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General abstract 

The goal of my thesis was to study the link between plant root traits and arbuscular 

mycorrhizal fungal traits, and how the arbuscular mycorrhizal fungal communities of native 

and exotic plants differ. 

I began my research by characterizing the arbuscular mycorrhizal fungal community of a 

wide range of native and exotic plant species ranging in root diameters (Chapter 2). I found 

that plant root diameter had a strong influence on the composition of arbuscular 

mycorrhizal fungal communities. Coarse-rooted plants associated with a lower diversity of 

arbuscular mycorrhizal fungi compared to fine-rooted plants, suggesting the presence of 

host-partner specificity. Arbuscular mycorrhizal fungal communities were also different 

between native and exotic plants, with exotic plants associating disproportionately more 

with the most dominant fungal families in my study.  

Knowing that fungal communities were influenced by root diameter, I then undertook a 

greenhouse experiment (Chapter 3). In this experiment I inoculated a range of host plants 

with live root fragments of the 30 species from Chapter 2 in a multi-compartment pot to 

quantify the functional traits of the respective arbuscular mycorrhizal fungal communities. I 

found that arbuscular mycorrhizal fungal communities associated with coarse-rooted plants 

produced more hyphal biomass and explored soil further away from the roots of host plants 

compared to fungal communities from fine-rooted plants. Sequencing the arbuscular 

mycorrhizal fungal community near and far away from the roots also allowed me to identify 

which fungal taxa could be responsible for the increase or lack of hyphal abundance further 

from the roots. 

Lastly, I characterized the arbuscular mycorrhizal fungal communities in constructed plant 

communities (Chapter 4) ranging in exotic dominance (0% - 100%) allowing me to scale up 

my finding from individual species to plant communities. I found that increasing exotic 

dominance decreased arbuscular mycorrhizal fungal diversity. However, plant communities 

with more coarse-rooted plants maintained the same arbuscular mycorrhizal fungal 
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diversity even when exotic dominance increased. Exotic dominance also led to an increase 

of associations with generalist fungal partners. 

The overall results of this thesis showed complementarity between plant root traits and 

arbuscular mycorrhizal fungal traits. This is vital understanding for restoration planting, 

showing the importance of matching plants with mycorrhizal partners able to complement 

root traits. The role of plant community structure is also vitally important in preserving 

below ground diversity during plant invasion. My work highlighted the value of moving past 

a ‘one fungus – one plant’ framework to understand mycorrhizal function and to examine 

how arbuscular mycorrhizal fungal communities respond to plants more holistically. 
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Chapter 1 -  General introduction 

Symbiosis in nature 

Most eukaryote species are involved in at least one or more mutualistic partnerships, 

whether directly or indirectly (Jones et al., 2009; Kiers et al., 2010). Mutualisms are crucial 

to the survival and reproduction of most organisms and play an important role in ecosystem 

functioning and providing major ecological services (Jones et al., 2009). Partners in 

mutualisms exchange goods and services to their mutual benefit. Despite natural selection 

being predicted to favour ‘cheating’ genotypes that obtain benefits from their partners but 

provide little or nothing in return (Batstone et al., 2017; Jones et al., 2009), the proliferation 

of cheaters could potentially result in the breakdown of mutualism. However, many 

mutualisms have persisted for millions of years indicating these interactions are 

evolutionarily stable (Batstone et al., 2017). Well known examples of mutualisms include 

interactions between ants and plants, wasps and figs, legumes and rhizobia, and plants and 

pollinators, seed dispersers, and mycorrhizas. 

Arbuscular mycorrhizal fungi 

Arbuscular mycorrhizal fungal symbioses are the most widespread terrestrial symbiosis and 

are formed by 70-90% of land plant species with fungi that belong to the phylum 

Mucoromycota, comprising the two subphyla Glomeromycotina and Mucoromycotina 

(Bruns et al., 2018; Field and Pressel, 2018; Spatafora et al., 2016). The traces of this 

association are ancient, with arbuscules (derived from the Latin ‘arbusculum’ meaning little 

bush or tree), the characteristic structure of a functioning arbuscular mycorrhizal symbiosis, 

being observed in 400 million year old fossils of early land plants (Remy et al., 1994), and it 

is believed to have had an important role in facilitating plant terrestrialisation >500 Mya 

(Field and Pressel, 2018). The symbiosis involves a bi-directional transfer of nutrients, where 

the plant provides carbon to the fungus (up to 20% of net photosynthates), and the fungus 

provides the plant with mineral nutrients and water (Hodge and Storer, 2015; Parniske, 

2008). By driving the exchange between soil and plants, arbuscular mycorrhizal fungi are 
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highly important for global phosphorus (P), nitrogen (N), and carbon (C) cycles (Hodge and 

Fitter, 2010).  

There are approximately 250 arbuscular mycorrhizal fungi morphologically defined, and 350 

to 1000 molecularly defined arbuscular mycorrhizal fungi (Davison et al., 2015). There has 

been some evidence that shows different ecological strategies among arbuscular 

mycorrhizal fungi, in regard to both their function in ecosystems, and on a physiological and 

morphological scale (Hart and Reader, 2002). Different arbuscular mycorrhizal fungi have 

different hyphal growth patterns, and branching frequencies. The variation in strategies 

likely indicates the occupation of different niches within the soil (Voets et al., 2006). For 

example, many Glomus species typically form highly branched hyphae. In contrast, species 

of the Scutellospora or Gigaspora form longer hyphae that can explore soil more distant 

from the roots (De La Providencia et al., 2005; Voets et al., 2006).  

One of the most common benefits provided to plant hosts by arbuscular mycorrhizal fungi, 

is enhanced nutrient uptake of P (Bever et al., 2001; Bhantana et al., 2021). Phosphorus is 

essential for plant growth and critical in the metabolism of the plant, playing key roles in 

cellular energy transfer, photosynthesis and respiration (Deepika and Kothamasi, 2015; 

Grant et al., 2001). P is absorbed from inorganic phosphates (Pi). The dominant form of Pi 

absorbed is orthophosphate. Plants have a problem, where the uptake of orthophosphate 

by the roots can happen at a rate faster than it can be replenished by natural diffusion from 

the soil. This leads to the formation of a depletion zone of Pi in the rhizosphere, limiting 

further uptake (Smith and Smith, 2012). Arbuscular mycorrhizal fungal hyphae are much 

thinner than roots and can therefore access soil volumes that are inaccessible to roots, and 

are more efficient structures to explore soil volumes which are theoretically accessible but 

could be costly for plants. This greatly increases the volume of soil from which plants can 

obtain P.  

Another important nutrient supplied to the plant host by arbuscular mycorrhizal fungi is 

Nitrogen (N). Several studies have shown that nitrogen uptake of host plants is improved by 

arbuscular mycorrhizal fungal infection (Fellbaum et al., 2012; Hawkins et al., 2000; Leigh et 

al., 2009). Inorganic N in the form of NH4
+ absorbed by the extraradical mycelium of the 
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fungi can be incorporated into amino acids. This is the most common form of N absorbed 

because it is positively charged and is bound to negatively charged clay particles having a 

higher potential to be reached by arbuscular mycorrhizal fungal hyphae. The uptake of both 

Pi and NH4
+ is dependent on the exploration of arbuscular mycorrhizal fungal hyphae in the 

soil. Therefore, matching the functional traits of arbuscular mycorrhizal fungi to the root 

traits of plants is essential for optimal benefit from the symbiosis. 

Arbuscular mycorrhizal fungal traits 

There is high functional diversity not only between arbuscular mycorrhizal fungal species 

but also with species (Mensah et al., 2015). Apart from the recognized role arbuscular 

mycorrhizal fungi play in P uptake, the vast array of other benefits they can provide plants 

with include transfer of their nutrients (N, Zn, Mg, and Ca), improved plant water relations, 

enhanced pathogen protection, and increased tolerances to adverse environmental factors 

(Sikes et al., 2010).  

Theories of how arbuscular mycorrhizal fungi have evolved suggest phylogenetic 

conservatism of traits and trade-offs among multiple functions (Hart and Reader, 2002; 

Powell et al., 2009). A study conducted by Hart & Reader (2002) surveyed infection 

strategies expressed between GIgasporaceae and Glomeraceae. Typically, fungi from the 

Gigasporaceae tended to invest heavily in producing hyphal biomass in the soil, while 

showing limited infection of roots. In contrast, fungi from the Glomeraceae quickly and 

extensively infect the roots but produced less biomass in soil. These differences in root and 

soil hyphal proliferation between the two families have led to the hypothesis that there may 

be a functional trade-off in allocation of biomass to infect roots instead of the soil. The 

distinct differences in infection strategies among arbuscular mycorrhizal fungal could be due 

to specific mechanisms for promoting plant fitness. For example the extensive root infection 

of the Glomeraceae is thought to reduce root infection by pathogens in the soil (Powell et 

al., 2009). Alternatively increasing hyphal growth within the soil as shown by some 

Gigasporaceae is thought to enhance nutrient and water acquisition (Maherali and 

Klironomos, 2007; Powell et al., 2009). 
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Plant traits 

Plants drastically vary in how their growth and P uptake respond to arbuscular mycorrhizal 

infection (Mensah et al., 2015; Powell and Rillig, 2018). The impact of an arbuscular 

mycorrhizal association can lie on a continuum ranging from mutualism to parasitic 

(Johnson et al., 1997). The structure and function of plant roots is predicted to impact how 

plants respond to infection by arbuscular mycorrhizal fungi (Maherali, 2014). It is believed 

that selection pressures have played an important role in the morphological differences in 

roots heavily interacting with mycorrhizal fungi. Root cortex thickness is greatest in 

obligately mycorrhizal plants, while fine roots with more root hairs are usually typical of  

non-mycorrhizal plants (Brundrett, 2002). This could be because plants with coarse roots 

may have a restricted ability to absorb nutrients (Bates and Lynch, 2001), and therefore 

would benefit more from the increased surface area for nutrient absorption from the 

arbuscular mycorrhizal fungal hyphal network. For instance, plants in humid temperate 

forests with coarse roots have been shown to outsource their nutrient acquisition to 

arbuscular mycorrhizal fungi (Stock et al., 2021). In contrast, it is also true that plants with 

finer, highly-branched root systems are more susceptible to pathogens and therefore 

benefit more from arbuscular mycorrhizal fungi that can provide superior pathogen 

protection. A study conducted by Sikes et al (2009) using Setaria, a plant with fine, highly-

branched roots, found that the plant benefited more when associating with members of the 

Glomeraceae. Their study supports previous findings that plant species with highly-

branched root systems may have a higher vulnerability to pathogens and that associating 

with arbuscular mycorrhizal fungi can help reduce the impacts of pathogen infection in such 

plant species. 

Plant root traits, specifically root diameter, has been shown to be an important driver of 

rhizosphere fungal communities (Spitzer et al., 2021; Sweeney et al., 2021). The relative 

abundance of arbuscular mycorrhizal fungi to other rhizospheric fungi has been shown to 

decrease in response to plant root diameter (Sweeney et al., 2021) suggesting root traits 

play an important role in altering fungal diversity and abundance in the rhizosphere. 
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However, there is no study that has (to the best of my knowledge) linked plant root traits 

directly to arbuscular mycorrhizal fungal community composition and function. 

Arbuscular mycorrhizal fungi and plant invasion 

Invasion by exotic plant species is a global problem threatening ecosystems. Although 

several factors are involved, exotic species are generally considered to be less reliant on 

mutualists in their invasive range due to the lack of specialist partners compared with native 

plants (Vogelsang and Bever, 2009). This could in part be because exotic plants may not 

share the same co-evolutionary history as native plants. A recent study showed that 

invasion by exotic plants changed the community composition of arbuscular mycorrhizal 

fungi and reduced the diversity of arbuscular mycorrhizal fungi in neighbouring native plants 

(Řezáčová et al., 2021). However, the opposite has also been shown. Invasion by Centaurea 

stoebe and Euphorbia esula has been shown to increase the diversity and abundance of 

arbuscular mycorrhizal fungi, however Bromus tectorum did not have this effect on the 

arbuscular mycorrhizal fungal community (Lekberg et al., 2013). Similarly, a meta-analysis by 

Bunn et al (2015) found that invasion by exotic plants did not cause directional shifts in 

arbuscular mycorrhizal fungal associations. This may suggest that the effects of exotic plants 

on the composition and diversity of arbuscular mycorrhizal fungi are species specific. It may 

be possible to derive general patterns from these species-specific responses if functional 

characteristics of the plant and fungal species are compared.  

Resource allocation and mutualism stability 

In the context of the mutualistic relationships between arbuscular mycorrhizal fungi and 

plants, traditional definitions of cheating based on ‘fair share’ become more complicated 

than defining fair share in other mutualisms such as the legume-rhizobium association (Kiers 

and Denison, 2008). The biggest complication is, that unlike a N2 fixing symbiosis, the 

benefits arbuscular mycorrhizal fungi provide plants are diverse and dependent on context 

(Kiers and Denison, 2008). Recent work has explored what similarities lie between the 

mycorrhizal symbiosis and a human economic market (Werner and Kiers, 2015). If both the 

plant and fungus allocate resources based on which partner offers the best ‘price’ of the 

invested resource, this can open the path for stable resource trading in a ‘biological market’ 
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(Kummel and Salant, 2006; Werner and Kiers, 2015). This means that allocating resources in 

direct proportions to the relative amount of benefit received is favoured by both individuals 

in the association. However, host plants are typically interacting with multiple arbuscular 

mycorrhizal fungi, often on a single root (Vandenkoornhuyse et al., 2002). This increase in 

partners decreases the ability to select for cooperation because fungal partners which are 

providing their host with resources are also indirectly benefiting competing fungi (Kiers and 

Van Der Heijden, 2006). Consequently, this gives rise to “cheaters” who have the potential 

to gain the benefits of being a part of the symbiosis while contributing less to the host plant. 

Cooperation between partners in the mutualism can be maintained if plants are able to 

reward beneficial associations and discriminate against less favourable members. In the 

legume-rhizobia mutualism, plants have been shown to detect and discriminate against 

rhizobial partners that were poor at fixing nitrogen (Kiers et al., 2003). This preferential 

supply of resources to partners based on their productivity in the symbiosis has been 

termed “sanctions” (Kiers and Van Der Heijden, 2006). One way plants may be able to 

impose sanctions is by the degradation of arbuscules. It is hypothesized that the lifespan of 

arbuscules is impacted by its ability to deliver phosphate and perhaps other nutrients 

(Parniske, 2008). This allows plants to maintain efficient arbuscules and punish 

unproductive arbuscules with degradation. This could create competition between fungi for 

arbuscle formation, allowing for succession by beneficial fungi in an established root 

system. As the soil environment changes over time, a more beneficial fungus can replace 

inefficient hosts, allowing connections to be made with the most efficient nutrient 

providers.  

Arbuscular mycorrhizal fungi in New Zealand 

New Zealand is an interesting and useful place to study the effects of invasions though 

existing data on arbuscular mycorrhizal fungal communities are poor. Molecular 

identification of arbuscular mycorrhizal fungi in New Zealand has so far been limited to a 

small number of plant species such as Leptospermum scoparium (Manuka) (Wicaksono et 

al., 2018), Agathis australis (Kauri) (Padamsee et al., 2016), Marchantia foliacea (Liverwort) 

(Russell and Bulman, 2005), and from members of the Podocarpaceae (Russell et al., 2002). 
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Arbuscular mycorrhizal fungal communities have also been characterized in vineyards 

(Moukarzel et al., 2021), coastal sand dunes (Johansen et al., 2015), and from a 120 000 

year chronosequence at Franz Josef (Martínez-García et al., 2015). A commonality of the 

above studies is the overwhelming dominance of Glomus across plant species and sites. Our 

understanding of arbuscular mycorrhizal fungi in New Zealand grasslands is limited, with 

current knowledge obtained from visual quantification of presence and abundance or by 

obtaining fungal species by wet sieving (Rillig et al., 2000; Williams et al., 2012).  

Thesis aims and research objectives 

Although previous research has shown that there is functional diversity in arbuscular 

mycorrhizal fungi, it is limited to only a few species of fungi and a limited range of host 

plants. The goal of my thesis was to expand our understanding of plant-mycorrhizal 

interactions using a wide range of plant species, including native and exotic species, with a 

focus on linking root diameter to arbuscular mycorrhizal fungal community composition and 

function.  

 In Chapter 2 I first characterized the arbuscular mycorrhizal community of 30 plant species 

ranging in root architecture. In Chapter 3 I then used inocula from the roots of those 30 

species separately to inoculate unrelated host plants in a greenhouse study to examine if 

the arbuscular mycorrhizal community on the original plant species showed functional 

characteristics complimentary to the roots they originated from, and whether a growth 

benefit could be conferred to the host plants. Finally in Chapter 4 I examined how 

arbuscular mycorrhizal fungal communities respond to invasion in the context of plant 

communities using data from multi-year mesocosm experiment to scale up my findings from 

single plant to multi species interactions. 

The objectives of my research are summarized by the three points below: 

• Greatly increase our knowledge of arbuscular mycorrhizal fungi in New Zealand 

grasslands, by characterize the microbial community of 30 different plant species, 

ranging in their root architecture at the Cass Mountain Research Area 
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• Determine if mycorrhizal traits like hyphal exploration are complimentary to plant 

root traits via a greenhouse experiment 

• Scale up my finding to structured plant communities to examine how plant root 

diameter and exotic dominance can alter arbuscular mycorrhizal fungal diversity and 

composition within plant communities 
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CHAPTER 2 -  Root diameter explains arbuscular 
mycorrhizal fungal community composition among 
high-country grassland plant species.  

Summary 

• Arbuscular mycorrhizal fungi can be an important extension of a plants root system, 

yet few studies have examined the link between root traits and arbuscular 

mycorrhizal fungal community composition. Here I examine how root diameter 

influences the composition of arbuscular mycorrhizal fungal communities in a range 

of native and exotic plant species. 

• I characterized the arbuscular mycorrhizal fungal communities in 30 co-occurring 

native and exotic high-country grassland plant species from the Cass Mountain 

Research Area. 

• I found root diameter strongly affected the arbuscular mycorrhizal fungal community 

composition as did the provenance of the plant species. Coarse-rooted plants 

associated with a lower diversity of mycorrhizal fungi compared with fine-rooted 

plants. Arbuscular mycorrhizal fungal communities were also different between 

native and exotic plants. 

• This is the first demonstration of arbuscular mycorrhizal fungal communities 

responding to root diameter indicating plants may select fungal partners to 

compensate for limitation of their own root traits. 
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Introduction  

Species of arbuscular mycorrhizal fungi differ significantly in their life history traits, including 

the relative extent of investment in structures within the roots (arbuscules, vesicles) versus 

external structures (extraradical hyphae). Variation in this relative investment (henceforth: 

“growth traits”) is thought to be conserved taxonomically at the family level (Hart and 

Reader, 2002; Phillips et al., 2019). Fungi belonging to the Glomeraceae tend to colonise 

roots rapidly, while fungi belonging to the Gigasporaceae are typically slow-colonisers with 

hyphae concentrated outside the roots (Hart and Reader, 2002). Variation in growth traits 

has also been shown to lead to different benefits to the host such as protection from 

pathogens or higher nutrient uptake (Maherali and Klironomos, 2007; Sikes et al., 2009). 

Importantly, Maherali and Klironomos (2007) provided evidence that variation in 

mycorrhizal function is liked to phylogeny. They found that arbuscular mycorrhizal fungi 

from the family Glomeraceae were more effective at reducing infection by Pythium sp or F. 

oxysporum than fungi from the Gigasporaceae in Plantago lanceolata. Conversely, 

arbuscular mycorrhizal fungi belonging to the Gigasporaceae were more effective at 

increasing P uptake compared to arbuscular mycorrhizal fungi belonging to the 

Glomeraceae.  

Several studies have shown that arbuscular mycorrhizal fungal communities can be 

influenced by host plant identity (Martínez-García et al., 2015; Šmilauer et al., 2020; Vályi et 

al., 2015), as well as plant native/exotic status (Bunn et al., 2015; Hawkes et al., 2006). In 

the study conducted by Martinez-Garcia et al (2015), arbuscular mycorrhizal fungal 

communities showed a strong response to ecosystem development, largely driven by the 

identity of the host plant. While not directly linked, root traits have also been shown to vary 

along the same ecosystem development site (Holdaway et al., 2011). Newsham et al (1995) 

showed that a plant species with a fine root system was less reliant on mycorrhizal fungi for 

nutrient uptake. 

Phylogenetic matching of interaction partners can reflect coevolutionary relationships, 

whereas novel juxtapositions of species following invasion can create novel interactions. 
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Studies of other types of mutualistic interaction networks have found that species interact 

with similar generality (and with partners of similar generality) in their native and exotic 

ranges (Emer et al., 2016) and successful invaders are typically highly generalist (Aizen et al., 

2008). Yet the lack of recently coevolved partners means that exotics may show a weaker 

signal of trait matching (Peralta et al., 2020), rather interacting with species based on their 

relative abundance (Coux et al., 2016). It remains unclear whether these patterns in 

pollination and frugivory networks occur also in belowground mutualisms. Nevertheless, 

Bunn et al (2014) reported that exotic plants tend to associate with common widespread 

arbuscular mycorrhizal fungi while decreasing mycorrhizal richness in neighbouring plants 

compared with native plants. 

Though arbuscular mycorrhizal fungal traits seem to reflect their phylogeny, our current 

knowledge is based on a limited number of plant species and arbuscular mycorrhizal 

families. Although no prior study (to the best of my knowledge) has linked arbuscular 

mycorrhizal community composition with plant root traits, there is evidence that the 

composition of rhizosphere fungi generally can be influenced by plant root traits (Sweeney 

et al., 2021). However, Sweeney et al (2021) did not specifically examine arbuscular 

mycorrhizal fungi, as only a general fungal primer was used, but rather only reported a 

difference in relative abundance of arbuscular mycorrhizal fungi associated with root 

diameter. General fungal primers overamplify Glomeraceae and detect fewer arbuscular 

mycorrhizal fungal families (Lekberg et al., 2018), and therefore may not be appropriate to 

answer questions regarding arbuscular mycorrhizal fungal community composition linked to 

taxonomy. 

I aimed to test whether there is a link between arbuscular mycorrhizal community 

composition with host plant root diameter and examine how these communities differ 

between native and exotic plants. I did this by sampling the roots of a range of plant species 

ranging in root diameter and native/exotic status and used Next Generation Sequencing to 

characterize the arbuscular mycorrhizal fungi associated with these plant species. 

My hypotheses for this chapter are: 
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1) Fine-rooted plants will have a higher richness of arbuscular mycorrhizal fungi 

compared with coarse-rooted plants 

2) Fine-rooted plants will associate more with generalist arbuscular mycorrhizal fungi 

than will coarse-rooted plants 

3) Coarse-rooted plants will associate more with arbuscular mycorrhizal fungal families 

that typically invest more in extraradical hyphae and soil exploration. 

4) Native plants will associate with arbuscular mycorrhizal fungi that are less dominant 

in the community, while exotic plants will form associations with dominant generally 

fast colonizing arbuscular mycorrhizal fungi. 

I tested these hypotheses in a New Zealand grassland ecosystem. Our understanding of 

arbuscular mycorrhizal communities in New Zealand grasslands is limited, with current 

knowledge based on visual quantification of presence and abundance (Rillig et al., 2000; 

Weijtmans et al., 2007) or of arbuscular mycorrhizal fungal species obtained via direct wet 

sieving methods (Williams et al., 2012). Next generation sequencing provides an excellent 

opportunity to comprehensively characterizes arbuscular mycorrhizal communities 

associated with plants in New Zealand grasslands, providing valuable insights to the kind of 

mutualistic associations exotic plants form and how these differ from native plants. 
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Methods 

Field Sampling 

I sampled 30 plant species from the Cass Mountain Research Area (E 1500992, N 5232733), 

with three replicates of each species. Prior to sampling, plant species were selected to span 

a range of root diameters, and native/alien status (Table 2.1). All available and identifiable 

plant species that were known to associate with arbuscular mycorrhizal fungi were sampled. 

The plant species were sampled along three transects at the research area. Transects were 

established perpendicular to the road adjacent to Lake Sarah (E 1500454, N 5232677) and 

walking as straight as possible (according to the landscape) away from the road. I selected 

the first individual of each plant species of interest that I saw while walking the transect. 

