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Abstract

New Zealand'’s tussock grasslands have faced ongoing plant invasions of the
hawkweeds Pilosella officinarum and Hieracium lepidulum. Plant invasions may be
facilitated through plant-soil feedbacks, whereby a plants growth can be improved
through feedback from the soil, including soil mutualists. Both hawkweed species readily
associate with arbuscular mycorrhizal (AM) fungi, which form mutualisms with plant roots
and are known to alter the success of invasive plants. Fire activity is also predicted to
increase in many areas where hawkweeds are abundant or projected to spread. Fire is
believed to have effects on plant and soil communities but also soil carbon through
combustion. There is little information on the AM fungal communities and their
interactions with native and invasive plants in New Zealand’s tussock grasslands. This
study aimed to determine the impact of soil origin and simulated fire on AM fungal
communities, invasive hawkweeds and soil carbon levels in tussock grasslands. The
study had three main objectives: to assess how AM communities are structured in
tussock grassland soil and whether they differ by soil origin (plant species) or simulated
fire; to assess the roles of plant-soil feedbacks on hawkweed growth under differing soil
origins and simulated fire; and to assess the effects of soil origin and simulated fire on

soil carbon levels in tussock grasslands.

| collected soil under P. officinarum, H. lepidulum, Chionochloa macra plants in the field,
or “soil origin” treatment. | then subjected the soils to heat treatments to simulate fire: at
30°C, 45°C and 60°C. | used high throughput sequencing (18S, Illlumina MiSeq) to
identify AM fungal taxa by origin and heat in the soil. | conducted a growth chamber
study to measure the plant growth responses of hawkweeds under differing soil

treatments: soil origin and heat. Soil carbon levels were measured by C:N analysis.



My results showed that soil origin was the major driver of AM fungal community structure
in terms of composition. The effect of heat on AM fungal richness differed according to
soil origin and, surprisingly, had no impact on community composition. In the growth
chamber study, hawkweed biomass was influenced by soil origin but not heat.
Interestingly, both hawkweed species had the highest plant biomass in P. officinarum
soils. Although soil carbon was slightly elevated in C. macra soils compared to the soils
of invasive hawkweeds, soil carbon levels did not differ statistically between different soil

origins and heat treatments.

The results support the idea that soil origin is a major driver of plant-soil relationships in
New Zealand’s tussock grasslands. Further, it suggests that P. officinarum invasion may
facilitate invasion by H. lepidulum. My results indicated that fire has less of an effect on
AM communities, hawkweed growth and soil carbon than soil origin in tussock

grasslands.

Keywords:  Arbuscular mycorrhiza fungi; plant-soil feedbacks; hawkweeds; tussock;

fire.
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Chapter 1. Introduction

1.1. Plant-soil feedbacks

Soil is the foundation that sustains the functioning of all terrestrial ecosystems (Voroney
and Heck 2015). Soils are composed of many different physical components, including
organic material, water, and minerals (van der Heijden et al. 1998, van der Putten et al.
2013a, Voroney and Heck 2015). They are home to plants and many macro- and
microorganisms that form complex below-ground biological communities that are central
for maintaining overall soil and plant health (Van Der Heijden et al. 2008, Aislabie and
Deslippe 2013). Soils are comprised of organisms that can positively or negatively
impact plant growth, i.e. mutualists (e.g., mycorrhizas) or pathogens (Smith and Read

2008, Aislabie and Deslippe 2013).

The interactions between soil microbial communities and plants are complex, and
both are able to alter the growth of the other through plant-soil feedback processes
(Bever et al. 2009, 2012, van der Putten et al. 2013). Plants can directly recruit microbes
that are beneficial to their growth through chemical signalling (Gaiero et al. 2013,
Carbonnel and Gutjahr 2014). They can indirectly recruit soil microorganisms by varying
their production of chemical compounds, litter inputs, and transpiration rates, which can
cause changes in the soil environment, resulting in changes in microbial community

structure and composition (Bennett and Klironomos 2019).

Plant-soil feedback falls into two categories: positive and negative. Positive plant-
soil feedback occurs when changes to the soil microbial community enhance a plant

species’ growth and fitness in its own ‘home soil’. Home soil refers to the soil collected
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from underneath a plant of the same species from its current range. In contrast to ‘away
soil’, which is soil collected outside of the plant’s range or collected from underneath a
different species in its current range (Wardle et al. 2004, Bever et al. 2012, Bennett and
Klironomos 2019). The growth and fithess benefits of positive plant-soil feedback could
be due to the plant accumulating mutualists, such as arbuscular mycorrhizal fungi (AM)
(Bennett and Klironomos 2019). The outcome of positive feedback is expected to favour
the competitive dominance of the focal plant species and reduce plant diversity (van der
Putten et al. 2013, Buerdsell et al. 2021). In contrast, negative soil feedback occurs
when soil microbial communities cause declines in growth and/or fitness of the focal
plant species, such as accumulating soil pathogens (Wardle et al. 2004, Bever et al.
2009). These changes tend to produce microbial soil communities that do not favour
members of the same plant species (Klironomos 2002, Wardle et al. 2004, Bever et al.
2012). Negative plant-soil feedbacks are expected to favour plant species coexistence

and increase diversity in a community (Wardle et al. 2004, van der Putten et al. 2013).

Plant-soil feedbacks become important when an ecosystem is experiencing the
effects of global change processes such as plant invasion or fire. Many studies have
investigated the link between plant-soil feedback and AM fungi (Klironomos 2002, 2003,
Reinhart and Callaway 2006, Pringle et al. 2009, Day et al. 2015). Plant invasions can
be facilitated through plant-soil feedbacks. This is supported by the enemy release
hypothesis, which predicts that a species may do better in a new habitat, where its
former enemies (e.g., parasite) are not present (Keane and Crawley 2002). From a
plant-soil context, in a new environment, an invasive species could grow better in ‘away
soils’, as they can leave behind soil pathogens that existed in their home environment.
Thus, negative plant-soil feedbacks that exist between plants and their native soll

pathogens in their native range may be left behind. Additionally, invasive plants may do
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better in ‘away soils’ due to positive plant-soil feedback in their new host range
(Klironomos 2002, Colautti et al. 2004, Inderjit and Cahill 2015). Positive plant-soil
feedbacks may occur due to the associations formed between an invasive plant and
local mutualists, once it enters a new host range (Inderjit and Cabhill 2015). Fire
disturbance may also positively or negatively alter plant-soil feedback, depending on the
soil microorganisms' response to fire (Beals et al. 2020). Fire may lead to a decline in
soil pathogens that would increase the likelihood of a positive plant-soil feedback.
Alternatively, it could also result in the decline of important soil mutualists like AM fungi,
resulting in a negative plant-soil feedback (Dove and Hart 2017, Pressler et al. 2019,

Beals et al. 2020).

Plant-soil feedbacks are also important in the sequestration of carbon into soil. A
mechanism in which carbon sequestration can occur is through the allocation of carbon
to mycorrhizal fungi into the soil (Bardgett 2011). There is an increased interest in this
area as increasing carbon sequestration remains a global challenge, which may help
mitigate increased atmospheric carbon dioxide levels associated with climate change
(Bardgett 2011). Carbon sequestration has been demonstrated in grassland systems
where high plant diversity was linked with enhanced carbon dioxide uptake and
belowground allocation to AM fungi and roots (De Deyn et al. 2009, 2011). As important
soil mutualists, AM fungi have an important role in mediating plant responses during

global change processes, while also being affected by them (Cotton 2018).

1.2. Arbuscular mycorrhizas

An important group of symbionts within soil microbial communities are mycorrhizal fungi.

AM fungi are by far the most prevalent mycorrhizal mutualist (Smith and Read 2008) and
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are all in subphylum Glomeromycotina (Spatafora et al. 2016, Bruns et al. 2018). These
fungi are obligate symbionts that colonise and form a symbiosis within plant roots, where
the fungus provides soil nutrients (phosphorus and nitrogen) to the plant in exchange for
carbon (Smith and Read 2008). AM symbiosis has many benefits for plants (Smith and
Read 2008). AM root colonisation has been shown to enhance plant growth, seedling
growth, and seedling establishment through nutrient acquisition (Klironomaos 2003,
Lekberg and Koide 2005, Hoeksema et al. 2010); improve plant tolerance to
environmental stresses such as drought, temperature changes, salinity, and heavy
metals (Glassman and Casper 2012, Begum et al. 2019, Fahey et al. 2020); and provide
pathogen protection (Newsham et al. 1995, Borowicz 2001, Sikes et al. 2009). This
symbiosis is of great importance to plants due to the influence of AM fungi on plant
productivity, diversity, and the connections formed to other plants below ground via

mycorrhizal networks (Van Der Heijden et al. 2015).

The relationship between plants and AM fungi is ancient (Redecker et al. 2013).
It is hypothesised that ancestral AM fungi enabled the colonisation of land by early
plants from the ocean nearly 400 million years ago (Redecker et al. 2000). This
relationship between AM fungi and their plants is widespread (Wang and Qiu 2006,
Smith and Read 2008). It is estimated to occur with upwards of 80% of land plant
species across the planet, including plants species from major taxonomic groups such
as Bryophytes, Pteridophytes, Gymnosperms and Angiosperms (Wang and Qiu 2006,
Smith and Read 2008, Van Der Heijden et al. 2015). Though the majority of land plants
benefit from mycorrhizal fungal colonisation, they can also survive without them with,

some plant groups having lost them all together (Brundrett 2004, Smith and Read 2008).

The symbiosis between plant and fungus sits on a continuum with variation in the

degree of benefit of the relationship between different plant species and families
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(Johnson et al. 1997, Klironomos 2003, Wang and Qiu 2006). Some plant species gain
significant growth benefits from associating with AM fungal such as Cerastium vulgatum,
Poa compressa, and Solidago rugosa (Klironomos 2003, Wang and Qiu 2006). Whereas
others in families, such as the Brassicaceae and Chenopodiaceae, are entirely non-
mycorrhizal and have evolved alternative strategies for fulfilling their nutritional

requirements (Brundrett 2004, Graham et al. 2017, Chen et al. 2018).

AM fungi exist partially within the plant roots and partially within the surrounding
soil (Smith and Read 2008). Extraradical hyphae exist outside the plant roots and within
the surrounding soil (Souza 2015). They are involved in the colonisation of plant roots,
nutrient absorption from the soil, AM fungal reproduction roles, and can connect different
plants together through the formation of mycorrhizal networks (Souza 2015, Wipf et al.
2019). AM spores are large asexual reproductive structures of the fungus found within
the soil (Smith and Read 2008, Kamel et al. 2017). They contain multiple nuclei per
spore and are capable of colonising plant hosts (Smith and Read 2008, Kamel et al.
2017). The dominant structures within the plant roots are intraradical hyphae, vesicles,
and arbuscules (Figure 1.1). Intraradical hyphae are found within the plant root cells and
are responsible for transferring nutrients, metabolites, and water from extraradical
hyphae into the plant root cells (Smith and Read 2008, Souza 2015). The hyphae act as
a channel connecting to other structures within the cell including vesicles (Smith and
Read 2008, Souza 2015). Vesicles are thick-walled storage structures that store lipids
and in some circumstances, act as propagules (Smith and Read 2008, Miiller et al. 2017).
For two genera, Scutellospora and Gigaspora, vesicles are absent (Smith and Read
2008, Souza 2015). They instead have auxiliary cells, which are spore-like structures
found on extraradical hyphae. These structures are also predicted to have nutrient

storage roles (Smith and Read 2008, Souza 2015).
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Figure 1.1. This drawing shows the internal structures of an arbuscular mycorrhizal fungus
colonising root cells. The root cell consists of oblong brick-like structures colonised by the intra-
radical hyphae, a branch-like structure growing throughout these cells. Tree-like branches within
a cell indicate Arum type arbuscules, and the circular fingerprint structure indicates vesicles.
"Arbuscular Mycorrhizae" by Werdnus Roo is licensed under CC BY-NC-ND 2.0.

