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ABSTRACT 

THE EFFECTS OF MICRO-SCALE SPATIAL VARIATION IN SOIL BIOTA 
CONTAINING ARBUSCULAR MYCORRHIZAL FUNGI ON PLANT COMPETITIVE 

ABILITY 

 

Olivia Balkwill 

University of Guelph, 2022

Advisor: 

Hafiz Maherali 

 

Variation in the soil biotic communities containing arbuscular mycorrhizal (AM) 

fungi may occur at micro-spatial scales and may influence the outcome of plant 

competition in old-field communities. Two competing plant species, Trifolium pratense 

and Plantago lanceolata, were grown in a greenhouse at varying densities in soil biota 

containing AM fungi collected from 9 spatial locations within a 30 x 30 m old field. T. 

pratense aboveground biomass varied with the spatial location of inoculum collection, 

but P. lanceolata aboveground biomass did not. Total leaf apparent chlorophyll content 

and percent arbuscule colonization did not vary with the spatial location of inoculum 

collection. Competition occurred for both plant species, but competition was only 

influenced by competitor density and not by the spatial location of inoculum collection. 

These findings suggest that while micro-scale spatial variation in soil biota containing 

AM fungi may exist in old-field ecosystems, it does not significantly impact the outcome 

of plant competition. 
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Introduction 

The mechanisms underpinning plant community assembly, which is the process 

of different species colonizing and interacting in the same area over time, have been 

debated since at least the early 1900s (Gleason, 1927; Clements, 1936). Some 

proposed mechanisms of community assembly include species dispersal, the ability to 

tolerate specific environmental conditions and biotic interactions such as herbivory and 

competition amongst species (Gleason, 1927; Clements, 1936; MacArthur & Levine, 

1967; Diamond, 1975; Pacala & Crawley, 1992). One of the most common biotic 

mechanisms that influences community assembly is competition, which can occur within 

or across trophic levels. Competition occurs when one species in an environment is 

able to more efficiently acquire and use a limiting resource (the dominant competitor) at 

the expense of another species’ survival (the weaker competitor) in that environment 

(Hardin, 1960; Craine & Dybzinski, 2013). Competitive interactions can affect 

community assembly because dominant competitors can prevent other species from 

establishing or prevent other species that have already established from persisting in an 

environment (Tilman, 1977).  

Competing species may also be impacted by additional mutualistic or 

antagonistic biotic interactions from different trophic levels, which can impact community 

assembly. This is because some biotic interactions can lead to competitive exclusion 

while other interactions can lead to coexistence (Bartomeus & Godoy, 2018). For 

example, if competitive ability changes depending on the soil biota in which plants are 

grown (Cardinaux et al., 2018), then a given species could outcompete other species in 
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some soil biotic contexts (Bartomeus & Godoy, 2018; McHaffie & Maherali, 2020). 

However, there is currently no consensus on how to predict which biotic interactions will 

intensify or relax competition because the impact of biotic interactions on competitive 

outcomes has not been frequently assessed (Bartomeus & Godoy, 2018).  

One of the most important and understudied biotic interactions related to 

competition and community assembly is the mutualism between plants and arbuscular 

mycorrhizal (AM) fungi. AM fungi colonize the roots of over 70% of vascular plants with 

which they form a nutritional symbiosis (Brundrett, 2002). In this symbiosis, plants 

provide the fungi with the carbon needed for their growth and reproduction and the fungi 

provide the plant host with nutrients (particularly nitrogen and phosphorous) from the 

soil (Brundrett, 2002; Johnson, 2009). The average effect of AM fungi on plants is 

positive but the relationship can be classified on a continuum from mutualistic to 

parasitic depending on the plant’s nutritional requirements and the carbon cost of the 

AM fungi (Johnson & Graham, 2013). The relationship is mutualistic for plants when the 

carbon cost to the fungus is less than the nutritional benefits that the plants receive from 

the fungus (Klironomos, 2003; Johnson, 2009; Hoeksema et al., 2010). In contrast, the 

relationship is parasitic for the plants when the carbon cost to the fungus is greater than 

the nutritional benefits that the fungus provides to the plant (Klironomos, 2003; Johnson, 

2009; Hoeksema et al., 2010). This variability could influence the outcome of 

competition between plant species and affect the final community composition of an 

environment. For example, if one plant species has a mutualistic relationship with the 

AM fungi in a given environment and another plant species does not, then the plant 
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species with the mutualistic relationship to the AM fungi may be better able to acquire 

limiting soil resources and outcompete the other plant species. If the plants without the 

mutualistic relationship to the environment’s AM fungi are competitively excluded, then 

the community composition of that environment would reflect that competitive outcome, 

and the environment may only contain the dominant competitor species.  