Only one replicate of each species was sampled from each transect where possible, and only 

one transect was completed each day. In the case where a plant species was not seen in a 

transect, a second or third replicate of that plant was sampled from another transect on 

another day or from where the plant was present within the Cass Mountain Research Area.  

I partially excavated each plant with a shovel and sampled a portion of the root system from 

the top 10-30 cm of soil. The root system was shaken vigorously to remove larger masses of 

soil and the remaining roots and surrounding loosely adhered rhizosphere soil were placed 

in a Ziplock bag and refrigerated up to 48 hours before being separated for DNA extraction 

and used for experimentation in Chapter 2. Along with the species, the height, width, 

terrain (slope, bottom, ridge, top, flat), and GPS coordinates of the plant were recorded 

(min distance between plants = 1.0 m, max distance between plants = 3065.0 m mean 

distance between samples = 745.3 m).  

Once returned to the university, a small portion of the root from each plant was cut into 

0.5-1cm pieces and placed in a sterile 1.7mL Eppendorf tube and frozen at -80 ° C until 

needed for DNA extraction. Each Eppendorf tube was filled with root fragments (approx. 10-

15 fragments).  These root fragments included a mixture of first, second and third order 

roots. Additional sections of roots consisting of first to third order roots were stored in 70% 
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ethanol for measurement of root traits. Root diameters of first, second and third order 

roots for each plant species were characterized under a stereo microscope. Where possible 

three replicates of each root order were measured from each plant. Mean root diameter is 

the average of all three root orders. 

 

Table 2.1 List of plant species collected and their native/exotic status, mean root diameter, 

standard deviation and standard error associated with root measurement and plant 

functional group. 

Plant Species and 

Plant family 

Native / 

Exotic 

Mean root 

diameter 

(mm) 

Standard 

deviation | 

Standard 

error 

Functional 

group 

Leptospermum scoparium 

Myrtaceae 

Native 0.158 0.090|0.020 Shrub 

Agrostis capillaris 

Poaceae 

Exotic 0.163 0.083|0.020 Grass 

Raoulia subsericea 

Asteraceae 

Native 0.175 0.086|0.021 Forb 

Poa cita 

Poaceae 

Native 0.189 0.076|0.016 Grass 

Coriaria sarmentosa 

Coriariaceae 

Native 0.195 0.141|0.036 Shrub 
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Melicytus alpinus 

Violaceae 

Native 0.198 0.119|0.025 Shrub 

Anthoxanthum odoratum 

Poaceae 

Exotic 0.202 0.105|0.025 Grass 

Pteridium esculentum 

Dennstaedtiaceae 

Native 0.210 0.142|0.043 Fern 

Acaena caesiglauca 

Rosaceae 

Native 0.226 0.110|0.024 Forb 

Hypericum perforatum 

Hypericaceae 

Exotic 0.232 0.115|0.027 Forb 

Coprosma intertexta 

Hypericaceae 

Native 0.238 0.106|0.024 Shrub 

Austroblechnum penna-marina 

Blechnaceae 

Native 0.251 0.067|0.015 Fern 

Coprosma propinqua 

Rubiaceae 

Native 0.265 0.073|0.016 Shrub 

Pimelea prostrata 

Thymelaeaceae 

Native 0.280 0.161|0.061 Shrub 

Achillea millefolium Exotic 0.289 0.209|0.060 Forb 
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Asteraceae 

Brachyglottis lagopus 

Asteraceae 

Native 0.293 0.161|0.040 Forb 

Cytisus scoparius 

Fabaceae 

Exotic 0.314 0.225|0.058 Shrub 

Rosa rubiginosa 

Rosaceae 

Exotic 0.321 0.179|0.044 Shrub 

Ulex europaeus 

Fabaceae 

Exotic 0.323 0.118|0.029 Shrub 

Pilosella officinarum 

Asteraceae 

Exotic 0.324 0.168|0.041 Forb 

Veronica odora 

Plantaginaceae 

Native 0.349 0.116|0.026 Shrub 

Discaria toumatou 

Rhamnaceae 

Native 0.355 0.173|0.045 Shrub 

Ozothamnus leptophyllus 

Asteraceae 

Native 0.375 0.205|0.025 Shrub 

Plantago lanceolata 

Plantaginaceae 

Exotic 0.376 0.145|0.061 Forb 
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Corokia cotoneaster 

Argophyllaceae 

Native 0.381 0.143|0.034 Shrub 

Echium vulgare 

Boraginaceae 

Exotic 0.385 0.134|0.045 Forb 

Rubus fruticosus 

Rosaceae 

Exotic 0.415 0.202|0.054 Shrub 

Trifollium pratense 

Fabaceae 

Exotic 0.423 0.202|0.052 Forb 

Celmisia spectabilis 

Asteraceae 

Native 0.478 0.205|0.054 Forb 

Phormium tenax 

Asphodelaceae 

Native 0.750 0.354|0.107 Forb 

 

Molecular Sampling 

DNA was extracted from the stored roots by grinding in liquid nitrogen. An aluminium 

heating block was pre-cooled to -80 °C and then immersed in liquid nitrogen while the 

samples were ground. Sample tubes were placed in the cold block and ground using sterile 

plastic pestles. Ground root samples were then transferred to the Qiagen PowerSoil DNA 

extraction kit tubes by using a sterile pipette tip. Approximately 90% of the ground material 

was successfully transferred. DNA was then extracted according to the manufacturer's 

instructions, but the final elution volume was decreased to 75 µL. DNA was then diluted 

100-fold to be used for PCR.  
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Libraries of small subunit ribosomal RNA fragment amplicons were prepared using primers 

NS31 and AML2 with modifications to include the addition of technical adapter sequences 

for annealing to Illumina flow cells, a standard “pad” sequence, and a two base pair linker 

sequence as shown by (Morgan and Egerton-Warburton, 2017). The reverse primer (AML2) 

was also modified to include a 12-base Golay barcode (Supplement 2.1) to enable 

demultiplexing during data processing. Each barcode was checked to minimize secondary 

structure formation using the OligoAnalyzer Tool by IDT (Integrated DNA Technologies). 

For each sample, PCR was carried out using 0.2 µL Taq (Roche FastStart), 2.5 µL buffer, 0.5 

µL dNTPs, 0.5 µL of 10 µM forward primer (NS31), 1 µL of 5 µM uniquely barcoded reverse 

primer (AML2), 0.45 µL of BSA, 18.85 µL of water, and 1 µL of genomic DNA extract, making 

up a 25 µL reaction volume. The PCR was run using the following thermal cycler conditions: 

initial denaturation for 3 min at 94 °C, followed by 45 cycles of 45 sec at 94 °C 

(denaturation), 60 sec at 63.3 °C (annealing), and 90 sec at 72 °C (extension); followed by a 

final extension step of 10 min at 72 °C. PCR products were checked for adequate banding 

intensity and single bands on a 1% agarose gel with RedSafe. PCR reactions were carried out 

in duplicates for each sample and pooled prior to library preparation using the 96 well 

SequalPrep Normalization Kit (Invitrogen). Once PCR products were cleaned and normalized 

with the SequalPrep Kit, all samples were pooled and sent to Massey Genome Services to be 

sequenced on an Illumina MiSeq v2, 2x250-bp paired-end chemistry (Illumina, San Diego, 

California, USA). 

Bioinformatic and Statistical Analysis 

During data processing, I found that the majority of sequenced amplicons generated by the 

Illumina MiSeq, 2 × 250-bp sequencer were too short to allow for adequate overlap. This 

was consistent with what Morgan et al (2017) found using the same sequencing technology 

and primer pair. Therefore, I conducted all downstream analyses using only the 250-bp 

forward reads. A study conducted by Davison et al. (2012) found that shortening 

NS31/AML2 reads from 400 to 170 bp resulted in almost identical measures of diversity 

because the majority of informative characters occurred in the 5’ most 170 base pairs. 
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Sequences with less than 170bp or which had more than one expected error were removed 

using VSEARCH 2.10.4 (Rognes et al., 2016). To account for PCR and sequencing artefacts 

and singletons, any sequences occurring either once or twice were removed, and the 

remaining sequences were clustered to 97% similarity threshold. OTUs were matched using 

BLAST v2.5.0+ (Altschul et al., 1997) against the MaarjAM VT database (Öpik et al., 2010). I 

removed all OTUs that had <200 bp match and <90% identity to any known species. 

Extraction blanks, positive control and negative controls were checked for contamination. 

OTUs that were found within negative controls were removed by subtracting the number of 

times that OTU appeared from all other samples.  

I used R version 1.3.1073 (R Core Team, 2019) for all downstream analyses and creating 

graphs. For all arbuscular mycorrhizal fungal diversity calculations, I first created randomly 

rarefied community versions of my dataset via the rrarefy function in “vegan” (Oksanen et 

al., 2007). The subsample size for rarefying my community was set to the minimum number 

of sequences in any sample (25,637). This process was iterated 500 times before calculating 

the average alpha, beta and gamma diversities. The rrarefy function performs random 

rarefaction without replacement so that variance of community metrics is not related to the 

size of the sample. Arbuscular mycorrhizal fungal beta diversity of each plant was calculated 

from Whittaker (1970) as gamma/alpha, where gamma is the total arbuscular mycorrhizal 

fungal diversity of each plant species, and alpha is arbuscular mycorrhizal fungal richness of 

each plant individual. 

I used linear mixed effect models and generalized linear mixed effect models via the R 

pacakage “lme4” (Bates et al., 2007), with root diameter and native/exotic status as fixed 

effects and setting plant species as a random effect to account for the multiple root 

diameter measurements of the same plant species. Where a quasi-poisson regression was 

needed, I fitted generalized linear mixed effect models using the glmmPQL function in the R 

package “MASS” (Ripley et al., 2013). To test difference in the richness and relative 

abundances in arbuscular mycorrhizal fungal families, each family was run individually using 

a mixed effect model with “family richness” or “family relative abundance” as a response 

variable, root diameter and native/exotic status as fixed effects and plant species as a 

random effect. 
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The relationships between arbuscular mycorrhizal fungal community composition with root 

diameter and native/exotic status was evaluated using canonical correspondence analysis 

(CCA), using the cca function in “vegan”. CCA analysis is a community ordination method 

which does not try to display all variation in the data, rather only the part that can be 

explained by the used constraints. CCA is a good choice when there are clear and strong a 

priori hypotheses on constraints (Oksanen et al., 2007). To avoid pseudo-replication of plant 

species in the ordination, I used an aggregated matrix where OTU abundance across the 

three replicates of each plant species were averaged.  

To evaluate how generalist a plant was in its associations with arbuscular mycorrhizal fungi, 

I first calculated the exponent of Shannon (q=1) (Hill, 1973; Jost, 2006) for each OTU. This 

gives an indication of the ‘effective’ number of plant species each OTU interacted with 

weighted by abundances. I then created a new matrix where if an OTU was present on a 

plant individual, it was replaced by that particular OTU’s ‘effective number’. I then took the 

average ‘effective number’ score of all OTUs belonging to a plant as an overall “generality of 

partners” score for each plant individual. I analysed these scores using a linear mixed effect 

model with root diameter and native/exotic status as fixed effects and plant species as a 

random effect.  
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Results 

A total of 77 arbuscular mycorrhizal fungal OTUs were obtained from 90 root DNA 

extractions across 30 plant species (Supplement 2.2). The OTUs spanned three orders 

(Archaeosporales, Diversisporales, and Glomerales) and six families (Acaulosporaceae, 

Archaeosporaceae, Calaroideoglomeraceae, Diversisporaceae, Gigasporaceae, and 

Glomeraceae). The three most abundant families were Glomeraceae (42.8%), 

Acaulosporaceae (25.9%), and Archaeosporaceae (11.7%). Low dominance OTUs comprised 

half all OTUs with 39 OTUs having a maximum abundance of <1% of sequences within any 

sample. A total of 6,360,221 reads were generated, of which 4,181,473 (65.7%) reads were 

accounted for by the five most abundant OTUs, all of which belong to the family 

Glomeraceae. An average of 70,669 reads were obtained per sample (min=25,637, 

max=135,808).  

Arbuscular mycorrhizal fungal richness 

Total arbuscular mycorrhizal fungal richness declined as the root diameter of plant species 

increased (lmer root diameter, t = -2.45, SE = 1.72, P = 0.01) (Supplement 2.3), (Figure 2.1). 

The richness of two arbuscular mycorrhizal fungal families showed a significant response to 

either root diameter or plant native/exotic status. Native plants had a significantly higher 

richness of Acaulosporaceae (glmer root diameter + native/exotic, t = 3.14, SE = 0.185, P = 

0.004) (Supplement 2.4), (Figure 2.2). Archaeosporaceae showed a significant decrease 

associated with mean root diameter (glmer root diameter + native/exotic, t = -2.487, SE = 

0.346, P = 0.019) (Supplement 2.5), (Figure 2.3). Native plants also generally had a higher 

richness of Diversisporaceae compared to exotic plants, however this difference was not 

significant (glmer root diameter + native/exotic, t = 2.03, SE = 0.343, P = 0.052). There was 

no significant interaction between root diameter and native/exotic status associated with 

the richness of any arbuscular mycorrhizal fungal families.  
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Figure 2.1 Richness of arbuscular mycorrhizal fungi associated with plant root diameter. 

Root diameter values have been log transformed. Black triangles represent native plants, 

and orange circles represent exotic plants. Trend line fitted from mixed effect model with a 

random term for plant species to account for non-independence of replicates within plant 

species.  
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Figure 2.2 Acaulosporaceae richness associated with native and exotic plants. Boxes span 

the interquartile range (first quartile to the third quartile). The black line inside the 

rectangle shows the median. The whiskers represent 1.5 times the interquartile range. Black 

triangles represent native plants, and orange circles represent exotic plants. Jitter has been 

added on the x-axis. 
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Figure 2.3 Decrease in Archaeosporaceae richness associated with mean root diameter. 

Root diameter values have been log transformed. There was no significant interaction 

between root diameter and native/exotic status. Black triangles represent native plants, and 

orange circles represent exotic plants. Trend line fitted from mixed effect model with a 

random term for plant species to account for non-independence of replicates within plant 

species.. 

 

 
 

Mean root diameter (mm)

Ar
ch

ae
sp

or
ac

ea
e 

ric
hn

es
s

0

1

2

3

4

5

6

0.16 0.26 0.36 0.46 0.56 0.66

Native

Exotic



32 

 

Gamma and beta diversity 

Both mean root diameter and plant native/exotic status had a significant effect on gamma 

diversity (total fungal OTUs across 3 species replicates), but there was no interaction 

between root diameter and native/exotic status (lmer root diameter × native/exotic, t = 

0.313, SE = 5.917, P = 0.757). There was a significant decrease in gamma diversity as mean 

root diameter increased (lmer root diameter + native/exotic, t = -2.87, SE = 2.56, P = 0.0079) 

(Supplement 2.6), (Figure 2.4). Gamma diversity was also significantly higher in native plants 

than in exotic plants (lmer root diameter + native/exotic, t = 2.104, SE = 1.83, P = 0.045) 

(Supplement 2.6). There was no significant difference in beta diversity (species turnover 

across 3 replicates) associated with either root diameter (lmer root diameter + 

native/exotic, t = -0.157, SE = 0.115, P = 0.9585) or plant native/exotic status (lmer root 

diameter + native/exotic, t = -0.112, SE = 0.0817, P = 0.911). 
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Figure 2.4 Decrease in gamma diversity associated with mean root diameter. Root diameter 

values have been log transformed. No significant interaction with root diameter and 

native/exotic status. Black triangles represent native plants, and orange circles represent 

exotic plants. Trend lines fitted from model. Black line represents trend for native plants 

while orange line represents trend for exotic plants. 
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Arbuscular mycorrhizal fungal community structure 

Plant root diameter significantly correlated with arbuscular mycorrhizal fungal community 

composition, as shown by CCA analysis (root diameter + native/exotic, F = 1.95, X2 = 0.169, P 

= 0.018) (Figure2.6). There was also a distinct difference in arbuscular mycorrhizal 

communities between native and exotic plants (Figure 2.5) (root diameter + native/exotic, F 

= 1.92, X2 = 0.167, P = 0.007) (Supplement 2.7). However, there was no significant 

interaction between native/exotic status and root diameter (root diameter × native/exotic F 

= 1.422, X2 = 0.122, P = 0.141). When the plant with the largest root diameter value 

(Phormium tenax) was removed from the CCA analysis, the results still remained robust. 

Plant root diameter still had a significant effect on arbuscular mycorrhizal fungal 

communities (F = 1.72, X2 = 0.146, P = 0.022), as did plant native/exotic status (F = 1.83, X2 = 

0.155, P = 0.016). 

Of all the arbuscular mycorrhizal families present, only Diversisporaceae showed a 

significant difference in proportional abundance associated with plant native/exotic status. 

Native plants had a higher proportional abundance of Diversisporaceae compared to exotic 

plants (glmer root diameter + native/exotic, t = 2.452, SE = 1.387, P = 0.0209) (Supplement 

2.8), (Figure 2.6). The proportional abundance of Diversisporaceae showed an increasing 

trend associated with plant root diameter, however this increase was not significant (glmer 

root diameter + native/exotic, t = 2.026, SE = 0.89, P = 0.0527). 
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Figure 2.5 CCA plot of all 30 plant species colored according to native/exotic status. The size 

of each point is proportional to the log root diameter of the plant species. Black points 

represent native plants and orange points represent exotic plants. This plot was made using 

an aggregated OTU table, where OTU counts of the three replicates of each plant species 

were aggregated. by taking a mean of the three values. The OTU table was aggregated to 

account for the non-independent replication of plant species. CCA1  
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Figure 2.6 Relative abundance of Diversisporaceae between exotic and native plants. Boxes 

span the interquartile range (first quartile to the third quartile). The black line inside the 

rectangle shows the median. The whiskers represent 1.5 times the interquartile range. Black 

triangles represent native plants, and orange circles represent exotic plants. Jitter has been 

added to the x-axis. 
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Plant-arbuscular mycorrhizal fungal host specificity 

There was no significant decrease in plant generalism score (average effective partner 

diversity of its fungi) associated with root diameter or provenance, nor was there a 

significant interaction between the two. Exotic plants did numerically have a higher 

generalism score compared to native plants, however, this difference was not significant (P 

= 0.06). 
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Discussion  

Arbuscular mycorrhizal fungi are a critical extension of a plant’s root system for resource 

acquisition. My results indicate that plants may select fungal partners to compensate for 

limitation of their own root traits, with coarse-rooted plants associating a lower diversity of 

fungi than fine-rooted plants. Partner selection can stabilize the mycorrhizal symbiosis by 

allowing both host and fungus to associate preferentially with high quality partners, creating 

a selective pressure to invest in a mutualistic partner. My findings are consistent with prior 

studies showing plants ability to select mycorrhizal fungal partners (Bever et al., 2009; Kiers 

et al., 2011a), but this is the first demonstration of arbuscular mycorrhizal fungal 

communities responding to root diameter in a wide range of plant species. I also found that 

composition of arbuscular mycorrhizal fungal communities was different between native 

and exotic plants. This finding is consistent with a previous meta-analysis showing that 

exotic plants hosted different arbuscular mycorrhizal fungal communities than natives 

(Bunn et al., 2015). Here I found that exotic plants also had lower levels of association with 

arbuscular mycorrhizal fungal families that were species poor and low abundance in my 

study. Associating with widespread, non-host specific taxa is thought to be a strategy by 

which exotic plants establish themselves in their invaded range (Dickie et al., 2017; Moora 

et al., 2011). 

Root diameter and arbuscular mycorrhizal fungal diversity, 

composition, and specificity 

Partner selection is thought to play an important role in stabilizing plant mycorrhizal 

relationships (Bever et al., 2009; Varela-Cervero et al., 2015), although plants are likely to 

vary in the spatial precision with which potential partners are selected (Chagnon et al., 

2015; Werner and Kiers, 2015). Here I found a decrease in both alpha and gamma diversity 

at the plant species level, as root diameter increased, suggesting that coarse-rooted plant 

species were more selective in their associations with arbuscular mycorrhizal fungi than 

fine-rooted plants. My results are consistent with Sepp et al. (2019) who found that grasses 

associated with a higher diversity of arbuscular mycorrhizal fungi than did coarser rooted 
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shrubs in a calcareous grassland ecosystem in Estonia. Higher gamma diversity in fine-

rooted plants could suggest low partner specificity and lower ability to discriminate non-

optimal partners within plant species, or alternatively, may be due to the higher volume of 

roots in fine-rooted plants. Theory predicts that having a high diversity of partners could 

create a ‘tragedy of the commons’ (Hardin, 1968), where lower quality mutualists can 

spread and persist at the expense of more mutualistic strains (Bever et al., 2009). 

Associating with fewer and a more specific group of arbuscular mycorrhizal fungi may allow 

coarse-rooted plants to invest more resources into beneficial arbuscular mycorrhizal fungi, 

resulting in a greater return on investment. 

Specialist fungal taxa are known to be important drivers of relationships between plants and 

rhizospheric fungi (Leff et al., 2018; Sweeney et al., 2021). There is little prior information 

about how plant root traits are linked to arbuscular mycorrhizal fungal specificity. Sepp et al 

(2019) showed that grasses harbored a larger number of arbuscular mycorrhizal fungal 

partners and were more generalist in selecting partners compared to shrubs. However, their 

study did not specifically examine the role of root traits. I directly measured root diameter 

because traditional plant functional groups are known to only coarsely represent variation 

in well measured plant traits (Thomas et al., 2019). Interestingly, my results did not support 

my hypothesis that fine-rooted plants associate more with generalist arbuscular mycorrhizal 

fungi compared to coarse-rooted plants. My results may have differed from Sepp et al 

(2019) because my metric for assessing generalism of fungal partners was not heavily 

influenced by a plants fungal richness. Although I noticed difference in diversity between 

coarse and fine-rooted plants, in my next chapter I can specifically test whether the fungi 

associated with coarse-rooted plants display functional complementarity. In particular, I 

directly test the hypothesis that arbuscular mycorrhizal fungi associated with coarse-rooted 

plants show more hyphal exploration in the soil than those fungi associated with fine-rooted 

plant species.  

Plant root traits are known to influence fungal community composition and richness 

(Deveautour et al., 2018; Francioli et al., 2021; Spitzer et al., 2021; Sweeney et al., 2021; 

Teng et al., 2021). Although I found a significant effect of plant root diameter on arbuscular 

mycorrhizal fungal community composition, this difference could not be attributed to a 
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change in relative abundance of any particular arbuscular mycorrhizal fungal family. 

However, coarse-rooted plants had a lower richness of arbuscular mycorrhizal fungi from 

the family Archaeosporaceae. The Archaeosporaceae are believed to invest little into both 

intraradical and extraradical hyphae (Phillips et al., 2019), suggesting that they may be low 

quality mutualists. Their presence may have been ‘hidden’ due to the higher diversity of 

fungal partners on fine-rooted plants. Hosting a higher diversity of arbuscular mycorrhizal 

fungi can allow non-beneficial partners to proliferate due to their reduced cost of mutualism 

(Bever et al., 2009). This further supports my hypothesis that fine-rooted plants are more 

generalist in their associations with arbuscular mycorrhizal fungi. 

Arbuscular mycorrhizal diversity and composition among native and 

exotic plants 

I found that native plants had a greater diversity of arbuscular mycorrhizal fungal families 

that were less abundant in the community than exotic plants. This was shown by the 

observed higher richness of Acaulosporaceae among native plants compared to exotic 

plants. Arbuscular mycorrhizal fungi from the family Acaulosporaceae tend to colonize roots 

less, and more slowly than members of the Glomeraceae (Hart and Reader, 2002; Weber et 

al., 2019). Exotic plants have been known to dominate plant communities via rapid growth 

(Allen et al., 2021) and faster rates of root turnover (Smith et al., 2014). Therefore, it may be 

more advantageous for exotic plants to form ‘familiar associations’ (Dickie et al., 2017) with 

widespread, fast-colonizing arbuscular mycorrhizal fungi to help establish themselves 

quickly. Alternatively, the ability to associate with fast-growing arbuscular mycorrhizal fungi 

could be pre-requisite for successful invasion. 