Arbuscles are the site of nutrient exchange between the plant and fungus (Souza
2015). Arbuscules are highly branched structures present inside a root cortical cell
(Luginbuehl and Oldroyd 2017). There are two types of arbuscules: (1) the "Arum" type,
which is characterised by a tree-like structure, and (2) the "Paris" type, which is
characterised by a coil like structure (Armstrong and Peterson 2002, Smith and Read
2008, Souza 2015, Luginbuehl and Oldroyd 2017). The arbuscule formed depends on

the fungal species (Dickson 2004, Luginbuehl and Oldroyd 2017).

The presence of arbuscules, hyphae, and vesicles is a major diagnostic
characteristic for identifying and quantifying AM colonisation of roots (Koide and Mosse

2004, Smith and Read 2008, Stoian et al. 2019). Prior to molecular tools to identify
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fungal taxa, AM fungal species were identified via their spore structure and
characteristics (Lee et al. 2006, Smith and Read 2008). Though useful techniques, both
are low throughput and in particular, spore identification requires specialised knowledge
of the spore structure (Chagnon et al. 2013, Crossay et al. 2017). High throughput
sequencing platforms such as Illumina have allowed semiquantitative identification of
AM fungal taxa in roots and soil samples (Lindahl et al. 2013). This has allowed analysis
of AM communities at a much larger throughput than earlier techniques and has
subsequently improved our understanding of AM fungi and AM ecology and
phylogenetics (Koide and Mosse 2004, Lindahl et al. 2013, Chagnon et al. 2013, Begum

et al. 2019).

Though AM fungi are found ubiquitously in soils, there are species-specific
variations in the effectiveness of the plant-mycorrhizal relationship (Klironomos 2003,
Bever et al. 2009, Opik et al. 2009, Kiers et al. 2011, Chagnon et al. 2013). For instance,
different species of AM fungi have different carbon requirements from their host plant,
phosphorus translocation abilities, and differences in biomass investment in intraradical
vs extraradical hyphae (Ravnskov and Jakobsen 1995, Hart and Reader 2002, Van
Aarle and Olsson 2003, Chagnon et al. 2013). The dynamics of the plant-fungal
relationship can be further altered in response to different global changer factors, such

as plant invasion (Cotton 2018).

1.3. Exotic plant invasion

Exotic plant invasions are identified as one of the major drivers contributing to global
biodiversity loss (Sage 2020, Hulme 2020). Invasions remain a challenge to manage and

often continue despite human intervention (Hulme 2006). Exotic 'Invasive' plant
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populations begin as a few introduced individuals with, the majority of these species
remaining in low numbers (PySek et al. 2012). However, some of these exotic species
proliferate across landscapes and can have widespread, deleterious effects on plant
communities and ecosystems. Some examples of these effects are displacing native
plant species through competitive suppression, disrupting trophic networks, altering
biochemical nutrient cycles and changing fire regimes (Pringle et al. 2009, Baker and

Bode 2016, Sage 2020).

Exotic plant invasions can be a synergistic result of other concurrent global
change drivers, such as land transformation, fire, drought and grazing (Keeley and
Brennan 2012, Dickie et al. 2017, Sage 2020). Global change drivers such as fire can
remove native vegetation biomass and alter the soil microbial environment, thus giving
opportunity for an invasive plant species to establish. Once established on the
landscape, invasive plants can amplify the negative effects of other global change
drivers, which may initiate ecosystem collapse (Sage 2020). An example is the invasion
of the grass Bromus tectorum in Western North America’s sagebrush steppe (Mack
1981). Studies have shown this species was able to become invasive due to being well
adapted to the ecosystem and more tolerant of land transformation events occurring at
the time (Mack 1981). Fire frequency increased in invaded areas from reoccurring every
60-110 years to every 3-5 years (Mack 1981, Whisenant 1990, Baynes et al. 2012). As
an annual grass, B. tectorum produces a highly flammabile litter, and it is better able to
tolerate fire than native species (Mack 1981). This feedback has increased the range of
the species facilitating further B. tectorum invasion (D’Antonio and Vitousek 1992).
Exotic plant invasion can also facilitate further plant invasions through the invasional
meltdown hypothesis (Green et al. 2011). This hypothesis predicts that positive feedback

between an existing plant invader and a new plant invader may facilitate the proliferation
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of the newer invader (Green et al. 2011). Exotic plant invasion can also be facilitated by
AM fungi (Pringle et al. 2009). Invasive plants are often mycorrhizal generalists, meaning
they are aided in invasion by associating with many AM fungi and not a specific species
(Rejméanek 2000, Pringle et al. 2009). Associating with many AM fungi can allow them to
take advantage of the different growth benefits provided by different species (Rejméanek

2000).

1.4. Impacts of fire disturbance on soil, plants, and their
associated microbes

Fire is a significant disturbance in many ecosystems. Fire alters soil physical properties
in three ways: reducing soil aggregation, reducing moisture content, and altering soil
texture (Certini 2005). Fire also alters soil chemical properties by reducing pH,
increasing phosphorus availability, and at higher temperatures can cause declines in soll
nitrogen and carbon (Certini 2005, Pellegrini et al. 2018, Butler et al. 2018, Ludwig et al.
2018, McLauchlan et al. 2020). Therefore, fire has both direct and indirect impacts on
AM communities (Certini et al. 2021). Fire directly impacts AM communities through high
soil temperatures and indirectly through damages or mortality to plant hosts caused
during a fire (Certini 2005, Pellegrini et al. 2018, Butler et al. 2018, Ludwig et al. 2018,
McLauchlan et al. 2020). Both direct and indirect effects have been shown to cause
declines in AM richness, abundance and evenness across different taxonomic groups
(Xiang et al. 2015, Dove and Hart 2017). Many studies report that AM fungi have low
resistance but high resilience to fire, in that mortality is high, but populations can recover
quickly after a fire (Xiang et al. 2015, Dove and Hart 2017). In most cases, the
mycorrhizal community can recover to pre-fire levels; however, the recovery timeframe
varies depending on the initial fire severity and can range from months to decades

(Certini 2005, Xiang et al. 2015, Holden et al. 2016, Dove and Hart 2017).
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The temperature reached in soil during fire has been shown to greatly impact the
soil microbial communities and their recovery; soil temperatures depend on the fire
severity and the soils' insulating properties (Pingree and Kobziar 2019). In North
American forests, soil temperatures have been reported to be less than 100°C to well
exceeding 400°C (Pingree and Kobziar 2019). In grasslands and prairies, there is little
information available on soil temperatures during fire; however, temperatures ranging
between 20-70°C have been reported (Scotter 1970, Blair 1997, Hill et al. 2017). It is
likely soil temperatures are lower during fire in grasslands and prairies compared to
forests due to the differences in amount and type of fuel (Pingree and Kobziar 2019,
Stavi 2019). In more severe fires, often driven by high fuel loads, higher soil
temperatures would be expected. Higher temperatures would thus have greater impacts
on the soil microbial community, the ecosystem processes they regulate, and

subsequent plant recovery and growth (Holden et al. 2016).

As a component of the soil microbial community, AM fungi are sensitive to fire
but show resilience in recovery, depending on the recovery of host plants (Longo et al.
2014, Xiang et al. 2015). As AM fungi are obligate symbionts, they rely on plants for their
carbon (Smith and Read 2008). High soil temperatures during a fire may directly cause a
reduction in the AM fungal spore bank hyphae due to heat-induced mortality (Bellgard et
al. 1994). There have been relatively few studies that have examined the response of
AM fungal communities to fire. In burned soil, field studies have reported that measured
AM evenness, richness and diversity were lower one year after fire (Longo et al. 2014,
Xiang et al. 2015). The death of AM host plants may indirectly reduce AM fungi
species/abundance (Begum et al. 2019). For example, Xiang et al. (2015) observed that
AM fungal communities in soils 11 years after fire were indistinguishable from those of

unburnt soil, and they inferred this was linked to the recovery of the aboveground
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vegetation. Earlier studies also showed AM fungal colonisation declined under simulated
fire activity (Klopatek et al. 1988, Pattinson et al. 1999). In contrast, Docherty et al.
showed that AM fungi were relativity unaffected by fire in experimental field burns in an
annual Californian grassland (2012). Changes in the availability of the nutrients in soil,
such as an increase in phosphorus or loss of water, can modify the dynamic of the
relationship between AM fungi and plants from mutualistic to parasitic (Treseder 2004,
Hartnett et al. 2004, Grman 2012). Conversely, given the importance of the role of AM
as a mutualist to plant species, a plant with high dependence on symbiosis may be

required after disturbances such as fire.

Fire disturbance can alter AM fungal communities through modification of plant
species. Fire acts as a biological filter selecting for plant species that are more tolerant
to fire or have the ability to rapidly regrow after fire (Archibald et al. 2018). The change in
the plant host is expected to affect the AM fungal community composition. These
changes may be temporary, and the original community may be restored through

succession, but alternatively may be permanent, possibly resulting in a loss of diversity.

Fire causes decline in soil carbon levels. This occurs through processes such as
pyrolysis and combustion, which causes losses in the organic layer of the soil, and may
also result in the loss of the mineral layer (Certini 2005, McLauchlan et al. 2020, Li et al.
2021). The effects of fire on soil carbon are greater in higher severity fires (Li et al.
2021). Ongoing fire can have legacy effects on soil carbon, where continued fire results
in the depletion of carbon in the soil, which is linked to declines in plant regrowth and
regeneration (Pellegrini et al. 2018). Losses in soil carbon due to fire are also associated

with plant invasion (Nagy et al. 2021).
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Figure 1.2. Burnt native shrub Discaria toumatou (Matagouri) showing the resprouting of invasive
plant Hieracium lepidulum with many plants in flower in Ohau in the Mackenzie Basin, New
Zealand (Photo: S. Budha-Magar).

1.5. New Zealand tussock grasslands: plant invasion, fire,
microbial communities, and soil carbon

New Zealand's tussock grasslands are unique ecosystems comprising many native and
endemic species including plants, invertebrates, reptiles, and birds (Mark et al. 2013).
New Zealand's tussock grasslands are classified into two types: tall tussock grasslands,
which are dominated by Chionochloa species, and short tussock grasslands, dominated
by Festuca novae-zelandiae and Poa species (Mark and McLennan 2005). As
indigenous ecosystems, New Zealand's tussock grasslands provide many important

ecosystem services such as water retention, soil carbon storage and carbon
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sequestration (Mark and Dickinson 2008, Mark et al. 2013). Tussock grasslands are
believed to have existed in small landscape pockets in pre-human times; they have
become widespread after the arrival of Polynesian and European settlers who burned
and harvested forests, then maintained by pastoral farming (McGlone 1989, Mark et al.
2013, Perry et al. 2014). The area of tussock grasslands have declined, and in some
places, have disappeared, mainly due to increased agricultural land use and exotic plant
invasion (Mark and McLennan 2005). Fire was a commonly used farming practice to
open the tussock canopy to improve plant palatability for the grazing of sheep
(Treskonova 1991). Over time, these practices have led to the decline in tussocks and

the native inter-tussock plant communities (Treskonova 1991).