The response of plants to AM fungi, and its effect on the outcomes of plant 

competition, is also impacted by AM fungal community composition and species 

richness (Klironomos, 2003; Maherali & Klironomos, 2007; Powell et al., 2009; Shah et 

al., 2009). Differences in AM fungal community composition are important because 

plant species can differ in how they respond to the identity of the fungi that colonize 

them (Klironomos, 2003; Shah et al., 2009). In grasslands, for example, 

Symphotrichium novae-angliae grew ~10% larger when grown with Scutelospora 

calospora relative to a non-inoculated control, but the same plant species was ~20% 

smaller when grown with another AM fungal species, S. pellucida (Klironomos, 2003). 

Because AM fungal species can provide complementary services to plants, such as 

improved access to nutrients and protection from pathogens, higher fungal species 

richness is associated with increased plant growth (Maherali & Klironomos, 2007; 

Powell et al., 2009). The effects of AM fungal community composition and species 

richness on plant growth suggests that the outcomes of plant competition could depend 

on the identity of AM fungi and fungal species richness that plants encounter when 

dispersing to a novel location.  
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The effects of spatial variation in AM fungal community composition and richness 

can influence the outcome of plant-plant competition because AM fungi are non-

randomly distributed in the environment, and the AM fungi that plants encounter 

depends on where their seeds germinate. Macro-spatial scale variation occurs within 

and between regions that are spatially isolated and is on the scale of hundreds of 

kilometers, whereas micro-scale variation occurs within individual communities and is 

on the scale of metres to centimetres (Opik et al., 2006; Bach et al., 2018). At the 

macro-scale, for example, AM fungal communities are more diverse in tropical forest 

ecoregions than grasslands and certain Glomeromycota species are present globally 

while others are only found in one region (Opik et al., 2006). At the micro-scale, AM 

fungal species distribution is patchy at the scale of metres (Maherali & Klironomos, 

2012), so a particular AM fungal species is found in certain parts of a field but not in 

others. As a result, a plant may be exposed to different AM fungal species depending 

on where it is growing in a field (Klironomos, 2003). If the responsiveness of a plant 

species to AM fungi varies with AM fungal community composition and richness, then 

the outcome of plant-plant competition may also differ at a micro-scale depending on 

where the seeds germinate. Specifically, plant competitive ability should be strongest 

when grown with soil bota that most benefits its growth. 

The goal of this study was to examine if micro-scale spatial variation of soil biotic 

communities impacts the competitive ability of two representative species that are 

common in old-fields, Trifolium pratense (Fabaceae) and Plantago lanceolata 

(Plantaganaceae). Both plant species respond positively to AM fungal inoculation 
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(Wagg et al., 2011; Stanescu & Maherali, 2017) and are also known to compete with 

each other in grassland communities when they co-occur (Cavers et al., 1980). To test 

the hypothesis that spatial variation in the community composition of soil biota and AM 

fungi impacts the growth and competitive ability of T. pratense and P. lanceolata, the 

two competitor species were grown in soils with inoculum obtained from 9 spatial 

locations within an old field. The following four predictions were tested: [1] the 

aboveground biomass of both plant species will vary with the spatial location of 

inoculum collection, [2] the colonization of host plants by mycorrhizal fungi will differ by 

the spatial location of inoculum collection, [3] the competitive ability of both plant 

species will vary by spatial location of the inoculum collection and [4] the competitive 

ability of plants will be strongest when plants are grown in inoculum that benefits them 

the most. 
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Materials and Methods 

Study Species 

The two focal species were chosen for this experiment based on the results of 

the germination trials, and the chosen species had similar germination times, rates and 

growth (Appendix 1). The two focal species, T. pratense and P. lanceolata, are common 

old-field species that have mycorrhizal associations and are known to compete for 

resources (Stanescu & Maherali, 2017). T. pratense, or red clover, is a leguminous 

plant characterized by its associations with nitrogen-fixing bacteria, which makes T. 

pratense a major contributor of nitrogen to soils (Carlsson and Huss-Danell, 2003). P. 

lanceolata, or narrow-leaved plantain, is a perennial weed species that originated in 

