
1201
0
681
0
1011

Controls
Glasshouse Control 1
Glasshouse Control 2
Glasshouse Control 3
Glasshouse Control 4
Glasshouse Control 5
Glasshouse Control 6
Glasshouse Control 7
Glasshouse Control 8
Glasshouse Control 9
Glasshouse Control 10

Min. Max.
reads reads
0 2072
0
510
0 1888
0
751
0 2203
0
882
0 2906
0 3459
0
618
0
452
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Forest
Samples
Forest 47
Forest 48

Min. Max.
reads reads
0
2115
0
489

Glasshouse
samples
Glasshouse 47
Glasshouse 48
Glasshouse 49

Min. Max.
reads reads
Controls
0
734
0
601
0
369

Min. Max.
reads reads
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Supplementary material for Chapter 5

Table S5.1: Variance inflation factors (VIF) for each soil nutrient and property
measured across all sites. Bold variables were removed due to high collinearity
by removing the highest value and reassessing VIF until all were less than 3.
Predictor variable
Ammonium
Nitrate
Potassium
Phosphorus
Sulphur
Copper
Iron
Manganese
Zinc
Aluminium
Calcium
Magnesium
Exchangeable potassium
Sodium
Boron
Organic carbon
Organic matter
pH
Conductivity

VIF
3.312
2.700
54.009
2.134
2.000
1.566
2.665
4.314
2.090
7.560
13.698
23.133
58.805
17.160
14.778
17.736
6.368
3.257
24.023
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Table S5.2: Variance inflation factors for each soil nutrient and property measured
across all sites. Bold variables were removed due to high collinearity by removing
the highest value and reassessing VIF until all were less than 3.
Predictor
Leaf litter depth
soil moisture (Winter)
soil moisture (Summer)
Mean soil temperature during the wettest quarter
Mean soil temperature during the driest quarter
Mean soil temperature of coldest quarter (˚C)
Mean soil temperature of warmest quarter (˚C)
Minimum soil temperature of coldest month (˚C)
Maximum soil temperature of warmest month (˚C)
Annual mean soil temperature (˚C)
Temperature annual range of soil (˚C) 1
1

VIF
1.763
2.027
2.283
21.013
11.521
25.623
38.069
11.548
14.587
16.062
11.420

Temperature Annual Range = Max Temperature of Warmest Month/Min Temperature of Coldest Month
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Figure S5.1: Rarefaction curve of all samples showing phylotype richness and the read count of each sample across 17 sites in
southwest Western Australia
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Table S5.3: Sequencing depth of tree roots baited in soil collected across 17 sites in southwest Western Australia

Sample
1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.2.1
1.2.2
1.2.3
1.2.4
1.2.5
1.3.1
1.3.2
1.3.3
1.3.4
10.1.1
10.1.2
10.1.3
10.1.4
10.1.5
10.2.1
10.2.2
10.2.3
10.2.4
10.2.5
10.3.1

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
5618
5568
3029
2658
5603
2770
5697
2421
9422
9199
7846
6163
6526
8341
7471
75555
8897
7845
8646
4595
3012
10510
12254
1980
3571

Sample
14.3.4
14.3.5
15.1.1
15.1.2
15.1.4
15.1.5
15.2.2
15.2.3
15.2.4
15.2.5
15.2.6
15.3.1
15.3.2
15.3.3
15.3.4
15.3.5
16.1.1
16.1.2
16.1.3
16.1.4
16.1.5
16.2.1
16.2.2
16.2.3
16.2.4

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
12255
6144
3565
6087
10382
10339
3910
6716
12487
11874
6445
39331
7438
77057
4640
2798
36476
6703
5157
20255
7355
2743
4033
9465
4195

Sample
4.3.3
4.3.4
4.3.5
5.1.1
5.1.2
5.1.3
5.1.4
5.1.5
5.2.1
5.2.2
5.2.3
5.2.4
5.2.5
5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.2.1
6.2.2

Minimum Maximum
reads
reads
0
15171
0
27051
0
7896
0
19199
0
5594
0
6406
0
12732
0
9366
0
2468
0
26161
0
1007
0
3128
0
2417
0
5385
0
4156
0
6908
0
1866
0
6445
0
13076
0
5267
0
7268
0
9014
0
4343
0
5171
0
4539
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Sample
10.3.2
10.3.3
10.3.4
10.3.5
11.1.1
11.1.2
11.1.3
11.1.4
11.1.5
11.2.1
11.2.2
11.2.3
11.2.4
11.2.5
11.3.1
11.3.2
11.3.3
11.3.4
11.3.5
12.1.1
12.1.2
12.1.3
12.1.4
12.1.5
12.2.1
12.2.2
12.2.3