The degradation of tussock grasslands has also coincided with the invasion of
hawkweeds, but there is mixed opinion on whether hawkweeds are the cause
(Treskonova 1991, Fan and Harris 1996). There are three invasive hawkweed species
commonly found in tussock grasslands: Pilosella officinarum (formerly Hieracium
pilosella), Hieracium lepidulum and Hieracium praealtum (Wiser and Allen 2000, Day
and Buckley 2011). All species have originated from Europe and are believed to have
arrived in New Zealand as a contaminant in pasture seed (Makepeace 1980).
Hawkweeds are broad-leaved perennial herbs that are arranged as a basal rosette
(Makepeace 1980, Wiser and Allen 2000). Hieracium lepidulum reproduces
apomictically and has wind-dispersed seeds (Wiser and Allen 2000). Pilosella
officinarum is also wind-dispersed but can also be spread by stolons (Makepeace 1980).
These stolons allow P. officinarum to form characteristic hawkweed mats commonly
found dominating inter-tussock plant communities, as shown in Figure 1.3 (Makepeace
1980). Both P. officinarum have characteristic yellow flowers (Figure 1.2, Figure 1.3, and

Figure 1.4).
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Figure 1.3. Pilosella officinarum invasion in tussock grasslands showing vegetative mat-like
structure formed by the plants (Photo: N. Day).

Pilosella officinarum has been present in New Zealand the longest of all the
hawkweeds. Its invasion history consisted of a long lag phase over several decades
where populations were at lower numbers, then later increased drastically in population
size and distribution (Treskonova 1991, Groves 2006). This species is now widespread
across South Island tussock grasslands (Day and Buckley 2011). Hieracium lepidulum is
the newest invader of the three, but has also begun to increase its range in areas across
the South Island high country (Day and Buckley 2011). Hieracium lepidulum possibly
has a wider niche than P. officinarum because it is better able to tolerate shade than the
light-demanding P. officinarum and is even observed colonising beech forests (Wiser

and Allen 2000, Spence et al. 2011).
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Figure 1.4. Hieracium lepidulum plants in flower, growing in inter-tussock space withina 1 m by 1
m quadrat in Chionochloa macra dominated tussock grasslands, approximately two years after
fire in Deep stream, Otago. (Photo: S. Budha-Magar).

Both P. officinarum and H. lepidulum readily form symbiotic associations with AM
fungi (Wiser and Allen 2000, Downs and Radford 2005, Wang and Qiu 2006, Hopfner et
al. 2015). Previous work by Downs and Radford (2005) showed that for H. lepidulum, the
presence of AM fungal was associated with higher biomass and better plant
establishment in unfertilised pots but not in fertilised pots. A similar result was observed
for P. officinarum, where root biomass decreased in the presence of fertiliser, but
increased in the presence of AM fungi (Hopfner et al. 2015). Both these results suggest

that AM facilitation play an important role in nutrient acquisition for both species. AM
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fungi help plants with phosphorus uptake, so when fertilised hawkweeds do not need to

form associations with the fungi.

Fire causes declines in soil carbon levels and plant biomass. In tussock
grasslands, periodic fire causes the loss of tussock biomass (Payton and Pearce 2009,
Pearce et al. 2009). The effects on tussock biomass and soil carbon are greater when
conditions are drier and cause short to medium-term loss of tussock dominance (Payton
and Pearce 2009, Pearce et al. 2009). The effects on carbon are higher as severe fires
have greater impacts on carbon (Li et al. 2021). As soil carbon sequestration is linked to
plant diversity, ecosystems that experience continued fire are likely to have a reduction
in carbon sequestration (Pellegrini et al. 2018). Interestingly, there is some evidence
that New Zealand’s tussock grasslands contain high pools of carbon in the soil, and
were shown to have higher soil carbon than neighbouring beech forests (Ross et al.
1996, Mark et al. 2013, Krna 2015). Hence, fire could have disruptive effects on this soil

carbon sequestration in tussock grasslands.

New Zealand's tussock grasslands on the eastern South Island are increasingly
at risk of fire disturbance due to climate change (Pearce et al. 2011). Recent fires in the
Lammerlaw Ranges, Otago, Lake Ohau and Lake Pukaki in Canterbury have caused
extensive damage to the tussock grassland vegetation (Perry 2019, Frykberg 2020,
Holden et al. 2020). The effect of this increased fire regime on hawkweed invasion, the
AM fungi associated with hawkweeds, and soil carbon implications are not clear. This
thesis addresses this research gap by experimentally testing the interactions among AM

fungi, hawkweeds, fire and soil carbon.

This thesis aimed to quantify the relative effects of soil origin (soil collected under

different plant species) and simulated fire effects (heat) on the community structure of
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tussock grassland and AM fungal communities associated with hawkweeds (H.
lepidulum and P. officinarum) and native tussock (C. macra); hawkweed growth (plant

biomass and root-shoot ratio); and soil carbon.

The first research question was: Does soil origin and simulated fire affect AM
community structure (species richness and composition)? | hypothesised
that: Hypothesis 1 (H1) — AM fungal species richness and community composition
would differ by soil origin due to plant-soil feedbacks (van der Putten et al. 2013, Inderjit
and Cabhill 2015), whereby different hawkweeds will be associated with different AM
fungal communities (Pringle et al. 2009, Yang et al. 2012, Torrecillas et al. 2012). and
that: H2 AM fungal species richness would decrease in response to simulated fire

activity soils because fire kills fungi (Dove and Hart 2017, Pressler et al. 2019),

The second research question was: Do invasive hawkweeds experience positive
or negative plant-soil feedbacks and is this altered by simulated fire? | hypothesised
that: H3 — Plant biomass would not differ between soils of different origins because
invasive hawkweeds are generalists and are therefore expected to be able to associate
with many species of AM fungi present in soil (Pringle et al. 2009, Lekberg et al. 2013),
that: H4 — Plant biomass would be lower in soil treatments experiencing fire activity
because the mycorrhizal richness had declined (Dove and Hart 2017, Pressler et al.
2019), and that: H5 — root-shoot ratios would be lower after heating because of higher

nutrient availably in the soil after fire (Nguyen et al. 2019).

The third research question was: Does soil carbon differ by soil origin and/or
under simulated fire activity? | hypothesised that: H6 — Soil carbon would decline in
heated soils because of combustion (Stavi 2019, McLauchlan et al. 2020), and

that: H7 — Soil carbon would be higher in soil associated with C. macra than that of
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invasive hawkweeds because tussocks are long-lived plant species that are known to

effectively accumulate soil carbon (Mark et al. 2013, Krna 2015).
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Chapter 2. Methods and Materials

2.1. Soil and seed collection

In February 2020, soil was collected from one location at Porters Ski field, Canterbury,
New Zealand. The dimensions of the soil samples collected were 10 cm by 10 cm ata 5
cm depth, which made up a total ~1-2 L volume (Q2). Soil samples were collected
directly underneath three target plant species: P. officinarum, H. lepidulum, and C.
macra. An effort was made to collect soil at least 5 m apart for each species. Equipment
was disinfected between the collection of each sample using bleach wipes. A total of ten
samples per species were collected for the growth chamber study and the DNA and
carbon analysis. Each soil sample was split into three: one subsample was used for
potting in the growth chamber, one for sequencing, and one for soil carbon testing.
Samples were stored at -20°C until use. Seeds of H. lepidulum and P. officinarum were
collected from the Porters Ski field area. Additional P. officinarum seeds were collected

from Deep Stream, Otago.

2.2. Molecular analysis of soils

2.2.1. Soil treatments

To test hypotheses regarding the community structure of tussock grassland AM fungal

communities associated with hawkweeds (H1, H2), an experiment was set up as shown
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in Figure 2.1A. Soil origin refers to the plant species the soil was collected underneath
(H. lepidulum, P. officinarum, or C. macra). For each soil origin, there were ten biological
replicates which were separated into four heat treatments. The heat treatments indicate
the temperature that the soil was exposed to for 10 minutes: unheated (UH), 30°C, 45°C,
or 60°C. There were ten biological replicates per soil origin-heat combination and ten
replicates per species for a total of 120 samples (40 experimental units for each soil

origin; Figure 2.1A.).

To date, the soil temperature reached during fire in tussock grasslands is
unknown. Based on work by Pearce et al. (2009), soil temperatures during a tussock
grassland fire did not reach 69°C. Estimates of soil temperatures in grasslands were
used to determine the temperature used to simulate fire (Scotter 1970, Blair 1997, Hill et
al. 2017). The heating time was based on rapid cool down of surface soil reported by

Pearce et al. (2009) during a controlled burn.

Soil samples were randomly selected for heating and were processed in batches
across different days, where all treatments were applied each day. A subsample of each
soil sample was placed into an autoclaved aluminium dish measuring 2 cm deep by 6
cm diameter. These were covered using autoclaved aluminium foil and left at room
temperature for 10 minutes. Samples were then heated in a drying oven for 10 minutes.
The temperature of the oven was confirmed with a glass bulb thermometer. Following
heating, samples were left to cool at room temperature for 30 minutes then left on ice
overnight. Unheated samples were left at room temperature for 10 minutes then left on

ice overnight.
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Figure 2.1. Outline of the experimental design of the three experiments; DNA sequencing of soils
analyses, hawkweed plant growth study, and soil carbon measurement. A) shows the setup of the
DNA sequencing of the soils experiment and soil carbon analyses. Soil origin refers to the soil
collected underneath target plant species. Heat treatment refers to the heat treatment applied on
the soils under laboratory conditions. There were four heat treatments, Unheated (UH) 30°C
45°C and 60°C. N = 120. B) This shows the set-up of the plant growth study of two hawkweeds;
Pilosella officinarum and Hieracium lepidulum. Soil origin refers to the soil collected underneath
target plant species. Heat treatment refers to the heat treatment applied on the soils under
laboratory conditions. For this experiment, there were two heat treatments, UH and 45°C. N = 96

2.2.2. Soil molecular analyses

Soil DNA extraction occurred on the day following heating. DNA was extracted from 250
mg of soil using the Qiagen DNeasy PowerSoil kit following the manufacturer’s
instructions, and the Vortex-2-Genie bench vortex was used for the lysis step. The

concentration and purity of the DNA was estimated using a NanoVue UV-visible
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spectrometer (GE Healthcare). During the initial DNA extraction optimisation, a subset of
samples were visualised on a 1.0 % agarose gel made with 1X Tris/borate/EDTA and
stained with 2.5 yL of 10 mg/mL ethidium bromide. Electrophoresis was carried out at 75

volts for 60 minutes.

Prior to PCR, all DNA extracts were standardised to 5 ng/uL by diluting with
nuclease-free water. Glomeromycotina DNA was amplified from the DNA extracts using
the small ribosomal subunit (18S) rRNA primers WANDA (5’-CAG CCG CGG TAATTC
CAG CT-3’; Dumbrell et al. 2011) and AML2 (5- GAA CCC AAACAC TTT GGT TTC C-
3’; Lee et al. 2008). These primers were modified to include Illumina flow cell adaptor
sequences. Each reaction consisted of 12.5 pL of Kappa HIFI HotStart Readymix (Kapa
Biosystems, Wilmington, MA, United States), 5 pL primers at 1 uM concentration, and
2.5 uL of genomic DNA. The total volume of the PCR was 25 L, with all PCRs
performed on 96 well plates. The PCR conditions consisted of an initial denaturation at
95°C for 2 minutes, followed by 30 cycles of denaturation at 95°C for 1 minute, annealing

at 54°C for 1 minute and extension at 72°C for 1 minute, with a final extension at 72°C

for 5 minutes (Lekberg et al. 2018). AM DNA acquired from John Ramana at the
University of Canterbury was used as a positive control. The PCR products were
cleaned using AMPure XP beads (Beckman-Coulter, Brea, CA, United States) following

the protocol available from (Jackson 2016).

lllumina MiSeq libraries were prepared and sequenced as per the manufacturer’s
protocol (Metagenomic Sequencing Library Preparation Part # 15044223 Rev. B;
lllumina, San Diego, CA, USA). DNA in PCR products was quantified using the Qubit
dsDNA High Sensitivity assay kit (Invitrogen, Waltham, MA, USA). Index adaptors for
lllumina MiSeq sequencing were added via a second PCR step. Each reaction had 12.5

pL of Kappa HIFI HotStart Readymix, 2.5 pL of each forward and reverse indexing
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primers at 1 uM, 2.5 yL of DNA template and 5 L of nuclease-free water. These PCR
conditions consisted of an initial denaturation at 95 °C for 3 minutes, then 8 cycles of
denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds and extension
at 72 °C for 30 seconds, with a final extension at 72 °C for 5 minutes. Following PCR,

libraries on each plate were pooled into one tube. These were cleaned twice using
AMPure XP beads, then quantified using the Qubit dsDNA High Sensitivity assay Kkit.
The sequence quality and length were assessed by running samples on a bioanalyzer

(Agilent, Santa Clara, CA, USA).

