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Abstract 

 

Climate models predict an overall reduction in rainfall in mid-latitudes and sub-

tropical dry regions. In southeast Australian grasslands, changes in rainfall may 

affect plant productivity and diversity because both are highly responsive to rainfall 

regimes. Associated soil microorganisms may help plants cope with these changes 

but also may respond themselves to altered rainfall patterns, directly or indirectly via 

responses of plants. Arbuscular mycorrhizal (AM) fungi are an important component 

of the soil microbial community in grasslands. They form symbiotic associations 

with the majority of plant species and are dependent on the carbon provided by their 

host. In return, they contribute to plant nutrition and tolerance of environmental 

stress, including drought. The overarching goal of this work was to study the 

response of AM fungal communities to altered rainfall regimes. In particular, I 

evaluated AM fungal responses to changes in rainfall in association with changes in 

root traits (chapter 2) and in the composition and richness of the plant community 

(chapter 4), using DNA sequencing techniques. I also used a trait-based approach to 

understand how precipitation regimes affect the AM fungal community (chapter 3). 

AM fungal communities may respond to altered rainfall regimes either directly or 

indirectly via changes in host traits. I studied the response of AM fungal 

communities associated with roots of four common plant species to experimentally 

altered rainfall patterns in replicated field plots established within an Australian 

mesic grassland. I found that altered rainfall affected the composition, but not the 

richness, of the AM fungal community. Specific root length was observed to 

correlate with AM fungal richness, while concentrations of phosphorus and calcium 

in root tissue and the proportion of root length allocated to fine roots were correlated 

with AM fungal community composition. However, I found no evidence that AM 

fungal response to rainfall resulted via changes in the host because none of the 

studied traits were affected by rainfall manipulations. However, the effect of altered 

rainfall patterns via root traits may occur in more responsive plant species or more 

water limited environments. In addition, I observed that variability among AM 



ix 

 

fungal communities was high even in communities from the same treatments, and a 

large proportion of the variation remained unexplained. 

The high variability observed in molecular community data may be masking the 

effects of changes in the environment on AM fungal community assembly, which 

makes predicting AM fungal responses to climate change difficult. I used a trait-

based approach to improve our understanding of AM fungal community assembly 

because we expect that taxa are filtered into local communities according, in part, to 

their traits and the roles that these traits play in adaptation to environmental 

conditions. Spores represent a key life history stage for colonisation and survival 

within stressful environments, therefore I studied spore traits hypothesized to 

enhance AM fungal fitness in arid environments. I used microscopy, image analysis 

and a colorimetric assay to measure spore traits at the community level in samples 

collected in six sites along gradients of aridity in New South Wales and Queensland, 

Australia, and in communities exposed to two years of experimentally reduced 

rainfall in replicated field plots in Richmond, NSW. Overall, I found melanin content 

were higher in more arid environments. I observed a large range of spore colours at 

all sites but greater range, with a higher proportion of both dark and light spores, in 

more arid sites. Average spore density differed depending on arid site but I found no 

evidence that density varied in relation to the aridity gradient. Average spore size 

increased in the summer rainfall-exclusion treatment after approximately two years, 

but was not observed to vary along the aridity gradient. 

Community responses to climate change can take time to manifest and vary over 

time, making temporal dynamics important to consider. I therefore studied the 

response of the AM fungal communities in soil to altered rainfall regimes every six 

months over a period of almost four years and evaluated whether changes in AM 

fungal communities were associated with plant community richness and 

composition. I observed that altered rainfall regimes resulted in distinct AM fungal 

communities differing in richness and composition three years after rainfall 

manipulations began. I found that plant and AM fungal communities co-varied but 

found more support for the hypothesis that fungal community composition influence 

plant community composition than vice versa. However, I found no evidence that 

altered rainfall regimes were leading to distinct co-associations between plants and 

AM fungi, suggesting that plant-fungal co-associations and responses to rainfall are 
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decoupled in this system. Overall, my results provide some evidence that grassland 

plant community at the studied site may not be responding to altered rainfall regimes 

via changes in the AM fungal communities. 

Based on my work in eastern Australia, I demonstrated that changes in rainfall 

regimes influence AM fungal community richness and composition. Shifts in the AM 

fungal communities may not be immediate, and the direction in which these 

communities are expected to respond to altered rainfall regimes will depend on the 

specifics of future climatic conditions. Although I did find associations between AM 

fungal communities and the identity of host plants and the composition of plant 

communities, I did not find evidence supporting my predictions that effects of altered 

rainfall regimes would occur via changes in the host root traits or via changes in the 

plant community composition. I identified traits potentially associated with rainfall 

regimes and results suggest that AM fungal communities found in drier environments 

may have smaller spores with a higher melanin content, and were characterised by a 

high frequency of both light and dark spores and a lower frequency of intermediate 

types. Further research is needed to predict how AM fungal communities will 

respond to climate change, as well as to study how these changes will influence the 

structure and functioning of grassland ecosystems (approaches for such studies are 

detailed in chapter 5). 
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Chapter 1:  General introduction 

 

Changes in rainfall regimes predicted by climate models affect grassland 

ecosystems 

Climate models predict an overall reduction in rainfall amounts, and an 

increase in the frequency and intensity of extreme events in mid-latitudes and sub-

tropical dry regions (IPCC, 2014). In Australia, changes in rainfall amounts depend 

on the region and climate scenarios but, in general, decreases are the predominant 

pattern, especially in southern Australia during spring and winter (Suppiah et al., 

2007). For winter, the high CO2 emission scenario (RCP 8.5 – IPCC, 2014) in the 

southwest predicts a mean decrease up to 25-30%, and in the southeast, rainfall is 

expected to decrease on average 15-25% (Moise & Hudson, 2008). In southeast 

Australia, predictions for summer and autumn are less clear. Due to the lack of 

confidence in the expected changes for this region, research should evaluate the 

impact of both increased and decreased rainfall amounts (CSIRO and Australian 

Goverment Bureau of Meteorology, 2016). 

Grasslands are highly diverse ecosystems that provide numerous ecosystem 

services, including forage production, soil stabilization and carbon storage (Sala & 

Paruelo, 1997). The diversity and productivity of grassland ecosystems may respond 

to changes in rainfall amounts and frequency predicted by climate models, because 

they are highly responsive to changes in rainfall regimes (Campbell, Stafford Smith, 

& Mckeon, 1997). The effect of altered rainfall regimes on vegetation has been 

extensively studied, with known effects on the productivity, composition and 

richness of plant communities (e.g. Grime et al. 2000; Morecroft et al., 2004), but 

less is known about how changes in rainfall will affect belowground plant-associated 

microorganisms, which are also known to drive the productivity and stability of 

grassland ecosystems (Powell & Rillig, 2018). 

Arbuscular mycorrhizal (AM) fungi are an important component of the soil 

microbial community in grasslands. They form mutualistic symbiotic associations 

with the great majority of vascular plant species. These fungi belong to the phylum 

Glomeromycotina, a monophyletic group of fungi that includes approximately 230 



2 

 

species (Schüβler, Schwarzott, & Walker, 2001; Spatafora et al., 2016), and are 

characterized by the development of arbuscules (involved in nutrient exchange) and 

vesicles (involved in storage of nutrients) inside root cortical cells (Peterson, 

Massicotte, & Melville, 2004). They are dependent on the photosynthetic carbon 

provided by their host (S. E. Smith & Read, 2008) and, in return, AM fungi enhance 

plant fitness by improving nutrients uptake (S. E. Smith & Smith, 2011), contributing 

to defence against pathogens (Borowicz, 2001) and tolerance to environmental stress, 

such as drought (Augé, 2001). There are several mechanisms by which AM fungi 

might influence plant fitness under water-limiting conditions; these are described in 

the next section. Then I describe what is known about AM fungal responses to water-

limitation and changing rainfall patterns, as well as evaluate possible mechanisms 

driving changes in the community to generate mechanistic insight. Finally, I outline 

the aims and objectives of each section of my thesis.   

Role of AM fungi in plant tolerance to water stress 

It is largely known that water stress is a major threat for plant growth and 

productivity. During periods of water stress, photosynthesis is reduced and plants 

accumulate reactive oxygen species, which cause oxidative damage and affect cell 

functioning (Farooq, Wahid, Kobayashi, Fujita, & Basra, 2009). Aboveground 

productivity and biomass as well as root proliferation are reduced, limiting plant 

capacity to access and take up water and nutrients (Farooq et al., 2009). Overall, 

germination, seedling establishment, plant growth and reproduction can be strongly 

affected (Farooq et al., 2009). AM fungi can help plants overcome impacts 

associated with this stress, although the mechanisms and the extent by which AM 

fungi contribute to alleviate water stress in plants can vary between species (Augé, 

2001; Marulanda, Azcón, & Ruiz-Lozano, 2003). AM fungi can limit the impacts of 

water stress through changes in host physiology and increasing access and / or 

availability of soil water (Augé, 2001; Santander et al., 2017).   

Changes in host physiology  

During water stress, root growth is reduced, and lower plant transpiration 

rates decrease nutrient absorption. Plants are also less able to take up nutrients 

because they become less available and less mobile in the soil (Farooq et al., 2009). 

Under these conditions, AM fungi can limit the nutrient-related impacts of water 
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stress by improving the nutritional status of the host plant (Augé, 2001; Bowles, 

Barrios-Masias, Carlisle, Cavagnaro, & Jackson, 2016; Santander et al., 2017). Their 

extraradical mycelium extends beyond the root system and can take up nutrients that 

are otherwise inaccessible to plants that are then transferred to their host (S. E. Smith 

& Smith, 2011). In addition, concentration of nutrients such as phosphorus, nitrogen, 

calcium and potassium in leaves can influence stomatal conductance, such that 

maintaining the host nutritional status can improve its capacity to fix CO2 even under 

stress conditions (Augé, 2001; Bowles et al., 2016). At a higher nutritional status, 

plant growth is enhanced even under water stress and the effects of AM fungi on 

plant size can be important for their survival, competition and reproduction (Augé, 

2001). 

AM fungi also have a positive effect on water use efficiency, represented as 

carbon gained per water lost (Kaya, Higgs, Kirnak, & Tas, 2003) and can influence 

root hydraulic conductivity during periods of water stress (Sánchez-Blanco, 

Ferrández, Morales, Morte, & Alarcón, 2004). Although the mechanisms underlying 

this effect are not clear, it has been found that AM fungi can regulate the expression 

of aquaporins in roots, which are membrane proteins involved in water transport in 

plant tissues (Aroca, Porcel, & Ruiz-lozano, 2007). Finally, AM fungi can also 

enhance plant resistance to low water availability because they reduce oxidative 

damage resulting from reduced rainfall by increasing antioxidant production in plants  

(Wu, Zou, & Xia, 2006). 

Access to soil water 

Another effect of AM fungi in plant resistance to low soil moisture is related 

to their capacity to explore and modify soil structure. The spread of the extraradical 

mycelium into the soil allow access to water and transfer of water to plants from 

areas of the soil inaccessible by the roots (Khalvati, Hu, Mozafar, & Schmidhalter, 

2005; Marulanda et al., 2003; Zhang, Zou, & Wu, 2018). AM fungi may take up 

water from the soil actively via their aquaporins before transporting it to the plant (T. 

Li, Hu, Hao, Li, & Chen, 2013), or uptake and transfer water passively along with 

the nutrients to the plant (Marulanda et al., 2003). In addition, the extraradical 

mycelium can modify soil structure, although the mechanisms involved are still 

poorly understood. The development of extraradical mycelium and fungal products 
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such as a glycoprotein called glomalin are hypothesized to contribute to the 

formation and stabilization of soil aggregates (Rillig & Mummey, 2006). Through 

their effects on the structure and water retention properties of soil, AM fungi increase 

the amount of available water and nutrients accessible to plants (Díaz-Zorita et al., 

2002).  

Positive effects of AM fungi on plant resistance to low soil moisture depend 

on the fungal species tested (Marulanda et al., 2003). The authors suggested that the 

differential effects of AM fungal species on Lactuca sativa plants could be related to 

phenotypic characteristics of each fungal species. They observed that the most 

efficient species in terms of water uptake – Funneliformis coronatum, Rhizophagus 

intraradices, Claroideoglomus claroideum and Funneliformis mosseae – produced 

more external mycelium, arbuscules and other hyphal structures within roots. In 

contrast, Septoglomus constrictum and Septoglomus constrictum were less efficient 

and showed lower production of the above mentioned structures. Therefore, the 

capacity of AM fungi to take up water appears to vary depending on their phenotypic 

characteristics. 

 

Altered rainfall regimes effects on AM fungal communities 

Current knowledge on how changes in rainfall patterns will affect AM fungi 

is still limited. Numerous studies addressing this question have evaluated the 

response of single fungal isolates in pot experiments and show that their response 

depends on soil moisture, AM fungal isolate and the plant species studied (reviewed 

by Augé 2001). Few studies have evaluated how AM fungal communities respond to 

altered rainfall in longer-term field experiments, and those that have done so have 

focussed on aggregate measures of fungal abundance (overview in Table 1-1). AM 

fungal community responses to long-term changes in rainfall patterns may differ 

considerably from immediate community responses following a drought applied in 

controlled studies.  

 In a four-year field experiment manipulating rainfall, Martínez-García et al. 

(2012) studied the response of the AM fungi associated with a shrub endemic to 

Mediterranean dry environments, Artemisa barrelieri. The authors observed that the 

abundance of vesicles decreased under reduced rainfall and related these changes to a 
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decrease in photosynthetic rates of the host. The authors concluded that changes root 

colonisation could influence the interaction between the mycorrhizal fungi and its 

host plant, affecting plant productivity and survival under climate change. In another 

long-term field experiment simulating climate change, Staddon et al. (2003) used a 

temporal approach to study the effect of changes in temperature and rainfall on AM 

fungal communities in a grassland. They found that soil moisture was a key factor 

influencing mycorrhizal abundance. Root length colonization by AM fungi increased 

while the extraradical mycelium density decreased under summer drought. However, 

AM fungal density in both roots and soil was correlated with both soil moisture and 

plant diversity, although this was not observed at every sampling date. This 

highlights the importance of using a temporal approach to study AM fungal 

community responses to climate change. In both studies, it remains unclear whether 

reduced rainfall influenced the ability of species to colonise roots, and to produce 

vesicles and extraradical mycelium, or whether it changed the composition of the 

community to species that differ in their traits. Overall, whether changes in rainfall 

patterns affect fungal abundance via changes in soil water content, in the host, in 

plant community or in AM fungal community composition is not clear. 

Few studies have evaluated how altered rainfall regimes affect AM fungal 

community structure. In a greenhouse experiment, Deepika & Kothamasi (2015) 

inoculated Sorghum vulgare with AM fungi from a semiarid environment, and 

evaluated community composition and richness under different soil moisture levels. 

They found that changes in soil moisture affected community structure in roots, with 

the flooded treatment resulted in a community with the lowest diversity, dominated 

by two Acaulospora phylotypes. The authors also found that plant phosphorus 

content was reduced under the flooded treatment and suggested that this could be due 

to changes in the composition of the AM fungal community and the ability of the 

remaining AM fungal phylotypes to take up phosphorus under those conditions.  

Sun et al. (2013) studied AM fungal spore composition under increased 

rainfall at three time-points over a year in a grassland in Inner Mongolia. They found 

that increased rainfall affected spore diversity and specifically that the relative 

abundance of the two most common species, Claroideoglomus etunicatum and 

Ambispora gerdemannii, responded differently to changes in rainfall depending on 

the season of sampling. A study conducted 6 years later at this same field site using 
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DNA sequencing techniques showed that AM fungal richness was reduced and 

community composition was altered under increased rainfall (Gao et al., 2016). The 

response of the AM fungal community may have resulted from changes in soil 

chemical properties because increased rainfall altered soil NO3
—

N, which in turn 

influenced AM fungal community structure. In contrast, Li et al. (2015) showed that 

increased rainfall altered the composition, but not the richness, of the AM fungal 

community. They found that changes in the composition and richness of the AM 

fungal community were in part resulting from shifts in the biomass of particular plant 

functional groups. Overall, how AM fungal communities will respond to climate 

change remains unclear. Mechanisms driving shifts in those communities under 

altered rainfall regimes should be further explored to disentangle whether altered 

rainfall patterns will affect AM fungal communities directly or indirectly via 

responses of plants. 

 

Possible mechanisms driving changes in AM fungal communities as a result of 

altered rainfall regimes 

AM fungal communities may respond to rainfall regimes as a result in 

changes in soil conditions, in the host physiology and in the plant community (Fig. 1-

1). Soil moisture influences oxygen concentration, which is expected to affect the 

AM fungal community (Deepika & Kothamasi, 2015). In addition, soil nutrients 

become less available under reduced rainfall (Farooq et al., 2009), and AM fungi are 

responsive to changes in nutrient availability (Liu et al., 2015), possibly altering the 

community structure as a result.  

Changes in rainfall may also affect AM fungal communities via changes in 

host physiology because AM fungi inhabit roots and are dependent on their host to 

obtain carbon. There is evidence that plants may select different AM fungal species 

by stimulating or blocking root colonisation (Vierheilig, 2004) and by differentially 

benefiting AM fungal species with carbon (Bever, Richardson, Lawrence, Holmes, & 

Watson, 2009; Kiers et al., 2011). Under altered rainfall regimes, plants might be 

selecting different AM fungi or carbon allocation may be reduced due to a reduction 

in photosynthetic rates, which could thereby lead to changes in community 

composition.  In addition, altered rainfall regimes affect plant growth (Farooq et al., 
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2009), exudates released in the soil (Brunner, Herzog, Dawes, Arend, & Sperisen, 

2015) and root traits (Larson & Funk, 2016; Padilla et al., 2013), which could affect 

the interaction between different AM fungi and their host plants, driving shifts in the 

composition of the fungal community. A few studies have shown that the root 

morphology influences the rates of AM fungal colonisation (Comas, Callahan, & 

Midford, 2014; Eissenstat, Kucharski, Zadworny, Adams, & Koide, 2015). However, 

linking root traits to their fungal community remain complex because roots are a very 

dynamic system with different turnover rates and lifespan.  

According to the Driver hypothesis, the AM fungal community shape the 

plant community, while the Passenger hypothesis stipulates that host plants shape the 

structure of the AM fungal community (Hart, Reader, & Klironomos, 2001). 

Alternatively, Zobel & Öpik (2014) hypothesised that AM fungal and plant 

communities may co-vary along an environmental gradient and not because one 

community is shaping the other community (Habitat hypothesis). There is evidence 

that plant species richness and community composition affect the presence and 

abundance of AM fungal taxa in the community (Johnson et al., 2004). While AM 

fungi have not been found to be strongly host-specific in terms of presence/absence, 

there is evidence of host preference (van der Heijden, Martin, Selosse, & Sanders, 

2015). Plant identity and interactions between plants might have a role in structuring 

which AM fungal taxa are present in their roots (Eom, Hartnett, & Wilson, 2000; 

Hausmann & Hawkes, 2009). For example, in a greenhouse experiment, the AM 

fungal community was shown to be affected by the order of plant establishment, 

which demonstrates the importance of the plant species in determining the 

composition of the AM fungal community (Hausmann & Hawkes, 2010). Therefore, 

changes in the plant community due to altered rainfall regimes may also influence 

AM fungal community composition and richness.  
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Figure 1-1. Possible pathways by which altered rainfall regimes may influence the 

AM fungal communities. 
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Table 1-1. Overview of studies evaluating how AM fungal communities respond to altered rainfall regimes. 

Study 
Extent of 

the study 
Treatment Response Result 

Suggested 

mechanisms 

Martínez-

García et al. 

(2012) 

4 years 

Changes in rainfall 

distribution and  

amounts 

Root colonisation, 

vesicule and arbuscule 

abundance 

Overall decrease in vesicles 

and arbuscules 

Decrease in host 

photosynthetic rate 

Staddon et 

al. (2003) 
7 years 

Changes in rainfall 

amounts during 

summer 

Soil and root 

colonisation 

Reduced under summer 

drought 

Changes in plant 

diversity 

Sun et al. 

(2013) 
1 year 

Increased rainfall 

amounts 

Root colonisation and 

spore composition 

based on 

morphological 

identification 

No changes in root 

colonisation; changes in 

relative spore abundance of 

abundant species 

- 

Deepika & 

Kothamasi 

(2015) 

16 weeks 
Changes in soil 

moisture in pots 

Community structure 

in roots based on 

molecular techniques 

Reduced diversity - 

Li et al. 

(2015) 
8 years 

Increased rainfall 

amount 

Community structure 

in roots and soil based 

on molecular 

techniques 

Changes in community 

composition, but not 

richness 

Changes in plant 

functional groups 

abundance 

Gao et al. 

(2016) 
6 years 

Increased rainfall 

amounts 

Community structure 

in soil based on 

molecular techniques 

Reduced richness and 

change in community 

composition 

Change in soil 

moisture and NO3
-
-N 
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Study of fungal traits to understand AM fungal community responses to altered 

rainfall regimes 

Recently, use of a trait-based approach has been strongly encouraged in 

fungal ecology (Aguilar-Trigueros, Powell, Anderson, Antonovics, & Rillig, 2014; 

P.-L. Chagnon, Bradley, & Klironomos, 2015; P. L. Chagnon, Bradley, Maherali, & 

Klironomos, 2013; Treseder & Lennon, 2015). Traits are phenotypic characteristics 

of an organism, which may be involved in the capacity of species to survive 

environmental changes (response traits) or may influence the environment if they are 

involved in ecosystem processes (effect traits; Aguilar-Trigueros et al., 2015). More 

importantly, some traits can also have a dual role, where selection of response traits 

as an environment changes can lead to shifting community trait composition that 

goes on to affect ecosystem functioning (Aguilar-Trigueros et al., 2014). Studying 

traits can be used to understand fungal community assembly because morphological 

and physiological traits can influence the capacity of an individual to survive and 

reproduce. Both intra- and inter-specific trait variability can determine which species 

are selected at a local scale, and therefore shape community assembly. Thus, using a 

trait-based approach may allow us to understand how altered rainfall regimes drive 

changes in the AM fungal community. 

In plant ecological studies, a trait-based approach is used to understand and 

explain ecological phenomena. This approach has been extensively used to 

understand how trait variation along environmental gradients can be used to predict 

community responses to climate change and understand their importance in 

ecosystem processes (De Valpine & Harte, 2001; Lin, Xia, & Wan, 2010; van 

Ommen Kloeke, Douma, Ordoñez, Reich, & van Bodegom, 2012). For example, Fry 

et al. (2013, 2014) evaluated the effect of different functional plant groups on 

ecosystem resilience to altered rainfall regimes. The authors grouped the plants 

depending on their functional traits to then test how removing functional groups 

affected ecosystem processes under different precipitation regimes. In their 

experiment, they showed the importance of maintaining key plant functional groups 

to maintain ecosystem function under future changes in precipitation.  

Studying the relevant set of ecologically important traits in fungal 

communities may improve our understanding of AM fungal community assembly 
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because it is expected that taxa are filtered into local communities according in part 

to their traits and environmental conditions. A wide suite of traits are hypothesized to 

be involved in mycorrhizal fungal capacity to cope with reduced rainfall (including 

morphological and physiological traits (Table 1-2). Some of these traits are involved 

in factors other than just resistance to water stress. For example, melanin is 

hypothesized to be important for environmental protection and for infection of the 

host. Therefore, using determinant traits involved in water stress response will allow 

us not only to better predict the outcomes of changing precipitation regimes in the 

AM fungal community assembly, but also to understand how those changes may 

affect the plant community in return. 

 

Summary 

Arbuscular mycorrhizal fungi may help plants to cope with the projected changes in 

rainfall expected with climate change, but the extent of this may depend on how 

they, in turn, respond to altered rainfall patterns themselves. Few studies have 

investigated how AM fungal communities are affected under altered rainfall regimes 

in long-term field experiments and the mediating factors, and those available are 

mainly focused on changes in community abundance and fungal structures within 

roots. The few field studies evaluating the influence of altered rainfall regimes on 

community assembly investigated the effect of increased rainfall amounts only, and 

resulted in varied outcomes that show inconsistent patterns. In addition, the majority 

of these studies evaluated communities at one time-point, however AM fungal 

community responses may take time to manifest and may vary over time. This 

highlights the need to use different approaches to study how rainfall regimes shape 

AM fungal communities and to understand mechanisms driving these changes. 

Knowledge gaps remain on whether rainfall effects are mediated by changes in the 

vegetation. 
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Table 1-2. Fungal traits hypothesised to be involved in AM fungal resistance to reduced rainfall. These traits are expected to vary within and 

between species. 