A previous meta-analysis has shown that native plants often hosted different arbuscular 

mycorrhizal fungal communities than exotics (Bunn et al., 2015), while another study 

showed an increase in the relative abundance of arbuscular mycorrhizal fungi among native 

plants compared to exotics (Koyama et al., 2019). Although arbuscular mycorrhizal fungal 

OTUs belonging to the Diversisporaceae were among the least abundant in my dataset, they 

were significantly more abundant among native plants. This result is consistent with other 

mutualistic interaction networks showing exotics show weaker signals of trait matching but 
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rather interact with species based on relative abundance (Coux et al., 2016; Peralta et al., 

2020). Previous findings in the plant/mycorrhizal mutualism also suggest that exotic plants 

may associate more with common wide spread mycorrhizal fungi (Bunn et al., 2014; Weber 

et al., 2019). Weber et al. (2019) showed that the arbuscular mycorrhizal communities of 

three invasive grasses had a high abundance of arbuscular mycorrhizal fungal families such 

as the Glomeraceae, Calaroideoglomeraceae, and Paraglomeraceae, which typically invest 

highly in root infection (Weber et al., 2019). Glomeraceae were overwhelmingly dominant 

in their study, suggesting again that exotic plants may prefer associations with dominant, 

fast colonizing arbuscular mycorrhizal fungi. The Diversisporaceae typically invest in the 

production of extraradical hyphae (Phillips et al., 2019; Powell et al., 2009). The low 

investment in intraradical hyphae, along with their low abundance in the data set could 

explain the almost nonexistent abundance of Diversisporaceae among the exotic plants in 

my study. 

Study site and conclusions 

While my study was conducted at a single site (Cass Mountain Research Area), the 

abundance of taxa I found were fairly consistent with other studies examining arbuscular 

mycorrhizal fungi around New Zealand (Johansen et al., 2015; Martínez-García et al., 2015; 

Moukarzel et al., 2021). Arbuscular mycorrhizal fungi are believed to show very low 

endemism, with over 90% of taxa being found on multiple continents (Davison et al., 2015). 

The lower elevations of the Cass Mountain Research Area, from which I sampled are 

dominated by exotic grasses which have been present for over 100 years (Young et al., 

2016). Exotic dominance has been known to reduce arbuscular mycorrhizal fungal biomass 

in the soil (Waller et al., 2020) , and in a meta-analysis shown to lower arbuscular 

mycorrhizal infection in native plants grown near or after exotic plants (Bunn et al., 2015). 

The overall dominance of exotic grasses at my site over time may have reduced arbuscular 

mycorrhizal richness and abundance by promoting generalist arbuscular mycorrhizal fungi 

who may be more ‘familiar’ to exotic species. This could be a reason why I did not see a 

significant difference in generalist associations between native and exotic plant species. 
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This is, to my knowledge, the first study to comprehensively characterise and compare the 

arbuscular mycorrhizal fungal communities associated with a wide range of co-occurring 

native and exotic plants in a New Zealand grassland. Understanding the drivers of 

arbuscular mycorrhizal community composition and how these change between native and 

exotic plants is crucial in increasing our understanding on how to preserve and restore New 

Zealand grasslands. I found both root diameter and native / exotic status played an 

important role in shaping the arbuscular mycorrhizal community of plants. Coarse-rooted 

plants were less variable in their associations with arbuscular mycorrhizal fungi compared to 

fine-rooted plants. This indicates coarse-rooted plants may be selecting arbuscular 

mycorrhizal fungi that provide a complimentary functional benefit. In my next chapter I will 

specifically test whether arbuscular mycorrhizal fungi associated with coarse-rooted plants 

explore the soil more than those fungi from fine-rooted plants. 
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CHAPTER 3 -  Arbuscular mycorrhizal fungal 
communities functionally complement the root 
traits of their host plant species  

Summary 

• There is a large amount of variation in the growth of arbuscular mycorrhizal fungi, 

both within roots and as hyphae in the soil. Variation in plant root traits has long 

been hypothesized to be linked with mycorrhizal dependency, yet there is no 

evidence directly linking plant root traits and arbuscular mycorrhizal functional traits.  

• I conducted a greenhouse study where I inoculated the root microbiome of 30 plant 

species ranging in root diameter to unrelated host plants in multi-compartment pots. 

I then quantified arbuscular mycorrhizal fungal hyphal exploration and plant growth 

and characterized the arbuscular mycorrhizal fungal community in soil from near and 

far away from roots. 

• I found that root arbuscular mycorrhizal fungi from coarse-rooted plant inoculum 

produced more hyphal biomass in the pots and explored further away from the plant 

roots. An in increase in hyphal biomass was also positively correlated with plant 

growth. 

• This study provides the first evidence of functional complementarity between plant 

root diameter and arbuscular mycorrhizal fungal hyphal traits in a wide range of 

native and exotic plants. 
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Introduction 

Arbuscular mycorrhizal fungi differ substantially in their interactions with plants, resulting in 

variable effects on plant growth (Maherali and Klironomos, 2007). Some of this variation can 

be attributed to difference in mycelial development in the roots and soil, and nutrient 

uptake efficiency (Wehner et al., 2010). Using a mesocosm experiment with a range of 

different arbuscular mycorrhizal fungi, Maherali and Klironomos (2007) showed that species 

of Gigasporaceae enhanced nutrient uptake to a greater extent than species of 

Glomeraceae. Not only do arbuscular mycorrhizal fungi differ in their ability to supply 

nutrients to their plant hosts, but they also differ in the distance away from the root from 

which nutrients are acquired (Jakobsen et al., 1992; Newsham et al., 1995b). Using 

radiotracer techniques in multi compartment pots, Jakobsen et al (1992) found that Glomus 

sp. transported the most P to plant host shoots over soil-root distances shorter than 1 cm. 

In contrast, Acaulosporaceae laevis transported most P to roots over greater soil-root 

distances. This variation in fungal growth traits has led to the notion that there may be a 

functional trade off in the allocation of biomass to infect roots instead of spreading in the 

soil, but how fungal growth traits link to plant root traits is yet to be understood. 

Just as there is variation in arbuscular mycorrhizal fungal traits that can influence nutrient 

uptake, significant variation exists among plant root traits. The thickness of absorptive roots 

can vary significantly, with the finest roots in some Magnoliales having a diameter of > 2 

mm while some graminoid species have roots < 0.05 mm in diameter (Baylis, 1975). Further, 

Baylis (1975) suggested that the length and frequency of root hairs is the best index of a 

plant’s potential for non-mycotrophic growth, indicating a link between root architecture 

and mycorrhizal dependency. It is believed that selection pressures have caused 

morphological differences in roots associated with mycorrhizas, with root cortex thickness 

being greatest in obligately mycorrhizal plants (Brundrett, 2002).  

Reward strategies are thought to stabilize mycorrhizal relationships over time, ensuring a 

“fair trade” of nutrients and carbon by plant and fungal partners (Kiers et al., 2011b). 

Therefore, it could be possible that arbuscular mycorrhizal fungi that benefit plant growth 
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will be rewarded with more plant carbon, and therefore be able to proliferate more in the 

soil, resulting in a higher fungal biomass, but also better plant growth. Although functional 

complementarity between root traits and arbuscular mycorrhizal fungal traits has been 

suggested (Koide, 2000), there is little evidence directly linking plant and arbuscular 

mycorrhizal fungal traits. 

The interaction between plant and fungal identity has previously been shown to be an 

important factor in reducing pathogen infection in plants (Sikes et al., 2009). In the study by 

Sikes (2009), Setaria, a fine-rooted plant benefited more by associating with an arbuscular 

mycorrhizal fungus with extensive intraradical growth, possibly outcompeting the pathogen 

for root space. Although strict host specificity is unknown among arbuscular mycorrhizal 

fungi, clear differences have been shown in the fungal community of co-occurring plants 

(Martínez-García et al., 2015) that are known to differ in their root traits (Holdaway et al., 

2011). Root functional traits have also been shown to explain variation in arbuscular 

mycorrhizal fungal infection (Valverde-Barrantes et al., 2016). The interaction between 

plant and fungal identity suggests the potential for coevolutionary relationships and trait 

matching.  

Coevolutionary relationships can be disrupted when plants disperse or are introduced to 

novel habitats (Dickie et al., 2017). In plant-frugivore mutualisms, exotics have been shown 

to display a weaker signal for trait matching (Peralta et al., 2020). In plant-mycorrhizal 

relationships, exotic plants may also show lower levels of trait matching with arbuscular 

mycorrhizal fungi compared with natives due to the lack of coevolved partners in the 

invasive range. A meta-analysis conducted by Bunn et al (2015) found no differences in in 

arbuscular mycorrhizal fungal infection between native and invasive plants, however, the 

positive correlation between mycorrhizal infection and growth response was present in 

native plants but absent in exotic plants.  

Studies examining mycorrhizal growth response, or the functional traits of arbuscular 

mycorrhizal fungi usually employ a “one fungus to one plant” approach where a single host 

plant is inoculated with a single spore culture of an individual fungus (Abbott et al., 1984; 

Bever et al., 2001; Sikes et al., 2009). Although valuable insights into plant-mycorrhizal 
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relationships have been made using this method, a plant in nature also typically interacts 

with multiple arbuscular mycorrhizal fungi (Johansen et al., 2015; Martínez-García et al., 

2015; Spitzer et al., 2021), therefore, single species inoculations do not provide realistic 

environments to monitor plant behavior and response to arbuscular mycorrhizal fungi. 

Further, single species studies are restricted to using arbuscular mycorrhizal fungi that are 

easily cultured and available. 

The use of root microbiome / live soil inoculum is common in plant soil feedback 

experiments (Bever et al., 1997; Waller et al., 2020), and has been used to bait and identify 

arbuscular mycorrhizal fungi and fine root endophytes (Orchard et al., 2017). However, the 

use of root microbiomes to assess and characterize fungal community traits has not been 

done to my knowledge. I use a novel approach to examine how the functional traits of 

arbuscular mycorrhizal fungal communities are linked to plant root diameter, using live root 

inoculum from a range of native and exotic plant species ranging in root diameter and 

inoculating different host plants with these roots in multi compartment pots.  

Host plants will be grown in pots containing two compartments separated by a 20 µm nylon 

mesh allowing fungal hyphae to pass through but blocking roots. The use of Next 

Generation sequencing will provide me to opportunity to characterize the arbuscular 

mycorrhizal fungal community associated with various plants and how these fungi migrate 

through different layers of the pot. Using this approach, I test the hypotheses: 

1) Arbuscular mycorrhizal fungal communities from coarse-rooted plants will explore 

further from the roots, while fungal communities from fine-rooted plants will have 

most hyphae closer to the roots 

2) Arbuscular mycorrhizal fungal communities from coarse-rooted plants will provide a 

growth benefit to host plants via increase hyphal exploration relative to incoula from 

fine-rooted plants 

3) There will be no correlation between arbuscular mycorrhizal fungal hyphal 

exploration and root diameter for arbuscular mycorrhizal fungal communities from 

exotic plants 
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Methods  

Soil and pot design 

I collected a low P soil (Olsen P of 2 mg mL-1) from The University of Canterbury Cass 

Mountain Research Area. The soil was mixed with coarse sand to a ratio of 1:1 and 

pasteurised by being held at 90 °C	for	8	hours	and	pasteurised	again	after	48	hours.	

Immediately	after	the	second	run,	the	soil	was	given	a	microbial	wash	to	control	for	

base	level	pathogens	and	microbes.	The	microbial	wash	was	the	filtrate	of	non-

pasteurised	sand/soil	suspended	in	sterile	water	and	passed	through	two	20	µm	sieves.	

The	filtrate	was	diluted	10-fold	and	applied	to	the	trays	of	soil	as	they	came	out	of	the	

pasteuriser	until	the	surface	was	evenly	covered	and	filtrate	was	observed	escaping	the	

bottom	of	the	tray. 

The sand/soil mixture was filled into two 1.5 L pots. The pots were designed to have two 

stacked compartments (top and bottom) separated by a 20 µm nylon mesh (Figure 3.1). The 

mesh was taped to the outside of the top pot with duct tape. 
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Figure 3.1 A) Picture of Sophora microphylla plant in double pot. B) Diagram of pot set up 

showing top and bottom pots separated by 20 µm nylon mesh that is taped to the top pot. 

The base of the top pot is cut allowing for hyphae to reach and pass mesh. Each soil layer is 

colour coded (pink – top layer, grey-middle layer, and green – bottom layer. Soil was 

collected from these layers at harvest to quantify hyphal abundance and extract arbuscular 

mycorrhizal fungal DNA.  

Inoculation of host plants 

Root fragments sourced from 30 source species, collected as described in the methods 

section of Chapter 2 were inoculated onto four host plants (Trifolium subterraneum, 

Phormium cookianum, Lolium perenne, and Sophora microphylla). These host species were 

not replicates, rather, ranged in root diameter and provenance to maximize the opportunity 

for successful infection of at least one host species. I created a divot in the top pot and 

added 1 g of root inoculum (chopped roots) from the source plants right before sowing host 

plant seedlings. Seeds of the four host plants were surface sterilized and sown in sterile 

perlite/vermiculite mixture. Once germinated, seedlings of a similar size were transplanted 

into experimental pots. Upon sowing, the seedling roots were in direct contact with the 

inoculum. There were a total of 124 treatments (30 source plants from which roots were 
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used as inoculum and one negative control treatment applied to four host plants). The 

negative control treatment did not receive any inoculum. 

Experimental design and growth conditions 

The pots were set up in a completely randomized design and spread across 9 tables in a 

temperature regulated greenhouse. Growth lights were set up in the greenhouse to provide 

extra light and were active for 12 hours a day. The plants were left to grow for eight months 

and watered every two days via an overhead mist system to minimize splash cross 

contamination between pots. Pots were also place on top of inverted plastic saucers to 

prevent water movement at the base of the pots. 

Harvest 

Each plant was cut at the crown, the fresh weight of the aboveground biomass noted and 

placed in a labeled paper bag to be dried in an oven at 65 °C for a minimum of 72 hours and 

weighed again to obtain a dried shoot weight. To minimize the effect of weight change 

caused by hydration, plants were kept outside for a maximum of 15 minutes when taken 

out of the oven for weighing. 

Once the shoots were cut, the contents of the top pot were carefully emptied onto a tray to 

obtain the root system. The roots were then washed in a basin of running water until clean 

and lightly dabbed dry with a paper towel. The roots were then weighed and placed in a 

labeled paper bag to oven dried and weighed again as was done with the shoots. 

Enough soil to fill a 1.7 mL Eppendorf tube was carefully scooped into a sterile Eppendorf 

tube using a sterile spatula and frozen at -80 °C for DNA extractions. The remaining soil from 

the top pot (Pink – top soil layer in figure 3.1) was placed into a labelled zip lock bag to 

measure densities of hyphal lengths. This was repeated for soil from the top half of the 

bottom pot (Grey – middle soil layer in figure 3.1) and again for soil from the bottom half of 

the bottom pot (Green – bottom soil layer in figure 3.1), so that soil from every layer was 

taken for DNA extractions and measurement of hyphal presence.  
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Quantifying hyphal exploration 

For each plant, hyphae were extracted from the three layers within the pot (Figure 3.1). 

Hyphae were extracted using an aqueous extraction and membrane filter technique 

adapted from Rillig et al (1999). For each soil layer, a 5 g sub-sample of soil was taken and 

suspended in 200 mL deionized water, vigorously shaken for 30 seconds and decanted 

through a 38 µm sieve to retain hyphae, root pieces and organic matter. The sieve was then 

sprayed gently with deionized water and transferred to a clean beaker with 200 mL of 

deionized water. The beaker was gently swirled, and a 2 mL aliquot was pipetted onto a 

gridded 25-millimeter membrane filter. The material on the filter was then stained with 

0.05% Trypan Blue in lactoglycerol for 5 minutes, rinsed with deionized water twice, and 

transferred to microscope slides. Lactoglycerol was used as a mounting media to keep the 

filter paper moist for a longer period of time compared with water. Slides were examined 

under 200 magnification and arbuscular mycorrhizal hyphal and non-arbuscular mycorrhizal 

hyphal intersections on the filter paper grid were counted. Only arbuscular mycorrhizal 

fungal hyphal counts were used as an indication of hyphal presences and abundance in each 

soil layer. 

Soil DNA extractions and PCRs 

Soil samples stored at -80 °C were retrieved and thawed at room temperature. Once 

thawed, DNA was extracted using the PowerSoil Kit (Qiagen, Hilden, Germany) as per the 

manufacturer’s instructions. The only modification made to the protocol was reducing the 

final elution volume to 80 µl. 

For each sample, PCR was carried out using 0.2 µL Taq (Roche FastStart), 2.5 µL buffer, 0.5 

µL dNTPs, 0.5 µL of 10 µM forward primer (NS31), 1 µL of 5 µM uniquely barcoded reverse 

primer (AML2), 0.45 µL of BSA, 18.85 µL of water, and 1 µL of genomic DNA extract, making 

up a 25 µL reaction volume. The PCR reaction was run using the following thermal cycler 

conditions: initial denaturation for 3 minutes at 94 °C, followed by 45 cycles of 45 seconds at 

94 °C (denaturation), 60 seconds at 63.3 °C (annealing), and 90 seconds at 72 °C (extension); 

followed by a final extension step of 10 minutes at 72 °C. PCR products were checked for 

adequate banding intensity of single bands on a 1% agarose gel with RedSafeTM. PCR 
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reactions were carried out in duplicates for each sample and pooled prior to library 

preparation using the 96 well SequalPrep Normalization Kit (Invitrogen). Once PCR products 

were cleaned and normalized with the SequalPrep Kit, all samples were pooled and sent to 

Massey Genome Services to be sequenced on an Illumina MiSeq v2, 2 x 250-bp paired-end 

chemistry (Illumina, San Diego, California, USA). 

Bioinformatics and statistical analysis  

During the experiment, the majority of the Trifolium subterraneum plants died. Due to the 

high mortality rate, this host species was excluded from the experiment. 

At the time of harvest, it had become apparent that almost all Lolium perenne plants had 

grown roots around the mesh barrier and grown into the bottom pot. As quantifying hyphal 

exploration away from the roots was a key hypothesis for this experiment, I had to exclude 

these plants from the experimental analysis. 

After the exclusion of the above two host species, I had a total of 177 plants that I could use 

for statistical analysis from S. microphylla and P. cookianum. I used R version 1.3.1073 (R 

Core Team, 2019) for all downstream analyses and creating graphs. 

I used hyphal counts as a direct measure of hyphal abundance. To quantify the impacts of 

root diameter of the inoculum on hyphal abundance away from the pot I used a generalised 

linear mixed effect model with a negative-binomial linear parameterization to account for 

overdispersion in my count data (Hardin and Hilbe, 2007; Lindén and Mäntyniemi, 2011) 

using the package “glmmTMB” (Brooks et al., 2017). I used model simplification based on 

the function “update” in the “lme4” packaged as described by Crawley (2002), three way 

interactions were only considered significant when P < 0.01, while main effects and two way 

interactions were considered significant at P < 0.05. My maximal fitted model started with a 

three way interaction between root diameter, provenance (native vs. exotic) of the 

inoculum, and soil layer with hyphal count as a response variable. I set pot number as a 

random term nested within donor plant species (inoculum source) to account for the 

multiple layers within pots and replication of donor species used for inoculum. 
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To examine if there was a relationship between root diameter and proportion of total 

hyphal counts that were sampled in the bottom layer of pots, I used a generalized linear 

mixed effect model to carry out a zero inflated beta regression from the package 

“glmmTMB” (Brooks et al., 2017). A zero-inflated beta regression was used as I was 

analyzing proportional abundance data that was bound between zero and one (Ferrari and 

Cribari-Neto, 2004). My maximal model had proportion of hyphae in the bottom layer as 

response variable and an interaction between root diameter and provenance of inoculum as 

the predictors. I set species as a random term to account for the three replicates of each 

species.  

To examine the correlation between hyphal abundance and plant biomass I used a 

generalised linear mixed effect model with a negative-binomial linear parameterization. My 

maximal model had plant biomass as a response variable and total hyphal count and 

proportion of hyphae in the bottom layer as fixed term with plant species as a random term. 

Statical models were run separately for each host plant. 

During data processing, I found that the majority of sequenced amplicons generated by the 

Illumina MiSeq, 2 × 250-bp sequencer were too short to allow for adequate overlap. This 

was consistent with what Morgan et al (2017) found using the same sequencing technology 

and primer pair. Therefore, I conducted all downstream analyses using only the 250-bp 

forward reads. A study conducted by Davison et al. (2012) found that shortening 

NS31/AML2 reads from 400 to 170 bp resulted in almost identical measures of diversity 

because the majority of informative characters occurred in the 5’ most 170 base pairs. 

Sequences with less than 170bp or that had more than one expected error were removed 

using VSEARCH 2.10.4 (Rognes et al., 2016). To account for PCR and sequencing artefacts 

and singletons, any sequences occurring either once or twice were removed, and the 

remaining sequences were clustered to 97% similarity threshold. OTUs were matched using 

BLAST v2.5.0+ (Altschul et al., 1997) against the MaarjAM VT database (Öpik et al., 2010). I 

removed all OTUs that had <200 bp match and <90% identity to any known 

Glomeromycotinian species. Extraction blanks, positive control and negative controls were 

checked for contamination. To account for “mis-tagging” (Esling et al., 2015), I found the 

OTU with the most sequences in the negative control samples and subtracted this number 
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(19) from all OTUs in my dataset. Upon examining my data it was evident samples with less 

than 10,000 sequences had incredibly low abundances of OTUs and had likely failed in PCR 

and/or sequencing. I therefore added an additional clean up step of removing any samples 

that had less than 10,000 sequences. 

I calculated the relative abundance of dominant OTUs from a rarefied OTU table. Samples 

were rarefied to 10,194 sequences. Five OTUs dominated the data set and the relative 

abundance of these five OTUs in response to root diameter was calculated using a 

generalized linear mixed effect model to perform a zero inflated beta regression from the 

package “glmmTMB” The relative abundance of each OTU was tested separately, and my 

maximal model started with a three-way interaction between root diameter, soil layer, and 

provenance, and a random term for species and pot. 
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Results  

Hyphal abundance of arbuscular mycorrhizal fungi in S. microphylla 

pots 

There was a significant interaction between root diameter and provenance (native/exotic) 

of inoculum associated with arbuscular mycorrhizal fungal hyphal abundance in S. 

microphylla pots (AM count ~ provenance*root diameter + soil layer: Z = -2.883, SE = 0.312, 

P = 0.0039) (Supplement 3.1). There was an increase in arbuscular mycorrhizal fungal hyphal 

abundance as the root diameter of inoculum increased, however, this was only true for 

inoculum from exotic plants (Figure 3.2). Hyphal abundance was also significantly higher in 

the top layer of soil than the middle and bottom layers of S. microphylla pots (AM count ~ 

provenance*root diameter + soil layer: Z = 2.933, 0.0677, P = 0.0034) (Figure 3.2) 

(Supplement 3.1).  

Hyphal abundance was not significantly associated with root diameter or soil layer for P. 

cookianum pots however hyphal abundance was significantly higher in pots with inoculum 

from native plants (AM count ~ provenance: Z = 2.07, SE = 0.081, P = 0.043). There were no 

significant interactions between provenance and root diameter or soil layer. Further analysis 

was not pursued for this host species as root diameter had no effect on total hyphal 

abundance or hyphal abundance between soil layers. 
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Figure 3.2 Hyphal abundance of arbuscular mycorrhizal fungi in S. microphylla pots 

associated with root diameter of inoculum. Triangle points represent inoculum from native 

plants, while circle points represent inoculum from exotic plants. Pink points hyphal counts 

from the top soil layer, grey points are hyphal counts from the middle soil layer, while green 

points are hyphal counts from the bottom soil layer. Trendlines are coloured respectively. 

Dotted dashed trend lines are for inoculum from native plants, while solid trend lines are for 

inoculum from exotic plants. Trend lines are fitted from a mixed effect model with a random 

term for Species/pot to account for non-independence of replicates within plant species and 

layers within pots. Points jittered along the x-axis.  
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Proportion of hyphae in bottom layer 

There was a significant increase in the proportion of hyphae found in the bottom layer of 

pots in response to the root diameter of inoculum (Proportion hyphae bottom layer ~ root 

diameter: Z = 2.175, SE = 0.2075, P = 0.0296) (Figure 3.3) (Supplement 3.2). There was no 

significant interaction or a significant effect of provenance of inoculum. 