2.2.3. Bioinformatics

Raw sequence amplicons for the Glomeromycotina 18S rRNA gene were processed
using the Divisive Amplicon Denoising Algorithm (DADAZ2) pipeline in R 4.0.4 (Callahan
et al. 2016, R Core Team 2020). Due to merging issues, only the forward reads were
used. Sequence data was first processed through the initial steps of the DADA2 ITS
pipeline to remove ambiguous bases (Ns). Primer sequences were removed using
cutadapt v 3.3 (Martin 2011). For the remaining steps, reads were processed following
the DADAZ2 v 1.4 tutorial (Callahan n.d.). Briefly, forward reads were trimmed to 280 bp
and filtered by removing ambiguous reads that exceed a maximum expected error of
two. The remaining reads were used to train an error model, and unique sequences
were obtained through dereplication. The trained error model was used on the
dereplicated sequences to infer sequence variants. Chimeric sequences were removed
from the remaining sequence variants and used to build an ASV counts table. In total,
2,337,080 reads and 11,278 ASVs were generated following DADA2 processing for the

120 samples and controls.
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Taxonomy was assigned to the ASVs using the Ribosomal Database Project
classifier, where bootstrapping was set to a minimum of 80 (Wang and Qiu 2006). A
compiled FASTA file of the MaarjAM database (Accessed 2019) provided by Dr
Cameron Egan from Okanagan College, Canada, was used as the reference database
because of difficulties obtaining it directly from the database curator (Opik et al. 2010).
Pasitive controls were all identified as arbuscular mycorrhizae and were removed from
subsequent analyses. Negative controls were checked for PCR contaminants using the
R package decontam (Davis et al. 2018). This compares the abundance of sequences
between the libraries of true samples and PCR controls and removes samples that are
likely contaminants. No contaminants were detected using this method. ASVs that were
not identified in the Subphylum Glomeromycotina were removed, leaving a total of 5,164

ASVs.

Due to the large variation in sequencing depth among samples (Figure AB.1),
samples were rarefied to 2,500 reads per sample using the ‘Rarefy’ function from
GUniFrac (Chen 2021). This number was chosen to maintain a reasonable sample read

depth. Following rarefaction, ASVs present in fewer than two samples were removed.

34



2.3. Plant growth chamber experiment of invasive
hawkweeds P. officinarum and H. lepidulum

A plant growth experiment was set up to test hypotheses regarding the growth of H.
lepidulum and P. officinarum (H3-H5) (Figure 2.1B). The experimental design was fully
factorial with two treatments: soil origin and heat. Soil origin had three levels: ‘Home’;
hawkweeds species grown in their own soil; ‘Away-H’; hawkweeds grown in the other
hawkweed species soil, and ‘Away-C’; hawkweeds grown in C. macra soil. Heat
treatment had two levels, including unheated and 45°C. Due to growth chamber space
restrictions, only two of the heat treatments were tested for this experiment. Soil samples
were pooled by origin prior to heating (described below). Altogether, my study had eight
individual plants per origin-heat combination per species (i.e., replicates) for 48

experimental units for each plant species and 96 plants in total Figure 2.1B.

Seedlings were pre-germinated in the following manner. Hawkweed seeds of H.
lepidulum and P. officinarum were surface disinfected with 1% bleach for 5 minutes and
rinsed with Millipore water. Surface-disinfection trials were conducted to determine the
appropriate time as discussed (Appendix A; Table Al.1). The seeds were grown in an
autoclaved (2x 121°C for 30 minutes) sand-pumice mix for three weeks before
transplantation into their respective soil-heat treatment. During this time, the seedlings
were watered with Millipore water twice weekly and grown underneath 55 W Starlite

6400K twin fluorescent tubes for a 16/8 day/night photo period at 21°C.

The experiment was set up as follows. All potting equipment was soaked in
diluted bleach for a minimum of 20 minutes, rinsed and air dried to avoid cross
contamination. Further, the workspace was scrubbed and disinfected with Trigene 1:20
between preparation and potting of each soil inoculum. Soil was thawed for 72 hours at

4°C. Individual soil samples from each origin were then pooled and sieved (5 mm) to
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remove large debris. These samples were halved and placed into one of the two heat
treatments. Soil was then placed in aluminium trays at a 5 mm depth and covered with
tin foil. The soil heat treatment consisted of 10 minutes at 45°C in a drying oven.
Unheated soil was left at room temperature. All soil was rested at room temperature

overnight before potting.

For potting, soil of each origin-heat treatment combination was mixed in a 2:1:1
ratio with autoclaved pumice and sand and added to pots (300 mL) on saucers.
Individual seedlings were transplanted into individual pot of their respective soil origin
treatment. Pots were randomly allocated using a random number generator in R and
were re-randomised four times during the 12-week experiment. Plants were watered with
Millipore water twice weekly and grown underneath 55 W Starlite 6400K twin fluorescent

tube for a 16/8 day/night photo period with an air temperature of 21°C.

At the end of the growth chamber study at 12 weeks, | observed 100% seedling
survival. Seedlings were then destructively harvested and the roots and shoots
separated. The roots were then cleaned by washing with tap water and patting dry with
paper towels. Roots and shoots were dried in a drying oven (65°C, 48 hours). All roots

and shoots were weighed on a four decimal place balance.
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2.4. Carbon measurement of tussock grassland soils under
simulated fire

To test hypotheses regarding grassland soil carbon levels (H6-H7), an experiment was
set up, as shown in Figure 2.1B. Soil was then heated, as explained in section 2.2.1. In
preparation for the carbon analysis, soils were air dried for 48 hours, then ground and
sieved (< 2 mm). Carbon (%) in soil was measured using Vario-Max CN elemental
analyser (Elementar GmbH, Germany) at Lincoln University. This method measures total
soil carbon as a percentage, including carbon present in organic matter, charcoal and

carbonate.
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2.5. Statistical data analyses

All statistical analyses were performed in R 4.0.4, and graphs were made using ggplot2
(Wickham 2016, R Core Team 2020). The relative abundance (percentage of reads) of
AM fungi in each order was calculated for each sample. These were averaged per soil

origin-heat combination to give a mean relative abundance. The results were visualised

as a stacked bar graph.

A generalised linear model was constructed to test if soil origin and simulated
fire impacted AM fungal species richness (number of ASVs). Soil origin and heat
treatment were used as predictors, and AM fungal ASV richness was specified as a
Poisson response because it is a count variable. An interaction term was specified
between soil origin and heat. The emmeans R package was used to perform post hoc
pairwise comparisons of the soil origin-heat combinations (Lenth 2021). Predicted values

and confidence intervals were computed using the ggeffects package (Ludecke 2018).

To test if soil origin and simulated fire impacted AM fungal (ASV) community
composition, a principal coordinate analysis (PCoA) with Bray-Curtis distances was
performed. The Bray-Curtis dissimilarity matrix was created using the ‘vegdist’ function
from the R package vegan (Oksanen et al. 2020), and the ‘pco’ function in the labdsv R
package was used to perform the PCoA (Roberts 2019). Effects of soil origin and heat
on AM fungal community composition were tested by conducting a permutational
multivariate analysis of variance (PERMANOVA) using soil origin and heat treatment as
predictor variables. The ‘adonis’ function was used, specifying 999 permutations on a

Bray Curtis dissimilarity matrix (Oksanen et al. 2020).

Linear models were used to assess the impacts of soil origin and heat treatment

on plant growth of the two hawkweed species. | ran separate models for each species
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for two plant variables: plant biomass and root-shoot ratio. An interaction term was
specified between the predictor's soil origin and heat treatment. P-values of the models
were corrected for multiple models with the same replicates using the false discovery
method. Model assumptions were evaluated using diagnostic plots and Levene’s test
(Fox and Weisberg 2019). Plant biomass for P. officinarum was log-transformed to meet
assumptions of normality. Predicted values and confidence intervals were computed
using the ggeffects package (Ludecke 2018). Significant differences in plant growth
responses between treatments were determined using pairwise comparisons with

Tukey’s P-value adjustment using functions within the emmeans package (Lenth 2021).

Differences in soil carbon under differing soil origin and/or under simulated fire
activity were tested using a linear model. An interaction term was specified between
predictors soil origin and heat treatment. The assumptions of the model were checked
using diagnostic plots and Levene’s test (Fox and Weisbherg 2019). Predicted soil carbon
values and associated confidence intervals were computed using the ggeffects package
(Ludecke 2018). The model was investigated further using pairwise comparisons with a

Tukey adjustment (Lenth 2021).

39



Chapter 3. Results

3.1. Arbuscular mycorrhizal fungal communities

3.1.1. Bioinformatics results

There were two main issues that | faced processing my lllumina MiSeq sequences
through dada2. The first was having no samples retained after merging. | attribute the
first issue to the large amplicon size that was amplified using the WANDA /AML2 primer
pair (550 bp +- 5bp), including the primers' sequence (Lee et al. 2008, Dumbirell et al.
2011, Egan 2017). Poor sequence quality at the 3’ end of the reverse reads required
trimming of between 50-100 bp to maintain the recommended quality score of 30
(Callahan et al. 2016). Trimming this much of the reverse reads did not allow merging in
later steps. | also tried not trimming my reads but instead reducing the maximum number
of expected errors, anticipating that this would only allow sequences of good quality
through that would be large enough to merge. This produced merged reads of variable
size (Figure 3.1). My target region for sequencing was the small ribosomal subunit
(18S), which is a conserved size compared to other fungal metabarcoding regions such
as the internal transcribed spacer (Thiéry et al. 2016). The distribution in the sizes of
merged reads appears inappropriate for analysis of the 18S region and prompted my

decision only to process the forward reads as presented in my thesis (Figure 3.1).
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Figure 3.1.Distribution of merged reads of arbuscular mycorrhizal sequencing data from MiSeq
lllumina (18S) when reads were not trimmed.

The rarefaction results of the samples resulted in the loss of 14 samples that did not
meet the criterion of 2500 reads per sample depth (Figure 3.2 and Table 3.1).
Rarefaction and the removal of low abundant ASVs also reduced the number of ASVs in
the dataset to 792. The remaining dataset used for subsequent statistical analyses

comprised of 792 ASVs and 106 samples.
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Table 3.1. Number of samples and ASVs retained after rarefaction and removal of low abundant
ASVs (those present in < 2 samples).

Heat treatment Total
Soil origin Unheated 30°C 45°C 60°C samples
C. macra 10 9 10 9 38
H. lepidulum 6 9 7 9 31
P. officinarum 10 9 8 10 37
Total samples 26 27 25 28 106
o g -
g
2
§
z (=)
| | I | | | |
0 20 40 60 80 100

Number of samples

Figure 3.2. ASV accumulation curve of 18S AMF soil samples rarefied to 2500 reads per sample
= Number of samples = 106.
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3.1.2. Description of AM fungi communities

Of the 792 ASVs, at least 70% for each soil origin heat combination could not be
classified as belonging to any of the three AM fungal taxonomic orders, as shown in
(Figure 3.3). In terms of abundances of different orders, Archaeosporales was in the
highest abundance in soils of P. officinarum and lowest in soils of C. macra. ASVs
classified as Glomerales and Diversisporales appeared consistent in number across all
soil origins. Paraglomerales occurred in < 1% abundance in all soil origin-heat treatment
combinations but appeared slightly higher in soils of P. officinarum. There did not appear

to be differences in taxonomy based on heat treatment.