Fungal trait Description Function How to measure Notes References 

Spore density 

  

Number of spores per 

grams of soil  
Reproduction 

Enumeration of spores 

under microscope 
Many studies 

Brundrett et 

al. (1996) 
Spore size Diameter of the spores 

Reproduction and 

survival 

Measurements under 

microscope 

Intra-radical 

colonisation 

Hyphae 
Number of hyphae in 

the host cortical cells 
Colonisation of roots 

Line intersection method, 

under microscope 
Many studies 

Brundrett et 

al. (1996) 
Arbuscules 

Branched hyphae 

within cortical cells of 

the plant 

Exchange of nutrients 

between the plant and 

AM fungi 

Quantify arbuscules in 

stained roots 
Many studies 

Vesicles 
Enlarged portions of 

hyphae 
Storage structures 

Quantify vesicles in 

stained roots 
Many studies 

Soil 

colonization 

Spread of 

hyphae into 

the soil 

Distance of the hyphae 

from the plant 

Uptake of nutrients and 

water 

Sequential sampling of soil 

cores at different distances 

from the root compartment 

Many studies 
Jakobsen et 

al. (1992) 

Hyphal size 
Cross sectional 

diameter of the hyphae 

Capacity to forage in 

different soil pores 

sizes 

Dimensions under 

microscope  
Many studies 

Drew et al. 

(2003) 

Hyphal length 

(or density) 

Density of hyphae in 

the soil 

Uptake of nutrients and 

water 

Stain and quantify the 

hyphae found in growth 

medium or in soil 

Many studies 

Bingham & 

Biondini 

(2009) 
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Table 1-2. (Continue). 

Fungal trait Description Function How to measure Notes References 

Anastomosis 

Hyphal fusion 

connecting hyphae that 

grow separately or were 

separated by damages 

Homeostasis 

maintenance and hyphal 

restauration 

Counted in each cell 

formed by the gridline 

under microscope 

Measurement 

in situ: Purin & 

Morton (2011) 

de la 

Providencia 

et al. (2005) 

Hydrophobin Cell wall proteins  

Hydrophobicity of 

hyphae and spores, cell 

structure and adhesion 

to host surface  

Gene expression 

Studied in 

ECM, not 

known for AM 

fungi 

Linder et al. 

(2005) 

Fungal hydrophobicity 
Hyphal repellence to 

water 

Resistance to water 

stress 

Contact angle measurement 

or absorption of water 

droplets over time 

Related to 

hydrophobins 

Chau et al. 

(2009) 

Aquaporin 
Plasma membrane 

protein 

Regulate water uptake 

and lost 
Gene expression 

In AM fungi, 

only studied in 

Glomus 

intraradices  

Aroca et al. 

(2009); Li et 

al. (2013) 

Melanin  

Hydrophobic compound 

produced in hyphae or 

spores cell walls. 

Protection against 

environmental stress, 

involved in host 

infection 

Colorimetric assay 

Mostly studied 

for its role in 

pathogenesis 

Fernandez & 

Koide (2014) 

Chitin  

Cell wall compound of 

intra- and extra-radical 

hyphae and spores 

Cell structure, 

plant/microbes 

recognition and stress 

response of the cell wall  

Colorimetric assay or 

chromatographic 

techniques  

Many studies 
Frey et al. 

(1994) 
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Table 1-2. (Continue). 

Fungal trait Description Function How to measure Notes References 

Concentration 

of nutrients 

Spores 

Elemental composition 

Defence mechanisms, 

distribution of resources 
Proton- induced X-ray 

emission (PIXE) analysis 

and scanning transmission 

ion microscopy (STIM) 

Study on salt 

stress 

Hammer et 

al. (2011) 

Hyphae 
Defence mechanisms, 

distribution of resources 

Study on salt 

stress 

Hammer et 

al. (2011) 

Vesicles 
Storage, distribution of 

resources 

Not evaluated 

in a stress 

environment 

Olsson et al. 

(2011) 

Glomalin Related soil 

proteins (GRSP)  

Glycoproteins 

produced by AM fungi 

hyphae 

Modification of soil 

structure 

Bradford total protein 

(total GRSP present in a 

sample); ELISA method 

(detection on hyphae) 

Many studies 
Burrows 

(2014) 

Compatible 

compounds 

Sugar alcohol 
Compatibles solutes in 

fungal cells 

Protection against 

desiccation 

High performance anion 

ex- change 

chromatography with 

electrochemical detector. 

Study on 

ectomycorrhizal 

fungi 

Shi et al. 

(2002) 

Starch, 

glycogen 

Extraction and enzymatic 

determination 

Shi et al. 

(2002) 

Trehalose 
Common reserve 

carbohydrate of fungi 

Stress tolerance, 

glycolysis control, 

sporulation and 

infectivity 

Acid trehalase method 

Studied in 

Glomus 

intraradices  

Ocón et al. 

(2007) 
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Research objectives 

The two primary objectives of this thesis are:  

1. To study how altered rainfall regimes affect AM fungal community assembly, 

and; 

2. To investigate which mechanism(s) drive(s) changes in the AM fungal 

community under altered rainfall regimes.  

In particular, this work aims to address the specific questions: 

1) Do AM fungal communities’ richness and composition respond to changes in 

rainfall regimes? 

This is investigated by studying AM fungal community composition and richness in 

roots (Chapter 2) and soil (Chapter 4) under altered rainfall regimes. Those effects 

were evaluated using DNA sequencing techniques. I hypothesised that altered 

rainfall patterns would affect AM fungal community richness and composition. In 

order to get more insight into how AM fungal communities respond to altered 

rainfall regimes, a trait-based approach was also used (Chapter 3). The aim was to 

investigate fungal traits hypothesised to be involved in resistance to environmental 

stress to better understand AM fungal community assembly under long-term climate 

conditions, and response to rapidly changing rainfall regimes. I hypothesised that the 

range of AM fungal spore traits will vary depending on rainfall regimes. 

2) Do AM fungal communities respond to altered rainfall regimes in part via 

changes in root traits expressed by the host species? 

In chapter 2, the aim was to determine whether altered rainfall regimes affected AM 

fungal communities and whether these changes resulted in part via changes in the 

host species’ root traits. I hypothesised that root traits responsive to altered rainfall 

regimes would also shape AM fungal community richness and composition. 

3) Is there evidence for AM fungal communities responding to altered rainfall 

regimes in part via changes in the plant community? Or, alternatively, is there 

evidence for AM fungal communities’ response to altered rainfall regimes 

leading to changes in the plant community? 



16 

 

The aim of chapter 4 was to evaluate whether changes in AM fungal communities 

under altered rainfall regimes were associated with plant community richness and 

composition. I hypothesised that plant and AM fungal communities would co-vary 

and that co-variation between communities would be the result of one community 

influencing the richness and composition of the other community. A temporal 

approach was also used in chapter 4 because AM fungal community structure and 

interaction with their hosts can be very dynamic (Dumbrell et al., 2011).  

 

Overview of the chapters 

Except for the general introduction and conclusions of this thesis, each chapter is 

written as a publication or a potential publication (the state of each chapter is 

specified below). 

 

Chapter 1: General introduction 

This chapter is a review of expected changes in rainfall for Australia according to 

future climatic scenarios, on the mechanisms by which AM fungi can help plants to 

cope with drought and the current knowledge on AM fungal communities’ response 

to altered rainfall regimes. This chapter also introduces the relevance of using a trait-

based approach to understand how altered rainfall regimes drive changes in the AM 

fungal community. 

 

Chapter 2: Experimentally altered rainfall regimes and host root traits affect 

grassland arbuscular mycorrhizal fungal communities 

Coline Deveautour, Suzanne Donn, Sally A. Power, Alison E. Bennett and Jeff R. 

Powell 

This chapter is now published in a special issue of Molecular Ecology (“The host ‐ 

associated microbiome: pattern, process and function”):  

Deveautour, C., Donn, S., Power, S. A., Bennett, A. E., & Powell, J. R. (2018). 

Experimentally altered rainfall regimes and host root traits affect grassland 
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arbuscular mycorrhizal fungal communities. Molecular Ecology, 27(8), 2152–

2163. doi:10.1111/mec.14536 

This chapter studies AM fungal community responses to altered rainfall regimes in 

replicated field plots established in an Australian mesic grassland. The aim was to 

determine whether changes in AM fungal community under altered rainfall regimes 

resulted via changes in morphological and chemical root traits of their host. This will 

allow us a better understanding of the mechanisms driving changes in the AM fungal 

community under altered rainfall regimes. I characterized AM fungal communities, 

using Illumina MiSeq, and morphological and chemical root traits from the same 

individual plants. I hypothesised that AM fungal communities would respond to 

changes in rainfall and that root traits will influence the AM fungal community in the 

host. I expected that traits responsive to altered rainfall regimes would also shape 

AM fungal communities in the roots. 

For this chapter, I designed the study, collected and processed the samples, analysed 

the data and wrote the manuscript with help and guidance of my co-authors. 

 

Chapter 3: Biogeography of arbuscular mycorrhizal spore traits along an aridity 

gradient and responses to experimental rainfall manipulation 

Coline Deveautour, Jeff Chieppa, Uffe N. Nielsen, Matthias M. Boer, Christopher 

Mitchell, Sebastian Horn, Sally A. Power, Alison E. Bennett, Jeff R. Powell 

This chapter is submitted and under revision. 

This chapter studies spore traits hypothesised to be involved in fungal resistance to 

environmental stress. The aim was to identify potential traits associated with 

different rainfall to inform future work into AM fungal life history and assembly 

processes. I used microscopy and image analysis to measure spore colour and size, 

and a quantitative colorimetric assay to estimate melanin content in spores sampled 

from six sites along aridity gradients in New South Wales (NSW) and Queensland. I 

also assessed the extent to which communities may shift as a result of reduced 

rainfall regimes in replicated field plots established in an Australian mesic grassland 

in NSW. I hypothesised that the distribution of each AM fungal spore trait would 
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vary depending on the level of aridity of the sites, and on the watering treatment 

applied in the field plots. 

For this chapter, I designed the study, processed all the samples, did the data analyses 

and wrote the chapter. Samples were collected by myself, Alison E. Bennett and Jeff 

R. Powell in DRI-Grass and by Jeff Chieppa, Uffe N. Nielsen and Sebastian Horn in 

the arid sites. Christopher Mitchell contributed to adjusting the protocol to measure 

melanin content in the spores. Co-authors contributed to study design, data analyses, 

interpretation, and editing of the chapter. 

 

Chapter 4: Temporal dynamics of mycorrhizal fungal communities and co-

associations with grassland plant communities following experimental 

manipulation of rainfall   

Coline Deveautour, Sally A. Power , Kirk Barnett, Raul Ochoa-Hueso, Suzanne 

Donn, Alison E. Bennett, Jeff R. Powell 

This chapter uses a temporal approach to study AM fungal community responses to 

altered rainfall regimes in replicated field plots established in an Australian mesic 

grassland. The aim of the chapter was to determine whether changes in AM fungal 

community resulted via changes in the plant community richness and composition. 

This will allow a better understanding of the mechanisms driving changes in the AM 

fungal community under altered rainfall regimes. To do so, both arbuscular 

mycorrhizal (AM) fungal and plant communities were characterised every six 

months for nearly four years in three watering treatments: i) ambient, ii) rainfall 

reduced by 50%, relative to ambient, over the entire year and iii) rainfall exclusion 

during summer. I assessed the response of AM fungal communities sampled from 

soil and whether variation in AM fungal communities was associated with variation 

in plant community richness and composition. I hypothesised that AM fungal 

communities would respond to changes in rainfall and that the plant community 

would influence the AM fungal community composition and richness. 

For this chapter, I designed the study, collected soil samples from 2015 to 2017, 

processed all the samples, did the data analyses and wrote the chapter. From 2014 to 

2015, samples were collected by Alison E. Bennett and Jeff R. Powell. Plant samples 
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were collected by Sally A. Power, Kirk Barnett, Raul Ochoa-Hueso, many volunteers 

and myself. Co-authors contributed to study design, ideas on data analyses, 

interpretation of the results, and editing of the chapter. 

 

Chapter 5: General conclusions 

This chapter summarises the key findings of this thesis, limitations and future 

directions. 



20 

 

Chapter 2:  Experimentally altered rainfall regimes and 

host root traits affect grassland arbuscular mycorrhizal 

fungal communities 

 

Published as: Deveautour C, Donn S, Power SA, Bennett AE, Powell JR. 2018. 

Experimentally altered rainfall regimes and host root traits affect grassland 

arbuscular mycorrhizal fungal communities. Molecular Ecology 27: 2152–2163. 

 

Abstract 

Future climate scenarios predict changes in rainfall regimes. These changes are 

expected to affect plants via effects on the expression of root traits associated with 

water and nutrient uptake. Associated microorganisms may also respond to these 

new precipitation regimes, either directly in response to changes in the soil 

environment or indirectly in response to altered root trait expression. We 

characterised arbuscular mycorrhizal (AM) fungal communities in an Australian 

grassland exposed to experimentally altered rainfall regimes. We used Illumina 

sequencing to assess the responses of AM fungal communities associated with four 

plant species sampled in different watering treatments and evaluated the extent to 

which shifts were associated with changes in root traits. We observed that altered 

rainfall regimes affected the composition but not the richness of the AM fungal 

communities, and we found distinctive communities in the increased rainfall 

treatment. We found no evidence of altered rainfall regime effects via changes in 

host physiology because none of the studied traits were affected by changes in 

rainfall. However, specific root length was observed to correlate with AM fungal 

richness, while concentrations of phosphorus and calcium in root tissue and the 

proportion of root length allocated to fine roots were correlated to community 

composition. Our study provides evidence that climate change and its effects on 

rainfall may influence AM fungal community assembly, as do plant traits related to 

plant nutrition and water uptake. We did not find evidence that host responses to 

altered rainfall drive AM fungal community assembly in this grassland ecosystem.  
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Introduction  

Grasslands cover one-fifth of Earth’s terrestrial surface (Lieth, 1975), exhibit high 

biodiversity, and provide many ecosystem services including forage production, 

carbon storage and soil stabilization (Sala & Paruelo, 1997). Both the diversity and 

productivity of these ecosystems are highly influenced by rainfall regimes (Campbell 

et al., 1997) and are, therefore, sensitive to changes in the seasonality, frequency and 

intensity of rainfall events predicted by climate models (IPCC, 2014). The response 

of plant communities to altered rainfall has been extensively studied with 

demonstrated effects on productivity (Fay, Carlisle, Knapp, Blair, & Collins, 2003; 

Knapp, Briggs, & Koelliker, 2001) and community composition (Grime et al., 2000; 

Morecroft et al., 2004), and has focused on aspects relating to environmental filtering 

of species as well as trait variation within species (Larson & Funk, 2016). Plasticity 

of root traits related to resource acquisition might have an important role to predict 

species response to environmental stress (Padilla et al., 2013). 

While most research has focused on plant community responses, less is known with 

respect to how altered rainfall in grasslands will influence belowground plant-

associated organisms. This is particularly true for an important plant symbiont, the 

arbuscular mycorrhizal (AM) fungi (Miller, Wilson, & Johnson, 2012). AM fungi 

form symbiotic associations with the majority of plant species and depend on the 

photosynthetic carbon (C) provided by the plant (S. E. Smith & Read, 2008). In 

return, they can enhance plant fitness, primarily via improved nutrient uptake (S. E. 

Smith & Smith, 2011), but also by contributing to defence against pathogens 

(Borowicz, 2001) and tolerance of environmental stresses such as drought (Augé, 

2001). The mechanisms by which AM fungi can increase drought-tolerance are 

poorly understood but include maintained nutritional status (Augé, 2001), increased 

access to water (Díaz-Zorita, Perfect, & Grove, 2002; Marulanda, Azcón, & Ruiz-

Lozano, 2003) and altered host physiology affecting water use efficiency and root 

hydraulic conductivity (Sánchez-Blanco et al., 2004; Wu et al., 2006). The fact that 

these responses can vary among plant species (Augé, 2001) and AM fungal species 

(Marulanda et al., 2003) contributes uncertainty to the outcomes of interactions 

between AM fungi and plants in grasslands, as does the possibility that AM fungi 
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respond to altered rainfall independently of the requirements of the host. Therefore, 

an improved understanding of how AM fungal communities are likely to respond to 

altered rainfall may aid predictions of how grassland ecosystems will be affected by 

climate change. 

Most of the studies that have addressed the question of AM fungal responses to 

altered rainfall focus on interactions between one plant and its associated fungi in pot 

experiments (reviewed by Augé, 2001), although a few exceptions exist. Five to 

seven years of alterations of rainfall in field studies have resulted in effects on root 

colonization, abundance of arbuscules (involved in nutrient exchange between 

partners (Peterson et al., 2004)), vesicles (involved in energy storage (Peterson et al., 

2004)), and the extraradical mycelium (Martínez-García et al., 2012; Staddon et al., 

2003). Two recent studies have found that manipulating soil water conditions can 

affect the composition of AM fungi communities in roots (Deepika & Kothamasi, 

2015; X. Li et al., 2015). In general, effects on AM fungal responses are largely 

inferred in relation to changes in plant community composition (X. Li et al., 2015; 

Staddon et al., 2003), and the direct effects of reduced soil moisture (Deepika & 

Kothamasi, 2015). However, considering the effects that rainfall regimes have on 

host physiology (Larson & Funk, 2016; Padilla et al., 2013), it is surprising that 

researchers have not studied whether changes in host traits in response to altered 

rainfall might be responsible for effects on AM fungi.  

Examining plasticity in root traits in response to rainfall manipulation and in relation 

to AM fungal communities represents a promising opportunity to evaluate the 

indirect effects of rainfall on AM fungi via host physiology. Root morphology has 

been hypothesized to be an indicator of the capacity of plants to forage for resources 

and their dependency on AM fungi (M. C. Brundrett, 2002), although a meta-

analysis by Maherali (2014) found no relationship between the root architecture and 

the plant growth benefits from the AM fungi. A few studies have shown that plants 

with a high proportion of thick roots, low specific root length (SRL) and low 

branching rates tend to have high rates of AM fungal colonization (Comas et al., 

2014; Eissenstat et al., 2015) and it has also been suggested that roots with large 

diameter can support more AM fungi because they provide a larger cortical volume 

for colonization (M. C. Brundrett, 2002). Under altered precipitation regimes, these 

root morphological traits can be affected, although the response varies among plant 
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species and depending on drought intensity (reviewed in Franco, Banón, Vicente, 

Miralles, & Martínez-Sánchez, 2011). Low soil moisture also limits soil nutrient 

availability and, thus, root chemistry, while these chemical traits (particularly the 

concentrations of phosphorus, nitrogen and potassium) have been demonstrated to 

affect levels of AM fungal root colonization (Nouri, Breuillin-Sessoms, Feller, & 

Reinhardt, 2014).  

Here, we studied the response of AM fungal communities associated with roots of 

four plant species to experimentally altered rainfall patterns in replicated field plots 

established within an Australian grassland.  Specifically, we estimated the effects of 

altered rainfall and/or host species on AM fungal communities, the extent to which 

effects occurred via changes in root traits, and the importance of root morphological 

and chemical traits in mediating these responses. To do this, we characterized AM 

fungal communities, using Illumina MiSeq, and morphological and chemical root 

traits from the same individual plants. We hypothesized that altered rainfall regimes 

would affect AM fungal communities. We expect this effect to be partly because of 

changes in root traits of their host as a function of changing host plant resource 

requirements under altered rainfall. If so, we expected that traits responsive to altered 

rainfall regimes would also shape AM fungal communities in the roots.  

Materials and methods 

Site and experimental design 

The ‘Drought and Root Herbivore Impacts on Grasslands’ (DRI-Grass) experimental 

platform was established in 2013 at the Hawkesbury Campus of Western Sydney 

University in Richmond, NSW, Australia. The average annual precipitation at the 

site is 806 mm, and it is characterized by a high inter-annual variability (between 500 

mm and over 1400 mm in the last 30 years; Australian Government Bureau of 

Meteorology, 2016), with winter being generally the driest and summer the wettest 

season. The soil at the site has a sand or loamy sand texture, with water holding 

capacity of 20-22%. Full details are described in Power et al. (2016) but, briefly, 

DRI-Grass was established to study the effect of drought and root herbivory on 

grassland community structure and ecosystem function. Here, we describe only the 

sampled plots. The experiment consists of 2 x 2 m plots covered with shelters that 

exclude natural rainfall and have automated, controlled application of water 
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underneath the shelters. Water is applied to the plots at 1h00 each morning based on 

the amount of rainfall in the previous 24 h and according to the following watering 

treatments: 1) control (same amount as ambient rainfall), 2) reduced (50% less 

rainfall than ambient), 3) increased rainfall (50% more rainfall than ambient), 4) 

summer drought (total rainfall exclusion from December to March) and 5) altered 

frequency (ambient rainfall, applied only once every three weeks) (Fig. S2-1). 

Treatments were selected to represent model predictions of reductions in the amount 

and frequency of rainfall, alongside an extreme summer drought, and a contrasting 

increase in rainfall to represent well-watered conditions. All treatments have six 

replicates and are arranged in a randomized block design.  

Root sampling 

Roots were collected from individual plants harvested from 30 plots in September 

2015, 28 months after the experiment was established. We targeted four plant species 

that were observed in plots within all of the watering treatments. Microlaena 

stipoides and Paspalum dilatatum are C3 and C4 grasses, respectively, while 

Hypochaeris radicata and Senecio madagascariensis are two C3 forb species 

displaying a tap root system and a fibrous root system, respectively. 

Two subplots, each measuring 10 x 25 cm in area were excavated to a depth of 10 

cm in each plot. Plants were not present in every subplot, resulting in the sampling of 

82 individual plants obtained by disentangling the roots from soil and other plants, 

and collecting all attached lateral roots. We sampled 20 H. radicata, 23 M. stipoides, 

27 P. dilatatum and 12 S. madagascariensis individuals. The latter species was less 

represented than the others because it was less frequently observed across the plots. 

For each individual root system, we sampled two root fragments of approximately 2 

cm in length to allow morphological root traits to be measured on the same root 

system. Each root fragment was processed separately, resulting in 164 root fragments 

that were then stored at -80⁰C for analysis of AM fungal communities, before 

pooling them by plant individual for Illumina sequencing. The rest of the root system 

was dried at 60⁰C prior to trait analysis. 

Analysis of root traits  

Several root traits related to morphology and chemical content were evaluated. The 

morphological traits were estimated by scanning the rehydrated root samples with 
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WinRHIZO 2015 Pro (Regent Instruments Inc., Quebec, Canada) to obtain the root 

length, in multiple size classes (based on diameter) within each sample. We then 

calculated the specific root length (SRL; length (cm) / dry weight of the roots (mg)), 

ratio between the length of the fine roots (<1mm diameter) and coarse roots (>1mm 

diameter), and average diameter of the root system (mm).  

Subsamples of lateral roots from each individual were selected randomly, pooled, 

dried at 40⁰C to facilitate the grinding of the root subsample to a fine powder using 

stainless steel beads in a TissueLyser (Qiagen, Germany). Concentrations of zinc 

(Zn), phosphorus (P), manganese (Mn), magnesium Mg, potassium (K), calcium Ca 

(ppm) and silicon (Si; %) were determined by X-ray fluorescence spectrometry using 

a Epsilon 3 EDXRF (PANalytical, The Netherlands), using 150 mg of loose, 

powdered tissue on foil. The concentration of carbon (C) and nitrogen (N; ppm) were 

determined using an Elementar vario EL cube, CHNOS Elemental analyser (Hanau, 

Germany), using between 5-6 mg ground samples mixed with tungsten oxide for 

combustion. In total, we processed 78 plants; however five samples had poor nutrient 

estimates and were excluded from further analysis. 

Extraction and amplification of AM fungal DNA 

DNA was extracted from each root sample using a PowerSoil DNA isolation kit (MO 

BIO, Carlsbad, USA) following the manufacturer’s instructions. An additional step 

involving root tissue disruption was conducted prior to the extraction, using 5 mm 

stainless steel beads for 1 min at 30 Hz in a TissueLyser (Qiagen, Germany). 

Extracted DNA was quantified using a NanoDrop 2000/2000c Spectrophotometer 

(Thermo Scientific, Wilmington, USA), and then diluted to 2 ng/μL in 10 μL prior to 

polymerase chain reaction (PCR) amplification. All PCRs were performed in PTC-

200 thermal cyclers (Bio-Rad, California, USA). 

DNA samples were amplified using PCR primers described in Krüger, Stockinger, 

Krüger, & Schüssler (2009), which target specifically AM fungi and provide 

coverage of all AM fungal lineages. Each reaction used 5 μL KAPA mix (Kapa 

Biosystem, Wilmington, USA), 0.4μL LSU_Ar (10 μM), 0.4μL SSU_Af (10 μM) 

and 4.2 μL of diluted DNA template. Thermocycling conditions for this first step 

were: 95⁰C for 3 min, 30 cycles of 98⁰C for 20 s, 60⁰C for 30 s and 72⁰C for 50 s, 

followed by 72⁰C for 2 min. In the second PCR round, each reaction contained 9 μL 
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of master mix and 1 μL diluted PCR product (2 μL DNA / 98 μL water). The master 

mix contained: 5 μL KAPA mix, 0.4 μL LSU_Br (10 μM), 0.4 μL SSU_Cf (10 μM), 

3.2 μL water. Thermocycling conditions for this first step were: 95⁰C for 3 min, 30 

cycles of 98⁰C for 20 s, 60⁰C for 30 s and 72⁰C for 50 s, followed by 72⁰C for 2 min.  