Effects of hyphal biomass on S. microphylla growth 

Total hyphal abundance was a strong predictor of S. microphylla shoot dry weight (t = 4.781, 

SE = 0.0034, P < 0.001) (Figure 3.4) (Supplement 3.3) and root dry weight (t = 4.88, SE = 

0.003, P < 0.001) (Figure 3.5) (Supplement 3.4). The proportion of hyphae in the bottom 

layer was not significantly associated with above or below ground dry weight. 
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Figure 3.3 Proportion of hyphae in the bottom layer of S. microphylla pots associated with 

root diameter of inoculum. Black triangle points represent inoculum from native plants, 

while orange circle points represent inoculum from exotic plants. Green trend line shows 

effect of root diameter on proportion of hyphae in the bottom layer. Trend line was fitted 

from a mixed effect model with a random term for inoculum species to account for the 

three replicates of each species sampled. 
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Figure 3.4 log shoot dry weight of S. microphylla plants associated with total hyphal 

abundance in pots. Black line shows trend fitted from the mixed effect model. 
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Figure 3.5 log root dry weight of S. microphylla plants in response to total hyphal abundance 

in pots. Black line shows trend fitted from the mixed effect model. 
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19 OTUs were obtained across 93 soil samples split between the top and bottom layer of 

soil. A total of 2,620,576 reads were generated with an average of 28,178 reads obtained 

per sample (min=10,194, max=76,175). The OTUs spanned 3 orders (Archaeosporales, 

Diversisporales, and Glomerales) and 4 families (Acaulosporaceae, Archaeosporaceae, 

Claroideoglomeraceae, and Glomeraceae). The five most abundant OTU’s are belonged to 

the family Glomeraceae and accounted for 94.2% of all sequences. 

Relative abundance of dominant OTUs  

Three of five OTUs occurred on more than 50 plants of which three OTUs showed some 

response to root diameter.  

The relative abundance of only OTU2 (VTX00074) changed in in response to root diameter 

and soil layer. OTU2 had a much higher relative abundance in the top layer of soil compared 

to the bottom layer (Z = 2.218, SE = 0.3156, P = 0.027 ) , and decreased in abundance as the 

root diameter of inoculum increased (Z = -3.291, SE = 0.54, P < 0.001) (Figure 3.6) 

(Supplement 3.5). There was no significant interaction between soil layer and root diameter. 

There was a significant interaction between provenance and root diameter of the inoculum 

associated with the relative abundance of OTU3 (VTX00362) (Z = 2.102, SE = 1.31, P = 0.036) 

(Supplement 3.6). The relative abundance of OTU3 increased in pots with inoculum from 

coarse-rooted native plants, while the relative abundance of OTU3 did not change between 

inoculum from fine or coarse-rooted exotics (Figure 3.7). 

There was significant three way interaction between soil layer, root diameter of inoculum, 

and provenance of inoculum associated with the relative abundance of OTU260 (VTX00115) 

(Z = -3.522, SE = 0.741, P <0.001) (Supplement 3.7). The relative abundance of OTU260 did 

not change between the top and bottom layer or in response to root diameter for inoculum 

from exotic plants. However, the relative abundance of OTU260 increased in the bottom 

layer of pots with inoculum from coarse-rooted natives (Figure 3.8)  
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Figure 3.6 Relative abundance of OTU2 in the top and bottom layer of S. microphylla pots in 

response to root diameter. Pink points represent soil samples from the top layer of soil 

while green points represent soil samples from bottom layer of soil. Triangle points show 

inoculum from native plants, while circle points show inoculum from exotic plants. Pink line 

shows trend for top layer, while green line shows trend for the bottom layer. Trend lines 

extracted from mixed effect model with random terms for multiple measurement of species 

and layers within a pot. 
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Figure 3.7 Relative abundance of OTU3 in the top and bottom layer of S. microphylla pots in 

response to root diameter. Pink points represent soil samples from the top layer of soil 

while green points represent soil samples from bottom layer of soil. Triangle points show 

inoculum from native plants, while circle points show inoculum from exotic plants. Black line 

shows trend for inoculum from native plants, while orange line shows trend for inoculum 

from exotic plants. Trend lines extracted from mixed effect model with random terms for 

multiple measurement of species and layers within a pot. 
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Figure 3.8 Relative abundance of OTU260 in the top and bottom layer of S. microphylla pots 

in response to root diameter. Pink points represent soil samples from the top layer of soil 

while green points represent soil samples from bottom layer of soil. Triangle points show 

inoculum from native plants, while circle points show inoculum from exotic plants. Dotted-

dash trend line shows trend for inoculum from native plants, while solid lines show trend for 

inoculum from exotic plants, coloured respective to the soil layer. Trend lines extracted 

from mixed effect model with random terms for multiple measurement of species and 

layers within a pot. 
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Discussion 

These results provide the first evidence of functional complementarity between plant root 

diameter and arbuscular mycorrhizal fungal communities. I found that coarse-rooted plants 

associate with arbuscular mycorrhizal fungi who invest in extraradical hyphal exploration. 

Preferential allocation of resources to beneficial mycorrhizal fungi has previously been 

shown (Bever et al., 2009), but not linked to plant traits, and could be a mechanism by 

which plants cultivate a community of optimal partners. I also found that having an 

arbuscular mycorrhizal fungal community that invests in extraradical mycelium leads to an 

increase in S. microphylla biomass. Increase of hyphal biomass in soils has previously been 

shown to benefit plant growth (Van Der Heijden et al., 1998), however, my results show 

there may be links between host partner specificity and mycorrhizal function.  

Hyphal abundance and exploration of arbuscular mycorrhizal fungi  

My results suggest a link between plant root diameter and the species composition and 

functional traits of arbuscular mycorrhizal fungal communities. I found that the arbuscular 

mycorrhizal fungi associated with coarse-rooted plants produce more extraradical hyphae. 

Although previous studies have shown hyphal abundance in the soil is higher among coarse-

rooted plants than fine-rooted plants (Eissenstat et al., 2015; Miller et al., 1995), it is not 

possible to clearly decipher whether this is due to a higher allocation of resources by coarse-

rooted plants to their fungal partners, or due to the functional traits of the arbuscular 

mycorrhizal fungal community. I was able to separate the effect of plant traits and fungal 

traits by inoculating a single host species with the arbuscular mycorrhizal fungal community 

from a spectrum of fine and coarse-rooted plants, showing that arbuscular mycorrhizal 

fungal community from fine and coarse-rooted plants behave differently regardless of plant 

investment. This shows a level of functional complementarity between plants and their 

below ground mycorrhizal associations.  

An unexpected result was the effect of root diameter on hyphal abundance was only true 

for inoculum from exotic plants. The trend for inoculum from native plants was heavily 

impacted by the low hyphal counts of Phormium tenax which was the plant species with the 



65 

 

coarsest root diameter. When excluded from the analysis, native plants also showed an 

increase in hyphal abundance with root dimeter. Phormium tenax occurs in very damp, 

swampy patches of Cass Mountain Research Area, much different from other plant species. 

It also associated with a very low richness of arbuscular mycorrhizal fungi (Chapter 2 Figure 

2.3, mean root diameter = 0.75mm), this low richness could indicate a degree of host 

specialization, and that fungi that associate with P. tenax may simply not be compatible 

with S. microphylla. 

Not only did arbuscular mycorrhizal fungi from coarse-rooted plants have a higher hyphal 

abundance, but they invested in exploratory hyphae further away from the roots. This was 

evidenced by the proportion of hyphae found in the bottom layer of pots increasing as root 

diameter of the inoculum increased. Studies have shown that coarse-rooted plants rely 

more on mycorrhizal fungi to forage nutrients compared with fine-rooted plants (Chen et 

al., 2018; Eissenstat et al., 2015). In ectomycorrhizal trees, Chen et al (2018) found a 

significant positive correlation between root diameter and hyphal exploration whereby, tree 

species with coarser roots associated with ectomycorrhizal fungal taxa with longer hyphal 

exploration distances. Arbuscular mycorrhizal fungi have also been shown to vary in how far 

they explore in the soil (Newsham et al., 1995b) but this study (to the best of my 

knowledge) is the first to link hyphal exploration with plant root diameter.  

Impacts of hyphal abundance on S. microphylla biomass  

Koide (2000) suggested that plants could favor arbuscular mycorrhizal fungi with functions 

that compliment root traits, rather than fungal partners being functionally redundant. A 

plant with fine roots and roots hairs can efficiently forage for nutrients in the soil without 

the need of mycorrhizal partners whereas coarse-rooted plants may be more dependent on 

mycorrhizae (Baylis, 1975). My results show that coarse-rooted plants may compensate for 

their root traits by assembling a community of arbuscular mycorrhizal fungi that explore the 

soil, and which consequently had the effect of facilitating S. microphylla growth. Although 

an increase in arbuscular mycorrhizal fungal hyphal length in the soil has previously been 

shown to increase plant community P uptake and biomass (Van Der Heijden et al., 1998), no 

study to my knowledge has shown the association between arbuscular mycorrhizal fungal 
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communities, root diameter and plant growth. The construction of coarse, thick roots is an 

inefficient allocation of biomass for increasing surface area to absorb nutrients. Therefore, 

associating with arbuscular mycorrhizal fungi who are good at exploring the soil and 

providing nutrients is essential for coarse-rooted plants to succeed. In my study the root 

diameter of the inoculum did not have a significant effect on S. microphylla biomass 

suggesting that other aspects of the root microbiome that were transplanted may not have 

strongly influenced S. microphylla shoot biomass. Surprisingly, the proportion of hyphae in 

the bottom layer of soil was not a strong predictor of plant biomass, but there was a hyphal 

abundance benefit overall. This may be because the experiment was not run for long 

enough for the top layer which was accessible to the roots to be completely depleted of 

nutrients.  

Arbuscular mycorrhizal fungal communities of coarse and fine-rooted 

plants. 

The use of next generation sequencing allowed me to identify how the relative abundance 

of dominant OTUs changed between the top and bottom layer of the pot and in relation to 

root diameter. Three dominant OTUs (OTU2 – VTX00074, OTU3 – VTX00362, and OTU260 – 

VTX00115) all belonged to the Glomeraceae and showed a significant response to root 

diameter. While some fungi decreased in abundance with root diameter (VTX00074, 

VTX00115), while VTX00362 increased in abundance providing some support to the 

hypothesis that root diameter is a driver of arbuscular mycorrhizal fungal communities. 

Sweeney et al (2021) showed that the relative abundance of arbuscular mycorrhizal fungi 

responded to root diameter, but no study has linked hyphal exploration, root diameter, and 

arbuscular mycorrhizal fungal identity. I found OTU2 (VTX00074) was highly abundant in the 

top layer of pots that had inoculum from fine-rooted plants while having a low relative 

abundance in the bottom layer of pots and being almost absent in pots with inoculum from 

coarse-rooted plants. This supports my hypothesis that fine-rooted plants will associate with 

arbuscular mycorrhizal fungi that do not explore further away from the root. Other studies 

have reported the presence of VTX00074 in Italy (Borriello et al., 2015), in grasslands around 
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Europe (Van Geel et al., 2018), as well as being a key indicator species of forest habitats in 

Estonia (Moora et al., 2014).  

 

Study design and conclusions  

Although the use of single culture inoculations to assess mycorrhizal growth response and 

function has been standard practice (Maherali, 2014; Newsham et al., 1995a; Sikes et al., 

2009), this method of experimental manipulation is limited to readily culturable mycorrhizal 

species. Further, single species interactions are unrealistic. My study has used a novel 

approach to better understand plant – mycorrhizal interactions by using a combination of 

field root inoculum and next generation sequencing. Although live inoculum and sequencing 

have been used to identify fine root endophytes (Orchard et al., 2017), no study (to the best 

of my knowledge) has used live inoculum to characterize the functional traits of mycorrhizal 

fungal communities. Using this method, I was able to apply an arbuscular mycorrhizal fungal 

treatment which did not need to be cultured but could be well characterized. Although no 

culturing was required there may have been arbuscular mycorrhizal fungi that may have not 

transplanted well. Nevertheless, the community provided to the host plant will still be close 

to that of the field. This approach pushes past the “one plant – one fungus” model of 

mycorrhizal experimentation and allows a more holistic view of how plants interact with 

their below ground partners.  

To the best of my knowledge this is the first study to show that coarse-rooted plants 

associate with an arbuscular mycorrhizal community that explores the soil more compared 

with those associated with fine-rooted plants when inoculated to an unrelated host plant. 

My results provide evidence for functional complementarity between plants and their 

arbuscular mycorrhizal fungal partners. The functional trait of hyphal abundance outside the 

root had the effect of facilitating the growth of S. microphylla plants. This result could have 

important implications when considering designing microbiomes for restoration plantings or 

when considering cultivating healthy soils in an agricultural context. 
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CHAPTER 4 -  Scaling up from single species to 
plant communities: The response of arbuscular 
mycorrhizal fungi to plant invasion  

Summary 

• Invasion by exotic plants is a great threat to ecosystem biodiversity globally. While 

mutualistic belowground associations can play a significant role in successful invasion, 

studies have shown mixed results regarding the effects of plant invasion on arbuscular 

mycorrhizal fungal communities. Here I examined how exotic dominance in plant 

communities along with plant root traits impact arbuscular mycorrhizal fungi.  

• I characterized the arbuscular mycorrhizal fungal communities in the roots of native and 

exotic plants growing together in constructed plant communities, ranging in root traits 

and exotic dominance from 0-100%. 

• I found exotic dominance caused a decrease in mycorrhizal richness and caused plants 

to associate with more generalist arbuscular mycorrhizal fungal partners. However, 

having coarse-rooted individuals in communities buffered the loss of mycorrhizal 

diversity in plant communities due to exotic dominance. 

• My results showcase the crucial role of plant root traits in understanding how 

arbuscular mycorrhizal fungal communities respond to exotic invasion. 
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Introduction 

Arbuscular mycorrhizal fungi either facilitate or hinder the success of invasive plants. 

Symbiotic interactions with arbuscular mycorrhizal fungi can shape the competitiveness, 

community structure and diversity of plants (Aslani et al., 2019; Gerz et al., 2018; Lin et al., 

2015), all of which can play an important role in invasion success or failure. The degraded 

mutualisms hypothesis suggests that exotic plants have reduced associations with 

arbuscular mycorrhizal fungi in the invaded range and therefore may reduce the diversity 

and abundance of available mutualists for native plants (Vogelsang and Bever, 2009). 

Though studies have shown invasion by exotic plant species to decrease arbuscular 

mycorrhizal fungal diversity in soils (Hawkes et al., 2006; Řezáčová et al., 2021; Zubek et al., 

2016), the opposite has also been shown (Lekberg et al., 2013). Invasion by Centaurea 

stoebe and Euphorbia esula has been shown to increase the diversity and abundance of 

arbuscular mycorrhizal fungi on natives, however Bromus tectorum did not have this effect 

on the arbuscular mycorrhizal fungal community (Lekberg et al., 2013) This variability 

suggests the impact of invasive plants on arbuscular mycorrhizal fungal community 

composition and diversity are species and context specific. Studies have largely focused on 

single plant species and locations, but our understanding on the impacts of plant invasion 

on arbuscular mycorrhizal fungi in the context of plant communities, incorporating a wide 

range of native and exotic plants is limited. 

In other mutualistic networks, successful invaders are typically generalist in their 

associations (Aizen et al., 2008), and due to a lack of co-evolutionary history, show a weaker 

signal of trait matching (Peralta et al., 2020). Invasive plants can succeed in non-native 

habitats despite a lack of co-evolutionary history, by forming “familiar” associations with 

widespread fungi (Dickie et al., 2017; Moora et al., 2011; Pringle et al., 2009). Habitat 

generalist plants have been shown to frequently associate with generalist arbuscular 

mycorrhizal fungi (Öpik et al., 2009). For example, the arbuscular mycorrhizal fungal 

community of Trachycarpus fortunei (palm) varied in composition between its native and 

invaded range, however, the populations shared a portion of widespread generalist partners 
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(Moora et al., 2011). In addition to generalist associations being a key mechanism by which 

exotic plants may invade, a meta-analysis by Bunn et al (2015) showed no difference in the 

abundance of arbuscular mycorrhizal fungi between native and exotic plants, highlighting 

the importance of studying how exotic dominance can affect arbuscular mycorrhizal fungal 

community composition in the context of plant communities. 

Plant community context can influence the composition of their interaction partners 

because traits of individual plant and partner species must be compatible for the interaction 

to occur. For example, plant root traits have been shown to play a key role in driving 

rhizosphere fungal communities (Lozano et al., 2021; Sweeney et al., 2021). Recently, 

Sweeney et al (2021) showed that proportion of arbuscular mycorrhizal fungi in the 

rhizosphere of grassland plants increased with plant root diameter. Similarly, Lozano et al 

(2021) found that root tissue density was an important driver of mycorrhizal abundance. 

This shows a level of partner specificity exhibited by plants in their associations with 

arbuscular mycorrhizal fungi. However, the impacts of exotic dominance on this partner 

specificity and the relative abundance of arbuscular mycorrhizal fungal families have not yet 

been explored.  

In order to gain insights into how plant root traits and exotic dominance can alter arbuscular 

mycorrhizal fungal diversity and composition within plant communities, I characterized the 

arbuscular mycorrhizal fungal communities in the roots of native and exotic plants growing 

together in 8-species communities, ranging in exotic dominance from 0-100%. The use of 

Next Generation Sequencing allowed me to specifically examine the change in diversity and 

composition of arbuscular mycorrhizal fungi at a family level, providing novel insights into 

how exotic plants interact with and modify mutualistic interactions in a plant community. 

My hypotheses for this chapter are: 

1) Arbuscular mycorrhizal fungal richness will decrease as exotic dominance increases 

2) The generalism of fungal associations will increase for all plants as exotic dominance 

increases 

3) Fine-rooted plants will be more susceptible to changes in arbuscular mycorrhizal 

fungal diversity caused by exotic dominance 



71 

 

Materials and methods 

Study site and experimental design 

The experiment was initiated in 2016, in large mesocosm pots set in a field on the Lincoln 

University Campus (Lincoln, New Zealand. 43.6434:S, 172.4678:E, elevation 10m), and 

completed in 2019 (Waller et al., 2020). 20 communities were designed, each containing 

eight unique plant species taken from a pool of 39 species and grown in 125L pots (575mm 

diameter). The full methods are described in Waller et al (2020). Briefly, each community 

varied orthogonally in the proportion exotic species planted (0, 25, 50, 75, 100%) and 

woody plant species (0, 25, 38, 63%). Each plant community was replicated four times (80 

total pots). Each pot received one of two soil treatments (home or away soil) made up of a 

mixture of soils from a monoculture plant-soil feedback experiment using a common field 

soil cultured by each of the plant species used in the experiment (reported in Waller et al 

2020). An additional 80 pots were included in the experiment with the addition of 

herbivores (reported in Waller et al 2020, Allen et al 2021). However, the herbivore and soil 

treatments were not relevant for my hypotheses and were therefore accounted for in my 

statistical models as random terms. 

Molecular sampling  

DNA was extracted from a total of 982 roots harvested from individual plants from all 160 

mesocosms at the end of the experiment, using MoBio PowerSoil extraction kits. Libraries of 

the small subunit ribosomal RNA fragment amplicons were prepared using primers NS31 

and AML2 with modifications to include the addition of technical adapter sequences for 

annealing to Illumina flow cells, a standard “pad” sequence, and a two base pair linker 

sequence as shown by (Morgan and Egerton-Warburton, 2017). The reverse primer (AML2) 

was also modified to include a 12-base Golay barcode to enable demultiplexing during data 

processing. Each barcode was checked to minimize secondary structure formation using the 

OligoAnalyzer Tool by IDT (Integrated DNA Technologies). 
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For each sample, PCR was carried out using 0.2µL Taq (Roche FastStart), 2.5µL buffer, 0.5µL 

dNTPs, 0.5 µL of 10µM forward primer (NS31), 1µL of 5µM uniquely barcoded reverse 

primer (AML2), 0.45 µL of BSA, 18.85 µL of water, and 1 µL of genomic DNA extract, making 

up a 25 µL reaction volume. The PCR was run using the following thermal cycler conditions: 

initial denaturation for 3 min at 94 °C, followed by 45 cycles of 45 sec at 94 °C 

(denaturation), 60 sec at 63.3 °C (annealing), and 90 sec at 72 °C (extension); followed by a 

final extension step of 10 min at 72 °C. PCR products were checked for adequate intensity 

single bands on a 1% agarose gel with RedSafe. PCR reactions were carried out in duplicates 

for each sample and pooled prior to library preparation using the 96 well SequalPrep 

Normalization Kit (Invitrogen). Once PCR products were cleaned and normalized with the 

SequalPrep Kit, all samples were pooled and sent to Massey Genome Services to be 

sequenced on an Illumina MiSeq v2, 2 × 250-bp paired-end chemistry (Illumina, San Diego, 

California, USA). 

Bioinformatics and statistical analysis 

During data processing, I found that the majority of sequenced amplicons generated by the 

Illumina MiSeq, 2 × 250-bp sequencer were too short to allow for adequate overlap. This 

was consistent with what Morgan et al (2017) found using the same sequencing technology 

and primer pair. Therefore, I conducted all downstream analyses using only the 250 bp 

forward reads. A study conducted by Davison et al. (2012) found that shortening 

NS31/AML2 reads from 400 to 170 bp resulted in almost identical measures of diversity 

because the majority of informative characters occurred in the 5’ most 170 base pairs. 

Sequences with less than 170 bp or which had more than one expected error were removed 

using VSEARCH 2.10.4 (Rognes et al., 2016). To account for PCR and sequencing artefacts 

and singletons, any sequences occurring either once or twice were removed, and the 

remaining sequences were clustered to 97% similarity threshold. OTUs were matched using 

BLAST v2.5.0+ (Altschul et al., 1997) against the MaarjAM VT database (Öpik et al., 2010). I 

removed all OTUs that had <200 bp match and <90% identity to any known species. 

Extraction blanks, positive control and negative controls were checked for contamination. 

OTUs that were found within negative controls were removed by subtracting the number of 
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times that OTU appeared from all other samples. Most non mycorrhizal plants had been 

excluded due to the above thresholds, however, any remaining plants which were non 

arbuscular mycorrhizal were removed from my analysis. Sequences on non-mycorrhizal 

plants were likely from soil on the outside of the roots. Details about the plant species used 

in the analysis can be found in Supplement 4.1. 

I used R version 1.3.1073 (R Core Team, 2019) for all downstream analyses and creating 

graphs. For all arbuscular mycorrhizal fungal diversity calculations, I first created randomly 

rarefied community versions of my dataset via the rrarefy function in “vegan” (Oksanen et 

al., 2007). The subsample size for rarefying my community was set to the minimum number 

of sequences in any sample. This process was iterated 500 times before calculating the 

average alpha, beta and gamma diversities. The rrarefy function performs random 

rarefaction without replacement so that mean and variance of community metrics is not 

related to the size of the sample. Beta diversity was calculated on Raup-Crick dissimilarities 

with the “betadisper” function part of the “vegan” package. The Raup-Crick method applies 

a probabilistic null model to control for difference in alpha diversity (Anderson et al., 2011). 

Gamma diversity was calculated as the total arbuscular mycorrhizal fungal diversity of each 

mesocosm, while alpha diversity is the arbuscular mycorrhizal fungal richness of each 

individual plant. 

To quantify the effects of plant root diameter, proportion of exotics planted and plant 

provenance on arbuscular mycorrhizal fungal diversity and abundance I used linear mixed 

effect models via the R package “lme4” (Bates et al., 2007). I performed model 

simplification based using the function “update” in the “lme4” package as described by 

Crawley (2002) to narrow down which response variables (if any) best predicted changes in 

arbuscular mycorrhizal fungal diversity, relative abundance and generalism score. 