The mean AM fungal ASV richness per sample was 84 (SD = 20, range = 34 -
137). Soil origin and fire had differential effects on AM fungal ASV richness (Figure 3.4).
There were differences in richness between soil origin of plant species, and in some
cases, significance varied depending on heat treatment. In C. macra soils, AM fungal
richness was significantly lower at 60°C compared to the three other soil temperatures,
but there were no differences in richness between the Unheated, 30°C, and 45°C soils.
In H. lepidulum soils, there was no difference in richness between any of the heat
treatments. In P. officinarum soils, there was no difference between Unheated, 45 °C
and 60 °C heat treatments; however, at 30 °C, richness was significantly lower than the

other heat treatments.

Results from the PCoA and PERMANOVA showed AM fungal community
composition differed by soil origin but not by heat treatment (Figure 3.5, Table 3.2). For
the PCoA, samples were clustered in ordination space based on soil origin. There were
compositional differences among the samples of different soil origins but not among the

heat treatments (Figure 3.5). The PERMANOVA showed soil origin explained 13% of the
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variation in AM fungal composition (Table 3.2). Heat treatment had no effect on AM

fungal composition.

C. macra

754

Mean ASV relative abundance (%)
8

254

UH 30 45 60

H. lepidulum

UH 30 45 60
Heat treatment (°C)

P. officinarum

UH 30 45 60

Archaeosporales
Diversisporales

Glomerales

Paraglomerales

Unclassified Glomeromycotina

Figure 3.3. Mean relative abundance (percentage of reads) of different soil AM fungal ASVs
grouped by taxonomic order (fill colours) separated by heat and soil origin experimental
treatments. UH refers to unheated soil.
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Figure 3.4 Bar graph of the values of soil arbuscular mycorrhizal fungal richness (number of
ASVs) by soil origin from (Chionochloa macra, Hieracium lepidulum and Pilosella officinarum) and
heat treatments (Unheated, 30°C, 45°C, and 60°C). Values on the y-axis represent predicted
richness values from a generalised linear model with 95% confidence intervals represented by
error bars. Heat treatment is represented by colour fill. Letters above bars indicate statistically
significant differences based on the Tukey Post hoc comparison P-value < 0.05. N = 120.
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Table 3.2. Permutational multivariate analysis of variance (PERMANOVA) table for arbuscular
mycorrhizal fungal communities. Predictors are soil origin (Chionochloa macra, Hieracium
lepidulum and Pilosella officinarum) and heat treatment (Unheated, 30°C, 45°C, and 60°C).
Significant sources of variation are bolded and based on 999 permutations. df: degrees of
freedom; SS: sums of squares; MS: mean sum of squares.

Variation
Source of variation explained (%) df SS MS PseudoF P
Soil origin 13 2 4.45 2.22 7.69 0.001
Heat treatment 2 3 0.67 0.22 0.77 0.933
Soil origin x Heat treatment 3 6 1.14 0.19 0.65 1.000
Residuals 81 94 27.30 0.29
Total 100 105 33.51
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Figure 3.5. Principal coordinate analysis plot showing the community composition of soil
arbuscular mycorrhizal fungi by different soil origins (Chionochloa macra, Hieracium lepidulum
and Pilosella officinarum) and heat treatments (Unheated, 30°C, 45°C, and 60°C). Colour
indicates the soil origin and shape indicates heat treatment.
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3.2. Hawkweed plant growth chamber study

For the plant growth study, in most instances, linear model results and post hoc pairwise
comparisons showed that soil origin was the only important factor influencing plant
biomass and root-shoot ratios of H. lepidulum and P. officinarum. Both species grew
better in P. officinarum soil. For H. lepidulum, soil origin, but not heat, had a significant
influence on plant biomass (Soil origin: F-value = 17.75, P-value = 0.006; Heat
treatment: F-value = 0.744, P-value = 0.456; Figure 3.6a, Table AB.2). The interaction
between soil and heat was not significant (Soil origin:Heat F-value = 2.943, P-value =
0.1908,). Post hoc pairwise comparisons showed plant biomass was consistently higher
in H. lepidulum grown in away-H (P. officinarum) 45°C soil compared to those grown in
Home unheated and 45°C soils (P-value < 0.05). Hieracium lepidulum that was grown in
away-H 45°C soil also had higher biomass than seedlings grown in Away-C. macra
unheated soil (P-value < 0.01) but not Away-C 45 °C soil (P-value > 0.05). Hieracium
lepidulum grown in Away-C 45 °C soil had consistently higher biomass than those grown
in Home 45 °C soil (P-value < 0.5), but not Home Unheated soil (P-value > 0.05). There
were no significant differences in root-shoot ratios of H. lepidulum in the different heat

treatments (Figure 3.6¢; P-value > 0.05).
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Figure 3.6. Total plant biomass and root-shoot ratios of Hieracium lepidulum and Pilosella
officinarum. Soil origin had three levels: ‘Home’: plant species grown in their own soil; ‘Away-H’:
hawkweeds grown in the other hawkweed species’ soil; and ‘Away-C’: hawkweeds grown in C.
macra soil. Heat treatment had two levels, including unheated and 45°C and is represented by
colour fill. Values on the y-axis represent predicted values of either plant biomass (a,b) or root-
shoot ratios (c,d) from a linear model with 95% confidence intervals represented by error bars.
Lower case letters in the right-hand corner of the graphs indicate the different measures of plant
biomass and root-shoot ratios for the two plant species. Upper case letters above bars indicate
statistically significant differences based on the Tukey Post hoc comparison P-value < 0.05. N =
96.
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Similar to H. lepidulum, plant biomass of P. officinarum differed by soil origin but
not heat (Soil origin: F-value = 9.489, P-value = 0.002; Heat treatment: F-value = 0.133,
P-value = 0.779; Figure 3.6b). Additionally, the interaction between soil and heat was not
significant (Soil origin:Heat treatment F-value = 0.251, P-value = 0.779). Post hoc
pairwise comparisons showed P. officinarum seedlings had the highest plant biomass in
Home soils. Plant biomass in Away-H unheated soils were significantly lower than Home
unheated (P-value = 0.03) and Home 45 °C (P-value = 0.04) soils. However, there was
no difference in biomass between Home soils and Away-H 45 °C (P-value > 0.05),
Away-C unheated (P-value > 0.05), and Away-C 45 °C soils (P-value > 0.05). For root-
shoot ratios, there was a significant interaction between soil origin and heat that
indicated that the impacts of soil depended on heat (F-value = 4.76, P-value = 0.014).
However, post hoc pairwise comparisons revealed that only Home unheated soils were

significantly higher than Away-C unheated soils (Figure 3.6d; P-value = 0.015).
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3.3. Soil carbon

Percent soil carbon ranged from 1.41 — 8.85% of the total volume of soil. There were no
significant differences in total soil carbon among different soil origins or heat treatments
(Figure 3.7), and although total soil carbon under C. macra was marginally higher than

both hawkweeds, this was not statistically significant.
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Figure 3.7. Bar graph of soil carbon (%) by soil origin and heat treatment. Soil origin indicates the
origin of the soil collected under plants (Chionochloa macra, Hieracium lepidulum and Pilosella
officinarum) and heat treatments indicate soil heat treatments (Unheated, 30°C, 45°C, and 60°C).
Values on the y-axis are predicted values based on a linear model with 95% confidence intervals
represented by error bars. Heat treatments are represented by colour fill. N = 120.
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Chapter 4. Discussion

The findings from my study were consistent with my hypotheses regarding soil AM
fungal richness and community composition. Soil origin was the major driver of AM
fungal richness and community composition (H1), and soil richness was reduced under
some heat treatments (H2). Contrary to my hypothesis that the biomass of hawkweeds
would not differ between different soil origins (H3), | found that both H. lepidulum and P.
officinarum seedlings had the highest biomass in P. officinarum soil. Soil heating had
surprisingly little impact on both above and below-ground responses of invasive
hawkweeds (H4, H5). This indicates that the invasion of H. lepidulum may be facilitated
by the existing invasion of P. officinarum in tussock grasslands. Interestingly, my results
were inconsistent with my last two hypotheses and showed that soil carbon levels did
not differ by soil origin or heat treatment (H6, H7). The results from this study suggest
that soil origin is a major driver of plant-soil interactions in New Zealand's tussock
grasslands. These results have implications for the ecology of hawkweed invasion in

tussock grasslands and AM research in New Zealand.

4.1. Arbuscular mycorrhizal richness and community
composition

Results from the PCoA and PERMANOVA supported my first hypothesis (H1) that AM

fungal community composition differed with soil origin. | originally predicted this would

occur due to plant-soil feedbacks (Bever et al. 2009). Throughout the literature, there is

strong evidence of selectivity in the relationships between plants and their soil microbial

communities (van der Heijden et al. 1998, Bever et al. 2009, 2012, Pringle et al. 2009,

Yang et al. 2012, Torrecillas et al. 2012). Heat did not appear to influence composition
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and only impacted richness in some cases. In general, our understanding of the impacts

of fire on AM fungal richness and composition is varied.

My results suggest that AM fungi associated with hawkweeds and native tussock
are differentially affected by fire. This partially supports my hypothesis that there would
be lower AM richness at higher temperatures (H2). In C. macra soils, AM fungal
richness declined significantly at the highest heat treatment (60°C) but not at the two
lower heat treatments (30 and 45°C). This is in contrast to oils collected under H.
lepidulum plants, where AM fungal richness did not vary significantly in response to heat.
Finally, soils of P. officinarum origin had lower AM richness in the 30°C heat treatment.
This was significantly lower compared to the unheated, 45°C, and 60°C soil heat
treatments, which did not vary significantly from each other. These results suggest that
the AM fungal communities associated with the three plant species had differential
responses to heat. In C. macra soils, AM fungal richness began to decline at the highest
heat treatment (60°C) but remained unaffected at the lower temperatures (30 and 45°C).
This could be because AM fungal mortality began to occur at this temperature (Bellgard

et al. 1994, Dove and Hart 2017).

A recent meta-analysis investigating the effects of fire on mycorrhizal fungi showed
that fire caused an initial decline in the richness of AM fungi but was able to recover
completely after 11 years (Dove and Hart 2017). These declines were thought to result
from heat death but could also be from potential losses of host vegetation (Xiang et al.
2015, Dove and Hart 2017). Most literature has shown that AM communities are capable
of recovering to pre-fire levels over a decade or more (Xiang et al. 2015, Dove and Hart
2017). The timeframe for recovery varies and is linked to the regeneration of the pre-
existing plant communities (Xiang et al. 2015, Dove and Hart 2017). In comparison to C.

macra, the AM communities in the soils of the hawkweeds appeared less sensitive to the
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soil heat treatment. These results have important implications for invasion in tussock
grasslands and suggest that the AM fungi associated with native tussock C.macra are
more sensitive to fire than those of the invasive hawkweeds P. officinarum and H.

lepidulum.

4.2. Plant biomass

Hawkweed biomass differed by soil origin but not heat in my growth chamber study (H3).
Interestingly, both hawkweeds had the highest plant biomass when grown in P.
officinarum soils. This is in contrast to my hypothesis that hawkweeds would have similar
plant biomass in all soil origins and supports the idea that both species may have been
getting positive plant soil feedbacks in P. officinarum soils (Bever et al. 2012).
Considering both hawkweeds are highly mycorrhizal species, these benefits could be
coming from AM fungi in P. officinarum soil (Downs and Radford 2005, Wang and Qiu

2006, Roberts et al. 2009, Hopfner et al. 2015).