Characterisation of AM fungal communities 

The PCR products were purified using Agencourt AMPure XP system (Beckman 

Coulter, Lane Cove, NSW, Australia) and diluted with PCR-grade water to 5 ng/μL 

in 20 μL. Samples were pooled by plant individual by mixing 10μL of each sample. 

The ITS2 region was sequenced by Illumina MiSeq at the Ramaciotti Centre for 

Genomics (NSW, Australia), using fITS7 (5’-GTGARTCATCGAATCTTTG-3’; 

Ihrmark et al., 2012) and ITS4 (5'-TCCTCCGCTTATTGATATGC-3'; White, Bruns, 

Lee, & Taylor, 1990), and genomic libraries were prepared using the Nextera XT 

Index Kit (Illumina, San Diego, CA, USA). Paired-end (2 x 251 bases) sequencing 

was performed on the Illumina MiSeq platform.  

The DNA sequencing data were processed using the approach described by Bissett et 

al. (2016) with a few modifications; the following is a brief description. Contigs were 

generated from paired-end reads using the ‘make.contigs’ command in mothur 

(version 1.36.1) (Schloss et al., 2009). Initial quality filtering removed DNA 

sequences containing any ambiguous bases and/or a homopolymer greater than eight 

bases in length. De novo operational taxonomic units (OTUs) at 97% sequence 

similarity were initially picked using numerically dominant sequences (observed at 

least four times) using the ‘-cluster_otus’ command in USEARCH (version 

v8.1.1803) (Edgar, 2013). All quality-filtered sequences were mapped at 97% 

sequence similarity against representative sequences of these OTUs using the ‘-

usearch_global’ command in VSEARCH (version v2.3.4) (Rognes, Flouri, Nichols, 

Quince, & Mahé, 2016). Non-mapped sequences were subjected to a second round of 

de novo OTU picking, as above but only using sequences observed at least two 

times. All initially non-mapped sequences were then mapped against these newly 

picked OTUs, as above. Non-mapped sequences at this step represent singleton 

OTUs and were excluded from further analysis.  

Putative taxonomic identities for fungal OTUs were generated using the 

‘classify.seqs’ command in mothur (method=’wang’, cutoff=60) on representative 
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sequences for each OTU, using a reference database of fungal ITS sequences and 

taxonomic annotations obtained from UNITE (version 7.0) (Abarenkov et al., 2010). 

In addition, OTUs identified as significant indicator taxa (see below) were classified 

based on submitting representative sequences against the NCBI nucleotide database 

using the Basic Local Alignment Search Tool (BLAST; Altschul, Gish, Miller, 

Myers, & Lipman, 1990). 

Statistical analysis 

All analyses were performed in R version 3.2.5 (R Core Team, 2016).  

The analyses were performed with the 73 individuals that had both DNA 

successfully amplified and corresponding root trait data: 18 H. radicata, 18 M. 

stipoides, 25 P. dilatatum and 12 S. madagascariensis individuals. All root trait 

variables were standardized to a constant mean and variance using the ‘decostand’ 

function (‘vegan’; Oksanen et al., 2018). We estimated the effects of plant species, 

watering treatment and their interaction on variation of root traits using 

permutational multivariate analysis of variance (PerMANOVA) with the ‘adonis’ 

function (‘vegan’). For all statistical analyses involving trait measurements, we 

examined the residuals for each trait variable and square root- or log-transformation 

was applied when appropriate. 

For fungal community analyses, normalization of sequence reads across all samples 

was not performed because rarefaction curve (‘rarecurve’ function in ‘vegan’) 

indicated that sequencing effort for the majority of the samples was sufficient to 

reach saturation (Fig. S2-2; range = 5253 to 32975 reads/sample) and, when 

normalization was performed, we observed similar patterns (not shown here). Weiss 

et al. (2015) observed that lack of normalisation could impact the detection of effects 

when sequencing depth varied among samples and when effect sizes were small, but 

their simulations were relevant for communities with lower diversity and lower 

sequencing depth. We used a Jaccard distance based on presence/absence data, rather 

than relative abundances, as the nested nature of the PCRs required for AM fungal 

characterisation may have introduced biases to the estimates of relative abundances 

among taxa. We tested the effect of plant species and watering treatment on the 

fungal community composition with PerMANOVA using the ‘adonis’ function 

(‘vegan’). We estimated significant indicator OTUs using ‘indval’ function (‘labdsv’; 
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Roberts, 2016). Indicator OTUs (OTUs that are characteristic of an environment) 

were identified when comparing samples from the increased rainfall treatment with 

those from the reduced, altered frequency and summer rainfall treatments because we 

found the largest difference in composition among these treatment groups (see 

results). Indicators values (IV) range from 0 to 1, where highest values are associated 

with stronger indicators of an environment. OTUs with IV > 0.3 and P < 0.05 (raw, 

not corrected for multiple testing) were considered good indicators (Dufrene & 

Legendre, 1997). 

We then estimated fungal richness for each sample using the Chao index with 

‘estimateR’ function (‘vegan’). We assessed the response of fungal richness to plant 

species and watering treatment as well as their interaction in linear mixed effect 

models using ‘lmer’ function (‘lme4’; Bates, Maechler, Bolker, & Walker, 2015), 

modelling ‘subplot’ nested in ‘plot’ as random effects; statistical significance was 

determined using ANOVA (Analyses of Variance) based on Kenward-Roger 

approximated degrees of freedom, calculated using ‘Anova’ from the ‘car’ package 

(Fox & Weisberg, 2011). Multiple mean comparisons using Tukey’s test was used to 

determine how AM fungal richness differed among plant species, with ‘glht’ 

function (‘multcomp’; Hothorn, Bretz, & Westfall, 2008). 

To study the effect of root traits on expected fungal richness, we tested different 

types of traits (chemical, morphological) by fitting four linear mixed effect models 

including 1) all traits as predictors (‘Global model’), 2) only chemical traits N, P, C 

and K as predictors (‘Chemical model’), 3) only morphological traits as predictors 

(‘Morphological model’), and 4) no traits as predictors (‘Intercept-only model’). In 

order to account for the experimental design and the variation in traits explained by 

plant species, all the models included ‘subplot’ nested in ‘plot’, and ‘plant species’ as 

random effects; ‘plant species’ was considered a random effect in this particular 

analysis because we were mainly interested in accounting for interspecific 

differences in root traits, not in the effects of the species themselves. The adequacy 

of the models was determined by visually examining the residuals for normality and 

homoscedasticity. We then evaluated the relative importance of the morphological 

and chemical traits of the roots on AM fungal richness by model selection based on 

an information-theoretic approach. The four models described above were compared 

using the second order Akaike Information Criterion (AICc), which corrects for 
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small sample sizes, using the function ‘sem.model.fits’ (‘MuMIn’; Barton, 2016). 

The total variance explained by the fixed effects (marginal R
2
) was obtained using 

the function ‘r.squaredGLMM’ (‘MuMIn’). We further explored the importance of 

individual morphological traits (and not chemical traits, see results) as predictors of 

the fungal richness using a multimodel inference and model averaging approach. We 

used the ‘dredge’ function (‘MuMIn’) on the ‘Morphological model’ to generate 

several models containing random subsets of variables, followed by ‘model.avg’ 

(‘MuMIn’) to obtain the relative variable importance and the confidence interval of 

each individual parameter. 

To evaluate the correlation between plant traits and AM fungal community 

composition, we performed a Mantel test using the ‘mantel’ function (‘vegan’). The 

dissimilarity matrix of the plant traits was obtained using Euclidean distances of the 

transformed trait matrix (see above) prior to Mantel test. To identify significant root 

traits that explain variation among AM fungal communities, we first verified whether 

there was multicollinearity between traits using the ‘vif.cca’ function (‘vegan’) and 

then performed a stepwise model selection using permutation tests with ‘ordistep’ 

function (‘vegan’). We assessed the amount of variation explained by the significant 

traits with a partial distance-based Redundancy Analysis (db-RDA) using the 

‘capscale’ function (‘vegan’), accounting for watering treatment and plant species 

effects before testing the constraints (by including them as sources of ‘conditional’ 

variation in the analysis). 

 

Results 

Plant species and watering treatment effects on AM fungal communities 

We evaluated the relative importance of the watering treatments and host 

characteristics on root-associated AM fungal communities. In total, we observed 774 

OTUs across 81 plants. We first evaluated whether AM fungal community richness 

was influenced by the watering treatment and whether it differed among the different 

plant species. However, we found no evidence that the fungal richness was affected 

by watering treatment (linear mixed-effect model, P = 0.20; Fig. S2-3) nor an 

interaction between watering treatment and plant species (linear mixed-effect model, 
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P = 0.58). Fungal richness was, however, found to differ significantly between plant 

species (linear mixed-effect model, P = 0.02; Fig. 2-1).  

 

Figure 2-1. Violin plot showing the estimated (Chao) richness of AM fungal 

communities associated with the four plant species. Horizontal lines in the violin 

plots represent the median, 25% and 75% quantiles, while the width of the violin 

plots represents data densities at the different fungal richness. Letters indicates mean 

contrasts using Tukey’s test, differences are significant at P < 0.05.  

 

We then evaluated the influence of watering treatment and plant species on AM 

fungal community composition. We found a significant but small effect of both 

watering treatment (PerMANOVA, F4,53 = 1.40, R
2 

= 0.07; P < 0.01) and plant 

species (PerMANOVA, F3,53 = 1.19, R
2 

= 0.05; P = 0.05) on the community 

composition, but no significant interaction between watering treatment and plant 

species (PerMANOVA, F12,53 = 0.88, P = 0.99). We observed that S. madascariensis 

and H. radicata had distinctive communities along the first and second axes, 

respectively, of the ‘plant species’-constrained db-RDA (Fig. 2-2a). For the 

‘watering treatment’-constrained db-RDA, we observed some overlap between 

communities sampled from the control treatment and those exposed to some type of 

drought (reduced, altered frequency and summer drought treatments), while the 

communities from the increased rainfall treatment were distinctly different (Fig. 2-

2b).  
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Figure 2-2. Distance based-Redundancy Analysis (db-RDA) ordination of AM 

fungal communities constrained by plant species (a) and by watering treatment (b) 

based on Jaccard distances. Each point represents a fungal community described 

from samples pooled at the level of an individual root system. 

 

To identify specific OTUs associated with environments experiencing either any type 

of drought or experiencing increased rainfall, we estimated OTU indicator values in 

comparisons between these two groups (‘reduced’, ‘summer’ and ‘reduced 

frequency’ treatments; ‘increased’ treatment). We found 24 significant indicator 

OTUs, of which 10 had an indicator value > 0.3 and were all identified as 

Glomerales (Table 2-1; Fig. S2-4).  

Interactions between root traits and AM fungal communities 

We first evaluated the extent that the measured root traits differed among the plant 

species and whether the watering treatments influenced these traits by estimating trait 

variation between plants, based on Euclidean distances. We observed significant 
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interspecific variation in the measured root traits (PerMANOVA: F3,53 = 17.02, R
2 

= 

0.45, P < 0.01; Fig. 2-3), but there was no evidence that the set traits were affected 

by the watering treatment (PerMANOVA: F4,53 = 0.03, R
2 

= 0.02, P = 0.81; Fig. 2-3) 

or by the interaction between species and watering treatment (PerMANOVA: F12,53 = 

1.02, R
2 

= 0.10, P = 0.36; Fig. 2-3).  
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Table 2-1 Indicator OTUs associated with either reduced, altered, summer treatments or increased treatment. The table includes the name of the 

OTU, indicator value (IV), treatments associated, and, based on the sequence comparison using BLAST, the taxonomy, percentage of sequence 

covered (query cover), percentage of aligned residues (ID %) and accession number of the best matched database sequence. Indicators values 

(IV) range from 0 to 1, where highest values are associated with stronger indicators of an environment. 

OTU ID IV P Treatments 
Best matched taxa using BLAST 

Taxonomy Query cover ID % Accession 

ITSall_OTUa_562 0.65 0.001 Reduced, altered, summer Glomus custos  97% 93% GQ205073.1 

ITSall_OTUb_10 0.62 0.002 Reduced, altered, summer Glomus intraradices 100% 92% AF185685.1 

ITSall_OTUa_8591 0.59 0.014 Reduced, altered, summer Glomus intraradices 100% 92% AF185685.1 

ITSall_OTUa_862 0.40 0.037 Reduced, altered, summer Glomus intraradices 100% 93% AF185686.1 

ITSall_OTUa_2876 0.38 0.050 Reduced, altered, summer 
Claroideoglomus 

claroideum 
100% 83% GQ388713.1 

ITSall_OTUa_491 0.48 0.001 Increased Glomus sp.  100% 98% FJ769290.1 

ITSall_OTUa_4807 0.34 0.029 Increased Rhizoglomus sp. 100% 93% KY555056.1 

ITSall_OTUb_195 0.34 0.030 Increased Glomus sp. 100% 90% AJ504633.1 

ITSall_OTUa_423 0.33 0.012 Increased Dominikia bernensis 100% 88% HG938301.1 

ITSall_OTUa_4067 0.31 0.011 Increased Rhizophagus sp. 100% 85% KY362438.1 
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Figure 2-3 Principal Component Analysis (PCA) ordination of plant individuals based 

on Euclidean distances. Each point represents measurements taken on an individual 

plant. The text indicates the loadings associated with each root trait: Specific Root 

Length (‘SRL’), average diameter of the roots (‘Diameter’), fine (< 1mm diameter) to 

coarse (> 1mm diameter) roots length ratio (‘Fine ratio’) and elemental composition 

Nitrogen (‘N’), Carbon (‘C’), Phosphorus (‘P’), Silicon (‘Si’), Zinc (‘Zn’), Potassium 

(‘K’), Magnesium (‘Mg’), Calcium (‘Ca’), Manganese (‘Mn’).  

 

We hypothesized that variation in root traits, both within and among host plant species, 

was responsible for variation in fungal richness, so we used model selection to evaluate 

the relative importance of morphological and chemical root trait effects. We found that 

morphological traits were better predictors of fungal richness than chemical traits, based 

on the lower Akaike weights of models including chemical variables (‘Global model’ 

and ‘Chemical model’; Table 2-2). However, low explanatory power (Marginal R
2 

= 

0.13) and Akaike weight (wi = 0.68) was observed for the model including 

morphological traits as predictors and the model fit was marginally better than the model 
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excluding all variables (‘Intercept only model’; ΔAICc = 1.86), suggesting that either 

morphological traits, in general, were not strong predictors of fungal richness or that 

only a subset of the morphological traits included in the model were useful. 

 

Table 2-2 Model fit statistics for the ‘Global model’ (including both morphological and 

chemical variables), models including either morphological or chemical variables, and 

the model with intercept only, testing the effect of the root traits on AM fungal richness. 

Table includes the number of estimated parameters (K), proportion of variance explained 

by fixed factors (Marginal R
2
), AICc value, the AICc difference between the best fitted 

model and the corresponding model (ΔAICc) and ‘Akaike weight’ (wi) for each model. 

Models are ranked by increasing AICc value. All linear mixed-effect models include plot 

and species as random effects. 

Model Variables K  
Marginal 

R
2
 

AICc ΔAICc 

Akaike 

weight 

(wi) 

‘Morphological 

traits’ 

SRL 

4 

 

0.13 248.9 0 0.68 
Fine to coarse 

root length ratio 
 

Diameter  

‘Intercept-only’ None 1  0 250.7 1.86 0.27 

‘Global model’ All 8  0.17 254.9 6 0.03 

‘Chemical traits’ 

N 

5 

 

0.05 256.5 7.58 0.02 
P  

K  

C  

 

When comparing models containing all combinations of the measured morphological 

traits as predictors, SRL was the best predictor of fungal richness (Table 2-3) with 

moderate importance (sum of Akaike weights = 0.79). To quantify this relationship 

while also accounting for variation among plant species, we fitted a new model 

including SRL as the only explanatory variable with plot and plant species as random 

effects and observed a negative relationship between SRL and fungal richness (linear 
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mixed-effects model; P < 0.01, Marginal R
2 

= 0.11, Fig. 2-4). This result may indicate 

that the relationship between SRL and fungal richness represents a sampling effect, with 

smaller diameter roots containing less cortical tissue and, therefore, less fungal biomass 

for a given length.  

 

Table 2-3 Relative importance of morphological root traits variables for predicting 

variation in AM fungal richness in roots. Table includes the relative variable importance 

(corresponds to the sum of ‘Akaike weights’ across models including each variable) and 

the model-averaged confidence interval for each estimated parameter. Linear mixed 

model includes ‘plot’ and ‘species’ as random effects. 

Variable 
Relative variable 

importance 

Confidence intervals 

2.5% 97.5% 

SRL 0.79 -0.68 -0.10 

Diameter 0.38 -0.18 0.64 

Fine to coarse root length ratio 0.26 -0.44 0.36 

 

 

Figure 2-4 Correlation between (natural log transformed) SRL and estimated (Chao) 

AM fungal richness. The relationship was evaluated in a linear mixed model including 

subplot nested in plot and plant species as random effects.  
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We expected the AM fungal community composition to be affected by the root traits of 

their host. When evaluating the overall effect of the root traits, we found a significant 

correlation between the AM fungal community composition and all the root traits 

(Mantel test; r = 0.15, P < 0.01). We then identified relevant root traits and tested their 

importance on the AM fungal community, after accounting for the conditional effects of 

the watering treatment and plant species. When comparing models including different 

sets of traits, we observed that phosphorus (ordistep; P < 0.01), calcium (ordistep; P = 

0.02), and fine to coarse root length ratio (ordistep; P = 0.02, Fig. 2-5) were traits 

significantly correlated with AM fungal community composition. In total, those traits 

explained 5.6% of variation in community composition (partial db-RDA, F3,62 = 1.41, P 

< 0.01), while plant species and the water treatment together explained 12.6% of this 

variation.  

 

Figure 2-5 Distance based-Redundancy Analysis (db-RDA) showing root traits 

significantly correlated with AM fungal communities after accounting for conditional 

effects of host species and watering treatments. Each point represents a fungal 

community described from samples pooled at the level of an individual root system and 

the arrows and text indicate the loadings associated with each root trait: phosphorus 

(‘P’), calcium (‘Ca’) and fine (< 1mm diameter) to coarse (> 1mm diameter) root length 

ratio (‘Fine ratio’). Significant root traits were identified performing a forward model 

selection using permutation tests. 
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Discussion 

We found that modified rainfall regimes affected the composition, but not the richness, 

of AM fungal communities in this experimental grassland. We also found that the 

proportion of variation associated with these effects was similar to that associated with 

host species. In particular, our results showed distinctive communities when grassland 

plots were exposed to increased rainfall, compared to those experiencing drought 

treatments. Other studies have observed changes in the composition and richness of AM 

fungal communities from semi-arid environments due to an increase in rainfall amount 

(Deepika & Kothamasi, 2015; X. Li et al., 2015). In contrast, rainfall reduction, change 

in frequency or summer drought did not form as distinctly divergent communities from 

the ambient treatment, possibly because these fungi exhibit adaptation to the high intra- 

and inter-annual rainfall variability that is characteristic of our site (Power et al., 2016). 

If this is the case, their frequent exposure and adaptation to low amounts of rainfall and 

high variability in the frequency and timing of these rainfall events may shape their 

response to future changes in rainfall.  

The studied AM fungal communities also differed depending on the plant species that 

they were associated with, and these responses were partly due to the root traits 

expressed by the hosts. Others have observed relationships between plant traits and 

fungal communities, and have related these observations to variation in plant-derived 

resources available for those soil communities (Koorem et al., 2017; Liu et al., 2015; 

Sayer et al., 2017). The AM fungal communities found in roots may also be expected to 

be related to the plant dependency on AM fungi to acquire particular limiting nutrients 

(M. C. Brundrett, 2002). We found that traits involved in plant nutrition and dependence 

on their symbionts were shaping our AM fungal communities. The best predictors of 

AM fungal community composition were root P and Ca concentrations, both nutrients 

associated with AM fungal transfer to host plants (Rhodes & Gerdemann, 1978). 

Interestingly, Ca is also an important signal molecule for plant-AM fungi 

communication as it is involved in the establishment of the symbiosis (reviewed by 

Oldroyd (2013). The proportion of fine roots was also involved in shaping the 

community composition, while SRL influenced AM fungal richness, where plants with 

higher SRL had less diverse communities.   
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Despite the observed relationships between root traits and AM fungal communities, we 

did not find evidence for rainfall manipulation affecting the AM fungal community via 

effects on root traits. This is because none of the studied root traits were significantly 

affected by the manipulations to rainfall, which is surprising because changes in rainfall 

have been found to affect root traits in different species measured in other studies 

(Larson & Funk, 2016; Padilla et al., 2013). The lack of effect on root traits may be a 

result of selecting plant species present across all watering treatments and, in this type of 

grassland with highly variable rainfall (Power et al., 2016), abundant plant species might 

possess traits adapted to these variable conditions and, thus, have low plasticity. Our 

results may also reflect the fact that our data represent a snapshot at one point in time, 

and additional time points might reveal more variation associated with the rainfall 

manipulations. Despite this, AM fungal communities are responsive to root trait 

variation within and between plant species, indicating that this mechanism should be 

considered in further studies, particularly in more responsive species and in ecosystems 

where plasticity may be more likely. 

It is also possible that investigation into other root traits may provide more insight into 

the processes associated with AM fungal community assembly and host responses to 

altered rainfall. Architectural traits important for plant access to water such as rooting 

depth, root length density and root branching have been observed to respond to changes 

in rainfall regimes (Brunner et al., 2015) with, for example, some of the other grassland 

species from this local site exhibiting shallower rooting profiles when exposed to 

reduced rainfall inputs under controlled, polytunnel conditions (Gibson-Forty, Barnett, 

Tissue, & Power, 2016). Reduction in rainfall has been shown to result in the 

accumulation of sugars, sugar alcohols, proline and proteins in plants (Farooq et al., 

2009), which could, in turn, affect the AM fungal community. In addition, root lifespan 

and turnover have been observed to be affected by changes in rainfall (Brunner et al., 

2015) and AM fungal community composition and richness can vary depending on the 

age of the roots (Kil, Eo, Lee, & Eom, 2014; but see Donn et al., 2017). We could not 

account for most of these traits in this field study due to our focus on matching 

community and trait data at the individual plant level, which limited the amount of 
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material that we could analyse and prevented measurements of traits linked to 

phenology.  

We found a few indicator OTUs distinctly associated to either drought treatments or 

increased rainfall, suggesting that the AM fungal communities could be more responsive 

in years with higher rainfall. All of the indicator OTUs belonged to the Glomerales 

order. Others have found that not only Glomerales spp. but also Acaulospora sp. 

(Diversisporales order) have been affected by changes in watering regime (Deepika & 

Kothamasi 2015). In our experiment, Glomerales spp. was the most abundant taxon, 

whereas Acaulospora spp. only represented 0.9% of the taxa detected in our samples 

(Table S2-1). It is possible that the dominance of Glomerales spp. is due to bias in the 

methods to characterise AM fungi (Berruti, Desirò, Visentin, Zecca, & Bonfante, 2017), 

which may be addressed by further developments in primer design and sequencing 

approaches. The role of particular OTUs in plant nutrition and tolerance to water stress 

is unknown, limiting our understanding on how plants will respond to the loss of those 

OTUs under altered rainfall regimes. Additionally, we observed over 700 OTUs using 

our sequencing and data processing approach; the loss of OTUs and their associated 

services due to changes in rainfall might therefore be more significant in less diverse 

ecosystems. In addition, grassland responses to climate change may also be associated 

with altered abundance of the AM fungi both inside and outside the plant instead of 

shifts in composition. The sample limitations mentioned in relation to alternative root 

traits also prevented us from accurately characterising AM fungal colonisation or 

another measure of absolute abundance, and further work in this experimental system 

would be needed to answer this question. 

A noteworthy observation is that variability among AM fungal communities was high, 

even among communities sampled from the same treatments, and a large proportion of 

the variation remained unexplained. This is similar to observations by Li et al. (2015), 

who reported that rainfall was the most important predictor of AM fungal communities 

in roots despite only explaining 6.7% of the variation. This high variability inherent of 

the AM fungal communities is increasingly being recognized as an important 

characteristic of their ecologies (Donn et al., 2017; Hart, Zaitsoff, van der Heyde, & 
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Pither, 2016; Powell & Bennett, 2016) and creates further difficulties for predicting 

changes in those communities and associated functions. Current research is ongoing in 

this experimental system and is aiming to evaluate whether consideration of variation in 

soil properties - both natural and that associated with rainfall treatments - and changes in 

plant communities in analyses of AM fungal community variation improve our 

understanding of their responses to altered rainfall regimes. 