Eurasia and is now naturalized in Southern British Columbia, Ontario, Quebec and in 

the coastal regions of Prince Edward Island and Nova Scotia (Cavers et al., 1980). Both 

T. pratense and P. lanceolata are commonly found in dry grassland communities and 

both are planted in managed pastures where they are often used for grazing (Cavers et 

al., 1980; Carlsson and Huss-Danell, 2003). Both species have distinct root systems: T. 

pratense has a long taproot that has smaller roots branching from the main taproot 

while P. lanceolata has a shallower and more branched root system that does not 

contain a taproot. AM fungal associations with both T. pratense and P. lanceolata result 

in increased growth of both species (Wagg et al., 2011; Stanescu & Maherali, 2017).  

Experimental Design 
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 To determine if the local spatial variation in soil biota containing AM fungi impacts 

the growth and competitive ability of plants, I studied two focal species, T. pratense and 

P. lanceolata, grown with fungal inoculum collected from 9 spatial locations in an old 

field. The T. pratense seeds were obtained from the Ontario Seed Company (Waterloo, 

ON, Canada) and P. lanceolata seeds were obtained from Richter’s Herbs (Goodwood, 

ON, Canada). I conducted a greenhouse experiment where I varied both the proportion 

and density of the focal and competitor species in soil that did and did not contain fungal 

inoculum collected from different areas of the field (Hart et al., 2018). The focal species 

refers to the species being analyzed while the competitor species refers to the species 

that is being used to assess the growth and competitive ability of the focal species. The 

experiment was divided into three temporal blocks, each containing 162 pots to facilitate 

the set-up and data collection for the experiment. The first block was planted on June 3, 

2021, the second block on June 13, 2021 and the third block on June 28, 2021. To 

assess interspecific competition, each focal species was planted with the other as the 

competitor in a 2:0 (monoculture), 2:2, 2:4 and 2:8 ratio, resulting in 7 planting densities. 

Each treatment combination was replicated six times for each of the 9 whole soil 

inoculum sources (7 planting densities x 9 inoculum sources x 3 temporal blocks x 2 

replicates per block = 378 pots).  

To determine whether AM fungi impacted plant growth, an additional set of 

monoculture treatment plants were grown with a microbial wash treatment that lacked 

AM fungi (refer to Appendix 2 for methodological details and results). Within the 

monoculture treatment for each species, the whole soil and microbial wash treatments 
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were compared to verify that aboveground biomass was significantly higher in whole 

soil (which contained AM fungi) versus microbial wash treatment (Wagg et al., 2011; 

Stanescu & Maherali, 2017). For each inoculum source, 4 pots contained the microbial 

wash treatments (Appendix 2). For each block, 126 whole soil pots and 36 microbial 

wash pots were planted, for a total of 486 pots planted for the entire experiment. Two 

replicates of each treatment combination were included in each temporal block. 

Soil that was used as the inoculum was sampled at 9 approximately equidistant 

intersection points on a 30 x 30 m grid (Figure 1) within a successional old field habitat 

within the University of Guelph Arboretum (Long-Term Mycorrhizae Research Site 

(LTMRS); 43.5327° N, 80.2262° W). The old-field site, which was previously used for 

agriculture until 1967 and has undergone succession since that time, is composed of 

perennial herbaceous plants common in southern Ontario. The dominant plant species 

in the LTMRS include Solidago canadensis, Bromus inermis, Chrysanthemum 

leucanthemum, Poa compressa and Hieracium pratense (Klironomos 2002). Its soils 

are low in nutrients, especially phosphorous (2.100 ± 0.143 mg/kg dry soil), ammonium 

(2.885 ± 0.372 mg/kg dry soil) and nitrate (3.274 ±0.194 mg/kg dry soil) (Maherali & 

Klironomos, 2012; Sherrard & Maherali, 2012; Koyama et al., 2019). The old field at the 

LTMRS has previously been observed to have strong spatial variation in the distribution 

of AM fungal species and AM fungal species richness in a 50 x 50 m plot with sampling 

points 10 m apart (Maherali & Klironomos, 2012; Koyama et al., 2019). This variability 

was seen in a study that used spore identification methods and found ~71% of fungal 

species exhibited a clumped distribution within the LTMRS at a 50 x 50 m sampling 
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scale (Maherali & Klironomos, 2012). This evidence is also supported by another study 

that used DNA sequencing methods and found that spatial location of inoculum 

collection was the best predictor of AM fungal community composition at a 40 x 40 m 

sampling scale (Koyama et al., 2019). Since significant spatial variation was observed 

at this scale, this suggests that the field plot for this experiment is a sufficient size to 

detect micro-scale spatial variation of the soil fungal communities (Maherali & 

Klironomos, 2012; Koyama et al., 2019).  