For alpha diversity I started with a maximal model including a three-way interaction 

between percent exotics planted, root diameter, and provenance, while including random 

effects for plant species, soil treatment, herbivore treatment, and mesocosm nested within 

plant community. The same maximal model was used to test arbuscular mycorrhizal fungal 

generalism, and the relative abundance of arbuscular mycorrhizal fungal families, however 
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the model for generalism was overfitted, and the random terms for soil and herbivores 

were dropped to simplify the model structure. When analyzing arbuscular mycorrhizal 

fungal gamma and beta diversity at the mesocosm level, my maximal model had a two-way 

interaction between percent exotics plants, and average root diameter of all plants alive in 

that mesocosm, while having plant community as a random effect. 

To evaluate how generalist a plant was in its associations with arbuscular mycorrhizal fungi, 

I first calculated the exponent of Shannon (q=1) (Hill, 1973; Jost, 2006) for each OTU. This 

gives an indication of the ‘effective’ number of plant species each OTU interacted with, 

weighted by abundances. I then created a new matrix where any OTU that was present on a 

plant individual was replaced by that particular OTU’s ‘effective number’ weighted by its 

proportional abundance on that plant. I then took the average ‘effective number’ score of 

all OTUs belonging to a plant as an overall “generality of fungal partners” score for each 

plant individual.  
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Results 

After cleaning and removing plant samples that had less than 1000 fungal sequences, a total 

of 95 OTUs were obtained across 693 plants. An average of 15,455 reads were generated 

per sample (min=1031, max =165978). The OTUs spanned four orders (Archaeosporales, 

Diversisporales, Glomerales, and Paraglomerales) and seven families (Acaulosporaceae, 

Archaeosporaceae, Calaroideoglomeraceae, Diversisporaceae, Gigasporaceae, Glomeraceae 

and Paraglomeraceae). The three families with the highest number of OTUs were 

Glomeraceae (43 OTUs), Acaulosporaceae (18 OTUs), and Archaeosporaceae (12 OTUs). A 

total of 10,703,706 reads were generated, of which 6,075,054 (56.8%) reads were 

accounted for by the two most abundant OTUs, both of which belong to the family 

Glomeraceae. Most OTUs were low dominance with 84 OTUs having maximum abundances 

of <1% of sequences within any plant 

Arbuscular mycorrhizal fungal richness 

Arbuscular mycorrhizal fungal richness significantly decreased on plants as the proportion of 

exotic plants planted in the community increased but did not change in response to plant 

root diameter or provenance (lmer percent exotic, t = -3.151, SE 1.0416, P = 0.004) 

(Supplement 4.2) (Figure 4.1). There was no significant interaction between any of the 

terms.  
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Figure 4.1 Richness of arbuscular mycorrhizal fungi on individual plants associated with 

percent of exotic plants planted. Black triangles represent native plants and orange circles 

represent exotic plants. Points have been jittered along the x axis. Trend line fitted from 

model showing the decline in richness associated with exotic dominance. Points jittered 

along the x-axis 
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Relative abundance of arbuscular mycorrhizal fungal families 

The relative abundance of no arbuscular mycorrhizal fungal family showed a significant 

response to exotic dominance. However, the relative abundance of three families showed a 

significant response to plant root diameter. The relative abundance of Paraglomeraceae 

increased in response to an increase in plant root diameter and was generally higher among 

native plants (lmer root diameter + provenance, t=2.146, SE = 0.02005, P = 0.0382) 

(Supplement 4.3), (Figure 4.2). The relative abundance of Glomeraceae decreased as plant 

root diameter increased, however, this decrease in relative abundance was only true for 

native plants, while Glomeraceae relative abundance remained the same for exotic plants 

(lmer root diameter × provenance, t = -2.109, SE = 0.049, P = 0.04124) (Supplement 4.4), 

(Figure 4.3). Similarly, there was a significant interaction between root diameter and 

provenance associated with the relative abundance of Claroideoglomeraceae, however 

here, native plants showed an increase in relative abundance of Claroideoglomeraceae as 

root diameter increased while the relative abundance of Claroideoglomeraceae remained 

largely the same in exotics (lmer root diameter × provenance, t = 2.175, SE = 0.0173, P = 

0.0391) (Supplement 4.5), (Figure 4.4). 
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Figure 4.2 Increase in the relative abundance of Paraglomeraceae in response to log plant 

root diameter. Black triangles represent native plants and orange circles represent exotic 

plants. Trend lines fitted from model showing the increase in relative abundance of 

Paraglomeraceae in response to plant root diameter among native (black line) and exotic 

(orange line) plants. Points jittered along the x-axis. 
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Figure 4.3 Relative abundance of Glomeraceae in response to log root diameter. Black 

triangles represent native plants and orange circles represent exotic plants. Points have 

been jittered on along the x axis. Black line shows trend for native plants, while orange line 

shows trend for exotics. Points jittered along the x-axis. 
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Figure 4.4 Relative abundance of Claroideoglomeraceae in response to log plant root 

diameter. Black triangles represent native plants and orange circles represent exotic plants. 

Black line shows trend for native plants, while orange shows trend for exotics. 
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Gamma and beta diversity 

There was a significant interaction between mean mesocosm root diameter and percent 

exotic plants planted for mesocosm gamma diversity (lmer proportion exotic:mean root 

diameter + above ground biomass; proportion exotic:mean root diameter t = 1.209, SE = 

5.605, P = 0.0339) (Supplement 4.6). The gamma diversity of mesocosms with coarse-rooted 

plants stayed relatively the same as the proportions of exotics planted increased, while 

mesocosms with fine-rooted plants showed a decrease in gamma diversity as percent 

exotics planted increased (Figure 4.5). Gamma diversity was also significantly positively 

correlated with mesocosm above ground biomass (lmer proportion exotic:mean root 

diameter + above ground biomass; above ground biomass t = 3.331, SE = 0.840, P = 0.0012), 

mesocosms with a higher gamma diversity had more above ground biomass (Figure 4.6).  

Beta diversity in mesocosms did not change significantly as percent exotic plants planted 

increased. 
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Figure 4.5 Gamma diversity (at the mesocosm level) associated with percent exotic plants 

planted. Size of points is proportional to log mean mesocosm root diameter. Root diameter 

was a continuous variable, and the trend lines show the trend of the two extreme root 

diameter values. Points have been jittered along the x axis. Thin trend line represents 

mesocosm with the finest mean root diameter and thick line represents mesocosm with the 

largest mean root diameter. Points jittered along the x-axis. 
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Figure 4.6 Gamma diversity (at the mesocosm level) correlated with mesocosm above 

ground biomass. Biomass values have been log transformed. Trend line fitted from model, 

showing increase in biomass associated with mesocosm gamma diversity. 
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Generalism of fungal partners 

There was a significant increase in plant generalism score (average effective partner 

diversity of a plants fungal partners weighted by their proportional abundance) associated 

with percent exotic plants planted in a community (lmer percent exotic; t = 2.817, SE = 

0.118, P <0.001) (Supplement 4.7), (Figure 4.7). Plant root diameter was not significantly 

correlated with a plant’s generalism score, nor were there any significant interactions 

between root diameter, provenance, and percent exotics planted. 
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Figure 4.7 Average weighted effective diversity of fungal partners correlated to percent 

exotics planted. The Y axis has been log transformed. Black triangles represent native plants 

and orange circles represent exotic plants. Points have been jittered along the x axis. Trend 

line fitted from model showing an increase in generalism score associated with exotic 

dominance. Points jittered along the x-axis. 
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Discussion  

The decrease of arbuscular mycorrhizal fungal diversity by exotic plants has been well 

documented (Hawkes et al., 2006; Zubek et al., 2016). However, this is the first study, to the 

best of my knowledge, to show the relationship between plant root diameter and 

provenance on arbuscular mycorrhizal community composition. The relative abundance of 

dominant arbuscular mycorrhizal fungal families remained the same for exotic plants 

regardless of root diameter, while fungal relative abundance for native plants was 

contingent on root diameter showing some evidence for partner regulation among native 

plants. I also found that plants were associated with more generalist fungal partners as 

exotic dominance increased. Associating with widespread non-host-specific associations 

could be a strategy employed by exotic plants to establish themselves (Dickie et al., 2017). 

Exotic plants may therefore promote fungal partners who associate with many plants in the 

community, leaving native plants vulnerable to ‘low-quality’ associations (Hart et al., 2013). 

Arbuscular mycorrhizal fungal diversity 

Invasion by exotic plant species has been shown to reduce the diversity and alter the 

composition of arbuscular mycorrhizal fungi in the soil (Řezáčová et al., 2021). Here I found 

that arbuscular mycorrhizal fungal richness decreased on both native and exotic plants as 

exotic dominance increased, providing some support to the degraded mutualisms 

hypothesis. The degraded mutualisms hypothesis (Vogelsang and Bever, 2009) suggests 

invasive plants have reduced associations and dependency on arbuscular mycorrhizal fungi, 

which may cause exotic plants to lower arbuscular mycorrhizal fungal abundance and/or 

richness. The use of allelopathic plant exudates to degrade fungal mutualisms has been 

shown as a mechanism by which exotic plants indirectly inhibit germination of competitors 

(Pinzone et al., 2018). Decreasing the richness of arbuscular mycorrhizal fungi may also 

decrease the functional diversity of mycorrhizal partners that native plants may typically 

engage, perhaps facilitating invasion of exotic species.  

 



87 

 

Arbuscular mycorrhizal fungal community composition 

Though exotic dominance had a significant effect on the diversity of arbuscular mycorrhizal 

fungi, interestingly the relative abundance of none of the arbuscular mycorrhizal fungal 

families in my study showed a significant response to exotic dominance. A study by Day et al 

(2015) showed that arbuscular mycorrhizal fungal communities colonizing an invasive plant 

grown in previously uninvaded soil did not shift toward those growing in invaded soils, 

suggesting that changes in arbuscular mycorrhizal fungal community composition as a result 

of invasion may take longer (Day et al., 2015; Mummey and Rillig, 2006). However, I did find 

that the relative abundance of two dominant arbuscular mycorrhizal fungal families 

changed in response to root diameter but only for native plants. This could indicate a 

specificity in interaction partners by native plants, reflecting strong coevolutionary 

relationships, and suggests that native plants may be able to regulate their mutualistic 

associations. In a meta-analysis of 67 studies by Bunn et al (2015), there was no reported 

change in arbuscular mycorrhizal fungal abundance between native and exotic plants, 

however, their study did not incorporate plant root traits. To the best of my knowledge this 

is the first study to show the importance of plant root diameter in shaping arbuscular 

mycorrhizal fungal community composition especially among native plants. 

Generalism of arbuscular mycorrhizal fungal partners  

Exotic species in many mutualistic networks including plant-mycorrhizal mutualisms have 

been known to associate with generalist partners (Aizen et al., 2008; Bunn et al., 2014; 

Weber et al., 2019). However, the impact of these generalist associations in the context of 

plant communities is unclear. In support of my hypothesis, my results showed that plants in 

communities with high exotic dominance associated more with generalist fungal partners. 

Promoting arbuscular mycorrhizal fungi with a high effective diversity of plant partners 

could be a strategy employed by exotic plants to gain the maximum benefit from a common 

mycelial network without putting in equal investment. Workman and Cruzan (2016) showed 

an invasive grass Brachypodium sylvaticum grown in pots connected to native grasses via a 

common mycelial network demonstrated increased growth compared to other treatments. 

Similarly another study showed a decrease in nutrient acquisition by native plants when 
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connected in a mycelial network to the invading exotic (Awaydul et al., 2019). Though 

‘cheating’ mutualists can persist in scenarios of high fungal diversity impacting plant fitness 

(Bever et al., 2009), plants may equally suffer a fitness decrease when connected in a 

mycelial network to several low quality plants. 

Arbuscular mycorrhizal fungal diversity at the community level 

Although I expected to see gamma diversity of arbuscular mycorrhizal fungi in mesocosms 

decrease as exotic dominance increased, an unexpected finding was to see this decrease in 

gamma diversity only occur for mesocosms with finer-rooted plants, whereas mesocosms 

with coarser-rooted plants maintained a relative even gamma diversity along the exotic 

dominance gradient. Fine-rooted grasses are known to show a lower response and 

dependency on arbuscular mycorrhizal fungi than coarse-rooted plants (Lin et al., 2015; 

Wilson and Hartnett, 1998). Wilson and Hartnett (1998) showed that exotic annual grasses 

generally had lower root colonization by arbuscular mycorrhizal fungi compared with native 

perennials. The increase of fine-rooted exotic plants in communities could therefore have 

been a reason for the loss of arbuscular mycorrhizal diversity in plant communities, again 

providing some support for the degraded mutualisms hypothesis. Alternatively, this result 

could support findings from my first chapter suggesting coarse-rooted plants may be more 

specific in their associations and could be a reason why mesocosms with coarser rooted 

plants maintain a steady diversity of arbuscular mycorrhizal fungi even when exotic 

dominance shifts. Nevertheless, this result suggests that considering the root traits of plants 

could be especially important when designing plant communities to make them more 

resilient to invasion in native plant restoration efforts. 

Invasion by exotic plants is a great threat to ecosystem biodiversity globally. The ability to 

examine the crucial role arbuscular mycorrhizal fungi play at both the plant and community 

level is paramount to help develop novel approaches to manage and minimize the impacts 

of exotic plant invasion. My results highlight the importance of considering plant root traits 

in future studies examining interactions between plants and arbuscular mycorrhizal fungi. 

Decreasing the diversity of arbuscular mycorrhizal fungi in plant communities is a major 

effect of exotic dominance, however, coarse-rooted plants may help plant communities to 
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be more resilient to these effects. This result could have significant importance when 

designing plant communities in native plant restoration projects. Exotic dominance also 

increases the generalism of a plant’s associations, suggesting that common mycelial 

networks may play an important role in invasion success.  
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CHAPTER 5 - Concluding discussion 

This PhD thesis represents a body of research that successfully applied a novel framework to 

reveal complementarity between plant root traits and arbuscular mycorrhizal fungal traits. I 

specifically examined how arbuscular mycorrhizal fungal communities respond to plant root 

diameter. Previous studies have surveyed the fungal communities associated with a range 

of plants, but not linked those communities to root traits. The use of both experimental 

manipulation and next generation sequencing allowed me to demonstrate that plants may 

be able to cultivate an arbuscular mycorrhizal community that best complements their root 

traits. In Chapter 2, I found that the root diameter of plants strongly influenced arbuscular 

mycorrhizal fungal community composition and that native and exotic plants hosted 

different mycorrhizal fungal communities. In Chapter 3, I then showed that there was a 

functional difference in the arbuscular mycorrhizal fungal communities of those plants 

which was strongly linked to root diameter. In Chapter 4 the use of constructed plant 

communities allowed me to scale up my perspective from individual plants species to 

examine how arbuscular mycorrhizal fungi respond to plant communities and exotic 

invasion. Sequencing the arbuscular mycorrhizal fungal communities from Chapter 4 

showed that having coarse-rooted plants in the community helped buffer the effects of the 

loss of arbuscular mycorrhizal fungi as a consequence of exotic invasion. Although previous 

work has shown the loss of diversity in response to invasion, few studies have provided 

ways in which these effects could be buffered or reduced.  

While the focus of my thesis was motivated by plant resource allocation theory, there were 

a number of additional outcomes. In particular, I provided the first comprehensive survey of 

arbuscular mycorrhizal fungal communities in a high-country grassland. Further I tested and 

developed a next generation sequencing primer set for the amplification of arbuscular 

mycorrhizal fungi that has already been adopted by other New Zealand based researchers. I 

have also developed a metric to assess the generalism of a plant’s associations that is not 

directly influenced by the richness of its partners. 
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Limitations of my work 

In my greenhouse experiment in Chapter 3, I did not find that hyphal exploration in the 

bottom layer of pots correlated to plant growth, rather total hyphal biomass was a stronger 

predictor. This may be because the experiment might not have run long enough to 

completely deplete the root compartment of nutrients and so plants associating with 

arbuscular mycorrhizal fungi that did not explore far were still able to access nutrients. 

Running the experiment for longer might provide greater clarity regarding the role of hyphal 

exploitation and nutrient acquisition. Alternatively, I could have altered the soil mixture in 

the top root compartment of pots to have a lower nutritional value than the hyphal 

compartment. This would increase the benefit to plants with arbuscular mycorrhizal fungi 

which were good at exploring, compared with plants with arbuscular mycorrhizal fungi 

foraging close to the roots. 

My first two experimental chapters were based on only one site. However, the overall 

breakdown of mycorrhizal families in my results were consistent with other studies in New 

Zealand and overseas. Arbuscular mycorrhizal fungi are believed to show very low 

endemism, with over 80% of taxa being found on multiple continents (Davison et al., 2015). 

Sampling a large range of plant species and examining both native and exotic plants shows 

that my findings are ecologically significant and provide a solid foundation for future 

research to build upon. 

Next steps 

In Chapter 3 I showed that the arbuscular mycorrhizal fungal community associated with 

coarse-rooted plants produced more long-distance extraradical hyphae. This raises a 

question about the functional traits of those arbuscular mycorrhizal fungi that associate 

with fine-rooted plants and do not invest as much in extraradical mycelium. Fine-rooted 

plants can be more susceptible to attack by root pathogens due to the increase of fine roots 

in the soil. Association with an arbuscular mycorrhizal fungus that extensively infects roots 

has been shown to reduce pathogen damage in a fine-rooted plant (Sikes et al., 2009). 

Therefore, the functional traits of mycorrhizal partners required by fine-rooted plants would 
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be almost the opposite to those of coarse-rooted plants (less extraradical hyphal 

exploration and high investment within roots).  

A natural progression of this work would be to test the ability of the microbiome of fine-

rooted plants to provide protection against pathogens. I hypothesize that the arbuscular 

mycorrhizal fungi associated with fine-rooted plants will prolifically infect the roots of host 

plants, and this increased root infection will provide host plants with a greater resilience to 

pathogens. This could be tested through a greenhouse experiment with the same approach 

of inoculating plant hosts with live root inoculum from the same initial 30 donor plants. The 

level of mycorrhizal infection and pathogen damage could be quantified visually, while 

sequencing the arbuscular mycorrhizal fungal community in the roots would provide 

insights into how the relative abundance of taxa shifts within the roots based on plant 

resistance and tolerance to the pathogen treatments. Even if pathogen resistance was not 

correlated with the root diameter of donor plants, there would still be a high likelihood to 

identify indicator species of arbuscular mycorrhizal fungi associated with increased 

pathogen resistance. Additionally, the use of RNA sequencing of plant hosts may also show 

the upregulation of certain gene associated with pathogen resistance and the relative 

abundance of certain mycorrhizal taxa. A literature survey conducted of the papers on 

mycorrhizal function published in New Phytologist in the past 30 years showed most studies 

were performed in controlled environments, and only 1% of studies examined pathogen 

protection (Lekberg and Helgason, 2018), indicating significant knowledge gaps in the area 

of pathogen protection by mycorrhizal fungi. 

New directions 

My research specifically examined how arbuscular mycorrhizal fungi are linked to plant root 

diameter. I did not explore how the bacterial and non-mycorrhizal fungal community were 

influenced by plant root diameter. Just as functional complementarity may be present in the 

plant-mycorrhizal symbiosis, trait matching between plants and bacterial and non-

mycorrhizal partners would also be present. Examining all three taxa would also provide 

novel insights into how these three taxa interact with each other. Exploring these additional 

microorganisms would have been valuable in Chapter 3 where I transplanted the entire root 
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microbiome to host plants. Root diameter has been shown to be a key plant trait influencing 

both bacterial (Zai et al., 2021), and fungal communities (Sweeney et al., 2021), and may 

have been a factor in influencing mycorrhizal function. Nevertheless, by using a split pot 

design and visually quantifying arbuscular mycorrhizal hyphal abundance, I was able to 

adequately test the hypotheses I outlined. If I were to repeat the greenhouse experiment, I 

would sequence the fungal and bacterial communities to examine the interactions of all 

three taxa. I would hypothesize that the presence and/or absence of some bacterial and 

fungal taxa would play synergistic roles with arbuscular mycorrhizal fungal function. 

In natural environments, arbuscular mycorrhizal fungi are surrounded by and influence 

complex microbial communities. Mycorrhizal helper bacteria is a term that refers to a 

microbial community tightly associated with arbuscular mycorrhizal fungi and involved in 

their development and functioning (Frey-Klett et al., 2007), and are often referred to as the 

silent third partner in the plant-mycorrhizal symbiosis (Sangwan and Prasanna, 2021). 

Arbuscular mycorrhizal fungi have been known to ‘recruit’ helper bacteria to aid in break 

down of nutrients in the soil. It would be fascinating to sequencing the bacterial community 

in the hyphal compartment as a proxy for the mycorrhizosphere and see how the 

composition of bacterial communities change in association to mycorrhizal hyphal 

exploration and plant benefit. I would hypothesize that arbuscular mycorrhizal fungi that 

provide the greatest plant benefit would have a higher diversity of bacteria in the hyphal 

compartment. I would also hypothesize the presence of key indicator species found in the 

mycorrhizosphere of arbuscular mycorrhizal fungi able to provide the best benefit to host 

plants. 

An interesting idea that could be pursued from my research is to see how many generations 

of transplanting root material do the functional traits of the original arbuscular mycorrhizal 

fungal community last. Transplanting the Sophora roots again onto different plants may 

show the same functional traits of the arbuscular mycorrhizal community. Alternatively, the 

benefit could amplify on subsequent generations as optimal partners are selected and 

rewarded by the host plant while non-beneficial species are sanctioned (Kiers and Van Der 

Heijden, 2006). Nevertheless, these results could have a significant impact for inoculum 

preparation for restoration plantings or in agricultural systems where more benefit to plants 
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might be incurred by inoculating with a whole root microbiome or several key indicator 

species rather than individual strains. 

Final remarks 

The initial plan for my thesis was to create a library of single spore cultures obtained from 

wide range of native and exotic plant species and use those cultures in future experimental 

chapters. However, after successfully isolating single spores and inoculating approximately 

500 host plants ranging three species, not a single pot was successfully infected by 

arbuscular mycorrhizal fungi. The reason was out of my control and I suspect due to an 

overheating event in the greenhouse. This was a devastating setback at the time, but forced 

my committee and myself to think outside the box and allowed me to re-assess how 

mycorrhizal traits are typically measured and whether a different method, while 

incorporating molecular techniques could provide novel insights at a community scale more 

realistic to interactions in nature. 

The findings of this thesis have the potential to impact how native restoration planting is 

approached in the future. Designing plant communities with root traits in mind could greatly 

enhance the functional diversity of fungal partners and consequently increase the resilience 

and growth of plants. My results highlight the role of having a range of fungi available in the 

soil to complement a range of plant root traits. Similarly, the use of microbiome inoculants 

in agricultural systems could provide greater benefit by increasing the microbial diversity in 

the soil which may be reduced by various land management practices. Additionally, carefully 

planning crop rotations could cultivate optimal partners for subsequent crops. For example, 

growing a coarse-rooted cover crop might have advantages for nutrient acquisition for 

subsequent crops. This thesis highlights the importance in both above and below ground 

biodiversity to maximize the benefit obtained via plant mycorrhizal symbiosis, going against 

the notion of finding a super species of mycorrhizal fungi to use as an inoculant. 

My findings also highlight the role of considering plant root traits when designing and 

assembling plant communities that are resilient to invasion by exotic plants. Having coarse-

rooted plants in a community can buffer the effects of exotic invasion on below ground 

associations such as the loss of mycorrhizal partners.  
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There is a need for a deeper understanding of how arbuscular mycorrhizal fungal 

communities as a whole respond to plants and the role they play in ecosystem processes 

and services. Novel insights can be made by moving beyond the ‘one plant-one fungus’ 

model of examining mycorrhizal function and relationships. Adopting a hybrid approach of 

experimental manipulation and molecular tools could potentially revolutionize the field of 

mycorrhizal research allowing us to enlarge our knowledge of mycorrhizal ecology and 

enabling us to address questions fundamental to the evolution of plant and arbuscular 

mycorrhizal fungi.  
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Supplement 2 

Supplement 2.1 List of twelve-base Golay barcode sequences that passed 

screening for secondary structure formation. 