In conclusion, our results suggest that AM fungal communities in grasslands, especially 

those similar to the one studied here, are likely to change under future rainfall scenarios. 

However, the magnitude of these predicted effects is still unclear as effect sizes in this 

case were small relative to the high level of variation among AM fungal communities 

observed here. Although we found no evidence of effects of altered rainfall regimes via 

changes in host physiology, this potential indirect effect should still be tested in further 

work. The effects of inter- and intraspecific root trait variation on AM fungal 

communities observed here provides insight into the ways that AM fungi associated with 

more plastic plant species might respond to variable rainfall in different systems.  
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Chapter 3:  Biogeography of arbuscular mycorrhizal 

fungal spore traits along an aridity gradient and responses to 

experimental rainfall manipulation 

Abstract 

A lack of understanding of how arbuscular mycorrhizal (AM) fungal communities are 

structured by precipitation regimes limits predictions of their responses to climate 

change. Here, we studied distributions of spore traits hypothesized to enhance AM 

fungal fitness in arid environments of Australia. We used microscopy and image 

analysis to measure spore colour and size, and a quantitative colorimetric assay to 

estimate melanin content in spores sampled from six sites along aridity gradients in New 

South Wales and Queensland. We also assessed the extent to which communities may 

shift as a result of reduced rainfall regimes using an experimental platform in Richmond, 

NSW. Melanin content was higher in drier sites. We found no evidence of a relationship 

between aridity and spore size although spores were larger in northern sites. We 

observed a large range of spore colours at all sites but we found a higher proportion of 

both dark and light spores and fewer intermediate colours in drier sites. Average spore 

density varied among arid sites, but not in relation to aridity. Average spore size 

increased in the summer rainfall-exclusion treatment but not following a 50% reduction 

relative to ambient rainfall after approximately two years. We identified traits associated 

with environmental stress to inform future work into AM fungal life history and 

assembly processes. 

 

Introduction 

Arbuscular mycorrhizal (AM) fungi form obligate symbiotic associations with plants 

and contribute to their defence against environmental stress including drought (Augé, 

2001). This is particularly important in the current context of climate change, where 

climatic scenarios project a general reduction in rainfall amounts in mid-latitudes and 
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sub-tropical dry regions (IPCC, 2014). A few studies have attempted to address how AM 

fungal communities will respond to changes in rainfall patterns. Field studies addressing 

this question using microscopy methods have shown that changes in rainfall patterns 

alter the proportion of root length colonised by AM fungi (Martínez-García et al., 2012; 

Staddon et al., 2003), whereas studies relying on DNA sequencing techniques have 

shown that AM fungal community structure and composition are affected by rainfall, but 

with a major proportion of the variation in the community composition remaining 

unexplained (Deveautour, Donn, Power, Bennett, & Powell, 2018; X. Li et al., 2015). 

The high variability observed in molecular community data may be masking the effects 

of changes in the environment on AM fungi community assembly (Hart et al., 2016), 

which makes predicting AM fungal responses to climate change difficult and limits our 

understanding of the mechanisms underlying how AM fungal communities are 

structured by precipitation regimes. 

Recently, a trait-based approach has been suggested in fungal ecology as a way to test 

evolutionary trade-offs between traits and environmental conditions, to quantify 

functional diversity and to understand community assembly (Aguilar-Trigueros et al., 

2014; P.-L. Chagnon et al., 2015; P. L. Chagnon et al., 2013; Treseder & Lennon, 2015). 

This approach has been extensively used in plant studies to identify functional traits and 

understand how they vary along environmental gradients as a way to predict community 

responses to climate change (De Valpine & Harte, 2001; Lin et al., 2010; van Ommen 

Kloeke et al., 2012). Therefore, using a trait-based approach might improve our 

understanding on how precipitation regimes affect the AM fungal communities, and 

might be key to predicting fungal responses to climate change. Examining the relevant 

set of ecologically important traits in fungal communities could improve our 

understanding of AM fungal community assembly because we expect that taxa are 

filtered into local communities according in part to their traits and to environmental 

conditions. 

Spores are AM fungal propagules, involved in dispersal and persistence (Peterson et al., 

2004), and thus represent a key life history stage for colonisation and survival within 

stressful environments. Dormant spores can be found in a variety of soils and 
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ecosystems, and can germinate once exposed to favourable environmental conditions 

(Souza, 2015). Spores have very diverse characteristics that have been used for 

identification of AM fungal species, but traits also vary greatly within a same species. 

The most strikingly variable traits are their size, which ranges mostly from 80 to 500 µm 

in diameter, and their colour (from hyaline, white, to an array of colours from yellow to 

red, brown to black) (https://invam.wvu.edu/, 2018; Souza, 2015). Interestingly, spore 

colour can also change depending on the spore maturity (Souza, 2015). These traits have 

been well studied for taxonomic purposes, but very little is known about their ecological 

significance. Intra- and inter-specific variation in spore traits can be expected to have a 

functional importance where one or a combination of traits are likely to influence the 

survival and dispersal of spores and, ultimately, AM fungal community assembly.  

Here, we studied fungal spore traits hypothesized to be related to environmental stress, 

to identify ecologically relevant traits involved in AM fungal response to reduced 

rainfall amounts. Spore density at the species level is hypothesized to be a component of 

fungal fitness (Bever, Morton, Antonovics, & Schultz, 1996), associated with 

sporulation and survival rates. Sporulation events require favourable environmental 

conditions, such as a high available soil moisture that is also optimal for their host 

development (reviewed in Moore-Landecker, 2011; Augé, 2001). It has been observed 

that spore production, while stimulated during a short-term drought period, is lower in 

arid ecosystems compared to other environments (Augé, 2001). However, Liu et al. 

(2009) found that within arid sites, spore density was negatively correlated to soil 

moisture. Spore survival in the meantime might depend on a set of particular traits. To 

our knowledge, few studies have been conducted on how environmental stress 

influences fungal spore traits, and none of these have been conducted on AM fungal 

spores. Spore size is expected to influence fungal species’ capacity to disperse (Hussein 

et al., 2013) and to survive. It has been hypothesised that larger spores contain more 

nutrients and water reserves, possibly improving their ability to germinate in stressful 

environments, while small sized spores may be more prone to exogenous dormancy and 

thus require favourable environmental conditions to germinate (Davet, 2004; Halbwachs 

& Bässler, 2015). In addition, compounds responsible for spore pigmentation exhibit 

protective properties (Ruiz-Herrera, 2012; Cordero et al. 2018). One of these pigments is 
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melanin, which produces dark colours, mainly brown and black. This compound, 

produced in the cell wall, provides structural strength and is recalcitrant to degradation. 

It has been highly studied for its properties in pathogenesis and environmental 

protection, such as extreme temperatures, enzymatic lysis and UV light (reviewed in 

Henson et al., 1999; Jacobson, 2000). Recently, melanin has been found to be involved 

in drought resistance in an ectomycorrhizal fungus (Fernandez & Koide, 2013).  

Our aim was to assess AM fungal spore traits to observe their distribution and identify 

patterns in relation to rainfall regimes. We first evaluated spore density as a proxy for 

the fitness of the whole fungal community and we expected that it would be reduced in 

drier environments because external conditions would limit sporulation. We expected a 

shift in the distribution of the spore size in drier environments. If small spores 

predominate in drier environment, it may indicate that dormancy is an important strategy 

to survive stressful conditions until favourable conditions are met to germinate 

(dormancy hypothesis). Conversely, if larger spores are more abundant in drier 

environments, it may indicate that nutrients and water reserves are required to survive 

and to germinate under stressful conditions (storage hypothesis). We also predicted that 

spore communities from drier environments would have a higher melanin content 

because of its protective properties. Therefore, we expected that spores from those 

environments would be on average darker with a low proportion of light coloured 

spores. To assess long-term effects of climate on AM fungal spore traits, we evaluated 

communities from multiple arid sites experiencing different long-term, historical 

climatic conditions. To assess the potential for communities to shift as a result of 

extreme climate shifts, we also studied AM fungal spore traits in communities exposed 

to two years of experimentally reduced rainfall in replicated field plots. We extracted 

AM fungal spores from soil and used microscopy and image analyses to determine spore 

density, colour and size, and a quantitative colorimetric assay to estimate melanin 

content.  
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Materials and methods 

Field sites and experimental design 

We assessed spore traits in two different experimental systems. To study spore traits in 

communities exposed to long-term rainfall conditions, samples were collected from 

experimental platforms established in September 2016 in arid sites of New South Wales 

and Queensland, Australia. These systems were set up to evaluate how past rainfall 

shape Australian dryland ecosystems and their response to altered rainfall regimes. To 

study how rainfall shapes these ecosystems, six arid sites were selected to represent an 

aridity gradient, along a northern and a southern transect to evaluate effects of intra-

annual rainfall variability (description of the sites in Table 1 and Table S3-2). The 

aridity index (AI) was calculated as the ratio of mean annual potential 

evapotranspiration and mean annual precipitation (i.e. higher values equal greater 

aridity), retrieved from SILO (Jeffrey, Jeffrey, Carter, Moodie, & Beswick, 2001) using 

values from 1976 to 2005 as a reference period; AI ranged from 3.7 to 8.9 across our 

sites. Samples were collected at two time points: in September 2016 and in April 2017 to 

assess whether there is temporal variation. Each arid site has three replicates, for a total 

of 36 samples. At each sampling period and at each site, soil samples of approximately 

100 g each were collected from the top 10 cm and dried at 40 ºC. The minimum distance 

between plots within each arid site was 3 m and the maximum was 21 m. 

To study traits of spores exposed to extreme changes in rainfall regimes, we collected 

samples at the experimental platform ‘Drought and Root Herbivore Impacts on 

Grasslands’ (DRI-Grass). This experimental platform is located at the Hawkesbury 

Campus of Western Sydney University in Richmond, NSW, Australia, where the aridity 

index is 1.5. DRI-Grass is described in Power et al. (2016), but very briefly, this 

platform was established in 2013 and consists of 2 x 2 m plots covered with shelters that 

exclude natural rainfall and have automated, controlled application of water underneath 

the shelters. From this experiment, we collected samples from three watering treatments: 

1) control (same amount as ambient rainfall), 2) reduced (50% less rainfall than 

ambient), and 3) summer drought (total rainfall exclusion from December to March). 

Each treatment consists of six replicates, for a total of 18 soil samples. The minimum 
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distance between plots is 2 m and the maximum distance is 36 m. Eight soil cores of 2 

cm diameter were collected in the top 10 cm and bulked for each plot before drying at 60 

ºC overnight. Soil samples were collected in March 2015, 22 months after rainfall 

manipulation began, because of a clear gradient in soil moisture present between 

treatments at that time (Fig. S3-1).  

Spore extraction 

The dried soil samples were kept at ambient temperature until spore extraction. Spores 

were extracted from the soil using the sucrose centrifugation and wet sieving method 

(https://invam.wvu.edu/, 2018). Briefly, 25 mL of 60% sucrose solution was added to 

each soil sample and well mixed before centrifugation at 3000 rpm for 5 min. Spores 

were recovered from the suspension by pouring the liquid through a sieve with 500 µm 

opening on top of a sieve with 38 µm opening, and rinsed for 2 min with water to 

remove the sucrose. We verified, using a stereomicroscope, that no spores remained on 

the top sieve. The great majority of spores from other fungal groups are smaller than 

AM fungal spores and are therefore excluded during the sieving and rinsing step.  

The filtrate collected on the bottom sieve was transferred to a Petri dish to calculate 

spore density. Intact spores were then separated manually from detritus using an 

adjustable pipette to evaluate other traits. To ensure a representative random subsample 

for all subsequent measurements, the Petri dish was rotated and agitated to distribute 

spores randomly in the plate. We then collected all the spores present in half the Petri 

dish, proceeding horizontally from the top to the centre of the plate. From those 

collected spores, a subsample was used to determine colour and size, and another 

subsample was used to evaluate melanin content. Spore density and melanin content was 

determined in samples collected in Richmond in 2015 and arid sites at both time points 

(2016 and 2017); spore size and colour were evaluated for Richmond in 2015 and only 

in 2017 for the arid sites, because we did not collect images of spores isolated from the 

2016 samples. 
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Spore density 

To calculate the spore density, the Petri dish was randomly rotated and agitated before 

counting spores in 10 fields of 0.5 cm
2
 under an Olympus SZ61 stereomicroscope. We 

obtained the average number of spores per field before multiplying by the area of the 

Petri dish to estimate the number of spores in the plate. The number of intact spores per 

gram of dry soil was calculated by dividing the number of spores in the Petri dish by the 

weight of the soil sample from which the spores were extracted. 

Spore size and colour 

To analyse the colour and size of the spores, we photographed samples containing 30 to 

60 spores for each soil sample using a Leica MZ12 stereomicroscope (Wetzlar, 

Germany) and an attached JVC Digital Camera KY-F1030 (JVCKENWOOD, USA). 

Spores were photographed on the same day of the extraction in Petri dishes containing 

water. The pictures were taken under the same light conditions, using a grey background 

(R=167, G=165, B=142), at 51.2X magnification.  

The pictures were then analysed using an interactive, custom function that we developed 

(https://bitbucket.org/jrpowell/sporetraits) for image processing in R (R core Team, 

2018; these analyses were performed using version 3.2.5). After loading each image, the 

function requests the user to locate the four corners of the image, which defines the 

location of the image in the figure region and the coordinate system of the graphics 

window. These coordinates are used to relate the coordinate system to the absolute 

length and width of the image, calibrated by using a photograph of a stage micrometer 

under the same magnification. For spore measurements, the user selects two points at the 

margins of a spore along both its longest axis and its shortest axis; the function then 

converts these vectors of coordinates into measures of spore length and width (in µm). 

Colour metrics (RGB model) were obtained by identifying pixels under the longest and 

shortest axis of the spore, from the same coordinates vectors used to calculate length and 

width, extracting values in these pixels from the red, green and blue colour channels 

scale, and calculating the average and standard deviation for each channel.  

https://bitbucket.org/jrpowell/sporetraits
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The projected spore area for each spore was then calculated using the following formula: 

0.5 * length * 0.5 * width * π. The amount of black (K) in each spore was calculated: 1 – 

(max (R, G, B) / 255). Formulas presented in Hanbury (2003) were used to convert RGB 

into HSL metrics (hue, saturation, luminance); luminance = 0.2126*R + 0.7152*G + 

0.0722*B; saturation = max (R, G, B) – min (R, G, B); and hue was calculated using the 

following formula: 

 

 

Hue is the colour of the sample, expressed in degrees (0º to 360º), saturation is intensity 

of the colour (where 0 is grey and 1 is colour), and luminance is a scale of dark (where 0 

is black and 1 is white) and it differs from K in that it accounts for the light source of the 

three colours while K considers only the colour that appears the lightest. For each 

picture, we estimated the size and colour of 20-to-35 spores, selected randomly by 

placing a grid over the image. In total, we obtained spore size and colour metrics for 

1125 spores: 552 sampled from the arid sites and 575 from Richmond. 

Melanin content 

We used a quantitative colorimetric assay to estimate the average concentration of 

melanin in the spore community (Butler & Lachance, 1986). The Azure A dye used for 

this assay binds strongly with melanin; therefore, this test relies on the quantification of 

the dye absorbance with or without exposure to melanin. The Azure A dye (#861049, 

Sigma-Aldrich) is prepared by dissolving 0.1 g in 5 mL of 0.1M HCl. The dye is then 

diluted in water until obtaining an optical density of approximately 0.65 at 610 nm using 

a spectrophotometer (CLARIOstar, BMG Labtech, Germany). The standard curve was 

generated by exposing 3 mL of Azure A dye to 0.1 to 0.5 mg of synthetic melanin 

(#M8631, Sigma-Aldrich), weighed on a microbalance XP6 (Mettler Toledo, AU) to 

obtain the absorbance corresponding to a known concentration of melanin (mg/mL). The 

absorbance of the dye was measured in the spectrophotometer at 610 nm after 90 min at 
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ambient temperature and in the dark. The tubes containing the dye and the melanin were 

inverted three times at 0 min, 45 min and 90 min, to optimize melanin exposure to the 

dye.  

The same protocol was applied to the samples to determine melanin content in the spore 

community. Samples containing between 100 and 150 spores were dried overnight at  

60 ºC. The melanin concentration was obtained by exposing the dried spores to 0.3 mL 

of Azure A dye for 90 min in the same conditions as the standard curve samples before 

measuring the absorbance at 610 nm. Melanin concentration in each sample was 

calculated based on the standard curve, and then multiplied by the Azure A volume to 

obtain the weight of melanin (µg) in the sample. For each sample, the average amount of 

melanin per spore was obtained by dividing the melanin content (µg) between the 

number of spores present in the sample. To account for the effect of the spore size on the 

community melanin content, we estimated the melanin content relative to the average 

spore area (µg / µm
2
) of each sample. For this latter analysis, we only considered 

samples for which spore size was measured (Richmond samples collected in 2015 and 

the arid sites collected in 2017). 

Statistical analyses 

All the analyses were performed in R version 3.2.5 (R Core Team, 2018). The log10 

transformation was applied to projected spore area prior to analysis in order to normalise 

residual variation. Aridity indices were log10-transformed prior to use in statistical 

models to account for the fact that variation in aridity among sites was not normally 

distributed. In all cases except spore density (see results), the outcomes of statistical tests 

were not dependent on transformation of the aridity index. 

To visualise multivariate patterns in community averaged spore traits across all sites, 

and to estimate the extent that site explained variation in these multivariate patterns, we 

first calculated an aggregate average of projected spore area, hue, luminance, saturation 

and amount of black (K) for the spore community of each soil sample. All traits, 

including melanin content and spore density, were then standardized to a constant mean 

and variance using ‘decostand’ function (‘vegan’; Oksanen et al., 2018). We then 

assessed the amount of variation in community traits explained by the sites using 
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Redundancy Analyses (RDA) with the ‘rda’ function (‘vegan’). This analysis was 

performed using data collected from the arid sites in 2017 and from Richmond in 2015. 

We then evaluated how each trait individually varied in response to variation in rainfall. 

To evaluate whether the aridity gradient affected spore traits, we used polynomial 

models testing linear and quadratic effects. We included latitude as a co-variate to 

account for other environmental factors (e.g., temperature) possibly also influencing 

spore traits. In separate models, we tested the main effect and interaction between the 

aridity and sampling date (2016 and 2017), and the main effect of latitude on spore 

density or on melanin content. We used linear mixed-effects models, with the ‘lmer’ 

function (‘lme4’; Bates et al., 2015), modelling ‘site’ as a random effect to account for 

the nested sampling design. We used a model simplification approach to avoid over-

parameterising our models. When we tested spore density, we found no evidence that 

sampling date influenced spore density and fitted a new model without this variable. We 

found no evidence that latitude influenced melanin content and fitted a new model 

without this variable. For responses obtained from images and to account for potential 

variation among images, we modelled ‘sample’ (one image per sample) nested in ‘site’ 

as random effects. Statistical significance was determined using ANOVA (analyses of 

variance) based on Kenward-Roger approximated degrees of freedom, calculated using 

“Anova” from the “car” package (Fox & Weisberg, 2011). The adequacy of the models 

was determined by visually examining the residuals for normality and homoscedasticity. 

We tested for differences in the range for each trait (i.e., trait dispersion) between sites 

using Bartlett test (‘bartlett.test’ function, ‘stats’ package in R). The difference in 

variance among southern and northern arid sites was tested using the non-parametric 

Fligner-Killeen test (‘fligner.test’ function, ‘stats’ package). We explored the spore 

community colour metrics by plotting the luminance and saturation among the sites with 

violin plots showing density distributions for each colour metric. 

For samples collected in Richmond, we tested how spore density and melanin content 

varied among the watering treatments using ANOVA (analysis of variance). We tested 

the effect of watering treatments on the projected spore area, luminance and saturation 

using linear mixed-effects models, modelling ‘sample’ as a random effect, to account for 
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potential variation among images. We tested for differences in range for each trait 

between sites using Bartlett test (‘bartlett.test’ function, ‘stats’ package). We performed 

multiple comparisons using Tukey’s test with ‘TukeyHSD’ function, where appropriate. 

Because melanisation is associated with black-brown colouration, we expected that the 

black signal (K), luminance and saturation would be significantly associated with the 

melanin content in the community. If so, image analysis could be used to make 

inferences about melanisation of individual spores; therefore, we evaluated the 

relationship between each community-averaged colour metric and melanin content. We 

calculated the average K, luminance and saturation for communities of each soil sample 

collected in the arid sites in 2017 and in Richmond (2015). We then estimated the 

correlation between each colour variable and the melanin content either calculated on a 

per spore basis (µg / spore) or on a per spore area basis (µg / µm
2
) in six separate linear 

models.  

Results 

Significant geographic patterns in spore trait variation  

We first explored the relationship among community-averaged trait values measured 

from sampled spores and their distributions among sampled sites. We found that the 

sites explained 60% of the variation in the spore traits (RDA; F6,29 = 7.3, P < 0.01). In 

general, spores sampled from the experimental platform in Richmond (aridity index = 

1.5) were very different, exhibiting a higher projected spore area, spore density and 

darker spores (Fig. 3-1). Therefore, we focused on individual spore traits and how they 

varied across the arid sites to explore the ecological relevance of these traits in AM 

fungal communities in response to variation in long-term climate, and present the results 

of the rainfall manipulation experiment separately.   
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Figure 3-1. Constrained RDA ordination showing the spore community trait variation 

according to sample origin. Each point represents the spore community of a soil sample 

and the symbol size and colour reflect weighted averages of projected spore area (from 

3760 to 17096 µm
2
) and RBG colour channels measure, respectively, on the sampled 

spore community. Small grey labels show the traits: spore density (‘Density’), spore 

averaged melanin content (‘Melanin’) and community averaged projected spore area 

(‘Size’), amount of black (‘Black’), hue (‘Hue’), luminance (‘Luminance’) and 

saturation (‘Saturation’). Other labels are the sites. 

 

No patterns in spore density in relation to aridity nor latitude 

We evaluated spore density depending on aridity and on latitude. Although we observed 

variation in average spore density among sites (‘site’ explained approximately one-third 

of variation), we did not find evidence that spore density varied in relation to aridity 

(linear mixed-effects model; P = 0.37) nor in relation to latitude (linear mixed-effects 
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model; P = 0.40; Fig. 3-2a). Spore density at the six arid sites was 33% lower, on 

average, than observed in Richmond.  

 

Figure 3-2. Spore density (spores per gram of soil) across the different arid sites (a) and 

in the different watering treatment in Richmond (DRI-Grass) (b). For each arid site and 

sampling date n = 3, while n = 6 for each watering treatment in Richmond (‘C’, control; 

‘R’, reduced; ‘S’, summer drought). Error bars show the standard error. Aridity indices 

are indicated under the names of each arid site. 

 

Latitudinal differences in spore size, but no relation to aridity 

In arid environments, the average projected area per spore was 6057 µm
2
, and ranged 

from 871.6 to 53,599.2 µm
2
 (more than 60-fold increase in projected area). The range in 

projected spore area was similar among the arid sites (Bartlett test; P = 0.19). Spores 

from the three northern sites were observed to have on average 32.2% lower projected 
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spore area than the three southern sites (linear mixed-effects model; P = 0.03, Fig. 3-3a). 

Although there was the appearance of a trend within each transect, we observed no 

evidence that the spore size varied in relation to the aridity gradient (linear mixed-effects 

model; P = 0.51). In Richmond, the average projected spore area (9768.3 µm
2
) was 

higher than observed for arid sites, but with a long tail on the distribution as this site had 

a wider range (from 1836.9 to 191,000.9 µm
2
, representing more than a 100-fold 

increase; Fig. 3-3b).  

 

 

Figure 3-3. Projected spore area (log10 transformed) across the arid sites (a) and the 

watering treatments at Richmond (DRI-Grass) (b). Aridity indices are indicated under 

the names of the arid sites. 
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Biogeographic patterns in colour saturation (average) and luminance (range)   

To study spore colouration, we based our analyses on luminance and saturation (Fig. 3-

4a) because hue did a poor job of reflecting spore colouration when luminance and 

saturation were low (Fig. 3-4b,c). Nearly 97% of the spores had a range of hue between 

0° (red) to 60° (yellow), which are colours to be expected for spores. However, 3% of 

the hue values varied between 70° (green) and 300° (blue) when low values were 

observed for luminance (dark colours) and saturation (grey colours).  