The plants were grown in pots with a 1.5 L volume, 15 cm diameter and 10 cm 

depth (CN-AZE, ITML Horticultural Products Inc., Brantford, ON) which were filled with a 

common background soil to which soil inoculum obtained from 9 spatial locations was 

added. To create the standard background soil, 250 L of field soil was collected from a 

pit in the LTMRS (43.32930 N, 80.13900 W). The field soil was mixed with non-

calcareous granitic sand (Hutcheson Sand and Mixes, Huntsville, ON, Canada) and 

perlite (Therm-O-Rock West, Chandler, AZ, USA) to increase soil filtration, in a 3:3:2 

V:V:V ratio, and then autoclaved for 180 minutes at 121 degrees Celsius to remove the 

background soil biota. The nutrient levels in the background soil, which were initially 

low, were further diluted by the addition of the sand and perlite, which contained no 

measurable level of N or P.  

The soil inoculum was mixed in with the background soil so that it was distributed 

throughout all of the soil. The bottoms of the pots were lined with 15 x 15 cm of 

fiberglass mesh (Model #4406, Everbilt (Home Depot), Toronto, Canada) to prevent the 
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soil from falling out of the bottom of the pots. Both the pots and the mesh were sterilized 

by soaking in a 5% bleach and water solution for 1 hour, rinsed with tap water and then 

sprayed with 75% ethanol. The ethanol was left to evaporate so that the mesh and pots 

were dry before planting. To account for any microscale variations in light at different 

locations on the greenhouse bench that could affect the plants, the location of each pot 

on the bench was randomized within each block.  

To obtain the whole soil inoculum, a 2 x 2 m plot was set up in each of the 9 

sampling locations. From each plot, 3.2 L of soil was collected to a depth of 30 cm using 

soil cores (2 cm diameter, 20 cm deep) that were collected from approximately 

equidistant points throughout the entire 2 x 2 m plot. To quantify the nutrient content of 

the soils collected from each sampling location, soil samples from each sampling 

location were analyzed for NO3, NH4 and P concentration (SGS Canada, Guelph, ON).  

To inoculate the pots, 32 mL (or 2.6% of the volume of total soil in the pot) of the 

appropriate inoculum soil (i.e., from 1 of the 9 sampling locations) was mixed in with the 

1.2 L of sterilized background soil for the corresponding pot (Rekret & Maherali, 2019; 

McHaffie & Maherali, 2020). This volume of inoculum was chosen because it would be 

sufficient to allow the microbial communities to proliferate while also diluting the effects 

of any potential differences in soil nutrient content among the spatial locations. The 

general effect of AM fungi on plant growth was evaluated by comparing the whole soil 

monoculture pots with the microbial wash monoculture pots (Appendix 2), but plant 

growth in the microbial wash pots was so limited that the results were not included in 

the main experiment.   
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Prior to planting, the seeds were soaked in a 5% bleach solution for 10 minutes 

to sterilize them and then they were rinsed thoroughly with deionized water. Seeds were 

sown in the top 1 cm of the soil in each pot immediately after sterilization. Each pot was 

watered to ensure the soil was moist to facilitate germination. The plants were watered 

every 1-2 days by filling the pots to the brim with water using a hose to ensure the soil 

remained moist for the duration of the experiment.  The plants were grown at 15-18 

degrees Celsius at night and 25 degrees Celsius during the day in moist soil and at 50% 

humidity in the greenhouse at the University of Guelph Phytotron for 83 days (Nerbnerg 

& Dale, 1997). Pots were thinned to the appropriate densities after germination. Any 

plants that grew after the initial thinning remained for the rest of the experiment, which 

resulted in some variance in the final densities (affecting 222 pots) (Figure 4). The 

plants in each block were harvested after 83 days of growth, with block 1 harvested on 

August 25, 2021, block 2 on September 4, 2021 and block 3 on September 19, 2021. 