The result that H. lepidulum had higher plant biomass in P. officinarum soils
compared to its own soils suggests two potential scenarios. The first could be that H.
lepidulum is experiencing positive plant-soil feedback in the soils of P. officinarum. This
is a plausible scenario when you consider the invasion history of both species in New
Zealand’s tussock grasslands. Hieracium lepidulum, which was first identified in New
Zealand in the 1940s and become widely distributed by the 1970s is a more recent
invader (Wiser and Allen 2000, Day and Buckley 2011). A most recent survey by Day
and Buckley (2011), showed it has increased its range across tussock grasslands. This
is compared to P. officinarum, which has been present in tussock grasslands since
1864, but did not draw significant attention as an invasive species until the late 1960s to

early 1970s (Treskonova 1991, Espie 2001, French 2021). Hence over time, one might
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expect it to have evolved strategies that have allowed it to persist in this environment
(Treskonova 1991, Espie 2001, Day and Buckley 2011, Steer and Norton 2013). One
mechanism could involve the formation of relationships with soil mutualists, including AM
fungi (Pringle et al. 2009). As a more recent invader to tussock grasslands, H. lepidulum
may be benefiting from mutualists of P. officinarum (Wiser and Allen 2000). Though P.
officinarum is no longer placed in the genus Hieracium, both plants remain biologically
similar (French 2021); therefore, it is not unreasonable to assume that H. lepidulum
could gain growth benefits associating with mutualists of P. officinarum (Pringle et al.
2009). The scenario of potential shared symbionts supports the idea of invasional
meltdown (Simberloff and Holle 1999), whereby initial invasion by P. officinarum could
have facilitated subsequent invasion by H. lepidulum. Spreading of H. lepidulum into
areas where P. officinarum has been present for decades supports this idea (Day and
Buckley 2011). Alternatively, H. lepidulum might be an AM fungal generalist, which is a
plant species that benefits from associating with a range of AM fungal taxa (Pringle et al.

2009).

Another scenario is perhaps P. officinarum plants are changing the soil's abiotic
conditions to those that support the growth of both species. There is some evidence to
support the theory that hawkweeds maodify the abiotic conditions of the soil (Scott 1975,
Mclintosh et al. 1995, Knicker et al. 2000). Soil pH underneath P. officinarum plant mats
was significantly lower than the neighbouring tussock or pasture species(Scott 1975,
Mclintosh et al. 1995). Soil pH can have significant effects on plant growth, soil microbial
growth and is one of the largest drivers of soil microbial community composition (Alguacil
et al. 2016, Neina 2019). Lower soil pH can reduce the availability of cations, which

affects the availability of essential plant nutrients such as phosphorus (Scott 1975).
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There have been earlier studies that looked into the allelopathic potential of P.
officinarum plants (Makepeace 1980, Henn et al. 1988). Two phytotoxic compounds,
umbelliferon and apigenin-glucoside, were discovered in the roots and rhizomes of P.
officinarum plants (Makepeace 1980, Henn et al. 1988). However, these compounds
were undetectable in the soil. Suggesting more work would be needed to ascertain a link
between these chemical changes and P. officinarum, and whether or not they provide
growth or competitive benefits to P. officinarum or related species. It is also unclear

whether these compounds have an impact on AM fungi.

Another potential explanation for biomass differences is H. lepidulum could be
experiencing negative plant-soil feedback in its own soil. A well-known cause of negative
plant-soil feedback is the accumulation of pathogens (Bennett and Klironomos 2019).
This could not be ruled out in this study as pathogen species were not specifically
investigated. However, this scenario does seem less likely as H. lepidulum is a newer
invader to tussock grasslands; therefore, according to the enemy release hypothesis, it
would not be expected to accumulated pathogens as rapidly as P. officinarum (Keane
and Crawley 2002, Day et al. 2015). Nevertheless, this could be a possible explanation

for the observations in this study. Further investigation would be needed to confirm this.

4.3. Fire and hawkweed invasion in tussock grasslands

My study showed plant biomass of hawkweeds was not affected by heating soil (H4).
This is interesting as it supports the idea that both hawkweeds would not have problems
establishing after a fire (Treskonova 1991, Bosch et al. 1996). Fire kills or damages
existing vegetation (McLauchlan et al. 2020). Though tussocks are capable of
resprouting after fire, other alpine species are more sensitive (Gitay et al. 1992).

Resprouting tussocks also have to compete with invasive hawkweeds, which are faster
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growing than native tussock, are already in high abundance in most tussock grasslands
and tolerate the high-country conditions well (Makepeace 1985, Treskonova 1991, Moen
and Meurk 2001, Day and Buckley 2011). They reproduce annually and do not rely on
infrequent masting events that are a feature of tussock reproduction (Makepeace 1980,
Schauber et al. 2002, Turnbull et al. 2012). The fact that both hawkweeds have wind-
dispersed seeds is also an advantage in a high-country environment. This will facilitate
seeds travelling to burnt areas after fire (Makepeace 1985, Steer and Norton 2013).
Pilosella officinarum’s ability to form stolons that result in vegetative mats will also aid its

spread in burnt areas (Makepeace 1985).

It was surprising that my results showed that heating soil did not cause declines in
soil carbon (H6). Generally, fire is associated with declines in soil carbon due to
pyrolysis and combustion. Reasons could include soil heat treatments did not reach high
enough temperatures to cause declines in soil carbon. There is little information about

the effect of fire on soil in tussock grasslands.

Carbon content from soil collected from C. macra compared to soil from
hawkweeds showed little difference. While the average carbon content in C.macra was
higher, this was not statistically significant (H7). These results contrast those from Scott
et al., who found soil carbon levels were higher under Hieracium species compared to
neighbouring tussock grasslands (2001). There is evidence that tussock grasslands hold
important carbon reserves. (Ross et al. 1996, Wakelin et al. 2013). The differences seen
in carbon levels between my study and Scott et al. could indicate that carbon levels in
tussock grassland are modified by hawkweed invasion. Both studies have highlighted

changes in carbon sequestration between different species in tussock grasslands.
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4.4. Strengths, limitations, and recommendations of this study

My study is the first to examine the impacts of soil origin and heat on the plant-soil
relationship between invasive hawkweeds and AM fungi. Combining both a sequencing
component and a glasshouse study is powerful as it gives us a better understanding of
the plant-soil relationship between invasive hawkweeds and AM fungi and how they may
be affected by fire. This study also addressed the effects of multiple global change
factors, plant invasion and fire, on the plant-soil relationship. A recent paper by Rillig et
al. highlighted the importance of addressing multiple factors, as the combinations of the
process occurring tended to have different directional effects on soil process and

properties (2019).

One consideration that applies to the sequencing data is that AM communities
were sequenced from soil and not roots. AM fungal communities from roots originate
from internal AM structures such as intraradical hyphae, arbuscules and vesicles (Smith
and Read 2008). This gives indications of the species that are colonising plants. In
contrast, AM communities from soil can originate from all AM structures but likely
originate from external AM structure such as extraradical hyphae and spores which exist
outside of the root (Smith and Read 2008). This gives indications of the AM fungi that
exist in the rhizosphere of the plant but not necessarily those colonising the plant. | did
attempt to sequence the roots of the hawkweeds from the growth chamber study to
determine what AM species were colonising them, unfortunately the sequences were of
poor quality (Appendix C). This would have provided information on which AM fungi
were colonising the roots of the hawkweeds in the growth chamber study and whether or

not they might be affected by heat.
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Previous studies have shown that different species of AM fungi have different
colonization strategies (Hart and Reader 2002; Maherali and Klironomos 2007). These
will likely be affected by heat. For example AM fungi in the family Glomeraceae tend to
be faster root colonisers than those from Gigasporaceae, which have been shown to
allocate higher biomass to extraradical hyphae and spores (Hart and Reader 2002;
Maherali and Klironomos 2007). AM fungi in the family Glomeraceae can increase after
disturbances, which could include fire, compared to Acaulosporaceae and
Gigasporaceae (Chagnon et al. 2013). Work from Longo et al. (2014) supports this,
showing that Glomeraceae species had a significantly higher abundance of spores in
field sites after fire compared to AM fungi in families Gigasporaceae and
Acaulosporaceae whose spore abundance declined after fire. This is somewhat different
to the pattern | observed in my results where the most abundant AM fungi detected were
in order Diversporales in C. macra and H. lepidulum soils of which Gigasporaceae
belong to and Archaeosporales in P. officinarum soils. Glomerales appeared in similar
abundance across the different soil origins. Heat did not appear to influence the relative

abundance of taxa between the different soil origins.

The methods | used to assess the effects of soil origin and heat on AM fungal
communities could not discriminate between DNA from dead AM fungi (extracellular
DNA) and DNA from living AM fungi. Extracellular DNA can account for an average of
40% of DNA observed of prokaryotes and fungi in soil using sequencing techniques
(Carini et al. 2017). The presence of extracellular DNA was shown to inflate richness by
up to 55% and caused misestimations of taxon relative abundances (Carini et al. 2017).
Despite this issue DNA metabarcoding is widely used to assess the difference between
different ecological states between different microbial communities (Longo et al 2014;

Day et al. 2019; Grossman et al. 2019; Yang et al. 2019), including studies assessing
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impacts of fire on soil microbes (Longo et al 2014; Day et al. 2019). Moreover, many of
those studies have shown differences in soil microbial communities due to fire using
DNA-based techniques (Glassman et al. 2016; Longo et al 2014). Therefore, it was not
unreasonable for me to expect to see a difference using these same methods in my
study. Taking approaches to remove extracellular DNA using propidium iodide dye prior
to heating of the soil could have reduced potentially sequencing extracellular DNA
(Carini et al. 2017). Alternatively, applying newer techniques such as RNA sequencing
could give a better indication of AM fungi that are alive and subsequently affected by
heat (Romero-Olivares et al. 2019; Bang-Andreasen et al. 2020); however, it is difficult

to determine taxonomic identities using RNA sequencing.

Since | only sequenced AM fungi, | cannot conclusively say that AM fungi are
responsible for the effects of sail origin in the growth chamber study. Soil origin is a
complex predictor and consists of many components that were not addressed in my
study. For example, other biological variables were not measured and may be
responsible for the plant growth effects, such as bacterial communities or general fungal
communities (Van Der Heijden et al. 2008). Similarly, other soil environmental variables
might have differed by soil origin, such as phosphorus or pH, which also affect plant
growth (Scott 1975, Mclintosh et al. 1995, Scott et al. 2001). Further analyses should
include testing for these biotic and abiotic variables, which could provide insight into soil

dynamics underneath hawkweed species.

I chose to test the effects of three soil heat temperatures of 30°C, 45°C and 60°C
on AM richness and composition, and one soil heat treatment 45°C on plant biomass of
hawkweeds. Interestingly, soil heating did not alter soil AM fungal community
composition or hawkweed biomass. These soil temperatures are similar to those

expected from other studies in grasslands and prairie ecosystems (Scotter 1970, Hill et
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al. 2017). | was limited because there are no studies that have concretely assessed how
hot soil gets in tussock grassland fires. Pearce et al. showed that soils at 2.5 and 5 cm
depth did not heat above 69°C in controlled burns, so | did not heat my soils above that
(2009, 2011). There is also no information on how long that soil remains at that
temperature in tussock grasslands. Still, it is known that fire spreads quickly, and likely,
the soil is only briefly exposed and cools quickly (Payton and Pearce 2001, 2009b,
Pearce et al. 2009). Therefore | predicted that soil temperature would not exceed the
tested temperature for longer than 10 minutes. More research is needed into the fire
dynamics in tussock grasslands, particularly since fires are predicted to increase
(Pearce et al. 2011). Future research should focus on the effects of fire on soils, as there
are many gaps on the effects of fire on soil communities and their biological processes.
However, my study gives some indication on what effects may be expected on soil in the

field during a fire.