 

Figure 3-4. Spore colouration based saturation and luminance (a), and hue values 

(expressed in degrees) according to luminance (b) or saturation (c). Each point 

represents a spore and the symbol colour reflects RBG colour channels measure on the 

sampled spore. 

 

The average luminance at the arid sites was 0.43, and ranged from 0.08 to 0.86. We did 

not observe significant differences in spore luminance in relation to the aridity gradient 

(linear mixed-effects model; P = 0.94) nor latitude (linear mixed-effects model; P = 
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0.90). Spores from Tibooburra and Quilpie (8.8 and 5.5 AI, respectively) exhibited a 

higher density of both dark and light spores in their communities (distributions were 

roughly bimodal), while Broken Hill (6.1) showed a high density of light spores only 

(Fig. 3-5a). The range in spore luminance in communities from northern sites were 1.7 

times wider than communities from southern sites (Fligner-Killeen test; P < 0.01). 

Communities from Richmond showed on average a lower luminance (0.35), but 

presented a low density of both light and dark spores (normal distribution) (Fig. 3-5b).  

The average saturation at the arid sites was 0.33, and ranged from < 0.01 to 0.74. We 

observed no evidence that communities at those locations varied in relation to the aridity 

gradient (linear mixed-effect model; P = 0.18) nor in relation to latitude (linear mixed-

effect model; P = 0.23). While nearly 75% of the spores in other sites exhibited 

saturation values above 0.25, 55% of the spores from Tibooburra (AI 8.9) and 46% of 

the spores from Quilpie (AI 5.5) were below that value, representing a lower density of 

intensely coloured spores compared to other sites (Fig. 3-5c). Communities from 

Richmond had a higher average saturation (0.4) and had few spores with low saturation 

(Fig. 3-5d).  
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Figure 3-5. Violin plot showing the luminance (top graphs) and saturation (bottom 

graphs) of the AM fungal spores across the arid sites (a, c) and the watering treatments 

at Richmond (DRI-Grass) (b,d). Horizontal lines in the violin plots represent the median, 

25% and 75% quantiles, while the width of the violin plots represent data density at the 

different luminance and saturation values. Each point represents a spore and the symbol 

colour reflect RBG colour channels measure on the sampled spore. Aridity indices are 

indicated under the names of the arid sites. 
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Spore melanin content increases with increasing aridity 

We evaluated the melanin content of the spore communities depending on aridity and, 

because melanin was assessed for both sampling dates, we also evaluated whether this 

trait varied between time-points for each community. We observed that aridity had a 

marginally non-significant effect on melanin content (µg / spore) (linear mixed-effects 

model; P = 0.07). Melanin tended to increase with increasing aridity in 2016 but this 

trend was less evident in 2017 (linear mixed-effects model [aridity and sampling date interaction] P = 

0.05, Fig. 3-6a). Melanin content per spore was lower, on average, for those sampled in 

2017 compared with 2016 (P < 0.01; Fig. 3-6a). Rainfall, on average, was less during 

the month leading up to sampling in 2017 so this reduction in melanin content does not 

correspond to an increase in rainfall (Table 3-2).  

 

Figure 3-6. Average melanin content (µg / spore) of the AM fungal spores across the 

arid sites (a) and the watering treatment at Richmond (DRI-Grass) (b). For each arid site 

n = 3, while n = 6 for each watering treatment in Richmond (‘C’, control; ‘R’, reduced; 

‘S’, summer drought). Error bars show the standard error. Aridity indices are indicated 

under the names of the arid sites. 
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Average melanin content per spore was partly correlated with average projected spore 

area (Fig. 3-1), which also varied among sites (Fig. 3-3). To account for the effect of 

spore size when assessing variation among communities in melanin content per spore, 

we estimated the melanin content per unit of spore area for samples collected in 2017, 

using the average projected spore area of each sample. When accounting for the size of 

spores in each community, we did not observe significant differences among the six arid 

sites (linear mixed-effects model; P = 0.28), or in relation to latitude (P = 0.52, Fig. 3-

7a).  

 

 

Figure 3-7. Melanin content per spore area (µg / µm
2
) across the different sites arid sites 

(a) and watering treatment in Richmond (DRI-Grass) (b). For each arid site n = 3, while 

n = 6 for each watering treatment in Richmond. Error bars show the standard error. 

Aridity indices are indicated under the names of the arid sites. 
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Limited responses of spore traits to extreme shifts in rainfall patterns after two years 

In Richmond, we found no evidence that experimentally manipulating rainfall for 22 

months affected average spore density (ANOVA; F2,15 = 0.6, P = 0.57; Fig. 3-2b), 

luminance (linear mixed-effects model; P = 0.80; Fig. 3-5b), saturation (linear mixed-

effects model; P = 0.68, Fig. 3-5d) or melanisation per spore (ANOVA; F2,15 = 0.44,  

P = 0.65; Fig. 3-6b) or per spore area (F2,15 = 1.3, P = 0.31; Fig. 3-7b). We observed that 

projected spore area was highest in the ‘summer drought’ treatment at Richmond, 

although this was only significantly different from the ‘reduced rainfall’ treatment 

(linear mixed-effects model; P = 0.03; Tukey test; P = 0.01, Fig. 3-3b). 

  

Spore colour measures are weak predictors of melanin content 

Community-averaged luminance was the best predictor of melanin content, explaining 

13% of the variation in average melanin content per spore in each community (linear 

model; slope = -0.41, P = 0.02; Fig. 3-8c). We also observed a marginally non-

significant relationship between the melanin content per spore and community-averaged 

saturation, explaining 6% of the variation (slope = 0.31, P = 0.08; Fig. 3-8e). However, 

this relationship was not observed when evaluating community-averaged luminance 

(linear model; P = 0.15, Fig. 3-8d) or saturation (linear model; P = 0.50, Fig. 3-8f) as 

predictors of average melanin content per unit of spore area. Community-averaged 

values of black for sampled spores was not associated with melanin content, regardless 

of whether melanin was calculated on a per spore (linear model; P = 0.25, Fig. 3-8a) or 

per spore area basis (linear model; P = 0.35, Fig. 3-8b).  



 

62 

 

 

Figure 3-8. Correlation between the community averaged colour metrics and average 

melanin content calculated on a per spore basis (µg / spore) (panel a,c,e) or a per spore 

area basis (µg / µm
2
) (panel b,d,f). Each point represents the spore community of a soil 

sample and the symbol size and colour reflect weighted averages of projected spore area 

(from 3760 to 17096 µm
2
) and RBG colour channels measure on the sampled spore 

community. Dashed lines show the slope of the significant linear correlations. 
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Discussion 

Biogeography of AM fungal spore traits 

We expected water to be a limiting factor shaping spore size but we found little evidence 

that spore size was associated with the aridity gradient. Despite this, we cannot exclude 

spore size as a potentially relevant spore trait responding to rainfall amounts. We did 

observe that spores in the largest size class were more frequently observed in Richmond 

compared to arid sites where annual rainfall is on average 1.8-3.7 times lower, and that 

the smallest spores were observed from arid sites but not in Richmond. We speculate 

that drier environments may limit the range of spore size to smaller spores, hinting 

towards dormancy hypothesis and low surface area as a survival strategy in arid 

environments. However, we acknowledge that these observations are based on a 

comparison between only a single mesic site and the arid sites. In addition, spore size 

was related to the latitude of the site, suggesting that other abiotic conditions such as 

temperature might also influence the distribution of this trait. Our northern sites have a 

higher mean annual temperature and possibly more variable rainfall between years, and 

we observed that communities at those sites had smaller spores, on average, than 

southern sites. Therefore, we propose that dormancy may also be survival strategy in 

communities in warmer climates and/or climates with more variable rainfall. Spore size 

also affects dispersal (Hussein et al., 2013); therefore, we might expect a trade-off 

between their ability to survive and to disperse as well as a trade-off between spore size 

and the number of spores produced. Evaluating spore size in communities from 

numerous sites with a wider range of rainfall amounts is required to better understand 

how rainfall shapes spore size.  

Contrary to our expectations, we found no evidence supporting that spore densities were 

lower in AM fungal communities sampled from more arid sites. Future studies should 

evaluate whether spore density vary at the species level because differences in spore 

densities among species among arid sites may be the result of changes in the number of 

spores produced, survival rates or both. Studying reproductive output, viability and 

stress tolerance at the species level may provide more insight into whether aridity selects 

for specific life history strategies in AM fungi. 
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Because of its protective properties, we expected melanin to be higher in AM fungal 

spores sampled from drier environments. Our results support this hypothesis. However, 

this relationship may be more complex since we did not observe that variation in 

melanin content between sampling dates was associated with rainfall amounts in the 

month prior to sampling. This suggests that, in the short term, this trait may respond to 

other environmental factors as melanin provides protection against extreme 

temperatures, enzymatic lysis and UV light (reviewed in Butler & Day 1998). AM 

fungal spores can also become darker as they mature (e.g. Claroideoglomus etunicatum, 

invam.wvu.edu); therefore, sporulation events prior to sampling could be in part 

associated with the drop in melanin content observed in some spore communities in 

2017. More research on how environmental variation influences the phenology of AM 

fungal spore traits is needed as this remains a knowledge gap in this field. 

Despite the observed increase in average melanin content in drier environments, there 

was a large range of spore colours observed at all locations. This included a higher 

proportion of both light and dark spores in more arid sites. We did not expect 

communities from arid sites to have a high proportion of light spores if pigments are 

responsible for protection against stressful environments until conditions favourable to 

germination return (Ruiz-Herrera, 2012). However, light spores have been speculated to 

germinate quickly, which could be an important trait in habitats with ephemeral growing 

seasons (Halbwachs & Bässler, 2015). This is the case in our arid sites, where plant-

growing seasons are determined by rainfall events, the occurrence of which is 

unpredictable and highly variable between years. Therefore, producing spores that are 

able to quickly germinate and colonise a host after a rainfall event may be a second 

successful life history strategy in arid environments. 

We expected that colour metrics would indicate the melanin content in spores but found 

that luminance and the saturation were weakly correlated with melanin content. The 

colorimetric assay used to quantify melanin was originally designed for abundant fungal 

hyphae produced in Petri dishes. Further adjusting or developing a more accurate test to 

measure melanin content in spores may result in a stronger relationship with colour 

metrics. In addition, we used community-averaged data to evaluate this relationship, 
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which possibly masked correlations because of noise resulting from inter- and intra-

specific variation. In addition, spores with high saturation (yellow, orange and red) could 

contain high levels of other pigments such as carotenoids and their derivatives (reviewed 

in Ruiz-Herrera, 2012), which we did not evaluate in this study. Their function in the 

fungal cell wall is still unknown and their relationship with rainfall remains to be tested. 

 

Trait responses under experimentally altered rainfall 

A previous study at the experimental platform in Richmond showed that changes in 

rainfall patterns had a small but significant effect on AM fungal community composition 

after approximately two years (Deveautour et al., 2018). Here, changes in the rainfall 

regimes over 22 months resulted in communities differing in average spore size but not 

in other traits. We chose this sampling date to assess spore traits due to the large 

differences in soil moisture between watering treatments observed at the time (Fig. S3-

1). The lack of trait variation observed for this study may be the result of frequent 

dispersal among plots of different treatments (minimum distance between plots was 2 

m), possibly overwhelming treatment effects. In addition, 22 months might not be 

sufficient time for selection to act on the community and to observe shifts in the 

distribution of the traits studied here. If that is the case, we may expect changes to arise 

at later dates.  

 

Future directions for trait relationships and aridity 

Investigation of other traits may provide additional insight into AM fungal responses to 

rainfall. Cell wall components such as chitin can be important for the survival of the 

spores under stressful environments (Merzendorfer, 2011). Mature spores differ in their 

number of wall layers (Peterson et al., 2004), which also can be expected to play a role 

in spore protection. Another variable feature in AM fungal spores is their shape (Souza, 

2015), which is hypothesised to influence spore survival because of the relationship 

between their volume relative to the surface area exposed to a stressful environment 
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(Halbwachs & Bässler, 2015). Traits associated with AM fungal structures beyond 

spores also remain to be explored (also see Aguilar-Trigueros et al., 2015).  

Our study aimed to identify AM fungal traits associated with variation in aridity to 

inform future work into their life history and assembly processes. Further work should 

attempt to quantify traits from cultures derived from individual isolated spores in order 

to evaluate intra- and inter-specific variation under controlled environments. Such 

information, when combined with species identifications in natural environments, will 

allow us to relate traits to species performance under different environments and better 

understand the drivers of AM fungal biogeography. 
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Chapter 4:  Temporal dynamics of mycorrhizal fungal 

communities and co-associations with grassland plant 

communities following experimental manipulation of rainfall   

Coline Deveautour, Sally A. Power, Kirk Barnett, Raul Ochoa-Hueso, Suzanne Donn, 

Alison E. Bennett, Jeff R. Powell 

 

Abstract 

Climate models project overall a reduction in rainfall amounts, and shifts in the timing 

of rainfall events in mid-latitudes and sub-tropical dry regions, which threatens the 

productivity and diversity of grasslands. Arbuscular mycorrhizal fungi may help plants 

to cope with the expected changes but may also respond to reduction in rainfall, possibly 

via changes in the plant community. We characterised both arbuscular mycorrhizal 

(AM) and plant communities every six months for nearly four years in an Australian 

mesic grassland (former pasture) system to two altered rainfall regimes: i) ambient, ii) 

rainfall reduced by 50%, relative to ambient, over the entire year and iii) total summer 

rainfall exclusion. Using Illumina sequencing, we assessed the response of AM fungal 

communities sampled from contrasting rainfall treatments and evaluated whether 

variation in AM fungal communities was associated with variation in plant community 

richness and composition. We found that rainfall reduction resulted in distinct fungal 

communities, with the nature of the response depending on the type of manipulation, but 

that consistent results were only observed after more than two years of rainfall 

manipulation. We observed significant co-associations between plant and AM fungal 

communities on multiple dates, and predictive co-correspondence analyses indicated 

more support for the hypothesis that fungal community composition influenced plant 

community composition than vice versa. However, we found no evidence that altered 

rainfall regimes were leading to distinct co-associations between plants and AM fungi. 

Overall, our results provide evidence that grassland plant communities are intricately 

tied to variation in AM fungal communities. However, in this system, plant responses to 
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climate change may not be directly related to impacts of altered rainfall regimes on AM 

fungal communities. 

Introduction 

Grasslands are highly diverse ecosystems that provide numerous ecosystem services, 

including forage production, soil stabilization and carbon storage (Lemaire, Hodgson, & 

Chabbi, 2011). The diversity and productivity of these ecosystems are threatened by the 

reduction in rainfall amounts and shifts in rainfall frequency, as predicted by climate 

models (IPCC, 2014), because they are highly responsive to changes in rainfall regimes 

(Fay et al., 2003; Grime et al., 2000). While the effect of altered rainfall regimes on 

vegetation has been extensively studied, with known effects on the composition and 

richness of plant communities (e.g. Grime et al., 2000; Morecroft et al., 2004), less focus 

has been given to belowground communities. Altered rainfall regimes may influence 

both above and belowground communities as well as the interactions between these 

communities. Altered rainfall regimes can limit the exchange of resource between plants 

and soil communities via nutrient immobilisation in the soil (Compant, Van Der 

Heijden, & Sessitsch, 2010) and competition for resources may shift interactions from 

mutualistic to parasitic (N. C. Johnson, Wilson, Wilson, Miller, & Bowker, 2015).   

Arbuscular mycorrhizal (AM) fungi are an important element of the belowground 

community in grasslands (Miller et al., 2012) and promote drought tolerance. AM fungi 

form symbiotic associations with the majority of plant species and are dependent on the 

carbon provided by their host (S. E. Smith & Read, 2008). In return, they contribute to 

plant nutrition (S. E. Smith & Smith, 2011) and tolerance to environmental stress, 

including drought (Augé, 2001). AM fungi can help their host cope with changes in 

rainfall by maintaining the nutritional status of the plant (Augé, 2001), facilitating access 

to water (Díaz-Zorita et al., 2002; Marulanda et al., 2003) and impacting host 

physiology, affecting water-use efficiency and root hydraulic conductivity (Sánchez-

Blanco et al., 2004; Wu et al., 2006). The extent to which AM fungi contribute to 

drought-tolerance not only varies among plant species (Augé, 2001) but also among AM 

fungal species (Marulanda et al., 2003). The differential role of AM fungal species and 

the fact that AM fungal communities can affect plant diversity, composition and 
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productivity (Powell & Rillig, 2018; van der Heijden et al., 1998) suggests that changes 

in the AM fungal community under altered rainfall regimes will likely affect the plant 

communities, with outcomes that may be difficult to precisely predict.  

Numerous studies have evaluated the response of plant-AM fungal interaction to altered 

water conditions in pot experiments involving one plant and the associated fungi 

(reviewed by Augé, 2001). In a greenhouse experiment using a single plant species, 

Deepika & Kothamasi (2015) found that reductions in soil moisture resulted in a 

reduction in the diversity of the AM fungal community and changes in its composition, 

but knowledge gaps remain about how AM fungal communities may respond to long-

term altered rainfall under field conditions. Previous research under field conditions has 

revealed that changes in rainfall amounts and distribution between five and nine years 

resulted in changes in root colonisation, abundance of vesicles (involved in storage of 

nutrients), arbuscules (involved in nutrient exchange between partners), extraradical 

mycelium and spore density (Gao et al., 2016; Martínez-García et al., 2012; Staddon et 

al., 2003). Few studies have evaluated how altered rainfall regimes will affect AM 

fungal community assembly. Two recent field studies found that increasing rainfall 

amounts during six to seven years influenced AM fungal community richness and 

composition in soil and roots (Gao et al., 2016; X. Li et al., 2015). Knowledge gaps 

remain on how AM fungal communities will respond to the reduction in rainfall amounts 

that are expected with climate change. 

Altered rainfall regimes may also indirectly affect the AM fungal community via 

changes in the plant community. Staddon et al. (2003) found that the effect of altered 

rainfall regimes on AM fungal density in both roots and soil was correlated both to soil 

moisture and to plant diversity, while Martínez-García et al. (2012) related changes in 

AM fungal abundance to a decrease in photosynthetic rates of the host.  Changes in the 

vegetation via altered rainfall regimes may also indirectly affect the AM fungal 

community assembly. Li et al. (2015) found that changes in the composition and 

richness of the AM fungal community were in part resulting from shifts in the biomass 

of particular plant functional groups. Changes in rainfall regimes are expected to alter 

plant community composition (Grime et al., 2000; Morecroft et al., 2004), which has 
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been observed to affect the AM fungal community (Johnson et al., 2004), suggesting 

that the indirect effect of changes in rainfall via plant species composition should be 

further explored.  

The majority of these studies evaluated the response of the community at one time-point 

but AM fungal community structure and interactions with their hosts can be very 

dynamic (Dumbrell et al., 2011). Taking these temporal dynamics into account is 

important to consider as grassland community responses to climate change can take time 

to manifest and may even show reversals over time (Reich, Hobbie, Lee, & Pastore, 

2018). Here, we studied the response of AM fungal communities to altered rainfall 

regimes over a period of almost four years and evaluated whether changes in AM fungal 

communities were associated with plant community richness and composition. During 

this time, we characterised the AM fungal communities every six months, using Illumina 

sequencing, in replicated field plots established in an Australian grassland. We expected 

that altered rainfall regimes would reduce AM fungal richness and that different 

watering treatments would result in distinct communities. We estimated the effect of 

altered rainfall regimes on the AM fungal community, and evaluated whether the 

response varied over time. We then assessed whether variation in AM fungal 

communities was associated with variation in plant communities and whether these co-

associations were influenced by rainfall manipulation. We hypothesised that these 

communities would co-vary and that changes in rainfall would result in associations 

between particular plant species and AM fungi. In addition, we hypothesised that co-

variation between communities would be the result of one community influencing the 

richness and composition of the other community in one of two ways: AM fungal 

communities influencing plant communities (Driver hypothesis) or vice versa 

(Passenger hypothesis) (Hart et al., 2001). Alternatively, AM fungal and plant 

communities may co-vary as a result of each responding similarly but independently 

along our environmental gradients (Habitat hypothesis, Zobel & Öpik, 2014).  
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Materials and methods 

Site and experimental design 

The ‘Drought and Root Herbivore Impacts on Grasslands’ (DRI-Grass) experimental 

platform was established in 2013 at the Hawkesbury Campus of Western Sydney 

University in Richmond, NSW, Australia. The average annual precipitation at the site is 

806 mm, and it is characterized by a high inter-annual variability (between 500 mm and 

over 1400 mm in the last 30 years; Australian Government Bureau of Meteorology, 

2018), with summer being generally the wettest season. The soil at the site has a sand or 

loamy sand texture, with water holding capacity of 20-22%. Full details are described in 

Power et al. (2016) but, briefly, DRI-Grass was established to study the effect of drought 

and root herbivory on grassland community structure and ecosystem function. Here, we 

describe only the sampled plots. The experiment is situated over a former pasture 

grassland and consists of 2 x 2 m plots covered with shelters that exclude natural rainfall 

and have automated, controlled application of water underneath the shelters. Water is 

applied to the plots at 1h00 each morning based on the amount of rainfall in the previous 

24 h and according to the following watering treatments: 1) control (same amount as 

ambient rainfall), 2) reduced (50% less rainfall than ambient) and 3) summer drought 

(total rainfall exclusion from December to March). Treatments were selected to 

represent climatic projections of reduction in rainfall amounts and a summer drought to 

simulate longer drought periods between rainfall events expected for the region (CSIRO 

and Australian Goverment Bureau of Meteorology, 2016). All treatments have six 

replicates and are arranged in a randomized block design. Rainfall manipulation started 

on 21 June 2013. 

Plant and soil sampling 

Soil samples were collected approximately every six months between 2014 and 2017 

(Table 4-1). On each date, eight soil cores of 2 cm diameter, to a depth of 10 cm, were 

collected adjacent to the central 1 m
2
 (two cores on each side) for each plot and 

composited before storing at - 80 ⁰C for analysis of AM fungal communities. A total of 

18 samples were collected on each sampling date. For characterisation of plant 

communities, the vegetation was cut to ground level within the central 1 m
2
 of each plot 
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and a sub-sample of harvest material (representing 25-40% of the biomass) was sorted to 

the species level. Samples were dried for 48 h at 80 ºC and weighed to obtain the 

biomass of each plant species per plot (list of plant species in Table S4-1), before being 

scaled to the plot (1 m
2
) level. Plant communities were assessed within ten days of soil 

sampling, with the exception of autumn 2014 when soil samples were collected five 

weeks after plant communities were assessed (Table 4-1). Plant composition data was 

not available for spring 2015 because biomass was not sorted to species level at that date 

(Table 4-1).  

 

Table 4-1. Sampling dates and richness of both the plant and AM fungal communities. 

Sampling date 

AM fungal community Plant community 

Specific dates 

Richness 

(number of 

OTUs) 

Specific dates 

Richness 

(number of 

species) 

Autumn 2014 31 March 433 24-28 February 15 

Spring 2014 29 September 520 3-8 October 25 

Autumn 2015 1 April 463 1-7 April 22 

Spring 2015 13-14 October 515 - - 

Autumn 2016  30-31 March 1264 21-24 March 20 

Spring 2016 26-27 September 1241 23-27 September 16 

Autumn 2017 8-10 March 955 6-10 March 19 

 

Extraction, amplification and sequencing of AM fungal DNA 

DNA was extracted from 250 mg of soil for each sample using PowerSoil DNA 

isolation kit (MO BIO, Carlsbad, USA) as the manufacturer’s instructions. Extracted 

DNA was quantified using NanoDrop 2000/2000c Spectrophotometer (Thermo 

Scientific, Wilmington, USA), and then diluted to 5 ng/μL in 20 μL prior to polymerase 

chain reaction (PCR) amplification. All PCR were performed in PTC-200 thermal 

cyclers (Bio-Rad, California, USA). 

DNA samples were amplified using PCR primers that target AM fungi and provide 

coverage for all AM fungal lineages, described in Krüger et al. (2009). Each reaction 

contained 9 μL of master mix and 1 μL diluted DNA template. The master mix 
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contained: 5 μL KAPA mix (Kapa Biosystem, Wilmington, USA), 0.4 μL LSU_Ar 

(10μM), 0.4 μL SSU_Af (10μM), 3.2 μL water. Thermocycling conditions for this first 

step were: 95 ⁰C for 3 min, 30 cycles of 98 ⁰C for 20 s,  

60 ⁰C for 30 s and 72 ⁰C for 50 s, followed by 72 ⁰C for 2 min. In the second PCR round, 

each reaction contained 18 μL of master mix and 2 μL diluted PCR product (2 μL DNA / 

98 μL water). The master mix contained: 10 μL KAPA mix, 0.8 μL LSU_Br (10 μM), 

0.8 μL SSU_Cf (10 μM), 6.4 μL water. Thermocycling conditions for this second step 

were: 95 ⁰C for 3 min, 30 cycles of 98 ⁰C for 20 s, 63 ⁰C for 30 s and 72 ⁰C for 50 s, 

followed by 72 ⁰C for 2 min. 