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
5802
7927
7393
15403
7099
18044
16362
4057
5783
2755
17409
8116
4930
1481
12311
6056
18580
19425
15452
7342
27335
3333
4932
2260
4272
6785
2733

Sample
16.2.5
16.3.1
16.3.2
16.3.3
16.3.4
16.3.5
17.1.1
17.1.2
17.1.3
17.1.4
17.1.5
17.2.1
17.2.2
17.2.3
17.2.4
17.2.5
17.3.1
17.3.2
17.3.3
17.3.4
17.3.5
2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.2.1

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
7570
3798
12613
14973
6345
5298
16473
9494
11922
3669
3334
1827
10164
8132
5348
4205
8356
4926
3065
1151
1864
6714
4203
2194
6192
20793
3913

Sample
6.2.3
6.2.4
6.2.5
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.2.1
7.2.2
7.2.3
7.2.4
7.2.5
7.3.1
7.3.2
7.3.3
7.3.4
7.3.5
8.1.1
8.1.2
8.1.3
8.1.4

Minimum Maximum
reads
reads
0
4015
0
10151
0
2661
0
4945
0
3805
0
3090
0
2990
0
9933
0
5657
0
8282
0
6801
0
4596
0
3069
0
3948
0
9020
0
3235
0
6773
0
9150
0
4924
0
2326
0
28270
0
3208
0
24488
0
9081
0
16847
0
6444
0
28419
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Sample
12.2.4
12.2.5
12.3.1
12.3.2
12.3.3
12.3.4
12.3.5
13.1.1
13.1.3
13.1.4
13.1.5
13.2.1
13.2.2
13.2.3
13.2.4
13.2.5
13.3.1
13.3.2
13.3.3
13.3.4
13.3.5
14.1.1
14.1.2
14.1.3
14.1.4
14.1.5
14.2.1

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
3960
2016
3487
3258
6730
4158
3792
11621
5567
8364
24021
12517
11613
21081
11148
2825
2615
2821
5133
2559
50281
15104
4445
8049
5768
43594
3823

Sample
2.2.2
2.2.3
2.2.5
2.3.1
2.3.2
2.3.3
2.3.5
3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.3.1
3.3.2
3.3.3
3.3.4
3.3.5
4.1.1
4.1.2
4.1.3
4.1.4
4.1.5

Minimum
reads
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Maximum
reads
3234
1799
2399
3698
11236
4693
8125
5846
5782
5615
21194
1530
2941
13747
6670
9812
4724
9571
8423
3829
5405
6062
3077
8307
1409
4340
4446

Sample
8.1.5
8.2.1
8.2.2
8.2.3
8.2.4
8.2.5
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5
9.1.1
9.1.2
9.1.3
9.1.4
9.1.5
9.2.1
9.2.2
9.2.3
9.2.4
9.2.5
9.3.3
9.3.4
9.3.5
Control 1
Control 10
Control 2

Minimum Maximum
reads
reads
0
3169
0
11498
0
15537
0
1929
0
4674
0
9192
0
3381
0
4978
0
2427
0
1300
0
2804
0
1785
0
33045
0
15893
0
2003
0
7839
0
7650
0
2678
0
7579
0
3075
0
8858
0
3220
0
6677
0
3470
0
12451
0
53616
0
6111
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Sample
14.2.2
14.2.3
14.2.4
14.2.5
14.3.1
14.3.2
14.3.3

Minimum
reads
0
0
0
0
0
0
0

Maximum
reads
5275
2547
2499
2673
4623
2014
10214

Sample
4.2.1
4.2.2
4.2.3
4.2.4
4.2.5
4.3.1
4.3.2

Minimum
reads
0
0
0
0
0
0
0

Maximum
reads
13535
746
1627
14756
3002
147170
7507

Sample
Control 3
Control 4
Control 5
Control 6
Control 7
Control 8
Control 9

Minimum Maximum
reads
reads
0
24260
0
4320
0
2
0
3514
0
2453
0
8250
0
4495
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Figure S5.2: Non-metric multidimensional scaling (NMDS) plot demonstrating A)
arbuscular mycorrhizal fungal community composition (stress = 0.195) and B)
ectomycorrhizal fungal community composition (stress = 0.267) associated with
Corymbia calophylla across a disturbance gradient: disturbed edge (i.e., remnant
stand of C. calophylla bordering cleared land and a road), forest edge, and 200 m
within a forest.
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Figure S5.3: Correlation matrix of soil nutrients (where Matter is organic matter),
soil pH, soil temperature (T_Wettest: mean temperature of wettest quarter;
T_Driest: mean temperature of driest quartner) and soil moisture based on
pearson correlation coefficient (measures the linear dependence between two
variables).
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