The leaf apparent chlorophyll content of the plants was measured before the 

plants were harvested. The leaf apparent chlorophyll content was measured using a 

Minolta Chlorophyll Meter (SPAD-502Plus) (Konika Minolta Sensing Europe B. V., 

2021), which uses light to obtain an estimate of the amount of chlorophyll in a plant 

without having to extract chlorophyll from the plant. Leaf apparent chlorophyll content 

was measured because it is an additional indicator of plant performance (Suwa & 

Maherali, 2008; Germain et al., 2013). Plants that are greener, or have more apparent 

chlorophyll, contain more nitrogen which they could have received from the AM fungi 

(Chapman & Barreto, 1997). The leaf apparent chlorophyll content of the plants was 
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measured the day before harvest (82nd day of growth). One leaf on each individual plant 

in a pot was measured and then the apparent chlorophyll values from all the plants in a 

pot were averaged by species to determine the average apparent chlorophyll content of 

each plant species in each pot.  

At harvest (83rd day of growth), the aboveground biomass in each pot was 

collected by cutting the plants at the soil level, separating them by species and then 

placing them in a paper bag and drying them to a constant mass for 72 hours at 60 

degrees Celsius.  

The roots of the monoculture pots were harvested within 3 days after the 83rd day 

of growth by rinsing the roots with tap water to remove excess soil. The roots were 

stored in a 50% ethanol and deionized water solution. The root samples were placed on 

a grid and a random number generator was used to select 1 cm root segments to cut off 

of the main root system for staining (Vierheilig et al., 1998). The 1 cm root segments 

were then cleared and stained so they could be analyzed for AM fungal colonization 

using the ink and vinegar staining method (Vierheilig et al., 1998). The roots were first 

cleared by heating them in 10% KOH solution at 90 degrees Celsius for 17 minutes and 

then rinsing them with deionized water (Vierheilig et al., 1998). The roots were heated 

by placing them in Basix microcentrifuge tubes with standard snap caps (Fisherbrand 

509GRDSERV, Fisher Scientific Canada, Whitby, ON) in a heating block. The roots 

were then stained by boiling them for 3 minutes in a 5% ink and vinegar solution using 

Pelikan 4001 Black fountain pen ink (Pelikan Vertriebsgesellschaft mbH & Co., 

Hannover, Germany). To mount the roots on the slides, approximately 10 segments 
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were arranged in two rows horizontally on the slides, fixed to the slides using polyvinyl 

alcohol-lactic acid-glycerol (PVLG) and covered with a glass coverslip (Brundrett et al., 

1996). The stained and mounted roots were examined under a microscope to determine 

the percent colonization of arbuscules in each sample using the magnified intersections 

method (McGonigal et al., 1990). A total of 50 intersections were analyzed for each 

sample (McGonigal et al., 1990). Consequently, differences in colonization between 

treatments that are less than 2% apart cannot be detected (McGonigal et al., 1990; 

Stanescu & Maherali, 2017; McHaffie & Maherali, 2020).  

Statistical Analyses 

Before conducting the statistical analyses, the data were filtered. Though plants 

were thinned to the required densities 10-13 days after planting, additional plants 

germinated after thinning. Therefore, the final harvest densities of all pots were 

recorded and used for all analyses. To ensure that the density of the monoculture pots 

was consistent for analysis, any plants in monoculture pots that had densities greater 

than 3 were removed from the analysis. Replicates which contained incomplete 

aboveground biomass (n=7), final harvest density (n=3) or fungal colonization (n=2) 

data were also removed from the analysis. Incomplete entries were those where the 

samples went missing during the harvest and could not be measured or because the 

roots were too small to sample. This affected plants across all three temporal blocks. 

To determine if aboveground biomass, leaf apparent chlorophyll content and 

arbuscular colonization varied among soil treatments, I conducted a one-way ANOVA 

for each focal species separately using data from the monoculture pots. The 
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independent variable was spatial location of inoculum collection where the soil inoculum 

was collected. The dependent variables in each ANOVA were the average aboveground 

biomass of plants in each pot, the leaf apparent chlorophyll content or the proportional 

arbuscular colonization of the host plants, respectively. The harvest density of the focal 

species was included as the covariate for all three analyses to account for its effect on 

the three dependent variables and the planting date was included as the temporal block. 

To determine whether soil nutrients (NO3, NH4 and P) in each of the soil 

inoculum samples were correlated with plant aboveground biomass, leaf apparent 

chlorophyll content and arbuscular colonization, Spearman’s correlations were 

conducted. A Bonferroni correction was used to adjust the threshold of the p-value to 

determine statistical significance (0.05/18 correlations = 0.0027) to adjust for multiple 

tests.  