 

Barcode ID 
Nucleotide 
Sequence Barcode ID 

Nucleotide 
Sequence 

AML2r_il1 GCTGTACGGATT AML2r_p20 GTATCTGCGCGT 
AML2r_il2 TGGAGTAGGTGG AML2r_p21 CGAGGGAAAGTC 
AML2r_il3 GATGTTCGCTAG AML2r_p22 CAAATTCGGGAT 
AML2r_il4 TCATGCTCCATT AML2r_p23 AGATTGACCAAC 
AML2r_il5 GCATATGCACTG AML2r_p24 AGTTACGAGCTA 
AML2r_il6 TTGGGTACACGT AML2r_p25 CAACTCCCGTGA 
AML2r_p1 TCCCTTGTCTCC AML2r_p26 TTGCGTTAGCAG 
AML2r_p2 ATCACCAGGTGT AML2r_p27 TACGAGCCCTAA 
AML2r_p3 TGGTCAACGATA AML2r_p28 CACTACGCTAGA 
AML2r_p4 ATCGCACAGTAA AML2r_p29 TGCAGTCCTCGA 
AML2r_p5 AGCGGAGGTTAG AML2r_p30 ACCATAGCTCCG 
AML2r_p6 TACAGCGCATAC AML2r_p31 TCGACATCTCTT 
AML2r_p7 AATTGTGTCGGA AML2r_p32 GAACACTTTGGA 
AML2r_p8 TGCATACACTGG AML2r_p33 GAGCCATCTGTA 
AML2r_p9 AGTCGAACGAGG AML2r_p34 TAATACGGATCG 
AML2r_p10 ACCAGTGACTCA AML2r_p35 TCGGAATTAGAC 
AML2r_p11 GAATACCAAGTC AML2r_p36 TGTGAATTCGGA 
AML2r_p12 GTAGATCGTGTA AML2r_p37 TACTACGTGGCC 
AML2r_p13 CCAATACGCCTG AML2r_p38 GGCCAGTTCCTA 
AML2r_p14 GATCTGCGATCC AML2r_p39 CTATCTCCTGTC 
AML2r_p15 CAGCTCATCAGC AML2r_p40 ACTCACAGGAAT 
AML2r_p16 CAAACAACAGCT AML2r_p41 ATGATGAGCCTC 
AML2r_p17 GCAACACCATCC AML2r_p42 GTCGACAGAGGA 
AML2r_p18 CGAGCAATCCTA AML2r_p43 TGTCGCAAATAG 
AML2r_p19 AGTCGTGCACAT AML2r_p44 CATCCCTCTACT 
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  Barcode ID 
Nucleotide 
Sequence Barcode ID 

Nucleotide 
Sequence 

AML2r_p45 TATACCGCTGCG AML2r_p70 TACCGCTTCTTC 
AML2r_p42 GTCGACAGAGGA AML2r_p71 TGTGCGATAACA 
AML2r_p43 TGTCGCAAATAG AML2r_p72 GATTATCGACGA 
AML2r_p44 CATCCCTCTACT AML2r_p73 GCCTAGCCCAAT 
AML2r_p45 TATACCGCTGCG AML2r_p74 CATTCGTGGCGT 
AML2r_p46 AGTTGAGGCATT AML2r_p75 GCATGTCGAAAT 
AML2r_p47 ACAATAGACACC AML2r_p76 CCTATGCACGGT 
AML2r_p48 CGGTCAATTGAC AML2r_p77 GCGTGGTCATTA 
AML2r_p49 GTGGAGTCTCAT AML2r_p78 AGTCACATCCGC 
AML2r_p50 GCTCGAAGATTC AML2r_p79 TGGAGGTTCTCA 
AML2r_p51 AGGCTTACGTGT AML2r_p80 TGCTTGTAGGCA 
AML2r_p52 TCTCTACCACTC AML2r_p81 CTTAAATGGGCA 
AML2r_p53 ACTTCCAACTTC AML2r_p82 GGTATCACCCTG 
AML2r_p54 CTCACCTAGGAA AML2r_p83 CGCCTTGATAAG 
AML2r_p55 GTGTTGTCGTGC AML2r_p84 CGTTTATCCGTT 
AML2r_p56 CCACAGATCGAT AML2r_p85 TTGTACTCACTC 
AML2r_p57 TATCGACACAAG AML2r_p86 TAACGTGTGTGC 
AML2r_p58 GATTCCGGCTCA AML2r_p87 TCTTGGAGGTCA 
AML2r_p59 TAGGCATGCTTG AML2r_p88 AAGGCGCTCCTT 
AML2r_p60 AACTAGTTCAGG AML2r_p89 GGTGACTAGTTC 
AML2r_p61 GTACGATATGAC AML2r_p90 AGCATGTCCCGT 
AML2r_p62 TAGTATGCGCAA AML2r_p91 GTGGTGGTTTCC 
AML2r_p63 ATGGCTGTCAGT AML2r_p92 GGACTTCCAGCT 
AML2r_p64 GCGTTCTAGCTG AML2r_p93 GTCACGGACATT 
AML2r_p65 GTTGTTCTGGGA AML2r_p94 GCGAGCGAAGTA 
AML2r_p66 ATGTCACCGCTG AML2r_p95 ATCTACCGAAGC 
AML2r_p67 AGCAGAACATCT AML2r_p96 ACTTGGTGTAAG 
AML2r_p68 TTGGCTCTATTC AML2r_p97 GATGTATGTGGT 
AML2r_p69 GATCCCACGTAC AML2r_p98 ACTCCTTGTGTT 
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Barcode ID 
Nucleotide 
Sequence Barcode ID 

Nucleotide 
Sequence 

AML2r_p99 CAATCGGCTTGC AML2r_p137 GGATCGTAATAC 
AML2r_p100 AACACTCGATCG AML2r_p138 GTTAATGGCAGT 
AML2r_p101 TGACCGGCTGTT AML2r_p139 GTGTTAGATGTG 
AML2r_p102 GGAGGAGCAATA AML2r_p140 TTAGAGCCATGC 
AML2r_p103 AGCGACGAAGAC AML2r_p141 TGAACCCTATGG 
AML2r_p104 TCACCTCCTTGT AML2r_p142 AGAGTCTTGCCA 
AML2r_p105 GCACACCTGATA AML2r_p143 ACAACACTCCGA 
AML2r_p106 GCGACAATTACA AML2r_p144 CGATGCTGTTGA 
AML2r_p107 CTTCCCTAACTC AML2r_p145 ACGACTGCATAA 
AML2r_p108 AGCTGTCAAGCT AML2r_p146 ACGCGAACTAAT 
AML2r_p109 GAGAGCAACAGA AML2r_p147 AGCTATGTATGG 
AML2r_p110 TACTCGGGAACT AML2r_p148 ACGGGTCATCAT 
AML2r_p111 CGTGCTTAGGCT AML2r_p149 GAAACATCCCAC 
AML2r_p112 TGGAAGAACGGC AML2r_p150 GTATGGAGCTAT 
AML2r_p113 CACTCATCATTC AML2r_p151 CCTTCTGTATAC 
AML2r_p114 GTATTTCGGACG AML2r_p152 TCGTGCGTGTTG 
AML2r_p115 TATCTATCCTGC AML2r_p153 GTTATCGCATGG 
AML2r_p116 TTGCCAAGAGTC AML2r_p154 GATCACGAGAGG 
AML2r_p117 AGTAGCGGAAGA AML2r_p155 GTAAATTCAGGC 
AML2r_p118 GCAATTAGGTAC AML2r_p156 AGTGTTTCGGAC 
AML2r_p119 CATACCGTGAGT AML2r_p157 ACACGCGGTTTA 
AML2r_p120 ATGTGTGTAGAC AML2r_p158 TGGCAAATCTAG 
AML2r_p121 CCTGCGAAGTAT AML2r_p159 CACCTTACCTTA 
AML2r_p122 GCTAGACACTAC AML2r_p160 TTAACCTTCCTG 
AML2r_p123 GCTCTCCGTAGA AML2r_p161 ACGCTGTCGGTT 
AML2r_p124 TTGGATTGAACG AML2r_p162 CGTGACAATAGT 
AML2r_p125 GACATTGTCACG AML2r_p163 CGCTACAACTCG 
AML2r_p126 GATATACCAGTG AML2r_p164 TTAAGACAGTCG 
AML2r_p127 ATCAGTACTAGG AML2r_p165 CTCGTTTCAGTT 
AML2r_p128 TCCTCGAGCGAT AML2r_p166 TGGGTCCCACAT 
AML2r_p129 ACCCAAGCGTTA AML2r_p167 CACTGGTGCATA 
AML2r_p130 TGCAGCAAGATT AML2r_p168 AACGTAGGCTCT 
AML2r_p131 CTAGCAGTATGA AML2r_p169 AGTTGTAGTCCG 
AML2r_p132 GATGTGGTGTTA AML2r_p170 GCGAACCTATAC 
AML2r_p133 CAGAAATGTGTC AML2r_p171 TAATCGGTGCCA 
AML2r_p134 GTAGAGGTAGAG AML2r_p172 TTGATCCGGTAG 
AML2r_p135 CGTGATCCGCTA AML2r_p173 CGGGTGTTTGCT 
AML2r_p136 GGTTATTTGGCG AML2r_p174 TTGACCGCGGTT 
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Barcode ID 
Nucleotide 
Sequence Barcode ID 

Nucleotide 
Sequence 

AML2r_p175 GTGCAACCAATC AML2r_p213 GCGTCCATGAAT 
AML2r_p176 GCTTGAGCTTGA AML2r_p214 GTAATGCGTAAC 
AML2r_p177 CGCTGTGGATTA AML2r_p215 GGAATCCGATTA 
AML2r_p178 CTGTCAGTGACC AML2r_p216 CACCCGATGGTT 
AML2r_p179 ACGATTCGAGTC AML2r_p217 TTCTGAGAGGTA 
AML2r_p180 GGTTCGGTCCAT AML2r_p218 ATCCCTACGGAA 
AML2r_p181 CTGATCCATCTT AML2r_p219 GGTTCCATTAGG 
AML2r_p182 CTCTCATATGCT AML2r_p220 GTGTTCCCAGAA 
AML2r_p183 TGTAAGACTTGG AML2r_p221 CCGAGGTATAAT 
AML2r_p184 CGGATCTAGTGT AML2r_p222 AGCGTAATTAGC 
AML2r_p185 CGATCTTCGAGC AML2r_p223 AGAATCCACCAC 
AML2r_p186 GTCGAATTTGCG AML2r_p224 AGGTGAGTTCTA 
AML2r_p187 GCATCAGAGTTA AML2r_p225 CCTGTCCTATCT 
AML2r_p188 CTGAAGGGCGAA AML2r_p226 GGTTTAACACGC 
AML2r_p189 CGCTCACAGAAT AML2r_p227 AGACAGTAGGAG 
AML2r_p190 ATTCGGTAGTGC AML2r_p228 CTCAAGTCAAAG 
AML2r_p191 CGAGCTGTTACC AML2r_p229 ATTGTTCCTACC 
AML2r_p192 ATTCTCTCACGT AML2r_p230 GTACCTAGCCTG 
AML2r_p193 CCAGTATCGCGT AML2r_p231 GCAGATTTCCAG 
AML2r_p194 TCGTTTCTTCAG AML2r_p232 AGATGATCAGTC 
AML2r_p195 CGGATAACCTCC AML2r_p233 GAGACGTGTTCT 
AML2r_p196 AGGGTGACTTTA AML2r_p234 TATCACCGGCAC 
AML2r_p197 AGTACCTAAGTG AML2r_p235 TATGCCAGAGAT 
AML2r_p198 GGATGCAGGATG AML2r_p236 AGGTCCAAATCA 
AML2r_p199 ACTGATGGCCTC AML2r_p237 ACCGTGCTCACA 
AML2r_p200 CCACTTGAGAGT AML2r_p238 CTCCCTTTGTGT 
AML2r_p201 AACTTTCAGGAG AML2r_p239 AGCTGCACCTAA 
AML2r_p202 TGCACGTGATAA AML2r_p240 CCTTGACCGATG 
AML2r_p203 AAGACAGCTATC AML2r_p241 CTATCATCCTCA 
AML2r_p204 ATTGACCGGTCA AML2r_p242 ACTCTAGCCGGT 
AML2r_p205 TTCTCCATCACA AML2r_p243 CGATAGGCCTTA 
AML2r_p206 CGTAGGTAGAGG AML2r_p244 AATGACCTCGTG 
AML2r_p207 ATTTAGGACGAC AML2r_p245 CTTAGGCATGTG 
AML2r_p208 GGATAGCCAAGG AML2r_p246 CCAGATATAGCA 
AML2r_p209 TGGTTGGTTACG AML2r_p247 GAGAGTCCACTT 
AML2r_p210 GCACTTCATTTC AML2r_p248 CACTGAGTACGT 
AML2r_p211 CAACGTGCTCCA AML2r_p249 ACGTGTAGGCTT 
AML2r_p212 TACACAAGTCGC AML2r_p250 GGTCTCCTACAG 
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Barcode ID 
Nucleotide 
Sequence 

AML2r_p251 TCAAGCAATACG 
AML2r_p252 CATGTTGGAACA 
AML2r_p253 TTCCTAGGCCAG 
AML2r_p254 ATTAAGCCTGGA 
AML2r_p255 TGGCTTTCTATC 
AML2r_p256 ACAGCTCAAACA 
AML2r_p257 GAGCGTATCCAT 
AML2r_p258 GATCTCTGGGTA 
AML2r_p259 CATCATACGGGT 
AML2r_p260 TACGGATTATGG 
AML2r_p261 ATAGCGAACTCA 
AML2r_p262 AACCAAACTCGA 
AML2r_p263 ATGGGACCTTCA 
AML2r_p264 GCTATTCCTCAT 
AML2r_p265 GACTACCCGTTG 
AML2r_p266 GCGTTGCAAACT 
AML2r_p267 AACCGCATAAGT 
AML2r_p268 ACCTTACACCTT 
AML2r_p269 GTAGGTGCTTAC 
AML2r_p270 CGCATTTGGATG 
AML2r_p271 ATAACATGTGCG 
AML2r_p272 CTTGAGAAATCG 
AML2r_p273 CTACACAGCACA 
AML2r_p274 GAAATGCTACGT 
AML2r_p275 TCTGAGGTTGCC 
AML2r_p276 GATCATTCTCTC 
AML2r_p277 AGACATACCGTA 
AML2r_p278 GATCCTCATGCG 
AML2r_p279 ATTATCGTCCCT 
AML2r_p280 CCAGACCGCTAT 
AML2r_p281 AGCTCTAGAAAC 
AML2r_p282 TCCATCGACGTG 
AML2r_p283 CGATGTGTGGTT 
AML2r_p284 GCGAAGTTGGGA 
AML2r_p285 GCATTCGGCGTT 
AML2r_p286 CGCCATTGTGCA 
AML2r_p287 TCCAACTGCAGA 
AML2r_p288 TAAAGACCCGTA 
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Supplement 2.2 OTU sequences from Cass Mountain Research Area (Chapter 

2).  

The first characterization of arbuscular mycorrhizal fungi from a New Zealand high-country 

grassland. Each sequence has an OTU number_Virtual Taxa (VT) ID_ GenBank ID_ followed 

by the family_ genus_ and species match. 

>Otu159_VTX00004_AJ563887_Archaeosporaceae_Archaeospora_Wirsel 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTAGGCCTGACCGGGCGGTCCGTCTCTGGCGAGTACTGTTCTGTTGTCGGGTCTATCCTTCTG

GTGAGCCGGTATGTCCTTTATTGGGTGTGTCGGGGAACCAGGACCATTACCTTGAAAAAATTAGAGT

GTTTAAAGCGGGCTATTGCTTGAATAGATTAGCATGGAATAATAGAATA 

>Otu54_VTX00010_AF074350_Acaulosporaceae_Acaulospora_Acau4 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCTATTCATTGGTCGGGCCTCACGGTCCGTACTGGTGGTATGGATTCCTACCTTCTG

AATAACCGGTATGTCATTAATTTGGTGTGCCGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAGT

GCTTAAAGCAGGCCTATGCCTGAATACATTAGCATGGAATAATGAAATA 

>Otu58_VTX00013_DQ336519_Acaulosporaceae_Acaulospora_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAACTTCGGGGTCTATACATTGGTCGAGCTTTTCGGTCCGTACTGATGTTATAGATCCCTACCTTCTG

AATAACCGGCATGCCATTAATTTGGTGCGCCGGGGAAGCAGGATAGTTACCTTGAAAAAATTAGAG

TGCTCAAAGCAGGCTAGTGCCTGAATAGATTAGCATGGAATAATAAAAT 

>Otu31_VTX00015_AM849301_Acaulosporaceae_Acaulospora_MO-A3 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTCATCCGTTGGTCGGGCTTTTTTGGTCTGTACTGGCGTGATGGATTCCTACCTTCT

GAATAACCAGCATGTCATTAATTTGGTGCGCTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGCTATCGCCTGAATACATTAGCATGGAATAATGAA 
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>Otu24_VTX00023_AY916400_Acaulosporaceae_Acaulospora_Douhan1 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATCTGTCCGTCGGTCGGGCTTCACTGTCCGTACTGGTGTGATGGGTTTCTACCTTCTG

AATAACCGGCATGTCATTAATTTGGTGCGCCGGGGAAGCAGAACTATTACCTTGAAAAAATTAGAGT

GCTTAAAGCAGGCTATCGCCTGAATAGATTAGCATGGAATAATAAAATA 

>Otu101_VTX00026_AM849306_Acaulosporaceae_Acaulospora_MO-A5 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCTGTCCATTGGTCGGGCTTCACGGTCCGTACTGGTGTGATGGGTTCCTACCTTCT

GAATAACCAGCATGCCATTCATTTGGTGCGTTGGTGAAGCAGAGCTATTACCTTGAAAAAATTAGAG

TGCTTAAAGCAAGCTAGTGCTTGAATAGATTAGCATGGAATAATAAAATA 

>Otu192_VTX00030_AF074346_Acaulosporaceae_Acaulospora_Acau2 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAGTTTGTCGGTTGGTCGGGCTTCACTGCCTGTGCACTGGCCTGATGGATTCCTACCTTC

TGAATAACCAGCATGCTATTAATTTAGTGCGTTGGGGAAGCAGAGCTATTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGCTTATGCTTGAATAGATTAGCATGGAATAATAAA 

>Otu167_VTX00030_AF074346_Acaulosporaceae_Acaulospora_Acau2 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTCGTCGGTTGGTCGGGCTTCACTGTCCGCACTGACCTGACGGATTCCTACCTTCTG

AATAACCAGCATGCTATTAAGTTAGTGCGTTGGGGAAGCAGAGCTATTACCTTGAAAAAATTAGAGT

GCTTAAAGCAGGCTTGTGCTTGAATAGATTAGCATGGAATAATAAAATA 

>Otu30_VTX00030_AF074346_Acaulosporaceae_Acaulospora_Acau2 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAGTTTGTCGGTTGGTCGGGCTTTATTGTCCGCACTGACCTGATAGATTCCTACCTTCTG

AATAACCAGCATGCTATTAATTTAGTGCGTTGGGGAAGCAGAGCTATTACCTTGAAAAAATTAGAGT

GCTTAAAGCAGGCTTATGCTTGAATAGATTAGCATGGAATAATAAAATA 
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>Otu22_VTX00056_AY916419_Claroideoglomeraceae_Claroideoglomus_Douhan9 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGACGTAATGGTCATGCCTTAAGGGGTATGAACTGTTACTGTTGATTTCTCACCTT

CTGGAAAAACTTGATGTCCTTAATTGGGTGTCTTGCGGATCCAGGACCTTTACCTTGAAAAAATTAG

AGTGTTTAAAGCAGGCATTTTGCTCGAATACATTAGCATGGAATAATAG 

>Otu106_VTX00056_AY916419_Claroideoglomeraceae_Claroideoglomus_Douhan9 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGACGTGATGGTCATGCTCTAAGGGGTATGAACTGTTGCTGTTGATTTCTCACCTT

CTGGAGAAACTTGATGTCCTTTATTGGGTGTCTTGCGGATCCAGGACCTTTACCTTGAAAAAATTAG

AGTGTTTAAAGCAGGCATTTTTGCTCGAATACATTAGCATGGAATAATA 

>Otu17_VTX00057_DQ164831_Claroideoglomeraceae_Claroideoglomus_acnaGlo7 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGGCGCATCGGTCGTGCCTCACGGGGTATGAACTGGTGCAGTCAATTTCTCACCT

TCTGGAGAACCGCGATGTCCTTAATTGGGTGCCGCGGGGAACCAGGACCTTTACTTTGAAAAAATTA

GAGTGTTTAAAGCAGGCATTTTTGCTTGAATACATTAGCATGGAATAATA 

>Otu104_VTX00057_DQ164831_Claroideoglomeraceae_Claroideoglomus_acnaGlo7 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGGCGCATCGGTCGTTGACCTGCAAAAGAGAGATGAACTGGTGCAGTCAATTTC

TCACCTTCTGGAGAACCGCGATGTCCTTAATTGGGTGCCGCGGGGAACCAGGACCTTTACTTTGAAA

AAATTAGAGTGTTTAAAGCAGGCATTTTTGCTTGAATACATTAGCATGGAA 

>Otu45_VTX00073_AJ699070_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAGTAGGTCGGTCGTGCCACTGGTATGAACTGGTCTCACTGATTCCTCCCTCTTG

ACGAACTGCAATGCTATTAATTTAGTGTTGCAGGAAATCAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTTGGCTTGAATACATTAGCATGGAATAATGAAATAG 
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>Otu1_VTX00074_AF131050_Glomeraceae_Glomus_Glo3 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGGTCGGTCGTGCCACTGGTATGAACTGGTTTTACTGATTCCTCCCTCTTGA

AGAACTGTAATGCCATTAATTTGGTGTTGCAGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTTTAGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu182_VTX00108_AY330278_Glomeraceae_Glomus_Whitfield_type_7 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGGTCGGTCGTGCCACTGGCGCGTACTGGTCTCACTGATTCCTCCTTCCTG

ATGAACTGTAATGCCATTAATTTGGTGTTGCAGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTTAGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu12_VTX00108_AY330278_Glomeraceae_Glomus_Whitfield_type_7 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGGTTGGTCGTGCCACCGGTACGTACTGGTCTCACTGATTCCTCCTTCCTG

ATGAGCTGTAATGCCATTAATTTGGTGTTGCAGGGAATCTGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTAACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu2_VTX00113_AJ418876_Glomeraceae_Glomus_MO-G3 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTAGTAGGTTGGTCATGCCTCTGGTATGTACTGGTCTCACTGATTCCTCCTTCCTGA

TGAGCCGTAATGCCATTAATTTGGTGTTGCGGGGAATTTGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAAGCTAACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu39_VTX00123_AF480153_Glomeraceae_Glomus_Arachnitis_uniflora_symbiont 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGACCAATCTGCCGGTCGTGCCTCCGGTACGCACTGGTTTTATTGGTTTCTCCCTTCTGA

CGAACCATGATGTCATTAATTTGGTGTCATGGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTATAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAG 
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>Otu23_VTX00149_AJ418873_Glomeraceae_Glomus_MO-G1 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAATACGTCGGTCGTGCTTCGGTACGTACTGGCGTCATTGATTTCTCCCTTCTGAC

GAACCATGATGTCATTAACTTGGTGTCATGGGAAATCAGGACTGTTACTTTGAAAAAATTAGAGTGT

TTAAAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAGG 

>Otu29_VTX00191_AM849300_Glomeraceae_Glomus_MO-G31 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGACCAATACGTCGGTCGTGCTTTTTTGGTACGTACTGGCGTCATTGGTTTCTCCCTTCT

GACGAACCATGATGTCATTAATTTGGTGTTATGGGGAGTTAGGACTGTTACTTTGAAAAAATTAGAG

TGTTTAAAGCAGGCATTAGCTTGAATACATTAGCATGGAATAATGAAAT 

>Otu7_VTX00193_AJ276087_Claroideoglomeraceae_Claroideoglomus_lamellosum 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGACCCATCGGTCGTGCCTTAAGGGGTATGAACTGGTGTAGTCAATTTCTCACCT

TCTGGAGAACCGTGATGTCCTTAATTGGGTGCCACGAGGAACCAGGACCTTTACTTTGAAAAAATTA

GAGTGTTTAAAGCAGGCATTTTTGCTTGAATACATTAGCATGGAATAATA 

>Otu43_VTX00193_AJ276087_Claroideoglomeraceae_Claroideoglomus_lamellosum 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGACACATCGGTCGTGCCTTAAGGGGCGTGAACTGGTGTAGTCAATTTCTCACCT