4.4.1. Critique of methods

Overall, AM fungal richness for all treatments was relatively high when compared to
similar studies (Longo et al. 2014, Xiang et al. 2015, Lekberg et al. 2018, Chaudhary et
al. 2020) and resembles richness found by (Day et al. 2019, Phillips et al. 2020) for total
soil fungi. One factor contributing to the high AM fungal richness observed could be the
high diversity of AM fungal species present in New Zealand's tussock grasslands. To
date, few studies have examined AM fungal species colonising New Zealand's plants in
tussock grasslands (Crush 1973, Spence et al. 2011). Considering the diversity of plants
in New Zealand and within tussock grasslands (Winkworth et al. 2005), one might also

expect to find many uniqgue AM fungal mutualists. AM fungi were identified using a
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taxonomy file complied from sequences in the MaarjAM database (Opik et al. 2010). The
complied taxonomy file was dominated by sequences from the northern hemisphere,
which may explain why so few ASVs in our study were able to be identified to order
level. Using other tools such as Basic local alignment searches (BLAST) available on the
National Center for Biotechnology Information website (www.ncbi.nim.nih.gov) may have

benefited my study as it may have allowed further identification of AM fungi.

45. Conclusions

Overall, this thesis has explored the effects of fire and soil origin on plant invasion, AM
fungi and soil carbon. The findings support the idea that soil origin is a major driver of
plant-soil relationships in New Zealand’s tussock grasslands and highlight the

importance of plant-mycorrhizal relationships in plant invasion.

My results show that soil origin was the major driver of AM fungal community
structure in terms of composition. The effect of heat on AM fungal richness differed
according to soil origin and, surprisingly, had no impact on community composition. In
the growth chamber study, hawkweed biomass was influenced by soil origin but not
heat. Interestingly, both hawkweed species had the highest plant biomass in P.
officinarum soils. Although soil carbon was slightly elevated in C. macra soils compared
to the soils of invasive hawkweeds, soil carbon levels did not differ statistically between

different soil origins and heat treatments.

My results supported my hypothesis that soil origin is a major driver of plant-soil
relationships in New Zealand’s tussock grasslands. Further, it suggests that P.

officinarum invasion may facilitate invasion by H. lepidulum. My results indicate that fire
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has less effect on AM communities, hawkweed growth and soil carbon than soil origin in

tussock grasslands.
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Appendix A. Seed surface disinfection trial on
hawkweed seeds

I conducted an experiment to ensure my seed disinfection method limited microbial
growth. Seeds were surface disinfected by immersing them in 1% bleach within a pre-
bleached tea strainer. Three different disinfection times were tested 0, 5, 10 and 20
minutes. Following disinfection, seeds were rinsed in Millipore water to remove residual
bleach. Ten seeds were placed on potato dextrose agar supplemented with
chloramphenicol. Plates were sealed with parafilm and left for two weeks at room
temperature to germinate. Following the two weeks, the 0-minute plates for both species
showed clear fungal contamination. My trial indicated that the 5-minute surface
disinfection time was the most appropriate because both plant species had at least one
seed out of ten on the plate germinate, and there was also no fungal contamination

present (Table Al.1).



Table Al1.1. The number of seedlings of P. officinarum and H. lepidulum that had

germinated during 1% bleach surface disinfection trial for different times.

Plant Surface Replicate Number of seeds Fungal contamination
disinfection time germinated
P. officinarum 0 1 0 Yes
P. officinarum 5 1 1 No
P. officinarum 5 2 0 No
P. officinarum 10 1 2 No
P. officinarum 10 2 2 No
P. officinarum 20 1 0 No
P. officinarum 20 2 0 No
H. lepidulum 1 0 Yes
H. lepidulum 5 1 1 No
H. lepidulum 5 2 0 No
H. lepidulum 10 1 0 No
H. lepidulum 10 2 0 No
H. lepidulum 20 1 0 No
H. lepidulum 20 2 0 No




Appendix B. Statistical analyses of soils and
hawkweeds

This appendix contains graphs and tables resulting from statistical analyses conducted

during the sequencing and plant growth experiments
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Figure AB.1.Histogram showing the distribution of reads per sample for all 18S AM fungal soll
samples processed through DADA2. N = 120.



AB.1. Tukey post hoc pairwise comparisons of soil origin and heat treatments for a generalised
linear model of AM fungal ASV richness. Treatment comparisons include soil origin from
(Chionochloa macra, Hieracium lepidulum and Pilosella officinarum) and heat treatments
(Unheated, 30°C, 45°C, and 60°C). Standard errors are shown in brackets. Statistically significant
effects are shown in bold.

Treatment comparisons Estimate Z ratio P-value
C. macra UH - H. lepidulum UH 0.10 (0.06) 1.73 0.854
C. macra UH - P. officinarum UH 0.10 (0.05) -0.40 1.000
C. macra UH - C. macra 30°C 0.10 (0.05) -1.61 0.905
C. macra UH - H. lepidulum 30°C 0.10 (0.05) 2.57 0.298
C. macra UH - P. officinarum 30°C 0.10 (0.05) 3.74 0.010
C. macra UH - C. macra 45°C 0.10 (0.05) -0.16 1.000
C. macra UH - H. lepidulum 45°C 0.10 (0.05) 2.11 0.614
C. macra UH - P. officinarum 45°C 0.10 (0.05) 0.38 1.000
C. macra UH - C. macra 60°C 0.10 (0.05) 5.65 < 0.001
C. macra UH - H. lepidulum 60°C 0.10 (0.05) 3.33 0.042
C. macra UH - P. officinarum 60°C 0.10 (0.05) 151 0.940
H. lepidulum UH - P. officinarum UH 0.10 (0.05) -2.07 0.645
H. lepidulum UH - C. macra 30°C 0.10 (0.06) -3.08 0.087
H. lepidulum UH - H. lepidulum 30°C 0.10 (0.06) 0.54 1.000
H. lepidulum UH - P. officinarum 30°C 0.10 (0.06) 1.58 0.918
H. lepidulum UH - C. macra 45°C 0.10 (0.06) -1.87 0.778
H. lepidulum UH - H. lepidulum 45°C 0.10 (0.06) 0.27 1.000
H. lepidulum UH - P. officinarum 45°C 0.10 (0.06) -1.33 0.975
H. lepidulum UH - C. macra 60°C 0.10 (0.06) 3.29 0.046
H. lepidulum UH - H. lepidulum 60°C 0.10 (0.06) 121 0.988
H. lepidulum UH - P. officinarum 60°C 0.10 (0.06) -0.44 1.000
P. officinarum UH - C. macra 30°C 0.10 (0.05) -1.23 0.987
P. officinarum UH - H. lepidulum 30°C 0.10 (0.05) 2.95 0.123
P. officinarum UH - P. officinarum 30°C 0.10 (0.05) 4.12 0.002
P. officinarum UH - C. macra 45°C 0.10 (0.05) 0.23 1.000
P. officinarum UH - H. lepidulum 45°C 0.10 (0.05) 2.47 0.360
P. officinarum UH - P. officinarum 45°C 0.10 (0.05) 0.75 1.000
P. officinarum UH - C. macra 60°C 0.10 (0.05) 6.03 <0.001
P. officinarum UH - H. lepidulum 60°C 0.10 (0.05) 3.71 0.011
P. officinarum UH - P. officinarum 60°C 0.10 (0.05) 1.90 0.758
C. macra 30°C - H. lepidulum 30°C 0.10 (0.05) 4.07 0.003
C. macra 30°C - P. officinarum 30°C 0.10 (0.05) 5.21 < 0.001
C. macra 30°C - C. macra 45°C 0.10 (0.05) 1.45 0.953
C. macra 30°C - H. lepidulum 45°C 0.10 (0.05) 3.52 0.022
C. macra 30°C - P. officinarum 45°C 0.10 (0.05) 1.89 0.766
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-2.73
-0.27
-2.07
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-1.11
-3.90
-1.35
-3.19
1.90
-0.41
-2.29
2.26
0.53
5.81
3.49
1.67
-1.67
3.14
0.97
-0.76
5.02
2.79
1.04
-2.30
-4.21
-1.87

<0.001
<0.001
0.087
0.992
0.213
1.000
0.646
0.096
1.000
0.994
0.006
0.972
0.064
0.761
1.000
0.486
0.506
1.000
<0.001
0.025
0.882
0.881
0.074
0.998
1.000
<0.001
0.183
0.997
0.474
0.002
0.777




Table AB.2. ANOVA tables for linear models of plant biomass and root-shoot ratios of P.
officinarum seedlings. P-values corrected using the false discovery method. Statistically
significant predictors are shown in bold.

Plant biomass

Predictor Df Sum Sq Mean Sq F-value P-value
Soil origin 2.00 22.93 11.47 9.49 0.002
Heat treatment  1.00 0.16 0.16 0.13 0.779
Soil origin: 2.00 0.61 0.30 0.25 0.779
Heat treatment
Residuals 42.00 50.74 1.21

Root-shoot ratios
Predictor Df Sum Sq Mean Sq F-value P-value
Soil origin 2.00 0.65 0.32 1.94 0.314
Heat treatment  1.00 0.12 0.12 0.73 0.594
Soil origin: 2.00 1.60 0.80 4.77 0.042
Heat treatment
Residuals 42.00 7.04 0.17

Table AB.3. ANOVA tables for linear models of plant biomass and root-shoot ratios of H.
lepidulum seedlings. P-values corrected using the false discovery method. Statistically significant
predictors are shown in bold.

Plant biomass

Predictor Df Sum Sq Mean Sq F-value P-value
Soil origin 2.00 0.14122 0.07061 17.756 0.006
Heat treatment  1.00 0.00296 0.00296 0.744 0.456
Soil origin: 0.02341 0.01171 2.943 0.191
2.00
Heat treatment
Residuals 42.00 0.16702 0.00398
Root-shoot ratios
Predictor Df Sum Sq Mean Sq F-value P-value
Soil origin 2.00 1.555 0.7777 1.066 0.456
Heat treatment  1.00 0.487 0.487 0.668 0.456
Soil origin: 1.168 0.5841 0.801 0.456
2.00
Heat treatment
Residuals 42.00 30.628 0.7292




Table AB.4. Tukey post hoc pairwise comparisons of soil origin and heat treatments for linear models of plant biomass and root-
shoot ratios of hawkweeds; P. officinarum and H. lepidulum plants. Treatment comparisons include soil origin from (Home;
Hawkweed grown in its own soil, Away-H; hawkweed grown in the others soil and Away-C; hawkweed grown in C. macra soil) and
heat treatments (Unheated, and 45°C). Standard errors are shown in brackets. Statistically significant comparisons are shown in

bold. N = 96.