To test the prediction that the competitive ability of both plant species varies 

among soil treatments, I conducted an ANCOVA test using the aboveground biomass 

for each focal species as the dependent variable. The independent variables were the 

spatial location of inoculum collection, the density of the competitor species and their 

interaction. The covariate was the density at harvest of the focal species and the 

temporal block was planting date. To test if there was variation in competitive ability of 

focal plants among soil inoculum sources, I examined whether the spatial location of 

inoculum collection x competitor species density interaction was statistically significant. 

If there was evidence of a significant interaction, I evaluated whether plants were 

stronger competitors in the inoculum that benefits them the most by testing for a 



 

 

15 

 

negative correlation between aboveground biomass in monoculture and the slope of the 

relationship between focal species aboveground biomass and competitor density (i.e., 

plants with higher aboveground biomass were expected to have shallower slopes). 

All statistical analyses were conducted in SPSS version 28.0.0 (IBM Corporation, 

Armonk, NY, 2021). All ANOVA and ANCOVA tests were conducted at the 5% level of 

significance.   
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Results 

Inoculum source did not have a significant effect on P. lanceolata aboveground 

biomass (Table 1, Figure 2a). However, inoculum source had a significant effect on T. 

pratense aboveground biomass (Table 2, Figure 2d), with a difference of 57.9% 

between the largest mean aboveground biomass (inoculum source location S1W29) 

and the smallest mean aboveground biomass (location S15W15). Mean aboveground 

biomass was significantly greater for inoculum source locations S1W29 (2.94 g) and 

S15W29 (2.79 g) compared to all the other locations, and the aboveground biomass for 

location S29W1 (2.38 g) was intermediate between the higher (S1W29, S15W29) and 

lower (S1W1, S1W15, S15W1, S15W15, S29W15, S29W29) locations.  

The prediction that the mean leaf apparent chlorophyll content and arbuscular 

colonization of both plant species would vary with the spatial location of inoculum 

collection was not supported for either focal species. Mean leaf apparent chlorophyll 

content did not vary with the spatial location of inoculum collection (Tables 1 and 2, 

Figures 2b and 1e). Similarly, arbuscule colonization of host plant roots did not vary with 

the spatial location of inoculum collection for either plant species (Tables 1 and 2, 

Figures 2c and 1f). 

The soil inoculum nutrient content (NO3, NH4, P), which was analyzed for each of 

the 9 soil inoculum sources, was not correlated with either plant aboveground biomass, 

leaf apparent chlorophyll content or arbuscular colonization of either focal species 

(Table 3).   
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The prediction that the competitive ability of both focal plant species varied by the 

spatial location of inoculum collection was not supported for either focal species. The 

density of the competitor species had a significant negative effect on the aboveground 

biomass of each of the focal species, P. lanceolata (Table 4, Figure 3a) and T. pratense 

(Table 5, Figure 3b). However, the interaction term of inoculum source and competitor 

density was not statistically significant for either focal species, indicating that the 

negative effect of competitor density on focal species aboveground biomass did not 

vary with spatial location of inoculum collection.  

The prediction that the competitive ability of plants will be strongest when plants 

are grown in inoculum that benefits them the most was not supported because the 

inoculum source did not have a significant effect on competitive ability for either focal 

species. The regression of the aboveground biomass of T. pratense in monoculture with 

the slope of the relationship between the focal species aboveground biomass with the 

competitor density was not significant (p = 0.685). The regression of the aboveground 

biomass of P. lanceolata in monoculture with the slope of the relationship between the 

focal species aboveground biomass with the competitor density was not significant (p = 

0.889). This was expected because the negative effect of competitor density on focal 

species aboveground biomass did not vary with the spatial location of inoculum 

collection.   
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Discussion  

The goal of this study was to determine if micro-scale spatial variation in soil 

biotic communities containing AM fungi impacts the growth and competitive ability of 

two common old-field plant species, T. pratense and P. lanceolata. I found that micro-

scale spatial variation in soil biota containing AM fungi only differentially affected T. 

pratense aboveground biomass and not P. lanceolata aboveground biomass or the 

percent arbuscule colonization of either focal species. Furthermore, I found that while 

competition did occur for both species, it was not related to the spatial location of 

inoculum collection. Overall, these results suggest that soil biota might not be the most 

important factor that determines plant competitive ability or community composition, and 

other factors should be considered. 