TCTGGAGAACCGCGATGCCCTTAATTGGGTGTCACGGGGAACCAGGACCTTTACTTTGAAAAAATTA

GAGTGTTTAAAGCAGGCATTTTGCTTGAATACATTAGCATGGAATAATA 

>Otu5_VTX00194_AM849257_Glomeraceae_Glomus_MO-G30 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAATTCGTCGGTCGTGCTTTCGGGTACGTACTGGTGTTATTGGTTTCTCCCTTCTG

ACAAGCCATGATGTCATTAATTTGGTGTTATGGGGAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCATTAGCTTGAATACATTAGCATGGAATAATGAAATA 
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>Otu25_VTX00194_AM849257_Glomeraceae_Glomus_MO-G30 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAATACGTTGGTCGTGCTTTCGGGTACGTACTGGCGTTATTGGTTTCTCTCTTCTG

ACGAACCATGATGTCATTAGTTTGGTGTTATGGGAAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCATTAGCTTGAATACATTAGCATGGAATAATGAAATA 

>Otu181_VTX00194_AM849257_Glomeraceae_Glomus_MO-G30 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAATACGTCGGTCGTGCTTTCGGGTATGCACTGGCGTCATTGGTTTCTCCCTTCTG

ACGAACCATGATGTCATTAATTTGGTGTTATGGGGAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTATCGTCTGAATACATTAGCATGGAATAATGAAATA 

>Otu9_VTX00194_AM849257_Glomeraceae_Glomus_MO-G30 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGACCAATACGTCGGTCGTGCTTTCGGGTACGCACTGTCGTTATTGGTTTCTACCTTCTG

ACGAACCATGATGTCATTAATTTGGTGTTTTGGGGAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCATTAGCTTGAATACATTAGCATGGAATAATGAAATA 

>Otu13_VTX00213_AJ699061_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTAGTGCGCTGGTCATGCCTTTGGTATGTACTGGTGTTACTGATTTCTACCTTCTGA

AGAACCGTTATGTCATTTATTTGGTGTGGCGGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu337_VTX00219_AM849279_Glomeraceae_Glomus_MO-G5 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTAGTACGCTGGTCGTGCCTTCGGTACGTACTGGTGTTACTGATTCCTACCTTCTGA

CGAACCATCATGTCATTAATTTGGTGTGGTGGGGAATCAGGACTGTTACTTTGAAAAAAATTAGAGT

GTTAAAGCAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 
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>Otu11_VTX00219_AM849279_Glomeraceae_Glomus_MO-G5 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTAGTACGTTGGTCGTGCCTTCGGTACGTACTGGTGTTACTGATTCCTACCTTCTGA

CGAACCATCATGTCATTAATTTGGTGTGGTGGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu103_VTX00219_AM849279_Glomeraceae_Glomus_MO-G5 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAGTACGTTGGTCGTGCCTTAGGTACGTACTGGTGTTACTGGTCCCTACCTTCTGA

CGAACCATCATGTCATTAATTTGGTGTGGCGGGGAATTTGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAAGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu255_VTX00219_AM849279_Glomeraceae_Glomus_MO-G5 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAGTACGTTGGTCGTGCCTTAGGTACGTACTGGTGTTACTGGTCCCTACCTTCTGA

CGAACCATCATGTCATTAATTTGGTGTGGCGGGGGATCAGGACTGTTTCTTTTAAAAAAATAGAGTG

TTTTAAACAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu158_VTX00228_AF074348_Acaulosporaceae_Acaulospora_Acau3 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTCATACGTTGGTCGGGCTTTTTTGGTCTGTACTGGCGTAATGGATTCCTACCTTCT

GAATAACCGGCATGTCATTAATTTGGTGCGCCGGGGAGGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGTTATCGCCCGAATACATTAGCATGGAATAATGAA 

>Otu8_VTX00228_AF074348_Acaulosporaceae_Acaulospora_Acau3 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTCATACGTTGGTCGGGCTTTTTGGTCTGTACTTATGTAATGGATTCCTACCTTCTG

AATAACCGGCATGCCATTAATTTGGTGCGCCGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAG

TGCTTAAAGCAGGCTATCGCCTGAATACATTAGCATGGAATAATGAAATA 
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>Otu170_VTX00230_EU573719_Acaulosporaceae_Acaulospora_Schechter08_Acau4 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTTATTCGTTGGTCGGGCTTTGGTCTGTACTGGCGGGATGAATTCCTACCTTCTGAA

TAACCGGCATGTCATTAATTTGGTGCGCCGGGGGAGCAGGACTGTTACCTTGAAAAAATTAGAGTG

CTCAAAGCAGGCTATTGCCTGAATACATTAGCATGGAATAATGAAATAGG 

>Otu33_VTX00231_AJ306440_Acaulosporaceae_Acaulospora_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTTATCCGTCGGTCGGGCTTTTGGGTCTGTACTGGCGTGATGGATTCCTACCTTCTG

AATAACCGGCATGTCATTAATTTGGTGCGCTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAG

TGCTTAAAGCAGGCTATTGCCTGAATATATTAGCATGGAATAATGAAATA 

>Otu46_VTX00231_AJ306440_Acaulosporaceae_Acaulospora_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCTATCCATTGGTCGGGCCTTACCGTCCGTACTGGTGTGATGGATTCCTACCTTCTG

AATAACCGGCATGCCATTAATTTGGTGCGTTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAG

TGCTTAAAGCAGGCTATTGCCTGAATACATTAGCATGGAATAATGAAAT 

>Otu114_VTX00231_AJ306440_Acaulosporaceae_Acaulospora_sp. 

AACAGCTGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGTAATTAAAAAGCTCGTAGTT

GAATTTCGGGGTCTATCCATTGGTCGGGCTTTATGGTCCGTACTGGTGTGATGGATTCCTACCTTCTG

AATAACCGGCATGCTATTAATTTGGTGCGCTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAG

TGCTTAAAGCAGGCTATTGCCTGAATACATTAGCATGGAATAATGAAATA 

>Otu273_VTX00231_AJ306440_Acaulosporaceae_Acaulospora_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTGGTT

GAATTTCGGGGTCTATCCATTGGTCGGGCTTTACGGTCCGTACTGGCGCGATGGATTCCTACCTTCT

GAATAACCGGCATGCTATTAATTTAGTGCGCTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGCTATTGCCTGAATACATTAGCATGGAATAATGAAATA 
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>Otu126_VTX00233_AJ496098_Glomeraceae_Glomus_MO-G1 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAAGTCGTCGGTCGTGCTCAGGTACGTACTGGCGTCATTGATTTCTCCCTTCTGAC

GAACCATGATGTCATTAATTTGGTGTTATGGGAAATCAGGACTGTTACTTTGAAAAAATTAGAGTGT

TTAAAGCAGGCTTTAGCTTGAATACATTAGCATGGAATAATGAAATAGG 

>Otu290_VTX00245_AJ006800_Archaeosporaceae_Archaeospora_trappei 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGATTCTGCCAGTTGGTCCATCTTTTGATGAGTACTGATTGTGTGGGGTCTATCCGCCTGG

TGATACGTGATGTACTTTATTGTATGTTACGGGTAGTCAGGACCTTTACCTTGAAAAAATTAGAGTGT

TTAAAGCAGGCTTATGCCGGAATACATTAGCACGGAATAATAGAATAG 

>Otu36_VTX00245_AJ006800_Archaeosporaceae_Archaeospora_trappei 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGATTCTGCCAGTTGGTCCATCTTTTGATGAGTACTGATTGTGCGGGGTCTATCCGCCTGG

GGAGACGTAATGTACTTTATTGTATGTTGCGGATAGCCAGGACCTTTACCTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTTATGCCGGAATACATTAGCATGGAATAATAGAATAG 

>Otu79_VTX00245_AJ006800_Archaeosporaceae_Archaeospora_trappei 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGATTCTGCCTATCGGTCCGTCTTTTAGACGAGCACTGGTAGTGTAGGGTCTATCTGCCTG

GTGATACGTAATGTCCTTTATTGGGTGTTGCGGGTAGTCAGGACCTTTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTATGCCGGAATACATTAGCATGGAATAATAGAATA 

>Otu27_VTX00245_AJ006800_Archaeosporaceae_Archaeospora_trappei 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGATTCTTCCAATTGGTCCATCTTTTAGATGAGTACTGGTTGTGTGGGGTCTATCCGCCTG

GTGATACGTAATGTCCTTTATTGGATGTTGCGGGTAGTCAGGACCTTTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTATGCCGGAATACATTAGCATGGAATAATAGAATA 
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>Otu67_VTX00261_AJ306437_Gigasporaceae_Scutellospora_nodosa 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTCTACCGTTGGTCGGGCTATCCAGTCTGTACTAGCGTGTAGAATTCCTACCTTCTG

GGGAACCATCATGTTATTAATTTAGCGTGGTGGGAAACCAGGACCTTTACCTTGAAAAAATTAGAGT

GTTCAAAGCAGGCTTACGTCTGAATACATTAGCATGGAATAATAAAATA 

>Otu65_VTX00276_EF041095_Claroideoglomeraceae_Claroideoglomus_Glo59 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATTGACGTGATGGTCGTGCCTTAAGGGGTATGAACTGTCGCAGTTGATTTCTCACCT

TCTGGAGAAGCTTGATGTCCTTAATTGGGTGTCATGTGGAACCAGGACCTTTACCTTGAAAAAATTA

GAGTGTTTAAAGCAGGCATTTTGCTCGAATACATTAGCATGGAATAATAG 

>Otu84_VTX00306_FM875900_Diversisporaceae_Diversispora_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAACTTCGGGGTCTACCCATTGGTCAGGCTTAATTGTCTGCACTGGTGAGATGGATCTCTACCTTCTG

AGGAACTTTCATGCCATTTATTTGGTGTGATGGGAAATCAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGACTATCGTCTGAATACATTAGCATGGAATAATGAAATA 

>Otu345_VTX00327_JF414192_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCGGTAGGTTGGTCATGCCTTTGGTATGTACTGGTCTCACTGACTCCTCCTTCTTGA

AGATCCGTAATGTCATTTATTTGTTGTTGCGGGGAATCAGGACTGTTATTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTTTAGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu32_VTX00327_JF414192_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGGTTGGTCATGCCTTTGGTATGTACTGGTCTCACTGACTCTTCCTTCTTGA

AGATCCGTAATGTCATTAATTTGGTGTTGCGGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAG 
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>Otu4_VTX00327_JF414192_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGGTTGGTCATGCCTTCGGTATGTACTGGTCTCACTGATTCCTCCCTCTTGA

AGAACTGTAATGTCATTAATTTGATGTTGCGGGGAAACAGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu6_VTX00338_FN869849_Archaeosporaceae_Archaeospora_Aca 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGGTTTGGCCGATTGGTCCGCTCTTGTAGCGAGTACTGGTCGGTTGGGCCTCACCGCTTG

GTGATGCGTAATGTCCTTTATTGGGTGTTGCGAGTAGCCAAGACCTTTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTATGCCAGAATACATTAGCATGGAATAATAGAATAG 

>Otu55_VTX00338_FN869849_Archaeosporaceae_Archaeospora_Aca 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGGTTTGGCCAGTCGGTCCGTTCTTGTAGCGAGTACTGGTTGGTCGGGCTTCACCGCTTG

GTGATGCGTAATGTCCTTTATTGGGTGTTGCGAGCAGCCAAGACCTTTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTATGCCGGAATACATTAGCATGGAATAATAGAATAG 

>Otu407_VTX00338_FN869849_Archaeosporaceae_Archaeospora_Aca 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGCCGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGGTTTGACCGATTGGTCCGTTCTTGTAACGAGTACTGGTCGGTTGGGCCTCACCGCTTG

GTGATGCGTAATGTCCTTTATTGGGTGTTGCGAGTAGCCAAGACCTTTACCTTGAAAAAATTAGAGC

GTTTAAAGCAGGCCTATGCCGGAATACATTAGCATGGAATAATAGAATAG 

>Otu217_VTX00338_FN869849_Archaeosporaceae_Archaeospora_Aca 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTTGGGTTTGGCCAATTGGTCCGTTCTTGTAACGAGTACTGGTTGGTCGGGCCTCACCGCTTG

GTGATGTGTAATGTCCTTTATTGGGTGTTGCGAGTAGCCAAGACCTTTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTTACGCTTGAATACATTAGCATGGAATAATGAAATAG 
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>Otu124_VTX00344_FN556624_Glomeraceae_Glomus_Glo72 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTAGTAGGTTGGTCATGCCTCTGGTATGTACTGGTCTCACTGATTCCTCCTTCCTGA

TGAACCTTAATGCCATTTATTTGGTGTTTTGGGGAATTTGGACTGTTACTTTGAAAAAATTAGAGTGT

TTAAAGCAGGCTTTAGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu243_VTX00345_JF414187_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGCAGTTTGGTCGTGCCACTGGTATGTACTGGGCTCACTGATTCCTCCTTCCTGA

TGAATTGTAATGCCATTAATTTGGTGTTGCAGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu282_VTX00345_JF414187_Glomeraceae_Glomus_sp. 

AGCAGCCGCGGTAATTCCAGCTCCAACAGCGTGTATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGTTTGGTCGTGCCACTGGTATGTACTGGGCTCACTGATTTCTCCTTCCTGA

TGAACTGTAATGCCATTAATTTGGTGTTGCGGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGTG

TTTAAAGTAAGCTAACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu52_VTX00345_JF414187_Glomeraceae_Glomus_sp. 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTCAGTAGTTTGGTCGTGCCAACGGTATGTACTGGGCTCACTGATTCCTCCTTCCTG

ATGAACTGTAATGCCATTAATTTGGTGTTGCAGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAAGCTAACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu151_VTX00354_GU238355_Diversisporaceae_Diversispora_Clade-3 

CGCAGCCACGGTAATTCCAGCTCCAATAGCATATATTAAAGTTGTTGCAGTTAAAAAGCTTGTAGTT

GAATTTCGAGATTCATATTCTGGTCGGGCTTAACTGTCCGCACTGGGGTTACGGGTTTCTACCTTCTG

AGGAATCTTCATGCCATTAATTTGGTGTGTTGGGAAATCAGGACTATTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTATCGTCTGAATACATTAGCATGGAATAATGAAATA 
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>Otu146_VTX00354_GU238355_Diversisporaceae_Diversispora_Clade-3 

AGCAGCCACGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTGAGATTCGTATTCTTGTCTGGCTTAACTGTCCGCACTGGGGTTACGGGTTTCTACCTTCTGA

GGAACCTTCATGCCATTAATTTGGTGTGTTGGGAAATCAGGACTATTACCTTGAAAAAATTAGAGTG

TTTAAAGCAGGCTATCGTCTGAATACATTAGCATGGAATAATGAAATAG 

>Otu284_VTX00354_GU238355_Diversisporaceae_Diversispora_Clade-3 

AGCAGCCGCGGTGATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGAGATTCGCATTCTGGCCGGGCTTAATTGTCCGCACTGGGGTTACGGGTTTCTACCTTCTG

AGGAACCTTCATGCCATTTATCTGGTGCGTGGGGAAATCAGGACTATTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTATCGTCTGAATACATTAGCATGGAATAATGAAATA 

>Otu48_VTX00354_GU238355_Diversisporaceae_Diversispora_Clade-3 

AGCAGCCGTGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTTGTAGTT

GAATTTCGAGATTCGTATTCTGGTCGGGCTTAACTGTCCGCACTGGGGTTACGGGTTTCTACCTTCTG

AGGAACCTTCATGCCATTAATTTGGTGTGTTGGGAAATCAGAACTATTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTATCGTCTGAATAAATTAGCATGGAATAATGAAATA 

>Otu317_VTX00362_HF566491_Glomeraceae_Glomus_MO-G39 

AGCTGCTGCGGTTGTTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTAGTAGGTTGGTCGTGCCACTGGCGCGTACTGGTCTCACTGATTCCTCCTTCCTG

ATGAACTGTAATGCCATTAATTTGGTGTTGCAGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAAGCTATCGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu424_VTX00362_HF566491_Glomeraceae_Glomus_MO-G39 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTC

GAATTTCGGGGTTAGTAGGTTGGTCGTGCCACTGGCGCGTACTGGTCTCACTGACTCCTCCTTCCTG

ATGAACTGTAATGCCATTAATTTGGTGTTACTTTGAAAAAATTAGAGTGTTTAAAGCAAGTTAACGCT

TGAATACATTAGCATGGAATAATGAAATAGGACGTTCGATCCTATTTTG 
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>Otu3_VTX00362_HF566491_Glomeraceae_Glomus_MO-G39 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGGTTAGTAGGTTGGTCGTGCCACTGGTGCGTACTGGCCTCACTGACTCCTCCTTCCTG

ATGAACTGTAATGCCATTAATTTGGTGTTGCAGGGAAACTGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAAGCTAACGCTTGAATACATTAGCATGGAATAATGAAATAG 

>Otu60_VTX00366_HF566522_Glomeraceae_Glomus_MO-G61 

CGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCGATGCGTCGGTCGTGCTTTCGGGTACGCACTGTCGTCATCGGTTTCTCCTTTCTG

ACGAGCCGTGATGTCATTAATTTGGTGTTACGGGTAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCATTGGCTTGAATACATTAGCATGGAATAATGAAATA 

>Otu15_VTX00366_HF566522_Glomeraceae_Glomus_MO-G61 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGATCAATGCGTCGGTCGTGCTTTCGGGTACGTACTGGTGTCATTGGTTTCTCCTTTCTG

ACGAGCCGTGATGTCATTAATTTGGTGTTGCGGGTAGTTAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCATTAGCTTGAATACATTAGCATGGAATAATGAAATA 

>Otu21_VTX00378_HE798692_Acaulosporaceae_Acaulospora_MO-A8 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATCCATCCGTCGGTCGGGCTTCACGGTCCGCACTGGTGTGATGGATTCCTACCTTCT

GAATAACCAGCATGCCATTAATTTGGTGCGTTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGCTAGTGCCTGAATACATTAGCATGGAATAATGAAATA 

>Otu171_VTX00378_HE798692_Acaulosporaceae_Acaulospora_MO-A8 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATTCATCCGTTGGTCGGGCCTCACGGTCCGCACTGGCGTGATGAATTCCTACCTTCT

GAATAACCAGCATGCCATTAATTTGGTGCGTTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGTTATCGCCTGAATACATTAGCATGGAATAATGAAATA 
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>Otu35_VTX00378_HE798692_Acaulosporaceae_Acaulospora_MO-A8 

AGCAGCCGCGGTAATTCCAGCTCTAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATTCATCCGTCTGTCGGGCCTCACGGTCCGCACTGGCGTGATGGATTCCCACCTTCT

GAATAACCAGCATGCTATTAATTTGGTGCGTTAGGGAAGCAGGACTGTTACCTTGAAAAAATTAGA

GTGCTTAAAGCAGGCTAGTGCCTGAATACATTAGCATGGAATAATAAAATA 

>Otu118_VTX00378_HE798692_Acaulosporaceae_Acaulospora_MO-A8 

AGCAGCCGCGGTAATTCTAGCTCTAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATTCATTCATCCGTCGGTCGTGCCTCACGGTCCGCACTGGCGTGATGGATTCCCACCT

TCTGAATAACCAGCATGCTATTAATTTGGTGCGTTAGGGAAGCAGGACTGTTACCTTGAAAAAATTA

GAGCGCTTAAAGCAGGCTAGTGCCTGAATACATTAGCATGGAATAATGA 

>Otu71_VTX00378_HE798692_Acaulosporaceae_Acaulospora_MO-A8 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATCCATCCTTCGGTCGGGCTTCACGGTCCGCACTGGTGTGACCTTCTGAATAACCAG

CATGTCATTAATTTGGTGCGTTGGGGAAGCAGGACTGTTACCTTGAAAAAATTAGAGTGCTTAAAGC

AGGCTAGTGCCTGAATACATTAGCATGGAATAATGAAATAGGACGGCATG 

>Otu97_VTX00380_FN869704_Diversisporaceae_Diversispora_Div 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAACTTCGGGGTTTACCCATTGGTCAGGTTTAATTATCTGTACTGGTGAGATAAATCTCTACCTTCTG

AGGAACTTTCATGCCATTTATTTGGTGTGGGAGGAAATCAGGACTGTTACTTTGAAAAAATTAGAGT

GTTTAAAGCAGGCTAACGTCTGAATACATTAGCATGGAATAATGAAATA 

>Otu19_VTX00401_JN252443_Diversisporaceae_Diversispora_Early-2 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGAGATTCGTATTCTGGTCGGGCTTAATTGTCCGCACTGGGGTTACGGGTTTCTACCTTCTG

AGGAACCTTCATGCCATTAATTTGGTGTGTGGGGAAATCAGGACTATTACCTTGAAAAAATTAGAGT

GTTTAAAGCAGGCCATTGTCTGAATACATTAGCATGGAATAATGAAATA 
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>Otu90_VTX00416_FM955473_Glomeraceae_Glomus_Sanchez-Castro12b_GLO12 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGGACTATCACGTCGGTCGTACCTCGGTACGTACTGGCGTCGTTGGTTTCTCCCTTCTGAC

GAACCATGATGTCATTTATTTGGTGTCTTGGGGAATTAGGACTGTTACTTTGAAAAAATTAGAGTGT

TTAAAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAGG 

>Otu51_VTX00417_AY330274_Glomeraceae_Glomus_Whitfield_type_3 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATCAATATGTTGGTCGTGCCTTGGTACGTACTAATTTATTGGTTTCTTCCTTCTGACG

AACCATGATGTCATTAATTTGGTGTCTTGGGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTGTTT

AAAGCAGGCTCACGCTTGAATACATTAGCATGGAATAATGAAATAGGA 

>Otu50_VTX00453_LT831929_Glomeraceae_Glomus_IS-Gl2 

AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTT

GAATTTCGGAATCAATATATCGGTCGTGCCTCTGGTACGCACTTATTTATTGATTTCTCACTTCTGACG

AATCGTAATGTCATTAGTTTGGTGTTATGAGGAATCAGGACTGTTACTTTGAAAAAATTAGAGTGTTT

AAAGCAGGCTCGCGCTTGAATACATTAGCATGGAATAATGAAATAGG 
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Supplement 2.3 

Model simplification contrast table and final mixed effect model summary for total 

arbuscular mycorrhizal richness. P values form anova of contrasted models. 