The PCR products were purified using Agencourt AMPure XP system (Beckman 

Coulter, Lane Cove, NSW, Australia), and diluted with PCR-grade water to 5 ng/μL in 

20 μL. The ITS2 region was sequenced by Illumina MiSeq using fITS7 (5’-

GTGARTCATCGAATCTTTG-3’; Ihrmark et al., 2012) and ITS4 (5'-

TCCTCCGCTTATTGATATGC-3'; White, Bruns, Lee, & Taylor, 1990). Genomic 

libraries were prepared using the Nextera XT Index Kit (Illumina, San Diego, CA, 

USA). Paired-end (2 x 251 bases) sequencing was performed on the Illumina MiSeq 

platform. Samples were processed, from DNA extraction to sequencing, in two batches: 

those collected in 2014-2015 (sequencing performed at the Ramaciotti Centre for 

Genomics, Sydney, NSW) and those collected in 2016-2017 (sequenced at the Western 

Sydney University Next-Generation Sequencing Facility, Richmond, NSW). Four 

samples collected in 2014 and 2015 were also amplified with the second batch to 

evaluate the extent that ‘batch’ influenced the generation of compositional data. 

The DNA sequencing data were processed using the approach described by Bissett et al. 

(2016) with a few modifications; the following is a brief description. Contigs were 

generated from paired-end reads using the ‘make.contigs’ command in mothur (version 

1.36.1) (Schloss et al., 2009). Initial quality filtering removed DNA sequences 

containing any ambiguous bases and/or a homopolymer greater than eight bases in 

length. De novo operational taxonomic units (OTUs) at 97% sequence similarity were 

initially picked using numerically dominant sequences (observed at least four times) 

using the ‘-cluster_otus’ command in USEARCH (version v8.1.1803) (Edgar, 2013). All 
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quality-filtered sequences were mapped at 97% sequence similarity against 

representative sequences of these OTUs using the ‘-usearch_global’ command in 

VSEARCH (version v2.3.4) (Rognes et al., 2016). Non-mapped sequences were 

subjected to a second round of de novo OTU picking, as above but only using sequences 

observed at least two times. All initially non-mapped sequences were then mapped 

against these newly picked OTUs, as above. Non-mapped sequences at this step 

represent singleton OTUs and were excluded from further analysis.  

Putative taxonomic identities for fungal OTUs were generated by using BLAST 

(Altschul et al., 1990) to compare a representative sequence for each OTU against a 

reference database of fungal ITS sequences and taxonomic annotations obtained from 

UNITE (version 7.0) (Abarenkov et al., 2010) and additional AM fungal ITS sequences 

downloaded from the NCBI nucleotide database on 6 June 2018.  

Statistical analysis 

All the analyses were performed in R version 3.5.0 (R Core Team, 2018).  

For fungal community analyses, normalisation of sequence reads across all samples was 

not performed because the rarefaction curve (using ‘rarecurve’ in ‘vegan’; Oksanen et 

al., 2018) showed that sequencing effort was sufficient to reach saturation for the 

majority of the samples (Fig. S4-1, range: 262-29,269 reads/sample). A soil sample 

collected in the summer drought treatment in autumn 2017 contained only 66 reads and 

was excluded from the analyses. The tests were performed separately for samples 

collected in 2014-2015 and 2016-2017 because we found that richness (Fig. S4-1) and 

compositional (Fig. S4-2) data of the AM fungal community were not comparable 

between samples processed in the two batches. 

We estimated the fungal richness for each sample using the Chao index using 

‘estimateR’ function (‘vegan’). We assessed the effects of the watering treatment, 

sampling date and their interaction on the fungal richness using linear mixed-effects 

models to account for repeated sampling at each plot with ‘lmer’ function (‘lme4’; 

Bates, Mächler, Bolker, & Walker, 2015). We performed multiple comparisons between 

watering treatments using the ‘emmeans’ function (‘emmeans’; Lenth, 2018). We then 
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calculated differences in AM fungal composition using a Jaccard distance based on 

presence/absence data because nested PCRs may have introduced biases in the estimates 

of relative abundance. We assessed the effects of the watering treatment, sampling date 

and their interaction on the AM fungal composition with permutational multivariate 

analysis of variance (PerMANOVA) using the ‘adonis’ function (‘vegan’). Multiple 

comparisons were performed using the ‘pairwise.adonis’ function (‘pairwiseAdonis’; 

Martinez Arbizu, 2017). We assessed significant indicator OTUs (OTUs that are 

characteristic of an environment) using the ‘indval’ function (‘labdsv’, Roberts, 2016). 

Indicator values (IV) range from 0 to 1, where highest values are associated with 

stronger indicators of an environment. We also performed variation partitioning to 

quantify the effect of spatial covariation relative to experimental manipulation of rainfall 

on each date. We calculated Principal Coordinates of Neighbour Matrices (PCNM) 

using the ‘pcnm’ function (‘vegan’) and selected significant PCNM axes using the 

‘ordistep’ function before performing variation partitioning to disentangle the role of the 

watering treatment and spatial variables with the ‘varpart’ function (‘vegan’). 

We assessed the effects of the watering treatment and sampling date on the plant 

composition with PerMANOVA using the ‘adonis’ function (‘vegan’), based on ‘Bray-

Curtis’ distances. Before the analysis, plant abundances were square-root transformed to 

normalise the differences in total biomass among the plant species. To assess the co-

variation between the composition of the plant and the AM fungal communities at each 

sampling date, we used symmetric co-correspondence analyses (Co-CA; Ter Braak & 

Schaffers, 2004). This method quantifies the correlations between two species matrices 

by maximizing the covariance between weighted average species scores of one 

community with those of the other community. Square-root transformed data were used 

for the plant community and presence/absence data were used for the AM fungal 

community. We then estimated the co-variation between the communities using ‘coca’ 

(‘cocorresp’ package; Simpson, 2009), specifying the ‘symmetric’ method, retaining the 

first four axes. The significance of the model fit was based on permutation tests and we 

obtained the axis correlations using ‘corAxis’ (‘cocorresp’). We used the plots to 

observe the influence of the watering treatment on the co-association between 

communities at each sampling date. Axes of the dual plots are optimized to maximize 
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covariance between communities but can still be interpreted using centroid and biplot 

rules (Ter Braak & Schaffers, 2004).  

To evaluate the extent to which, on each sampling date, variation in each of the AM 

fungal and plant matrices could be used to predict variation of the other, we used the 

predictive Co-CA (Ter Braak & Schaffers, 2004). This method differs from the 

symmetric Co-CA because it is a regression method, equivalent to canonical 

correspondence analysis, but uses the species composition matrix as explanatory 

variables. Using the plant community as the predicting matrix will test the Passenger 

hypothesis, while using the AM fungal community as the predicting matrix will test the 

Driver hypothesis. We used ‘coca’, specifying the ‘predictive’ method (‘cocorresp’) to 

fit the model. To assess the prediction accuracy, we used the ‘leave-one-out’ cross-

validation procedure with ‘crossval’ (‘cocorresp’). This consisted of a partial least 

squares regression carried out as many times as there were plots, excluding one plot for 

each regression and using the parameters of the model to predict the species composition 

of the excluded plot. The predicted species composition was then compared to the 

observed data to obtain the prediction fit.  

We then tested whether AM fungal richness was a significant predictor of plant richness 

and diversity. We estimated plant diversity using Shannon index with ‘diversity’ 

(‘vegan’). We fitted a linear-mixed effect model testing the effect of the AM fungal 

expected richness and the sampling date as well as their interaction with ‘lmer’ (‘lme4’). 

The sequencing batch was included as a random effect to account for differences in the 

composition data between samples collected in 2014-2015 and 2016-2017. 

 

Results 

AM fungal community responses to altered rainfall regimes take time to appear  

We obtained 6,986,086 forward reads paired with reverse reads before any quality 

control, including 3,396,239 reads from the first batch (2014-2015) and 3,589,847 from 

the second batch (2016-2017). Initial quality filtering excluded 2,699,326 reads and 

removal of putative chimeras and singletons removed a further 2,472,929 reads. 
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Following these steps, we were left with 666,651 reads for the control treatment (28 % 

passing filtering steps), 645,825 for the reduced treatment (27 % passing filtering steps) 

and 501,355 for the summer drought treatment (23 % passing filtering steps).  

Between 2014 and 2015, we found that the watering treatment affected AM fungal 

richness differently on each sampling date (linear mixed-effects model treatment by date 

interaction; P < 0.01) and that there was no significant main effect of the watering treatment 

average across the dates (linear mixed-effects model treatment; P = 0.68). This was due to a 

marginally significant effect of the watering treatment in autumn 2015 (multiple 

comparisons; P = 0.07), and in spring 2015 AM fungal richness differed between control 

and summer drought treatments (multiple comparisons; P = 0.04; Fig. 4-1a). However, 

the watering treatments had a consistent effect on AM fungal richness for samples 

collected in 2016 and 2017 (linear mixed-effects model treatment; P < 0.01; linear mixed-

effects model treatment by date interaction; P = 0.92; Fig. 4-1b).  Soil water content, on average, 

was reduced in autumn 2016 but not in spring 2016 nor autumn 2017 (Table S4-2), so 

consistent watering treatment effects on AM fungi observed at these later dates do not 

correspond to a reduction in soil water content compared to 2014 and 2015. We 

observed that fungal richness was higher in the reduced watering treatment compared 

with the summer drought treatments (multiple comparisons; P < 0.01, Fig. 4-1b). The 

fungal richness varied depending on the sampling date between 2014 and 2015 (linear 

mixed-effects model date; P < 0.01; Fig. 4-1a) and between 2016 and 2017 (linear mixed-

effects model date; P < 0.01; Fig. 4-1b).  
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Figure 4-1. Estimated (Chao) richness of the AM fungal communities according to the 

watering treatment at each sampling date. Letters indicate mean contrasts and 

differences are significant at P < 0.05. Asterisks in panel (a) show marginally non-

significant differences (P = 0.07). Multiple comparisons between watering treatments 

were performed within each sampling date between 2014 and 2015 (panel a) and on the 

main effect of watering treatment between 2016 and 2017 (panel b) because we found 

no interaction between watering treatment and sampling date.  

 

Glomeraceae was the most abundant AM fungal taxon at every sampling date, and 

within each date, the abundance of Claroideoglomeraceae and Diversisporaceae 

appeared to vary the most between watering treatments (Fig. S4-3). We identified 

specific OTUs associated with the watering treatment and we found 24 significant OTUs 

which had an indicator value > 0.5. The majority of these OTUs belonged to the 

Glomeraceae, with indicator OTUs belonging to Claroideoglomeraceae and 

Gigasporaceae observed mostly at later dates (in 2016 and 2017, Table S4-3). 

We tested the compositional data of AM fungi from each sampling run separately as i) 

sampling run effect was very large and obscured all other patterns (Fig. S4-1 and S4-2) 

and ii) it was not possible to account for this effect using random effects in these 

analyses. Between 2014 and 2015, we found that the community composition varied 

according to the sampling date (R
2 

= 0.08, P < 0.01, Table 4-2). We observed no effect 
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of the watering treatment on the community composition (R
2 

= 0.03, P = 0.09) and, in 

the ordination, we observed a trend towards differentiation by treatment but also 

substantial overlap along both axes, indicating that the watering treatment had, at most, a 

weak effect on the structuring of AM fungal communities (Fig. 4-2a). We found no 

evidence that the watering treatments influenced AM fungal communities differently 

depending on the sampling date (P = 0.99). Treatment effects were stronger for samples 

collected in 2016 and 2017. For these dates, we found a small but significant effect of 

the watering treatment (R
2 

= 0.05, P < 0.01, Table 4-2) and sampling date (R
2 

= 0.08, P < 

0.01) on the community composition but no significant interaction between the watering 

treatment and the sampling date (P = 0.99). We observed that between 2016 and 2017, 

the watering treatments formed distinctive communities (Fig. 4-2b), with the largest 

difference between the control and the summer drought treatment (multiple 

comparisons; R
2
 = 0.05, P < 0.01, in Fig. 4-2b, first axis: 9.3%) followed by the control 

and reduced treatment, which was non-significant (multiple comparisons; R
2
 = 0.04, P = 

0.09, in Fig. 4-2b, second axis: 6.3%). Watering treatment effects observed at these later 

dates do not correspond to a reduction in soil water content at these dates compared to 

2014 and 2015 (Table S4-2). Variation partitioning results mirrored the outcomes of 

PerMANOVA analyses, with more variation being explained by watering treatments in 

later years and less to spatial covariation (Table S4-4). In addition, the proportion of 

variation explained by PCNM axes tended to be lower in later years than in earlier years 

(Table S4-4).  

Table 4-2. PerMANOVA results when testing the effect of the watering treatment, 

sampling date as well as their interaction on the AM fungal community richness for 

samples collected in 2014-2015 and 2016-2017. 

Effect 
2014-2015 2016-2017 

F-value R
2
 P-value F-value R

2
 P-value 

Watering treatment 1.19 0.03 0.09 1.38 0.05 <0.01 

Sampling date 1.85 0.08 <0.01 2.05 0.08 <0.01 

Watering treatment 

x sampling date 
0.76 - 0.99 0.79 - 0.99 
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Figure 4-2. Distance-based redundancy analysis (db-RDA) ordination of AM fungal 

communities sampled between 2014 and 2015 (a) and between 2016 and 2017 (b), 

constrained by watering treatment. 

 

Plant-AM fungal community co-associations are not influenced by altered rainfall 

regimes 

Plant communities were also responsive to watering treatments (PerMANOVA; F2,98 = 

3.8, R
2
 = 0.05, P < 0.01; Fig. S4-4) and differed between sampling dates (PerMANOVA; 

F5,98 = 6.4, R
2
 = 0.05, P < 0.01). To determine whether watering treatments were 
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influencing co-associations between plant and fungal communities, we evaluated the co-

variation among species from the plant and the AM fungal communities at each 

sampling date for which we had assessed both trophic groups. Co-variation fit varied 

between 26.7 % and 31.4 % according to the sampling date, with the strongest co-

variation observed in spring 2014 (Table 4-3). The co-variation between plants and AM 

fungi was marginally non-significant at the first sampling date (autumn 2014, P = 0.07) 

and was non-significant in autumn 2017 (P = 0.87).  

We expected that the co-associations between the plant and the AM fungal communities 

would be influenced by the watering treatment. At the different sampling dates, we 

observed some separation in the sample loadings along the first axes but we observed 

that overall the species loadings were not strongly associated with particular plots (but a 

few exceptions are described below) (Fig. 4-3). Loadings associated with the samples 

from each watering treatment overlapped (Fig. 4-3), suggesting that the co-associations 

did not differ depending on the watering treatments. In addition, we observed that 

indicator OTUs were generally not among those with the strongest loadings on either 

axis (Fig. 4-3), suggesting that OTUs strongly associated to a watering treatment were 

not strongly co-associated with a particular plant. 

On some of the sampling dates, individual plots and species were identified as extreme 

outliers, suggesting stronger co-associations between particular plant species and AM 

fungal OTUs. The association between plant and AM fungal communities in one of the 

summer drought treatment plots differed in relation to the other sampling plots in 

autumn 2015 (along the first axis, Fig. 4-3e, f) and in autumn 2016 (along the second 

axis, Fig. 4-3g, h), not in autumn 2014 (Fig. 4-3a, b). Sida rhombifolia was the most 

abundant plant species in this divergent plot in autumn 2015 (strongly loaded along first 

axis; Fig. 4-3e, f), and 2016 (strongly loaded along the second axis; Fig. 4-3g, h), and 

was absent in other plots (except in autumn 2017, when we observed no significant co-

association). We observed that nine OTUs associated with S. rhombifolia in autumn 

2015 were also associated with that plant in autumn 2016 (Table S4-5). Commelina 

cyanea also formed distinctive associations with AM fungal OTUs in 2014 (species 

outlier along the second axes in Fig 3a, b and 3c, d) and 2015 (along the second axis in 
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Fig. 4-3e, f). We observed that four OTUs associated with C. cyanea in autumn 2014 

were also associated with that plant in spring 2014, but associated OTUs in 2015 were 

different from the previous sampling dates (Table S4-6). This plant species was also 

present in autumn 2016 but was positioned near the origin in the dual plot, suggesting 

less strong associations with particular AM fungal OTUs at that sampling date (Fig. 4-

3g, h). 

 

Table 4-3. Co-variation between plant and AM fungal communities at each sampling 

date. This table shows the correlation coefficients between plant-derived and AM fungi-

derived site scores of the first four axes, the percentage of fit and associated P-value 

depicting the inertia in the AM fungal community associated with variability in the plant 

community based on the four first axes. 

Sampling date 
Correlation between axes Percentage 

of fit 
P-value 

1 2 3 4 

Autumn 2014 0.98 0.97 0.97 0.98 26.7 0.07 

Spring 2014 0.96 0.96 0.94 0.94 31.4 < 0.01 

Autumn 2015 0.99 0.98 0.97 0.98 28.5 0.02 

Autumn 2016 0.95 0.99 0.97 0.96 28.9 < 0.01 

Spring 2016 0.97 0.98 0.99 0.95 27.2 0.03 

Autumn 2017 - - - - 24.1 0.87 
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Figure 4-3. (previous page). Co-associations among species from the AM fungi and 

plant communities. Dual plots resulting from the symmetric Co-CA showing species 

(crosses) and sample (points) weighted average scores for the AM fungal community 

(left panel) and the plant community (right panel), and indicator OTUs characteristic of 

a watering treatment (triangles on left panels). AM fungi and plant species in 

corresponding positions with respect to the origin in the dual plots are positively 

associated, meaning that the presence of one species is likely to be associated with the 

presence of the other species. Stronger co-associations between species are found the 

further they are from the origin and the sample scores show proximity to the species they 

are likely to contain. Dual plots showing co-associations in autumn 2017 were not 

included because co-variation between communities was non-significant at that date. 

 

AM fungal communities predict the plant community composition 

We hypothesized that the co-variations between those two communities were the result 

of one community influencing the composition of the other. Using predictive co-

correspondence analysis on all dates except autumn 2017 (no significant co-association), 

we found stronger evidence for AM fungal community composition as a predictor of 

plant community composition than as a response to plant community composition. In the 

latter case, only 1.2% of variation was predicted in spring 2014 and all other dates had 

negative estimates, indicating poor cross-validatory fits (Table 4-4). The predictive 

power of the AM fungal community varied among sampling dates: 18.5% of the 

variation was predicted in the plant community at the first sampling date (Table 4-4). 

Prediction levels were between 7.7% and 11.2% on further dates, with negative 

estimates only observed in spring 2016 (Table 4-4).  
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Table 4-4. Prediction levels of the composition of one community on the composition of 

the other community. Table show sampling date, prediction levels (based on cross-

validatory fit; values above 0 validates the model) and the number of axes to obtain 

maximum prediction level. Prediction levels in autumn 2017 were not included because 

co-variation between communities was non-significant at that date. 

Sampling 

date 

AM fungi predicting plants Plants predicting AM fungi 

Axes 
Prediction 

level (%) 
Axes 

Prediction 

level (%) 

Autumn 2014 1 18.5 - -1.5 

Spring 2014 7 8.8 1 1.2 

Autumn 2015 4 7.7 - -0.3 

Autumn 2016 2 11.2 - -2.5 

Spring 2016 - -1.3 - -3.5 

 

 

While we observed the above associations between AM fungal and plant community 

composition, we found no evidence for relationships between AM fungal and plant 

diversity. This was the case when looking at main effects, with no effect of fungal 

richness on plant richness (linear mixed-effect model; P = 0.99) or plant diversity (linear 

mixed-effect model; P = 0.59) observed. In addition, plant richness (linear mixed-effect 

model; P richness by date interaction = 0.29) or plant diversity (linear mixed-effect model; P 

richness by date interaction = 0.35) was not observed to be influenced by the fungal richness 

depending on the sampling date (Fig. 4-4).  
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Figure 4-4. Relationship between the estimated (Chao) AM fungal richness and the 

plant richness (a) and plant diversity (b) at each sampling date. Plant richness is based 

on the total number of species present in each plot and the plant diversity is based on 

Shannon index. 

 

Discussion 

AM fungal community responses to altered rainfall regimes take time to appear 

We found that altered rainfall regimes affected AM fungal community composition and 

richness, and that the AM fungal community response depended on the watering 

treatment applied to the grassland plots. Three years after rainfall manipulation began, 
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summer drought and reduced treatments resulted in distinct communities differing in 

richness and composition. Differences in community responses may be due to varying 

intensity and timing of water limitation. We observed a reduction in richness in the 

summer drought treatment compared to the reduced treatment and, while we did observe 

a shift in the AM fungal composition under the reduced treatment, rainfall exclusion in 

summer resulted in a larger shift in composition, possibly because summer drought 

simulated an intense drought associated with warmer temperatures and resulted in more 

extreme stress. In addition, summer is generally the wettest season at our site (Power et 

al., 2016); therefore, some AM fungal species found at this site may be poorly adapted 

to water exclusion in the summer. Altogether, these results indicate that AM fungal 

responses to climate change will depend on the specific future rainfall conditions that 

arise. 

We did not find evidence of resilience in the response of AM fungal communities to 

rainfall exclusion during summer at our site. Resilience refers to the capacity to return to 

a stable state after water limitation is removed (Griffiths & Philippot, 2013). Therefore, 

if AM fungal communities were resilient at our site, we would expect that the 

community in the summer drought treatment would return to a similar richness and 

composition as the ambient treatment in spring (six to seven month after water limitation 

is removed). However, we found that once AM fungal communities responded to the 

summer drought treatment, the response persisted throughout the year and that AM 

fungal composition still differed from ambient treatment in spring. Others have found 

that summer drought applied for seven years affected AM fungal abundance in roots and 

soil, and that these changes also persisted throughout the year (Staddon et al., 2003). 

This suggests that particularly longer dry periods, as projected with climate change, will 

result in shifts in AM fungal communities that are not expected to reverse after rainfall 

events occur in autumn or winter.  

The response of AM fungal communities to altered rainfall regimes varied over time. In 

a study using a temporal approach to observe fungal responses to changes in rainfall, 

Hawkes et al. (2011) found that the changes in fungal communities were rapid and 

reversible. In contrast, we observed a consistent response of the AM fungal community 
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to altered rainfall patterns in communities collected three years after rainfall 

manipulation began. The fact that shifts in the community were not immediate may be 

the result of adaptation to high rainfall variability and a potential tendency for a high rate 

of fungal dispersal among plots at our site. AM fungal communities at our site are 

exposed to low annual rainfall amount and high inter- and intra-annual rainfall 

variability (Power et al., 2016), possibly shaping their response to changes in rainfall 

regimes. Communities may have responded in a consistent way only after constant and 

prolonged exposure to altered rainfall regimes because AM fungal species at our site 

may possess adaptive traits to survive those highly variable rainfall patterns for multiple 

years. In addition, the delayed response of the AM fungal community may also be a 

result of frequent fungal dispersal among plots. At our experimental site, sampling plots 

are 2 m distance minimum from each other; it is therefore possible that the AM fungi 

were able to disperse to nearby plots regardless of their watering treatment. We did 

observe a spatial effect on the AM fungal community composition, which became 

weaker at later sampling dates suggesting that the mixing of the communities may have 

masked the effect of altered rainfall during the first years of the experiment. 

Alternatively, it may have been that spatial variation decreased as environmental 

filtering due to rainfall manipulation became more important in later years. 

 

AM fungal community composition as a putative driver of plant community variation 

Under the Passenger or Driver hypotheses (Hart et al., 2001), it is assumed that changes 

in the composition of an AM fungal community responds to or leads to, respectively, 

changes in the plant community. Alternatively, Zobel & Öpik (2014) hypothesised that 

AM fungal and plant communities may co-vary as a result of an environmental gradient 

and not because both communities were casually linked (Habitat hypothesis). Overall, 

our results support the Driver hypothesis playing a larger role in this system. For a 

period of nearly four years, we found significant co-variation between AM fungal and 

plant community composition at almost every sampling date, suggesting that spatial 

variation in the composition of AM fungal communities corresponded with variation in 

plant communities. While we found no evidence that the richness of the AM fungal 
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community influenced the richness and diversity of the plants, AM fungal community 

composition was a significant predictor of plant community composition. In addition, we 

found that the plant community composition was a very poor predictor of the AM fungal 

community composition, indicating that AM fungi were not acting as passengers at our 

site. Therefore, plant community assembly at our site may be driven in part by factors 

influencing AM fungal communities, rather than by factors affecting only the vegetation.  