Plant species

P. officinarum

H. lepidulum

Treatment combination

Plant biomass

Root-shoot ratio

Plant biomass

Root-shoot ratio

Estimate T-value P-value Estimate T-value  P-value Estimate T-value  P-value  Estimate T-value  P-value
Home UH x Away C UH 1.40(0.55) 2.54 0.130 0.71(0.21) 3.46 0.015 -0.01(0.03) -0.2 1.000 0.29(0.43) (68 0.983
Home UH x Away H UH 1.76(0.55) 3.2 0.030 0.49(0.21) 24 0.18 -0.09(0.03) -2.84 0.071 -0.04 (0.43) .10 1.000
Home UH x Home 45°C 0.04(0.55) 0.07 1.000 0.58(0.21) 2.81 0.076 0.05(0.03) 1.47 0.687 0.64(0.43) 150 0.667
Home UH x Away C 45°C 1.44(0.55) 2.63 0.110 0.40(0.21) 1.93 0.397 -0.06(0.03) -1.9 0.415 0.31(0.43) .73 0.977
Home UH x Away H 45°C 1.33(0.55) 2.41 0.170 0.53(0.21) 2.6 0.12 -0.13(0.03) 4.1 0.002 -0.10 (0.43) o4 1.000
Away C UH x Away H UH 0.36(0.55) 0.66 0.990 -0.22(0.21)  -1.06 0.894 -0.08(0.03) -2.63 0.112 -0.33(0.43) .78 0.970
Away C UH x Home 45°C -1.36(0.55) -2.47 0.160 -0.13(0.21)  -0.65 0.986 0.05(0.03) 1.67 0.559 0.35(0.43) g2 0.962
Away C UH x Away C 45°C 0.05(0.55) 0.09 1.000 -0.31(0.21)  -1.53 0.649 -0.05(0.03) -1.7 0.540 0.02(0.43) .05 1.000
Away C UH x Away H 45°C -0.07(0.55) -0.13 1.000 -0.18(0.21)  -0.86 0.954 -0.12(0.03) -3.89 0.004 -0.39(0.43) o1 0.941
Away H UH x Home 45°C -1.72(0.55) -3.13 0.040 0.08(0.21) 0.41 0.998 0.14(0.03) 4.3 0.001 0.68(0.43) 160 0.606
Away H UH x Away C 45°C -0.32(0.55) -0.57 0.990 -0.10(0.21)  -0.47 0.997 0.03(0.03) 0.93 0.936 0.35(0.43) (83 0.960
Away H UH x Away H 45°C -0.43(0.55) -0.79 0.970 0.04(0.21) 0.2 1 -0.04(0.03) -1.26 0.804 -0.06 (0.43) _0.14 1.000
Home 45°C x Away C 45°C 1.40(0.55) 2.56 0.130 -0.18(0.21)  -0.88 0.95 -0.11(0.03) -3.37 0.019 -0.33(0.43) .77 0.972
Home 45°C x Away H 45°C 1.29(0.55) 2.34 0.200 -0.04(0.21) -0.21 1 -0.18(0.03) -5.56 0.001 -0.74(0.43) 173 0.518
Away C 45°C x Away H 45°C  -0.12(0.55) -0.22 1.000 0.14(0.21) 0.67 0.985 -0.07(0.03) -2.19 0.263 -0.41(0.43) g7 0.926




Appendix C. Sequencing of hawkweed roots

This section outlines methods | undertook to identify AM fungi that had colonised roots of
H. lepidulum and P. officinarum in my growth chamber study. Ultimately, | did not use
this data because there was a high abundance of non-AM fungal reads, and when |
removed these, | had many samples that had read depths too low to be considered

feasible for further analysis.

During the harvesting of hawkweeds in the growth chamber study, | collected
fresh root tissue (100 mg) from four randomly selected plants for each treatment. Roots
were dried gently with paper towels, and the total fresh root weight and sample root
weights were recorded. The sampled roots were cut into 1-2 cm pieces and placed in a
sterile 2 mL Eppendorf tube which were stored at -20°C for a maximum of three weeks

prior to DNA extraction. In total, this equated to 48 samples for both species (Figure 2.1).

Dried root weights were adjusted for the removal of root tissue for DNA
extraction. This was done using the following calculation, which provides an estimate of
the total dried root biomass based on the weights available. Dry root mass = dry mass +
((fresh root mass — fresh mass after subsample taken) / fresh mass) * dry mass). This

adjusted weight was used to calculate the total plant biomass and root-shoot ratios.

Root DNA was extracted from 100 mg (fresh weight) of root tissue. A sterile
stainless-steel bead (5 mm) was added to 2 mL Eppendorf tubes containing frozen root
tissue. The tubes were immersed in liquid nitrogen for 30 seconds, then placed into the
FastPrep-24 and run for 30 seconds at 4.5 m/z. One round was sufficient to turn the root
tissue of both hawkweeds into a fine powder. DNA was extracted using the Qiagen plant

mini kit, following the manufacturer’s instructions. The concentration and purity of the



DNA from root extractions was estimated using a GE NanoVue UV-visible spectrometer.
A subset of samples were visualised on a 1.0 % agarose gel stained with 2.5uL of
ethidium bromide during the initial DNA extraction optimisations. These were run at 75

volts for 1 hour.

Root DNA was amplified via polymerase chain reaction using the WANDA and
AML2 primers in the same manner as soil DNA extracts as described in section 2.2.2.
These extracts were processed and sequenced in the same manner as described in
section 2.2.2. Root and soil samples were all sequenced on the same Illumina MiSeq

run.

Samples were processed via the DADA2 pipeline together with the soil DNA
sequences in the same manner as described in section 2.2.3. After processing through
the DADAZ bioinformatics pipeline, sequences that were not identified as AM fungi using
the RDP classifier were removed. Root and soil sequencing projects were separated.
Following DADA2 processing, there were 93,158 reads of the 48 samples in the root
sequencing data. There were two highly abundant amplicon sequence variants
identifying as AM fungi in the root sequencing data. These two amplicon sequence
variants were present in very high abundance compared to other ASVs. One of the two
amplicon sequence variants was associated with roots from H. lepidulum, and one was
associated with roots of P. officinarum. Additional investigations were conducted to
determine their identity. Both amplicon sequence variants were initially identified as AM

from the MaarjAM database, but | wanted to identify them further.

I did a preliminary BLAST nucleotide database with default settings National
Center for Biotechnology Information website (www.ncbi.nlm.nih.gov). For both amplicon

sequence variants, the highest match was Pilosella officinarum isolate DM380 small



subunit ribosomal RNA gene GenBank number MT796508.1. This match was a direct
submission to NCBI without a publication reference. This raised doubts on identifying
these amplicons as AM fungi and prompted me to conduct further phylogenetic

analyses.

| constructed a multiple sequence alignment of small ribosomal subunit sequences
spanning the region of my primers using MEGA X (Kumar et al. 2018). This was used to
construct a maximum likelihood phylogenetic tree. The Tamura and Nei model (TN93)
with Gamma distributed invariant sites (G + 1) was used with 1000 bootstraps. | included
reference sequences of all AM families from my complied FASTA file of AM fungi. | also
included plant sequences and non-AM fungi obtained from NCBI to construct this tree.

The GenBank numbers of the sequences are included in the phylogenetic tree.

The results of the phylogenetic tree showed that the two amplicon sequence
variants were grouping with the plant sequences, which had high bootstrapping support
(Figure AC.1). The AM fungi were grouping roughly in their expected families with good
bootstrapping support. The non-AM fungi were grouping with Paraglomus AM fungi
which was unexpected. However, the purpose of this tree was to figure out whether the
two amplicon sequence variants in high sequence abundance were plant or fungi.
Results of the phylogenetic tree provided good evidence that they were, in fact, plant
and not AM fungi. Therefore, it was decided to remove these two amplicon sequence

variants from both the soil and root sequencing data.
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Figure AC.1. Maximum likelihood phylogenetic tree of partial small ribosomal subunit nucleotide
sequences. Based on a Tamura and Nei model (TN93) with Gamma distributed invariant sites (G
+ 1). Numbers at tree nodes represent bootstrap support values (1,000 replications). Reference
arbuscular mycorrhizal sequences, plants and fungi have a GenBank number next to the name.
Amplicon sequence variants obtained from my study that were tested are indicated by red circles.

| attempted to rarefy my root sequencing data in the same manner as | had done
for the soil. Unfortunately, | had very low sample read depth for my root sequences. Out
of the 48 root samples sequenced, 18 had a library size of fewer than 1000 reads per
sample (Table AC.1). | decided that 1000 reads per sample would be the lowest value
that we would rarefy to. However, this would mean the loss of 30 samples which is more
than half of those sequenced. Rarefying to less than 1000 reads per sample would make
the root samples incomparable to the soil. Due to time restraints, it was decided not to

explore this dataset any further for my masters.



Table AC.1 Number of reads per sample obtained for hawkweed root sequencing data.

. Heat . Number of
Sample ID Plant Soil origin treatment Replicate | reads per
sample

H. lepidulum_Away-C_UH_2 H. lepidulum | Away-C UH 2 790
H. lepidulum_Away-C_UH_6 H. lepidulum | Away-C UH 6 197
H. lepidulum_Away-C_UH_7 H. lepidulum | Away-C UH 7 731
H. lepidulum_Away-C_UH_8 H. lepidulum | Away-C UH 8 623
H. lepidulum_Away-C_45°C_2 | H. lepidulum | Away-C 45°C 2 4387
H. lepidulum_Away-C_45°C_3 | H. lepidulum | Away-C 45°C 3 1030
H. lepidulum_Away-C_45°C_4 | H. lepidulum | Away-C 45°C 4 1268
H. lepidulum_Away-C_45°C_8 | H. lepidulum | Away-C 45°C 8 684
H. lepidulum_Home UH_2 H. lepidulum | Home UH 2 452
H. lepidulum_Home_UH_3 H. lepidulum | Home UH 3 1638
H. lepidulum_Home UH_4 H. lepidulum | Home UH 4 460
H. lepidulum_Home_UH_5 H. lepidulum | Home UH 5 790
H. lepidulum_Home_45°C_4 H. lepidulum | Home 45°C 4 11073
H. lepidulum_Home_45°C 5 H. lepidulum | Home 45°C 5 1035
H. lepidulum_Home_45°C_6 H. lepidulum | Home 45°C 6 825
H. lepidulum_Home_45°C_7 H. lepidulum | Home 45°C 7 1316
H. lepidulum_Away-H_UH_2 H. lepidulum | Away-H UH 2 1079
H. lepidulum_Away-H_UH_4 H. lepidulum | Away-H UH 4 2607
H. lepidulum_Away-H_UH_5 H. lepidulum | Away-H UH 5 1019
H. lepidulum_Away-H_UH_7 H. lepidulum | Away-H UH 7 1227
H. lepidulum_Away-H_45°C_1 | H. lepidulum | Away-H 45°C 1 1444
H. lepidulum_Away-H_45°C_6 | H. lepidulum | Away-H 45°C 6 1109
H. lepidulum_Away-H_45°C_7 | H. lepidulum | Away-H 45°C 7 1208
H. lepidulum_Away-H_45°C_8 | H. lepidulum | Away-H 45°C 8 1608
P. officinarum_Away-C_UH_3 Efficinarum Away-C UH 3 1327
P. officinarum_Away-C_UH_4 (F))fficinarum Away-C UH 4 2281
P. officinarum_Away-C_UH_5 Efficinarum Away-C UH 5 1088
P. officinarum_Away-C_UH_7 Efficinarum Away-C UH 7 310
CP:._(A)1f5ﬂ°CCIZn_aZrum_Away Efficinarum Away-C 45°C 2 642
CP:;Zf;IfCllr]_Egum_Away Efficinarum Away-C 45°C 3 323




P.

officinarum_Away-

P

C_45°C 5 officinarum | AW&Y-C [ 45°C 1589
(PZ._ZEI‘?(I:n_%rum_Away- Efficinarum Away-C 45°C 922
P. officinarum_Away-H_UH_3 Efficinarum Away-H UH 5402
P. officinarum_Away-H_UH_4 Efficinarum Away-H UH 7887
P. officinarum_Away-H_UH_7 Efficinarum Away-H UH 10461
P. officinarum_Away-H_UH_8 Efficinarum Away-H UH 317
E._zglf(lln_azrum_Away- Efficinarum Away-H 45°C 749
Ilj. zgl‘%mgum_Away- Efficinarum Away-H 45°C 2566
IF—)|. Zf;l‘%njum_Away- Efficinarum Away-H 45°C 1635
IF-)|. Zgl%négum_Away- Efficinarum Away-H 45°C 446
P. officinarum_Home_UH_2 Efficinarum Home UH 1657
P. officinarum_Home_UH_3 Efficinarum Home UH 674
P. officinarum_Home_UH_5 Efficinarum Home UH 2053
P. officinarum_Home_UH_8 Efficinarum Home UH 493
P. officinarum_Home_45°C_5 Efficinarum Home 45°C 4509
P. officinarum_Home_45°C_6 Efficinarum Home 45°C 1741
P. officinarum_Home_45°C_7 Efficinarum Home 45°C 1545
P. officinarum_Home_45°C_8 Efficinarum Home 45°C 3941

Total number of reads 93158