 

Model 

Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Richness ~ Provenance x log(Root 

diameter) + (1|Species) 
 555.3 570.3  

Model 2: Richness ~ Provenance + log(Root 

diameter) +(1|Species) 
anova(1,2) 554.4 566.9 0.3 

Dropping interaction did not make a 

significant difference to the model 
    

Model 3: Richness ~ log(Root diameter) + 

(1|Species) 
anova(2,3) 555.2 565.2 0.09 

Model 4: Richness ~ Provenance + 

(1|Species) 
anova(2,4) 557.3 567.3 0.02 

Dropping provenance did not make a 

significant difference to the model 
    

Model 5: Richness ~ (1|Species) anova(3,5) 558.7 566.2 0.01 
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Dropping root diameter made a significant 

difference to the model (p=0.01) 
    

Final model: Richness ~ log(Root 

diameter) + (1|Species) 
 555.2 565.2  
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Supplement 2.4 Model output for Acaulosporaceae richness. 
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Supplement 2.5 Model output for Archaeosporaceae richness 
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Supplement 2.6 Model output for Gamma diversity 

 

 

 

 

Supplement 2.7 CCA output  
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Supplement 2.8 Model output Diversisporaceae abundance 
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Supplement 3 
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Supplement 3.1 Model simplification contrast table and final mixed effect model summary 

for total hyphal count. P values show significance of contrasted models. 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Hyphal Count ~ Provenance x 

log(Root diameter)  x  Soil layer + 

(1|Species/Pot) 

 1900.8 1954.7  

Model 2:  Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot) + Soil layer:Provenance + 

Soil layer:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) 1897.0 1943.7 0.93 

Dropping threeway interaction did not 

make a significant difference to the model 
    

Model 3: Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot) + Soil layer:Provenance + 

Provenance:log(Root diameter) 

anova(2,3) 1895.8 1935.4 0.23 

Model 4:  Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 
anova(2,4) 1902.4 1945.5 0.006 
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(1|Species/Pot) + Soil layer:Provenance + 

Soil layer:log(Root diameter) 

Model 5:  Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot) + Soil layer:log(Root 

diameter) +  Provenance:log(Root 

diameter) 

anova(2,5) 1893.3 1932.9 0.83 

Model 5, dropping Soil layer:Provenance 

made least significant difference. Test 

remaining interactions 

    

Model 6:  Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot) + Soil layer:log(Root 

diameter)  

anova(5,6) 1898.7 1934.7 0.007 

Model 7:  Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot) +  Provenance:log(Root 

diameter) 

anova(5,7) 1892.0 1924.4 0.26 

Dropping soil layer:log(Root diameter) 

made the least significant difference. Test 

final two way interaction 

    

Model 8: Hyphal Count ~ Provenance + 

log(Root diameter)  +  Soil layer + 

(1|Species/Pot)  

anova(7,8) 1897.6 1926.4 0.006 
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Dropping Provenance:log(Root diameter) 

made significant difference. Keep 

interaction. Test effect of soil layer 

    

Model 9:  Hyphal Count ~ Provenance + 

log(Root diameter)  + (1|Species/Pot) +  

Provenance:log(Root diameter) 

anova(7,9) 1909.5 1934.7 <0.001 

Dropping soil layer made model 

significantly worse 
    

Final model: Model 7 

Hyphal Count ~ Provenance + log(Root 

diameter)  +  Soil layer + (1|Species/Pot) +  

Provenance:log(Root diameter) 

 1892.0 1924.4  
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Supplement 3.2 Model simplification contrast table and final mixed effect model summary 
for proportion of hyphae in the bottom layer. P values show significance of contrasted 
models 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Proportion hyphae in bottom 

layer ~ Provenance x log(Root diameter) + 

(1|Species/Pot) 

 -77.6 -57.7  

Model 2: Proportion hyphae in bottom 

layer ~ Provenance + log(Root diameter) + 

(1|Species/Pot) 

anova(1,2) -79.3 -61.9 0.57 

Dropping two way interaction did not 

make a significant difference to the model 
    

Model 3:  Proportion hyphae in bottom 

layer ~ Provenance + (1|Species/Pot) 
anova(2,3) -76.1 -61.2 0.023 

Model 4: Proportion hyphae in bottom 

layer ~ log(Root diameter) + 

(1|Species/Pot) 

anova(2,4) -80.3 -65.3 0.31 

dropping Provenance made least 

significant difference 
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Model 5:   Proportion hyphae in bottom 

layer ~ (1|Species/Pot) 
anova(4,5) -77.9 -65.5 0.037 

Dropping log(Root diameter) made a 

significant difference to model 
    

Final model: Model 4   

Proportion hyphae in bottom layer ~ 

log(Root diameter) + (1|Species/Pot) 

 -80.3 -65.3  
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Supplement 3.3 Model simplification contrast table and final mixed effect model summary 

for Shoot dry weight. P values show significance of contrasted models. 

 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: log(Shoot dry weight) ~ Total 

hyphal count + Proportion hyphae in 

bottom layer + (1|Species) 

 193.5 206.0  

Model 2: log(Shoot dry weight) ~ 

Proportion hyphae in bottom layer + 

(1|Species) 

anova(1,2) 210.7 220.7 <0.001 

Model 3: log(Shoot dry weight) ~ Total 

hyphal count + (1|Species) 
anova(1,3) 192.4 202.3 0.361 

Dropping proportion hyphae in bottom 

layer did not make a significant difference 

to the model 

    

Final model: Model 3  

log(Shoot dry weight) ~ Total hyphal 

count + (1|Species) 

 

 192.4 202.3  
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Supplement 3.4 Model simplification contrast table and final mixed effect model summary 

for root dry weight. P values show significance of contrasted models 

 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: log(Root dry weight) ~ Total 

hyphal count + Proportion hyphae in 

bottom layer + (1|Species) 

 190.4 202.8  

Model 2: log(Root dry weight) ~ 

Proportion hyphae in bottom layer + 

(1|Species) 

anova(1,2) 208.5 218.4 <0.001 

Model 3: log(Root dry weight) ~ Total 

hyphal count + (1|Species) 
anova(1,3) 188.7 198.6 0.571 

Dropping proportion hyphae in bottom 

layer did not make a significant difference 

to the model 

    

Final model: Model 3  

log(Root dry weight) ~ Total hyphal count 

+ (1|Species) 

 

 192.4 202.3  
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Supplement 3.5 Model simplification contrast table and final mixed effect model summary 

for relative abundance of OTU2. P values show significance of contrasted models 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Relative abundance OTU2 ~ 

log(Root diameter) x soil layer x 

provenance + (1|Species/pot) 

 -208.99 -178.6  

Model 2:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + log(root 

diameter):provenance + soil 

layer:provenance 

anova(1,2) -210.56 -182.7 0.511 

Dropping three way interaction did not 

make a significant difference to the model 
    

Model 3:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + log(root 

diameter):provenance  

anova(2,3) -211.5 -186.2 0.303 

Model 4:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

anova(2,4) -211.8 -186.54 0.406 
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diameter):provenance + soil 

layer:provenance 

Model 5:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + soil 

layer:provenance 

anova(2,5) -211.14 -185.81 0.234 

M4 made the least significant difference 

to the model 
    

Model 6:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + soil 

layer:provenance 

anova(4,6) -212.34 -189.54 0.22 

Model 7:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):provenance 

anova(4,7) -213.27 -190.48 0.44 

M7 made the least significant difference 

to the model 
    

Model 8:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) 

anova(7,8) -213.74 -193.48 0.22 
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Dropping last interaction did not make a 

significant difference to the model 
    

Model 9:  Relative abundance OTU2 ~ 

log(Root diameter) + soil layer + 

(1|Species/pot) 

anova(8,9) -213.47 -195.7 0.13 

Model 10:  Relative abundance OTU2 ~ 

soil layer + provenance + (1|Species/pot) 
anova(8,10) -209.06 -191.33 0.009 

Model 11:  Relative abundance OTU2 ~ 

log(Root diameter) + provenance + 

(1|Species/pot) 

anova(8,11) -211 -193.27 0.029 

Model 9 made least significant difference 

to the model 
    

Model 12:  Relative abundance OTU2 ~ + 

soil layer + (1|Species/pot) 
anova(9,12) -205.15 -189.95 0.001 

Model 13:  Relative abundance OTU2 ~ 

log(Root diameter) + (1|Species/pot) 
anova(9,13) -210.31 -195.12 0.023 

Final model: Model 9 

Relative abundance OTU2 ~ log(Root 

diameter) + soil layer + (1|Species/pot) 

 -213.47 -195.7  
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Supplement 3.6 Model simplification contrast table and final mixed effect model summary 

for relative abundance of OTU3. P values show significance of contrasted models 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Relative abundance OTU3 ~ 

log(Root diameter) x soil layer x 

provenance + (1|Species/pot) 

 -165.73 -135.34  

Model 2:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + log(root 

diameter):provenance + soil 

layer:provenance 

anova(1,2) -167.13 -139.27 0.44 

Dropping three way interaction did not 

make a significant difference to the model 
    

Model 3:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + log(root 

diameter):provenance  

anova(2,3) -166.95 -141.62 0.14 

Model 4:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

anova(2,4) -168.7 -143.37 0.51 
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diameter):provenance + soil 

layer:provenance 

Model 5:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + soil 

layer:provenance 

anova(2,5) -166.16 -140.84 0.085 

M4 made the least significant difference 

to the model 
    

Model 6:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + soil 

layer:provenance 

anova(4,6) -167.29 -144.5 0.065 

Model 7:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):provenance  

anova(4,7) -168.95 -146.15 0.19 

M7 made the least significant difference 

to the model 
    

Model 8:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) 

anova(7,8) -167.41 -147.15 0.037 
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Dropping last interaction made a 

significant difference to the model. Test 

effect of soil layer 

    

Model 9:  Relative abundance OTU3 ~ 

log(Root diameter) + provenance + 

(1|Species/pot) + log(root 

diameter):provenance 

anova(8,9) -157.9 -137.7 0.55 

Dropping soil layer did not make a 

significant difference to the model.  
    

Final Model: Model 9 

Model 9:  Relative abundance OTU3 ~ 

log(Root diameter) + provenance + 

(1|Species/pot) + log(root 

diameter):provenance 
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Supplement 3.7 Model simplification contrast table and final mixed effect model summary 

for relative abundance of OTU260. P values show significance of contrasted models 

 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Relative abundance OTU260 ~ 

log(Root diameter) x soil layer x 

provenance + (1|Species/pot) 

 -46.3 -15.9  

Model 2:  Relative abundance OTU3 ~ 

log(Root diameter) + soil layer + 

provenance + (1|Species/pot) + log(root 

diameter):soil layer + log(root 

diameter):provenance + soil 

layer:provenance 

anova(1,2) -38.9 -11.1 0.002 

Dropping three way interaction made a 

significant difference to the model 
    

Final model: Model 1 

  Relative abundance OTU260 ~ log(Root 

diameter) x soil layer x provenance + 

(1|Species/pot) 

 -46.3 -15.9  
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Supplement 4 

Supplement 4.1 List of plant species and associated provenance, functional group, mean 

root diameter and standard deviation | standard error of root measurements 

Plant Species Provenance Functional group 

Root 

diameter 

(mm) 

Standard 

deviation | 

Standard error 

Acacia dealbata Exotic Tree 0.565 0.349|0.105 

Acaena 

caesiiglauca 

Native Forb 0.217 0.044|0.012 

Acaena 

purpurea 

Native Forb 0.164 0.129|0.036 

Achillea 

millefolium 

Exotic Forb 0.390 0.290|0.084 

Agrostis 

capillaris 

Exotic Grass 0.232 0.192|0.064 

Anemanthele 

lessoniana 

Native Grass 0.089 0.060|0.020 

Anthoxanthum 

odoratum 

Exotic Grass 0.213 0.089|0.020 
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Brachyglottis 

greyi 

Native Forb 0.613 0.302|0.101 

Chionochloa 

conspicua 

Native Grass 0.119 0.126|0.034 

Cirsium vulgare Exotic Forb 0.406 0.295|0.072 

Coprosma 

propinqua 

Native Shrub 0.363 0.196|0.040 

Dactylis 

glomerata 

Exotic Grass 0.047 0.032|0.011 

Echium vulgare Exotic Forb 0.727 0.763|0.270 

Festuca 

novaezealandiae 

Native Grass 0.145 0.198|0.070 

Holcus lanatus Exotic Grass 0.330 0.259|0.098 

Hypericum 

perforatum 

Exotic Forb 0.088 0.175|0.033 

Leptospermum 

scoparium 

Native Shrub 0.400 0.126|0.0337 

Lolium perenne Exotic Grass 0.236 0.056|0.023 

Medicago sativa Exotic Forb 0.144 0.185|0.059 
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Olearia virgata Native Shrub 0.416 0.290|0.084 

Ozothamnus 

leptophyllus 

Native Forb 0.232 0.206|0.073 

Phormium 

cookianum 

Native Forb 0.217 0.517|0.172 

Poa cita Native Grass 0.672 0.151|0.050 

Poa colensoi Native Grass 0.378 0.137|0.037 

Podocarpus 

totara 

Native Tree 0.258 0.161|0.043 

Sophora 

microphylla 

Native Shrub 0.247 0.230|0.061 

Trifolium 

pratense 

Exotic Forb 0.383 0.214|0.054 

Trifolium repens Exotic Forb 0.427 0.090|0.037 

Ulex europaeus Exotic Shrub 0.383 0.163|0.058 

Veronica odora Native Shrub 0.298 0.139|0.037 
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Supplement 4.2 Model simplification contrast table and final mixed effect model summary 

for arbuscular mycorrhizal richness at the plant level 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Richness ~ Percent exotics x 

log(Root diameter) x Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

 3290.6 3352.8  

Model 2:  Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:Provenance + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) 3288 3346.4 0.96 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3:  Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:Provenance + Percent 

exotics:log(Root diameter)  

anova(2,3) 3288.0 3341.4 0.23 
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Model 4:  Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:Provenance + Provenance:log(Root 

diameter) 

anova(2,4) 3288.4 3341.7 0.18 

Model 5:  Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(2,5) 3286.6 3339.9 0.99 

Dropping Percent exotic:Provenance made 

least significant difference to the model 
    

Model 6:  Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + 

Provenance:log(Root diameter) 

anova(5,6) 3286.4 3335.3 0.18 

Model 7:   Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:log(Root diameter)  

anova(5,7) 3286.0 3334.9 0.23 
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Dropping Provenance:log(Root diameter) 

made least  significant difference to the 

model  

    

Model 8: Richness ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(7,8) 3284.7 3329.2 0.40 

Dropping Percent exotic:log(Root 

diameter) did not make a  significant 

difference to the model 

    

Model 9: Richness ~ Percent exotics + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

anova(8,9) 3285.0 3325.0 0.13 

Model 10: Richness ~ log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

anova(8,10) 3288.4 3328.4 0.018 

Model 11: Richness ~ Percent exotics + 

log(Root diameter) + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(8,11) 3285.6 3325.6 0.090 

Dropping log(Root diameter) made least 

significant difference to the model 
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Model 12: Richness ~ Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(9,12) 3289.4 3324.9 0.012 

Model 13: Richness ~ Percent exotics + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(9,13) 3285.8 3321.4 0.090 

Dropping Provenance made least 

significant difference to the model 
    

Model 14: Richness ~ 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(13,14) 3292.1 3323.2 0.004 

Dropping Percent exotics made significant 

difference to model 
    

Final model: Model 13 

  Richness ~ Percent exotics + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

 3285.8 3321.4  
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Supplement 4.3 Model simplification contrast table and final mixed effect model summary 

for Paraglomeraceae relative abundance at the plant level 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Paraglomeraceae abundance ~ 

Percent exotics x log(Root diameter) x 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

 -407.7 354.3  

Model 2:  Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) -409-2 360.3 0.51 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3:   Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + 

Provenance:log(Root diameter) 

anova(2,3) -411.1 -366.6 0.69 
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Model 4:    Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + Percent 

exotics:log(Root diameter)  

anova(2,4) -409.8 365.4 0.24 

Model 5:   Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(2,5) -409.7 -365.2 0.21 

Dropping Percent exotic:log(Root 

diameter) made least significant difference 

to the model 

    

Model 6:  Richness ~  Paraglomeraceae 

abundance ~ Percent exotics + log(Root 

diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + Percent 

exotics:Provenance  

anova(3,6) -410.0 -370.0 0.081 

Model 7:    Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Provenance:log(Root diameter) 

anova(3,7) -411.4 -371.4 0.20 
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Dropping Percent exotics:Provenance 

made least  significant difference to the 

model  

    

Model 8:  Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

anova(7,8) -409.9 -374.4 0.062 

Dropping Provenance:log(Root diameter) 

did not make a  significant difference to 

the model 

    

Model 9:  Paraglomeraceae abundance ~ 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(8,9) -411.5 -380.4 0.54 

Model 10:  Paraglomeraceae abundance ~ 

Percent exotics + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(8,10) -407.8 -376.7 0.041 

Model 11:  Paraglomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(8,11) -408.13 -377.0 0.051 

Dropping Percent exotics made least 

significant difference to the model 
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Model 12:  Paraglomeraceae abundance ~ 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

anova(9,12) -409.1 -382.4 0.035 

Model 13:  Paraglomeraceae abundance ~ 

log(Root diameter) + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) 

anova(9,13) -407.88 -381.21 0.017 

Dropping both log(Root diameter) and 

Provenance made a significant difference 

to the model 

    

Final model: Model 9 

Paraglomeraceae abundance ~ log(Root 

diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores 

 -411.5 -380.4  
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Supplement 4.4 Model simplification contrast table and final mixed effect model summary 

for Glomeraceae relative abundance at the plant level 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Glomeraceae abundance ~ 

Percent exotics x log(Root diameter) x 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) 

 -150.4 -97.0  

Model 2:  Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) -151.5 -102.6 0.36 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3:   Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + 

Provenance:log(Root diameter) 

anova(2,3) -152.4 -108.9 0.73 
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Model 4:   Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(2,4) -153.1 -108.7 0.54 

Model 5:   Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance + Percent 

exotics:log(Root diameter)  

anova(2,5) -151.3 -106.8 0.13 

Dropping Percent exotic:log(Root 

diameter) made least significant difference 

to the model 

    

Model 6:   Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Provenance:log(Root diameter) 

anova(3,6) -155.0 -115.0 0.52 

Model 7: Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores) + 

Percent exotics:Provenance  

anova(3,7) -151.5 -111.5 0.047 
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Dropping Percent exotics:Provenance 

made least  significant difference to the 

model  

    

Model 8:  Glomeraceae abundance ~ 

Percent exotics + log(Root diameter) + 

Provenance + (1|Community/mesocosm) + 

(1|Species) + (1|Soil) + (1|Herbivores)  

anova(6,8) -152.9 -117.4 0.043 

Dropping Provenance:log(Root diameter) 

made a  significant difference to the mode. 

Test remaining fixed effect 

    

Model 9:   Glomeraceae abundance ~ 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + 

Provenance:log(Root diameter) 

anova(6,9) -156.9 -121.4 0.85 

Dropping Percent exotics did not make a 

significant difference to model. 
    

Final model: Model 9 

 Glomeraceae abundance ~ log(Root 

diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

(1|Soil) + (1|Herbivores) + 

Provenance:log(Root diameter) 

 -156.9 -121.4  
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Supplement 4.5 Model simplification contrast table and final mixed effect model summary 

for Claroideoglomeraceae relative abundance at the plant level 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Claroideoglomeraceae 

abundance ~ Percent exotics x log(Root 

diameter) x Provenance + 

(1|Community/mesocosm) + (1|Species)  

 -945.89 -892.6  

Model 2:  Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) -945.1 -896.2 0.096 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3:   Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + 

Provenance:log(Root diameter) 

anova(2,3) -946.6 -902.2 0.49 

Model 4:   Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 
anova(2,4) -944.7 -900.3 0.12 
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+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

Model 5:   Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + Percent 

exotics:log(Root diameter) +  

anova(2,5) -942.74 -898.3 0.037 

Dropping Percent exotic:log(Root 

diameter) made least significant difference 

to the model 

    

Model 6:   Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Provenance:log(Root diameter) 

anova(3,6) -946.0 -906.0 0.11 

Model 7:    Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance  

anova(3,7) -943.7 -903.7 0.026 

Dropping Percent exotics:Provenance 

made least  significant difference to the 

model  
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Model 8:  Claroideoglomeraceae~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

anova(6,8) -943.9 -908.4 0.042 

Dropping Provenance:log(Root diameter) 

made a  significant difference to the 

model. Test last fixed effect 

    

Model 9:  Claroideoglomeraceae~ log(Root 

diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

Provenance:log(Root diameter) 

anova(6,9) -947.9 -912.4 0.75 

Dropping Percent exotics did not make a 

significant difference to model 
    

Final model: Model 9 

Claroideoglomeraceae~ log(Root diameter) 

+ Provenance + (1|Community/mesocosm) 

+ (1|Species) + Provenance:log(Root 

diameter) 

 -947.9 -912.4  
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Supplement 4.6 Model simplification contrast table and final mixed effect model summary 

for arbuscular mycorrhizal gamma diversity at the mesocosm level 

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Gamma diversity ~ Percent 

exotics x Mean mesocosm root diameter x 

log(mesocosm aboveground biomass) + 

(1|Community)  

 866.9 897.4  

Model 2:  Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community) + Percent exotics:Mean 

mesocosm root diameter + Percent 

exotics:log(mesocosm above ground 

biomass) + Mean mesocosm root 

diameter:log(mesocosm above ground 

biomass) 

anova(1,2) 865.3 892.7 0.55 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3:   Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community) + Percent 

anova(2,3) 867.2 891.5 0.050 
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exotics:log(mesocosm above ground 

biomass) + Mean mesocosm root 

diameter:log(mesocosm above ground 

biomass) 

Model 4: Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community) + Percent exotics:Mean 

mesocosm root diameter + Mean 

mesocosm root diameter:log(mesocosm 

above ground biomass) 

anova(2,4) 863.8 888.2 0.48 

Model 5:  Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community) + Percent exotics:Mean 

mesocosm root diameter + Percent 

exotics:log(mesocosm above ground 

biomass)  

anova(2,5) 863.3 887.7 0.95 

M5 made least significant difference     

Model 6: Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community) + Percent exotics:Mean 

mesocosm root diameter 

anova(5,6) 861.9 883.2 0.46 

Model 7: Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 
anova(5,7) 865.41 886.7 0.043 
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log(mesocosm above ground biomass) + 

(1|Community) + Percent 

exotics:log(mesocosm above ground 

biomass) 

M6 made least  significant difference      

Model 8:   Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

log(mesocosm above ground biomass) + 

(1|Community)  

anova(6,8) 864.4 882.7 0.034 

Dropping last interaction made a 

significant difference.. Test last fixed effect 
    

Model 9:   Gamma diversity ~ Percent 

exotics + Mean mesocosm root diamter + 

(1|Community) + Percent exotics:Mean 

mesocosm root diameter 

anova(6,9) 870.4 888.7 0.001 

Dropping log(mesocosm above ground 

biomass) made a significant difference to 

model. 

    

Final model: Model 6 

Gamma diversity ~ Percent exotics + Mean 

mesocosm root diamter + log(mesocosm 

above ground biomass) + (1|Community) + 

Percent exotics:Mean mesocosm root 

diameter 

 861.9 883.2  
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Supplement 4.7 Model simplification contrast table and final mixed effect model summary 

for generalism of arbuscular mycorrhizal fungal OTUs  

Model Contrast 

(model 

numbers) 

AIC BIC P 

Model 1: Generalism score ~ Percent 

exotics x log(Root diameter) x Provenance 

+ (1|Community/mesocosm) + (1|Species) 

 764.7 818.0  

Model 2:  Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + Percent 

exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

anova(1,2) 762.7 811.6 0.86 

Dropping three-way  interaction did not 

make a significant difference to the model 
    

Model 3: Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + 

Provenance:log(Root diameter) 

anova(2,3) 761.8 806.22 0.30 

Generalism score ~ Percent exotics + 

log(Root diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) + 

anova(2,4) 761.5 805.89 0.39 
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Percent exotics:log(Root diameter) + 

Provenance:log(Root diameter) 

Model 5: Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance + Percent 

exotics:log(Root diameter)  

anova(2,5) 761.1 805.5 0.57 

M5 made least significant difference to the 

model 
    

Model 6: Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:Provenance 

anova(5,6) 759.8 799.8 0.39 

Model 7: Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

+ Percent exotics:log(Root diameter) 

anova(5,7) 759.8 799.8 0.38 

M6 made least  significant difference to 

the model  
    

Model 8: Generalism score ~ Percent 

exotics + log(Root diameter) + Provenance 

+ (1|Community/mesocosm) + (1|Species) 

anova(7,8) 758.8 794.3 0.33 
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Dropping last interaction) did not make a  

significant difference to the model 
    

Model 9: Generalism score ~ Percent 

exotics + Provenance + 

(1|Community/mesocosm) + (1|Species) 

anova(8,9) 758.3 789.4 0.21 

Model 10: Generalism score ~ Percent 

exotics + log(Root diameter) + 

(1|Community/mesocosm) + (1|Species) 

anova(8,10) 757.9 788.9 0.29 

Model 11: Generalism score ~ log(Root 

diameter) + Provenance + 

(1|Community/mesocosm) + (1|Species) 

anova(8,11) 761.3 792.4 0.032 

M10  made least significant difference to 

the model 
    

Model 12:   Generalism score ~ Percent 

exotics + (1|Community/mesocosm) + 

(1|Species) 

anova(10,12) 757.4 784.1 0.22 

Model 13: Generalism score ~ log(Root 

diameter) + (1|Community/mesocosm) + 

(1|Species) 

anova(10,13) 762.0 788.7 0.013 

M12 did not make a significant difference 

to the model. 
    



188 

 

 

Model 14:   Generalism score ~ 

(1|Community/mesocosm) + (1|Species) 
anova(12,14) 762.2 784.5 0.009 

M14 did make a significant difference.     

Final model: Model 12 

Generalism score ~ Percent exotics + 

(1|Community/mesocosm) + (1|Species) 

 757.4 784.1  
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