Others have also found relationships between plants and AM fungal community 

assembly. Davison et al. (2011) found that AM fungal composition differed according to 

plant functional group but not plant species, and López-García et al. (2017) showed that 

plant traits influence species composition and phylogenetic structure of the AM fungal 

community. Although these studies show that host plants influence AM fungal 

community assembly, the authors did not evaluate the influence of the plant community 

structure (but a few selected plant species), nor the role of the AM fungi in determining 

the plant community structure. Another study evaluating relationships between 

communities found that plant composition influenced AM fungal community 

composition in soil but not vice versa, and that this effect was weak after accounting for 

spatial effects (Horn, Hempel, Verbruggen, Rillig, & Caruso, 2017).  However, this 

study used indirect approaches to estimate the strength and significance of relationships, 

which are accurate only if the major pattern of variation in the predictor community is 

also important for the response community (Ter Braak & Schaffers, 2004). In contrast, 

in a field succession experiment, García de León et al. (2016) found a strong correlation 

between AM fungal and plant community composition, and suggested that the fungal 

community was driving the plant community because of the fungal pool present before 

plants’ establishment. Re-analysing these data using co-correspondence analysis has the 

potential to determine in a direct way the direction of these relationships in field 

experiments and improve our understanding on associations between plants and AM 

fungal communities.  

However, our evidence in support of the driver hypothesis is correlational in nature and 

it is possible that biases may exist with the statistical approach that we used. For 

instance, the levels of prediction of a community over the composition of the other 
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community obtained in this study may be due in part to differences in diversity and 

resolution between plant and AM fungal communities. Lack of balance between 

communities in terms of species numbers may influence prediction levels because co-

correspondence analysis uses one set of variables from a species matrix to predict the 

other set of variables in another species matrix. Assessing the likelihood of this and 

other biases requires further evaluation of co-correspondence analysis in different 

scenarios using, for example, a simulation approach (Caruso, Powell, & Rillig, 2012). 

To confirm or deny patterns detected from co-correspondence, an experimental approach 

such as van der Heijden et al. (1998), may ascertain whether changed AM fungal 

community will affect the vegetation in return. In these experiments, seeds or seedlings 

are planted in microcosms containing soil inoculated with different AM fungal isolates 

or communities to compare the resulting plant community structure. Studies using 

microcosms with AM fungal communities isolated from soils exposed to different 

watering treatments could evaluate the influence of these distinct communities on plant 

community richness and composition. In addition, this approach can also provide 

mechanistic insight, to understand how changes in the AM fungal community 

composition and richness affect plant nutrition, productivity and tolerance to water stress 

under different rainfall conditions. 

Plant-fungal co-associations and responses to rainfall are decoupled in this system  

Whether changes in AM fungal composition resulting from altered rainfall will result in 

changes in the vegetation at our site remains uncertain. We did find that AM fungal 

communities responded to altered rainfall regimes and that their composition predicted 

plant composition. However, if altered rainfall patterns were influencing the plant 

community via shifts in AM fungal communities, we would expect altered rainfall 

regimes to lead to differing co-associations between AM fungal and plant communities. 

Our results do not show this. We found that co-associations between plants and AM 

fungal species were not strongly associated with any particular watering treatments. 

Rather, plots were likely to contain co-associations observed in other plots as well, 

regardless of their watering treatment. In the few cases where we did observe stronger 

co-associations in certain sampling plots, these were related to the presence of a 
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particular plant in a single plot rather than being observed in several plots exposed to the 

same watering treatment.  

Despite the observed relationships between communities, AM fungal OTUs responding 

to changes in rainfall may not be determining outcomes of plant community assembly at 

our site, meaning that processes around changing rainfall regimes and co-associations 

between plants and fungi are decoupled. We found a few fungal OTUs characteristic of a 

watering treatment at each sampling date but none of these indicator OTUs were 

strongly co-associated with a particular plant. It is possible that OTUs responding to 

changes in rainfall may not provide strong benefits to plants under low soil moisture and 

that plants are therefore less susceptible to the loss of these OTUs. Plant communities 

may also be more responsive to shifts in AM fungal communities and their associated 

services as a result of altered rainfall patterns in systems more limited by precipitation or 

in environments with less rainfall variability, where water limitation is more consistent.   

We found no evidence that altered rainfall regimes affected AM fungal community via 

changes in the vegetation. However, other studies have found that altered rainfall 

regimes affected AM fungal root and soil colonisation, and that these effects were in part 

correlated to changes in plant diversity and abundance of dominant plant species (X. Li 

et al., 2015; Staddon et al., 2003). Both studies inferred that this effect was the result of 

changes in vegetation, but according to our results, we would also expect that changes in 

AM fungal abundance would influence the plant community. We did not evaluate AM 

fungal abundance in roots and soil, therefore further work would be needed at our site to 

determine whether changes in vegetation may be associated to changes in fungal 

biomass in roots and soil. In addition, another mechanism by which the AM fungal 

community may respond to altered rainfall regimes is the reduction in nutrient 

availability. Under reduced rainfall, nutrients become less available in the soil and the 

host photosynthetic rate is reduced (Farooq et al., 2009), possibly affecting the carbon 

allocation from the host plant to the associated fungi. AM fungi are responsive to 

changes in nutrient availability (Liu et al., 2015), therefore future studies should evaluate 

how altered rainfall regimes may affect AM fungal communities via changes in nutrient 

availability in soil and plants. 
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Co-associations between plant and fungal communities were less strong or even absent 

once treatment effects on AM fungal communities were observed. It is possible that 

shifts in the AM fungal community resulting from altered rainfall at later dates disrupted 

the co-associations between communities. Both this observation and the delay in 

detecting effects of rainfall manipulation on AM fungal communities highlight the 

importance of a long-term, temporal approach to study community responses to climate 

change. Experiments using soils collected at different times may contribute to study 

temporal dynamics of co-associations between plants and AM fungal communities. 

Future studies could inoculate microcosms with soils collected at different timepoints 

after starting rainfall manipulation to evaluate both the resilience of these fungal 

communities when exposed to different watering treatments, and the strength of their co-

associations with the plant community depending on the amount of time AM fungi were 

exposed to environmental changes. 
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Chapter 5:  General discussion 

 

The two primary objectives of this thesis are:  

1. To study how altered rainfall regimes affect AM fungal community assembly, 

and; 

2. To investigate which mechanism(s) drive(s) changes in the AM fungal 

community under altered rainfall regimes.  

In particular, this work aimed to address the specific questions: 

1) Do AM fungal communities’ richness and composition respond to changes in 

rainfall regimes? 

2) Do AM fungal communities respond to altered rainfall regimes in part via 

changes in root traits expressed by the host species? 

3) Is there evidence for AM fungal communities responding to altered rainfall 

regimes in part via changes in the plant community? Or, alternatively, is there 

evidence for AM fungal communities’ response to altered rainfall regimes 

leading to changes in the plant community? 

 

Key findings 

Overall, I found that altered rainfall regimes affected AM fungal community richness 

and composition. My results show that the direction in which AM fungal communities 

are expected to respond to climate change will depend on future climate conditions 

because communities responded differently depending on the watering treatment applied 

to the grassland plots. I expected that changes in AM fungal communities would be in 

part resulting from changes in host root traits (Chapter 2) and changes in the plant 

community richness and composition (Chapter 4). Although I did find associations 

between AM fungal communities and the host plant identity (Chapter 2) and plant 
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community composition (Chapter 4), I did not find evidence supporting the prediction 

that effects of altered rainfall on AM fungal communities occurred via these 

mechanisms – an overview of the outcomes of this research are in Fig. 5-1.  

I could not demonstrate the effect of altered rainfall patterns via root traits because, even 

though I found associations between trait variation and AM fungal communities, none of 

the studied traits were significantly affected by changes in rainfall. However, the effect 

of altered rainfall patterns via root traits may occur in more responsive plant species or 

in more water limited environments.  

I found no evidence of AM fungal communities being influenced by plant communities 

(Passenger hypothesis), rather patterns were more consistent with the Driver hypothesis 

because I found that AM fungal community composition predicted the plant community 

composition. However, I found no evidence that altered rainfall regimes were leading to 

distinct co-associations between plants and AM fungi, suggesting that plant-fungal co-

associations and responses to rainfall are decoupled in this system. My results provide 

some evidence that the grassland plant community at the studied site may not be 

responding to altered rainfall regimes via changes in the AM fungal communities.  

In addition, I used a trait-based approach to get more insight into how AM fungal 

communities respond to altered rainfall regimes (Chapter 3). I identified spore traits 

potentially associated with rainfall regimes, including spore size, colour and melanin 

content. Results suggest that AM fungal communities found in drier environments may 

have smaller spores with overall higher melanin content and were characterised by a 

high frequency of both light and dark spores but a lower frequency of intermediate 

types. 
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Figure 5-1. Possible pathways by which altered rainfall regimes may influence the AM 

fungal communities and outcomes of this thesis. Black arrows show where I found 

evidence supporting my hypothesis, red arrow shows where I found no evidence 

supporting my hypothesis, dotted red arrows show effects that were not directly tested in 

this thesis. 

 

AM fungal community responses to altered rainfall regimes differed in soil and 

roots 

Altered precipitation regimes affected AM fungal communities in roots (Chapter 2) and 

in soil (Chapter 4) but their responses differed. In roots, AM fungal composition, but not 

richness, responded to altered rainfall regimes. Only grassland plots exposed to 

increased rainfall amounts formed distinct AM fungal communities, compared to those 

experiencing reduced rainfall amounts and altered frequency. In soil, both AM fungal 

community richness and composition were affected by either rainfall reduction over the 

year or rainfall exclusion during summer. Differences in the response of AM fungal 

communities may be due to differing mechanisms shaping communities in root and soil, 

differing responses in root and soil-associated communities, and timing of the sampling.  

AM fungal communities may be structured by different community assembly processes 

in soil and in roots. Beck et al. (2015) found that fungal communities in roots were 

structured by neutral processes, meaning that these communities are shaped by species 
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dispersal and immigration, while soil-associated communities were structured by 

deterministic processes, therefore determined by environmental conditions. Therefore, 

AM fungal communities in soil may be more responsive than root-associated 

communities to changes in rainfall patterns because soil-associated communities are 

shaped by their environment. 

Differences in the response of AM fungal communities in soil and root may also be due 

to the biology of these organisms. Spores and hyphae in soil may respond differently to 

altered rainfall regimes than AM fungal structures present in the host roots. Under 

stressful conditions, AM fungi may invest more resources in arbuscules and vesicles and 

less in external hyphae ( Smith & Smith, 1996). Therefore, communities in roots may be 

less responsive than soil-associated communities to changes in rainfall because the AM 

fungi invest more in maintaining their structures inside the roots. In addition, altered 

rainfall regimes may favour or decrease spore production depending on the AM fungal 

species, resulting in a change in the composition and richness of the soil community 

(Sun et al., 2013). 

AM fungal communities may also respond differently in soil and in roots because 

constraints may differ in those two environments. Under reduced rainfall amounts, soil 

communities are exposed to changes in soil moisture, in oxygen concentration, and in 

nutrient availability, while root-associated communities may respond to changes in 

carbon allocation from the host plant. Staddon et al. (2003) found that AM fungal 

community structures responded differently inside and outside the root system. I did not 

evaluate community abundance, and further work will be needed to determine whether 

fungal biomass also differed between roots and soil. 

Differences in AM fungal responses to rainfall regimes may also result from the timing 

of the sampling. It is possible that the lack of an effect on AM fungal richness in roots 

was due to the fact that I evaluated AM fungal communities only 22 months after 

rainfall manipulation began. At the time, I also observed that reduced rainfall amounts 

and altered frequency did not result in distinct communities in roots. When I used a 

temporal approach to study soil-associated communities, I observed that AM fungal 

communities exposed to drought treatments formed distinct communities more than two 
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years after rainfall manipulation began. Therefore, root communities may also be 

expected to form distinct communities more slowly, with changes being apparent at 

further dates.  

The fact that I did not observe strong responses in spore traits among rainfall 

manipulation treatments could also be due to the fact that I only investigated these 

responses at one snapshot in time. In DRI-Grass, changes in the rainfall regimes resulted 

in AM fungal communities differing in average spore size but not in other traits (Chapter 

3). Samples collected in March 2015 were used to study spore traits because of a clear 

gradient in soil moisture present between treatments at that time. However, in light of 

changes in the AM fungal community occurring in soil more than two years after rainfall 

manipulation began (Chapter 4), changes in spore traits may take longer to become 

apparent.  

 

Study of fungal traits to understand AM fungal community responses to altered 

rainfall regimes is promising 

I have identified traits hypothesized to be involved in mycorrhizal fungal capacity to 

cope with reduced rainfall amounts (Chapter 1). In this thesis, I focused on spore traits 

because spores represent a key life history stage for survival within stressful 

environments. I studied the distributions of fungal spore traits hypothesized to be related 

to environmental stress: spore size, colour and melanin content. My results demonstrate 

that the high variation in these spore characteristics may be involved in their ability to 

survive stressful environments. However, relating traits to species performance under 

different environments is needed to better understand how rainfall regimes structure AM 

fungal communities. 

In this thesis, I studied traits that may be involved in the capacity of fungal species to 

survive environmental stress (response traits). These traits may also be involved in 

ecosystem processes (effect traits), therefore changes in fungal traits as a result of 

altered rainfall regimes can be expected to influence ecosystem functioning, but this 

remain to be studied. For example, melanin is a very recalcitrant component produced in 
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the cell wall, and increase in the production of this component may increase soil carbon 

storage (Siletti, Zeiner, & Bhatnagar, 2017). Increase in melanin production in drier 

environments may also affect interactions between AM fungi and their hosts because 

this trait is hypothesised to be important for host infection (Henson et al., 1999). 

Understanding how traits may change and their role in ecosystem processes may help 

predicting how altered rainfall regimes effects on AM fungal communities will influence 

plant communities and ecosystem functioning. 

 

Methodological considerations 

Molecular methods were used to characterise the AM fungal communities in roots 

(Chapter 2) and soil (Chapter 4) and there are several limitations associated with these 

methods that require consideration. DNA was extracted from soil or root samples, and 

using this method there is a risk of amplifying ‘relic’ DNA (Lindahl et al., 2013). In 

addition, using this method it is not possible to differentiate whether we characterised 

spores, hyphae or other structures of the AM fungi in roots and soil. This will be an 

important aspect to address in future research to better comprehend how AM fungi 

respond to climate change and how it affects plants and soil functioning.  

Most methods used to extract DNA require small sample amounts, most likely under-

representing the original AM fungal community in the field. In this work, to ensure 

obtaining a more representative sample in each plot, I collected two root fragments per 

plant that were pooled by plant individual before sequencing (Chapter 2) or I collected 

numerous soil cores that were then composited into one sample (Chapter 4). This 

technical replication was used to lead to a better representation of the community and 

possibly circumvent the effects of PCR amplification bias (Wen et al., 2017).  

Any molecular method presents the risk of primer biases. I used PCR primers that 

specifically target AM fungi (Krüger et al., 2009), however bias toward amplification of 

Glomerales species may exist. In addition, nested PCRs used to characterize the AM 

fungal communities may affect the estimates of relative abundance. As a way to limit 

this bias, community analyses were based on presence / absence data and further work is 
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needed to evaluate changes in community abundance under altered rainfall regimes. In 

this work, the ITS region was amplified because it is a highly variable region that is 

commonly used for fungal identification, and that provides species-level resolution of 

AM fungal communities (Lindahl et al., 2013).  

Samples were collected at the same depth (0 to 10 cm) to limit variation in the 

communities because fungal communities highly vary along vertical gradients in the soil 

(Baldrian et al., 2012; Oehl et al., 2004). As the community vary greatly at different 

depth, the response of the AM fungal community may also differ depending on the soil 

horizon. 

The trait-based approach also presented some limitations. Extracting spores from soil 

and other detritus is a long process that would benefit from being optimised, although 

this may vary depending on the soil type. An alternative is the use of in-growth mesh 

bags containing sand to facilitate spore extraction. I did apply this method in DRI-Grass 

but I recovered very few spores. Adding a substrate such as phosphorus in the in-growth 

mesh bags to attract AM fungi may help to improve spore recovery. The colorimetric 

assay used to quantify melanin was originally designed for abundant fungal hyphae 

produced in Petri dishes. Further adjustment of biochemical assays may be needed to 

measure melanin content in smaller spore samples, and possibly in a single spore. AM 

fungal spores were not identified to morphotypes nor characterised to species-level using 

molecular techniques during my thesis research, although this additional work is now in 

progress. Therefore, quantifying spore traits at a community level did not allow 

differentiation of whether changes in rainfall shaped the range of traits within species or 

whether it selected for species presenting specific characteristics to survive in a stressful 

environment, resulting in changes in the AM fungal community composition. In 

addition, I did not take vegetation into account when planning the soil sampling. 

However, AM fungi may have some degree of specificity with plant species. This may 

have less of an impact in samples collected in DRI-Grass because each sample consisted 

of several soil cores that were composited for each plot. Therefore samples were not 

collected in the rhizosphere of only one plant species, possibly diluting plant effects. The 
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vegetation was very different among arid sites, and the effects of plants may need to be 

considered in future studies. 

 

Future directions 

In this thesis, I studied how AM fungal communities respond to changes in rainfall 

regimes at a local scale. I did observe changes in community composition but more 

studies are needed to identify patterns and to predict how AM fungal communities will 

respond to climate change. Species distribution modelling (SDM) may be an important 

tool to gain more insight on how rainfall patterns shape AM fungal communities because 

such models are informative on how and why species differ in their response to 

environmental gradients. SDM is based on records of geographical location of species, 

associated with environmental variables to study species distribution at large spatial 

scales, and therefore requires large datasets. Using databases such as BASE (Bissett et 

al., 2016), which includes mapped soil microbial species records (presence / absence 

data) associated with climate data and soil properties, provide the opportunity to study 

the distribution of AM fungal species in Australia and to develop models to evaluate the 

importance of rainfall patterns in shaping their distribution. Using models developed 

with current species distribution and climate conditions, SDMs have the potential to 

predict how species distribution may shift under future climates.  

More studies are also needed to explore mechanisms driving changes in AM fungal 

communities under altered rainfall regimes. In this thesis, I suggested that changes in 

rainfall regimes may affect AM fungal communities via a reduction in nutrient 

availability in soil and also via changes in carbon allocation from the host. The use of 

stable isotopes will be relevant to further study mechanisms driving changes in AM 

fungal communities due to altered rainfall regimes. For example, stable isotope labelling 

experiments using 
13

C enable tracing photosynthetic carbon in the plant host and in 

fungal hyphae. Therefore, using this technique, future studies could evaluate whether 

carbon allocation to their fungal symbionts is affected under altered rainfall regimes and 

how this may influence AM fungal communities inside and outside roots.  
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Using stable isotopes is also promising for studying functional consequences of changed 

AM fungal communities under altered rainfall regimes. Knowledge is still limited on the 

particular role and level of contribution of fungal isolates to host nutrition and water 

status, and therefore how changes in the community composition will affect plants in 

return. Stable isotope labelling experiments make it possible to trace nutrients and water 

in the host and fungi. Future studies using this technique could evaluate the role of 

particular AM fungi in the acquisition and transport of water and nutrients to their host 

under different rainfall conditions. Another possibility is to use this technique to 

evaluate whether changed AM fungal communities as a result of altered rainfall regimes 

will differ in their capacity to acquire and transport nutrients and water. For example, 

tracing labelled water (
18

O) in plants and soil will allow evaluation of whether changes 

in AM fungal communities influence a plant’s ability to access water from soil. 

 

Conclusions 

This work demonstrated that changes in rainfall projected with climate change will 

influence AM fungal community assembly. Overall, I found that shifts in the AM fungal 

communities may take time to manifest, and that the direction in which these 

communities are expected to respond to altered rainfall regimes will depend on the 

precise nature of future climatic conditions. I did find associations between AM fungal 

communities and the identity of host plants and the composition of plant communities, 

but I did not find evidence supporting the predictions that effects of altered rainfall 

regimes occurred via changes in the host root traits nor via changes in plant community 

composition. However, these pathways should not be discarded as possible mechanisms 

driving changes in AM fungal communities because they may occur in more responsive 

plants or in more water-limited environments. Changes in AM fungal communities may 

also occur via a reduction in nutrient availability in soil and via changes in carbon 

allocation from the host, and these mechanisms remain to be studied. The study of 

fungal traits to understand AM fungal community responses to altered rainfall regimes is 

promising. I identified traits potentially associated with different rainfall regimes and 

results suggest that AM fungal communities found in drier environments may have 
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smaller spores with overall higher melanin contents and were characterised by a high 

frequency of both light and dark spores but a lower frequency of intermediate types. 

Relating traits to species performance under different environments will provide a better 

understanding of how rainfall regimes structure AM fungal communities. Further 

research is also needed to identify patterns and to predict how AM fungal communities 

will respond to climate change, as well as to study how these changes will influence the 

structure and functioning of grassland ecosystems worldwide. 
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Appendices 

Appendix 1 – Chapter 2, supplementary material 

 

 

Figure S2-1. Soil water content (%) in DRI-Grass during the whole year of 2015 (a), 

during summer (b) and prior and during sampling (c). The lines represent the mean soil 

water content across plots of the same watering treatment and the shading lines represent 

the 95% confidence interval associated. The watering treatment are: 1) ‘control’ 

(ambient), 2) ‘reduced’ (-50% rainfall than ambient), 3) ‘increased’ (+50% rainfall than 

ambient), 4) ‘summer’ (total rainfall exclusion in summer (December to March)) and 5) 

‘altered’ (ambient rainfall, applied only once every three weeks). 
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Figure S2-2. Rarefaction curves of AM fungal communities for each sample. The 

dashed line indicates the smallest number of reads in our samples. 

 

 

Figure S2-3. Estimated (Chao) richness of AM fungal communities in the watering 

treatment according to the plant species sampled. 
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Figure S2-4. Indicator OTUs associated with environments experiencing either a type of 

drought (‘reduced’, ‘altered frequency’, ‘summer drought’ treatments) or experiencing 

increased rainfall. All with an indicator value > 0.3. 
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Table S2-1. Distribution of the DNA sequences across Glomeromycota orders and 

families. 

Order Family 

Number of 

sequences Proportion (%) 

 

Ambisporaceae 13  <0.01 

0.59 Archaeosporales Archaeosporaceae 375 0.04 

 

unclassified 5717 0.55 

Diversisporales 

Acaulosporaceae 12580 1.21 

8.88 
Diversisporaceae 52453 5.05 

Gigasporaceae 27102 2.61 

unclassified 34 0.00 

 

Claroideoglomeraceae 171610 16.53 

89.34 Glomerales Glomeraceae 242581 23.36 

 

unclassified 513595 49.46 

Paraglomerales 
Paraglomeraceae 9784 0.94 

0.94 
unclassified 2 0.00 

Unclassified   2638 0.25 0.25 
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Appendix 2 – Chapter 3, supplementary material 

 

Figure S3-1. Soil water content (%) in the three months prior soil sampling in DRI-

Grass in 2015. Lines represent the mean soil water content among plots of the same 

watering treatment and shading lines represent the 95% confidence interval associated. 

The watering treatments are: 1) ‘control’ (ambient), 2) ‘reduced’ (-50% rainfall than 

ambient) and 3) ‘summer drought’ (total rainfall exclusion in summer (December to 

March). 
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Table S3-1. Description of the arid sites, including bioregion, vegetation and soil properties. 

Site Bioregion  Description Dominant species  Soil description 

Texture 
Total N 

(%) 

Total P 

(%) 
Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Broken 

Hill 

Broken Hill 

Complex 

Dominated by Maireana 

pyramidata  
Maireana pyramidata 

Brown calcareous 

sand 
80.7 7.1 12.2 0.04 0.03 

Cobar 
Cobar 

Peneplain 
Open woodlands 

Eordium crinitum, 

Helipterum species, 

Medicago species, 

Ptilotus species, and 

Austrostipa scabra 

Lowland 

floodplain red 

soil, clay with 

minimal gravel 

62.0 11.9 26.1 0.11 0.03 

Nyngan 
Cobar 

Peneplain 

Austrostipa and Aristida 

species are common 

Calotis lappulacea, 

Erodium crinitum, 

Austrostipa scabra, 

Helipterum species, and 

Medicago species 

Upland 

floodplain red 

soil, clay with 

some gravel 

72.9 11.4 15.6 0.08 0.02 

Tibooburra 
Mitch Grass 

Downs 

Dominated by two grass 

species: Astrebla lappacea 

and Astrebla pectinata 

Astreblea lappacea, A. 

pectinata, and Abutilon 

halophilum 

Grey ‘cracking’ 

clay  
58.5 10.4 31.1 0.04 0.02 

Quilpie Mulgalands 
Dominated by Acacia aneura 

var aneura.  

Eragrostis setifolia, 

Sclerolaena species, and 

Abutilon halophilum 

Hard red clay, 

gravelly 
68.8 7.6 23.7 0.04 0.02 

Charleville 
Mulgalands 

(sandplains) 

Dominated by Acacia aneura 

var aneura. Great density of 

Eremophila gilesii, an 

invasive species. Few 

perennial species. 

Eremophila gilesii (native 

invasive woody scrub) 

Red sandy, 

porous 
81.6 4.2 14.2 0.04 0.01 
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Appendix 3 – Chapter 4, supplementary material 

Table S4-1. List of plant species sampled in DRI-Grass and date of collection. 

Plant species 

Sampling date 

Autumn 

2014 

Spring 

2014 

Autumn 

2015 

Autumn 

2016 

Spring 

2016 

Autumn 

2017 

Ambrosia artemisiifolia x 
    

 

Axonopus fissifolius x x x x x x 

Bidens pilosa 
  

x 
  

 

Bothriochloa macra x x x x 
 

x 

Briza sp. 
 

x 
   

 

Bromus catharticus 
 

x 
   

 

Commelina cyanea x x x x 
 

 

Conyza bonariensis 
  

x x 
 

x 

Cymbopogon refractus x x x x 
 

x 

Cynodon dactylon x x x x x x 

Cyperus sesquiflorus x 
 

x x 
 

x 

Daucus glochidiatus 
    

x  

Dichelachne sp. 
   

x 
 

 

Digitaria sp. x x x x 
 

 

Echium plantagineum 
 

x 
   

 

Entolasia sp.      x 

Eragrostis curvula x x x x x x 

Hypochaeris radicata x x x x x x 

Juncus sp. 
  

x 
  

 

Lolium perenne 
 

x 
  

x  

Lotus corniculatus 
 

x 
   

 

Magathyrus sp.      x 

Medicago sativa 
    

x  

Microleana stipoides x x x x x x 

Ornithopus compressus 
 

x 
  

x  

Oxalis corniculata 
 

x x x x x 

Paspalidium flavidum x x x x 
 

 

Paspalum dilitatum x x x x x x 

Plantago lanceolata 
 

x x x x x 

Senecio madagascariensis x x 
 

x x 

Setaria parviflora x x x x 
 

x 

Sida rhombifolia 
  

x x 
 

x 

Sonchus oleraceus 
 

x 
  

x  

Sporobolus sp. 
  

x x 
 

 

Trifolium repens 
    

x  

Verbena bonariensis 
 

x 
   

x 

Vicia sativa x x 
  

x  
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Table S4-1. (Continue) 

Plant species 

Sampling date 

Autumn 

2014 

Spring 

2014 

Autumn 

2015 

Autumn 

2016 

Spring 

2016 

Autumn 

2017 

Vulpia myuros 
 

x 
   

 

Whalenbergia sp.     x x   x 

 

Table S4-2. Soil water content (%) at each sampling date among the different 

watering treatments. Values show the average soil water content over the 30 days 

prior sampling and values in parenthesis are the standard error. 

Year Season Control Reduced Summer drought 

2014 
Autumn 14.5 (± 1) 8.6 (± 0.7) 7 (± 0.8) 

Spring 15.0 (± 0.7) 12.5 (± 0.8) 13.6 (± 1.5) 

2015 
Autumn 10.9 (± 1.0) 7.1 (± 1.0) 7.3 (± 0.9) 

Spring 9.2 (± 1.1) 7.0 (± 0.6) 9.0 (± 1.0) 

2016 
Autumn 7.9 (± 0.7) 6.4 (± 0.7) 7.1 (± 0.8) 

Spring 15.9 (± 0.5) 11.5 (± 1.5) 13.6 (± 2.3) 

2017 Autumn 12.6 (± 0.4) 9.9 (± 0.7) 10.1 (± 0.3) 
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Table S4-3. Indicator OTUs associated to watering treatments. The table includes the name of the OTU, indicator value (IV), treatment 

associated, and based on the sequence comparison using BLAST, the taxonomy, percentage of sequence covered (query cover), percentage of 

aligned residues (ID %) and the accession number of the best-matched database sequence. Indicator values (IV) range from 0 to 1, where highest 

values are associated with stronger indicators of an environment. 

   
  

Best matching taxa 

Date OTU ID IV 
p-

value 
Treatment Taxa 

Query 

cover 

(%) 

ID 

(%) 
Accession 

Autumn 

2014 
ITSall_OTUa_182 0.6 0.03 

Summer 

drought 
Dominikia bernensis 100 93.2 SH524902.07FU_HG938304 

Spring 2014 ITSall_OTUa_174 0.6 0.04 Control Glomeraceae 98.8 98.1 SH496693.07FU_KM041787 

Autumn 

2015 
ITSall_OTUb_337       0.7 0.02 Reduced Scutellospora heterogama 100 98.5 SH180806.07FU_FR750017 

Autumn 

2015 
ITSall_OTUa_217  0.7 0.01 

Summer 

drought 
Rhizophagus intraradices 100 87.9 SH495706.07FU_HG969372 

Autumn 

2016 ITSall_OTUa_63 
0.6 0.05 

Summer 

drought 
Glomeraceae 53.2 0.93 undefined_KX403435 

Spring 2016 ITSall_OTUf_2334 0.5 0.04 Control Funneliformis mosseae 100 96.1 SH184262.07FU_EF989113 

Spring 2016 ITSall_OTUa_5600 0.6 0.04 Reduced Glomeraceae 100 92.4 SH179143.07FU_HQ243227 

Spring 2016 ITSall_OTUb_3613 0.6 0.01 Reduced Dominikia bernensis 100 90.9 SH489874.07FU_HG938302 

Spring 2016 ITSall_OTUa_8605 0.6 0.03 Reduced Dominikia bernensis 100 90.3 SH524902.07FU_HG938304 

Spring 2016 ITSall_OTUf_1440 0.6 0.04 Reduced Glomeraceae 100 97.5 SH017155.07FU_HG518325 

Spring 2016 ITSall_OTUf_565 0.6 0.04 Reduced Claroideoglomeraceae 100 88 SH205181.07FU_GQ388713 
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Table S4-3. (Continue). 

   
  

Best matching taxa 

Date OTU ID IV 
p-

value 
Treatment Taxa 

Query 

cover 

(%) 

ID 

(%) 
Accession 

Spring 2016 
ITSall_OTUe_5958 0.7 0.02 Summer drought 

Funneliformis 

mosseae 
100 96.2 SH006662.07FU_AJ919275 

Spring 2016 
ITSall_OTUf_869 0.7 0.01 Summer drought 

Funneliformis 

mosseae 
100 96.1 SH184273.07FU_AY236335 

Spring 2016 ITSall_OTUf_2467 0.6 0.03 Summer drought Glomeraceae 100 92.8 SH019832.07FU_AY236243 

Spring 2016 ITSall_OTUa_63 0.5 0.04 Summer drought Glomeraceae 53.2 93 undefined_KX403435 

Spring 2016 
ITSall_OTUb_480 0.5 0.04 Summer drought 

Funneliformis 

mosseae 
100 95.9 SH006662.07FU_AF161044 

Spring 2016 ITSall_OTUb_261 0.5 0.05 Summer drought Glomeraceae 100 83.5 SH019830.07FU_JN195701 

Spring 2016 
ITSall_OTUe_6690 0.5 0.04 Summer drought 

Funneliformis 

mosseae 
100 96.8 SH006662.07FU_AJ919275 

Autumn 

2017 
ITSall_OTUa_2161 0.7 0.02 Control Claroideoglomus sp. 100 0.96 SH206040.07FU_EF558836 

Autumn 

2017 
ITSall_OTUf_34 0.7 0.02 Control Paraglomus sp. 100 0.93 SH192943.07FU_KF849588 

Autumn 

2017 
ITSall_OTUb_411 0.5 0.04 Control Claroideoglomus sp. 100 0.83 undefined_KM374354 

Autumn 

2017 
ITSall_OTUf_2450 0.7 <0.01 Reduced Gigaspora margarita 100 0.96 SH180805.07FU_KF378666 

Autumn 

2017 
ITSall_OTUf_651 0.6 0.03 Reduced Gigaspora margarita 100 0.97 SH640318.07FU_KP756505 

Autumn 

2017 
ITSall_OTUf_1403 0.6 0.02 Summer drought Glomeraceae 13.7 0.95 SH025093.07FU_JQ218217 
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Table S4-4. Variation partitioning of the spatial and watering treatments effect on 

the AM fungal community composition at each sampling date. 

Sampling date Watering treatment Space Both 

Autumn 2014 - 0.1 - 

Spring 2014 - 0.13 - 

Autumn 2015 0.01 0.08 - 

Spring 2015 0.02 0.26 - 

Autumn 2016 - 0.06 0.01 

Spring 2016 0.01 0.07 - 

Autumn 2017 0.03 - - 
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Table S4-5. OTUs strongly co-associated to Commelina cyanea in autumn 2014, spring 2014 and autumn 2015. This table includes the name of 

the OTU, the taxonomy, percentage of sequence covered (query cover), percentage of aligned residues (ID %), the accession number of the best-

matched database sequence and sampling date at which OTUs were strongly co-associated to Commelina cyanea. 

 
Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2014 

Spring 

2014 

Autumn 

2015 

ITSall_OTUa_8031 Glomeromycota 100 89.6 SH524085.07FU_KM208159 x x 
 

ITSall_OTUa_1892 Glomeromycota 100 89.7 SH524085.07FU_KM208159 x x 
 

ITSall_OTUa_2888 Glomeromycota 100 89.5 SH524085.07FU_KM208159 x x 
 

ITSall_OTUa_1411 Dominikia iranica 100 88.9 SH192874.07FU_KJ564154 x x 
 

ITSall_OTUa_4067 Glomeraceae 100 90.1 SH196309.07FU_JN195551 x 
  

ITSall_OTUa_3349 Dentiscutata heterogama 100 97.4 undefined_AF004692 x 
  

ITSall_OTUb_441 Glomeraceae 100 86.2 SH019830.07FU_JN195701 x 
  

ITSall_OTUb_478 Glomus aggregatum 100 94.6 SH216577.07FU_JF439132 x 
  

ITSall_OTUb_568 Glomus sp. 100 89.9 undefined_KP756526 x 
  

ITSall_OTUb_570 Funniliformis mosseae 100 96.6 SH184263.07FU_FR750031 x 
  

ITSall_OTUb_571 Glomus aggregatum 100 94.9 SH216577.07FU_JF439132 x 
  

ITSall_OTUb_3549 Funniliformis mosseae 100 96.2 SH184273.07FU_AY236335 x 
  

ITSall_OTUb_569 Glomus sp. 100 86.9 undefined_KP756526 x 
  

ITSall_OTUb_573 Glomus sp. 100 84.4 undefined_KP756526 x 
  

ITSall_OTUb_3548 Glomus sp. 100 88.5 SH527348.07FU_KF836922 x 
  

ITSall_OTUa_7590 Dominikia achra 100 86.6 SH176144.07FU_KJ564158 
 

x 
 

ITSall_OTUa_6066 Dominikia iranica 100 90.0 SH192874.07FU_KJ564154 
 

x 
 

ITSall_OTUa_2854 Glomeromycota 100 88.7 SH524085.07FU_KM208159 
 

x 
 

ITSall_OTUa_928 Dominikia aurea 100 88.0 SH521585.07FU_KM056659 
 

x 
 

ITSall_OTUa_3308 Glomeromycota 100 89.6 SH524085.07FU_KM208159 
 

x 
 

ITSall_OTUb_630 Diversispora celata 100 93.8 SH196919.07FU_AM713402 
 

x 
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Table S4-5. (Continue). 

 
Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2014 

Spring 

2014 

Autumn 

2015 

ITSall_OTUb_535 Redeckera pulvinatum 75 90.5 undefined_AM418550 
 

x 
 

ITSall_OTUb_564 Funneliformis mosseae 100 90.0 SH184263.07FU_FR750031 
 

x 
 

ITSall_OTUb_235 Glomeraceae 100 88.6 SH174651.07FU_HF970313 
 

x 
 

ITSall_OTUb_3545 Paraglomerales 100 94.9 SH628521.07FU_KY242695 
 

x 
 

ITSall_OTUa_2406 Archaeospora sp. 100 97.2 SH628534.07FU_KP756479 
 

x 
 

ITSall_OTUa_4031 Archaeospora sp. 100 96.2 SH628534.07FU_KP756481 
 

x 
 

ITSall_OTUa_3905 Archaeospora sp. 100 93.4 undefined_KP756477 
 

x 
 

ITSall_OTUb_6426 Glomus sp. 94 95.4 undefined_KM226634 
 

x 
 

ITSall_OTUb_599 Glomeraceae 100 90.0 SH179144.07FU_JN195704 
 

x 
 

ITSall_OTUb_3599 Archaeospora sp. 100 92.7 SH628534.07FU_KP756479 
 

x 
 

ITSall_OTUb_3600 Diversispora epigaea 100 93.2 SH196889.07FU_FN547635 
 

x 
 

ITSall_OTUb_3601 Funneliformis mosseae 100 94.4 SH006662.07FU_AF161056 
 

x 
 

ITSall_OTUa_9368 Glomus sp. 100 79.5 SH631174.07FU_KP756525 
  

x 

ITSall_OTUa_2999 Glomeraceae 100 94.9 SH179143.07FU_HQ243229 
  

x 

ITSall_OTUa_1924 Diversispora epigaea 100 95.9 SH196915.07FU_AY842568 
  

x 

ITSall_OTUa_7223 Diversispora sp. 100 96.6 SH014991.07FU_HF970197 
  

x 

ITSall_OTUa_6897 Diversispora eburnea 100 94.9 undefined_AM713410 
  

x 

ITSall_OTUa_7585 Paraglomerales 100 77.0 SH642765.07FU_KY630237 
  

x 

ITSall_OTUa_7242 Glomus sp. 99 97.5 SH176130.07FU_JF439162 
  

x 

ITSall_OTUa_9384 Glomeraceae 100 95.0 undefined_KY228699 
  

x 

ITSall_OTUa_1530 Glomeraceae 100 96.2 SH017181.07FU_HM570020 
  

x 

ITSall_OTUa_1871 Acaulospora mellea 100 94.9 SH194643.07FU_JF439090 
  

x 

ITSall_OTUa_2257 Dominikia bernensis 100 93.6 SH000327.07FU_HG938301 
  

x 
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Table S4-5. (Continue). 

 
Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2014 

Spring 

2014 

Autumn 

2015 

ITSall_OTUa_792 Glomeraceae 100 94.4 undefined_KY228699 
  

x 

ITSall_OTUa_153 Diversispora sp. 100 96.3 SH196891.07FU_DQ400194 
  

x 

ITSall_OTUa_4245 Diversispora celata 100 97.6 SH196919.07FU_AM713402 
  

x 

ITSall_OTUa_4680 Glomeraceae 100 94.9 SH179143.07FU_HQ243229 
  

x 

ITSall_OTUa_3408 Dominikia achra 100 88.7 SH176144.07FU_KJ564158 
  

x 

ITSall_OTUa_3835 Glomeraceae 100 94.9 SH004775.07FU_JN195691 
  

x 

ITSall_OTUb_475 Diversispora sp. 100 96.9 SH491924.07FU_HG425939 
  

x 

ITSall_OTUb_619 Glomeraceae 100 94.1 SH209188.07FU_JN195736 
  

x 

ITSall_OTUb_540 Septoglomus viscosum 100 87.7 SH216571.07FU_HF548859 
  

x 

ITSall_OTUb_129 Rhizophagus sp. 100 88.6 SH001066.07FU_AY627803 
  

x 

ITSall_OTUb_298 Glomeraceae 100 96.4 undefined_KY228619 
  

x 

ITSall_OTUb_682 Dominikia bernensis 100 91.5 SH000327.07FU_HG938301 
  

x 

ITSall_OTUb_3639 Septoglomus viscosum 100 100.0 SH216573.07FU_HF548853 
  

x 

ITSall_OTUb_3642 Glomeraceae 100 95.5 SH523801.07FU_KM041744 
  

x 

ITSall_OTUa_165 Glomus sp. 100 98.2 SH001313.07FU_KF836948 
  

x 

ITSall_OTUb_8358 Diversispora sp. 100 97.5 SH014991.07FU_HF970197 
  

x 

ITSall_OTUb_3668 Diversispora sp. 100 97.3 SH014991.07FU_KP756537 
  

x 

ITSall_OTUb_442 Glomeraceae 100 96.1 SH179143.07FU_HQ243227 
  

x 

ITSall_OTUb_683 Glomeraceae 100 91.8 SH496978.07FU_KM041942 
  

x 

ITSall_OTUb_3638 Glomeraceae 100 94.6 SH179143.07FU_HQ243227 
  

x 

ITSall_OTUb_3644 Glomeraceae 100 81.8 undefined_KX116005 
  

x 
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Table S4-6. OTUs strongly co-associated to Sida rhombifolia in autumn 2015 and autumn 2016. This table includes the name of the OTU, the 

taxonomy, percentage of sequence covered (query cover), percentage of aligned residues (ID %), the accession number of the best-matched 

database sequence and sampling date at which OTUs were strongly co-associated to Sida rhombifolia. 

 

Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2015 

Autumn 

2016 

ITSall_OTUa_247 Glomus sp. 100 96.0 SH212916.07FU_AJ517203 x x 

ITSall_OTUa_6651 Glomeraceae 100 93.5 SH496978.07FU_KM041942 x x 

ITSall_OTUa_6932 Glomeraceae 100 91.4 SH179143.07FU_HQ243229 x 
 

ITSall_OTUa_9467 Funneliformis mosseae 99 97.2 SH184263.07FU_FR750031 x 
 

ITSall_OTUa_9373 Diversispora sp. 100 95.4 SH527827.07FU_HG425935 x 
 

ITSall_OTUa_590 Glomeraceae 54 91.0 undefined_KX403435 x x 

ITSall_OTUa_1238 Acaulospora rugosa 100 83.0 SH013539.07FU_LN881566 x 
 

ITSall_OTUa_1512 Glomeromycota 100 90.4 SH521444.07FU_KM208483 x x 

ITSall_OTUa_883 Glomeraceae 100 92.1 SH179143.07FU_HQ243227 x x 

ITSall_OTUa_4518 Rhizophagus sp. 98 98.4 SH175594.07FU_GQ205071 x x 

ITSall_OTUa_3010 Rhizophagus fasciculatus 100 96.4 SH175565.07FU_FR750072 x x 

ITSall_OTUa_3050 Glomus sp. 100 92.5 SH019834.07FU_HE794038 x x 

ITSall_OTUa_3774 Dominikia achra 100 87.7 SH176102.07FU_KJ564162 x 
 

ITSall_OTUa_3910 Claroideoglomus 100 95.5 SH205184.07FU_HE775310 x 
 

ITSall_OTUa_3628 Glomus sp. 100 77.0 undefined_KP756526 x 
 

ITSall_OTUb_389 Diversispora celata 100 95.2 SH196919.07FU_AM713402 x 
 

ITSall_OTUb_587 Glomus sp. 100 88.9 SH631174.07FU_KP756525 x 
 

ITSall_OTUb_568 Glomus sp. 100 89.9 undefined_KP756526 x 
 

ITSall_OTUb_787 Glomeraceae 16 90.6 undefined_KY228522 x 
 

ITSall_OTUb_3673 Dominikia bernensis 100 91.9 SH489874.07FU_HG938302 x x 

ITSall_OTUb_3815 Claroideoglomus sp. 100 96.8 undefined_KX548892 x 
 

ITSall_OTUb_3561 Funneliformis mosseae 100 98.1 SH184262.07FU_U49265 x 
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Table S4-6. (Continue). 

 

Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2015 

Autumn 

2016 

ITSall_OTUb_3593 Claroideoglomus sp. 100 82.0 undefined_KM374354 x 
 

ITSall_OTUb_3574 Glomus sp. 100 92.2 SH019834.07FU_HE794038 x 
 

ITSall_OTUa_1035 Glomeraceae 100 92.6 SH496978.07FU_KM041942 x 
 

ITSall_OTUb_22 Claroideoglomus sp. 100 96.6 SH021560.07FU_JQ218220 x 
 

ITSall_OTUb_318 Paraglomerales 100 93.9 SH211739.07FU_KF849671 x 
 

ITSall_OTUb_705 Glomeraceae 100 90.4 SH179143.07FU_HQ243227 x 
 

ITSall_OTUb_706 Glomeraceae 100 89.9 SH179143.07FU_HQ243227 x 
 

ITSall_OTUb_707 Glomeraceae 100 88.9 SH179143.07FU_HQ243227 x 
 

ITSall_OTUb_859 Glomeraceae 100 91.5 SH179143.07FU_HQ243227 x 
 

ITSall_OTUb_3672 Glomeraceae 100 90.8 SH179143.07FU_HQ243229 x 
 

ITSall_OTUa_7225 Glomeraceae 100 89.9 SH202640.07FU_KF849683 
 

x 

ITSall_OTUa_9400 Acaulospora rugosa 100 95.2 SH013529.07FU_LN881565 
 

x 

ITSall_OTUa_8083 Glomeraceae 16 95.1 SH199713.07FU_JX096572 
 

x 

ITSall_OTUa_8791 Glomeraceae 15 90.9 SH199962.07FU_JF439102 
 

x 

ITSall_OTUa_2161 Claroideoglomus sp. 100 96.3 SH206040.07FU_EF558836 
 

x 

ITSall_OTUa_1871 Acaulospora mellea 100 94.9 SH194643.07FU_JF439090 
 

x 

ITSall_OTUa_2862 Glomeraceae 100 90.8 SH202640.07FU_KF849683 
 

x 

ITSall_OTUa_2502 Dominikia bernensis 100 90.9 SH524902.07FU_HG938304 
 

x 

ITSall_OTUa_542 Diversispora celata 100 93.1 SH196919.07FU_AM713402 
 

x 

ITSall_OTUa_587 Rhizophagus intraradices 100 89.5 SH495706.07FU_HG969372 
 

x 

ITSall_OTUa_4461 Rhizophagus custos 98 96.9 SH175585.07FU_GQ205073 
 

x 

ITSall_OTUa_5059 Glomus sp. 96 91.0 undefined_KM226618 
 

x 

ITSall_OTUa_3138 Glomus sp. 100 86.6 undefined_KP756526 
 

x 

ITSall_OTUb_406 Septoglomus constrictum 100 93.5 SH212925.07FU_JF439180 
 

x 
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Table S4-6. (Continue). 

 

Best matched taxa Date 

OTU ID Taxa 
Query 

cover (%) 
ID % Accession 

Autumn 

2015 

Autumn 

2016 

ITSall_OTUa_6731 Glomus sp. 100 93.6 SH212913.07FU_FJ769290 
 

x 

ITSall_OTUf_1262 Glomeraceae 100 92.2 SH496978.07FU_KM041942 
 

x 

ITSall_OTUf_1403 Glomeraceae 100 94.7 SH025093.07FU_JQ218217 
 

x 

ITSall_OTUf_1409 Glomus sp. 100 93.4 SH019834.07FU_HE794038 
 

x 

ITSall_OTUf_1496 Glomeraceae 100 90.7 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_1535 Rhizophagus prolifer 100 93.2 SH215079.07FU_FN547500 
 

x 

ITSall_OTUf_1536 Glomeraceae 100 91.6 SH496978.07FU_KM041942 
 

x 

ITSall_OTUf_1537 Kamienskia divaricata 100 92.2 undefined_KX758124 
 

x 

ITSall_OTUf_185 Glomeraceae 100 93.2 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_1910 Glomeraceae 100 91.9 SH496978.07FU_KM041942 
 

x 

ITSall_OTUf_2309 
Rhizophagus 

intraradices 
100 90.5 SH495706.07FU_HG969372 

 
x 

ITSall_OTUf_2941 Glomeraceae 100 89.3 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_2942 Rhizophagus sp. 100 91.8 SH630076.07FU_KP756536 
 

x 

ITSall_OTUf_2943 Glomeraceae 100 92.3 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_2944 Glomeromycota 100 78.9 SH521444.07FU_KM208483 
 

x 

ITSall_OTUf_2945 Glomus sp. 100 86.5 SH631174.07FU_KP756525 
 

x 

ITSall_OTUf_2946 Glomeraceae 100 92.7 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_2947 Glomeraceae 100 91.6 SH179143.07FU_HQ243227 
 

x 

ITSall_OTUf_903 Rhizophagus custos 94 90.8 SH175585.07FU_GQ205073 
 

x 
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Figure S4-1. Rarefaction curves of AM fungal communities for each sample. 

 

Figure S4-2. Principal Coordinate analysis (PCoA) ordination of AM fungal 

communities sampled between 2014 and 2015 and between 2016 and 2017. 
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Figure S4-3. Distribution of AM fungal taxa in the soil at different sampling dates and 

watering treatment (‘C’, control; ‘R’, reduced; ‘S’, summer drought). 

 

Figure S4-4. Redundancy analysis (RDA) ordination of plant community constrained by 

watering treatment. 