The significant effect of the spatial location of inoculum collection on T. pratense 

aboveground biomass may be due to the diversity and identity of the AM fungal species 

within the different soil inoculum sources. Previous studies have found that T. pratense 

aboveground biomass was significantly greater when grown in soils containing more 

diverse AM fungal communities compared to less diverse communities (Wagg et al., 

2011). One reason for this could be because different AM fungal species differentially 

affect the plants that they colonize and in more diverse fungal communities, plants have 

a greater chance of encountering a beneficial AM fungal species (Klironomos, 2003; 

Wagg et al., 2011). For example, previous research has shown that the AM fungal 

species Gi. rosea contributes lower amounts of P to host plants while another AM fungal 

species, G. intraradices, contributes higher levels of P to host plants (Smith et al, 2004). 
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Therefore, one possible explanation for my observation is that the increase in T. 

pratense aboveground biomass when grown in certain inoculum sources was due to the 

presence of AM fungal species at those sites that are able to transport P at a higher rate 

(and contribute to greater growth of the host plants) than other AM fungal species 

(Smith et al., 2004).  

I did not observe differences in P. lanceolata aboveground biomass across 

inoculum sources, suggesting that the AM fungal species present had a neutral effect 

on P. lanceolata. Although my study did not examine the identity or number of fungal 

species present in each soil inoculum source, I do know from previous studies at the 

field site that AM fungal diversity varies on a 50 x 50 m scale (Koyama et al., 2019), so 

it is likely that differences in AM fungal identity and diversity exist but had no differing 

effect on P. lanceolata aboveground biomass across inoculum sources.  

One reason why T. pratense aboveground biomass varied with the spatial 

location of the inoculum source but P. lanceolata aboveground biomass did not could be 

because the two focal species belong to different functional groups that have differing 

sensitivities to AM fungal inoculum. For example, N-fixing plant species such as T. 

pratense have been found to be more AM fungal-dependent than non-N-fixing species 

such as P. lanceolata (Scheublin et al., 2007; Lin et al., 2015). It is therefore possible 

that in my study, the legume T. pratense experienced greater growth because it was 

more dependent on the AM fungi from certain spatial locations compared to P. 

lanceolata. Additionally, the ability to detect the effects of spatial location of inoculum 
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collection in both species may have differed because T. pratense is more responsive to 

AM fungi than P. lanceolata (Stanescu & Maherali, 2017).  

Even though there was spatial variation in soil biota that affected T. pratense 

aboveground biomass, I did not observe differences in AM fungal colonization across 

the spatial location of inoculum collection. This result is consistent with studies that have 

found that changes in aboveground biomass were not affected by the level of AM fungal 

colonization (Rekret & Maherali, 2019; Franklin et al., 2020). However, these results are 

inconsistent with other meta-analyses that found that plant aboveground biomass 

increased with the level of arbuscular colonization in host plant roots (Lekberg & Koide, 

2005; Treseder, 2013). Two possible reasons why host plant aboveground biomass was 

not associated with the level of arbuscule colonization could be the identity of the AM 

fungal species present in each spatial location of inoculum collection, and the rate of 

colonization of the host plants. First, certain AM fungal species are able to transport 

nutrients, such as P, more efficiently than others (Smith et al., 2004). Plants that are 

colonized by AM fungi that transport nutrients more efficiently typically have a greater 

aboveground biomass than plants colonized by AM fungal species that are less efficient 

at transporting nutrients (Ravnskov & Jakobsen, 1995; Smith et al., 2004). Second, 

previous research has shown that the initial rate of arbuscular colonization can explain 

why increases in host plant aboveground biomass are not associated with the final level 

of colonization (Ravnskov & Jakobsen, 1995). This could be because plants that were 

colonized at a faster rate were able to acquire more nutrients, limit the nutrient pool in 

the early stages of growth and grow more than plants that were colonized more slowly. 
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If this is true, then the final arbuscule colonization at harvest would not be a good 

indicator of the effect of AM fungi on plant aboveground biomass because the initial 

colonization would impact nutrient uptake and aboveground biomass the most.  

Although differences in soil biota were not directly tested in this study, the 

assumption that there are differences in soil biota across the nine inoculum sources was 

supported with the aboveground biomass and arbuscular colonization data. The 

assumption that there were differences in the soil biota across the nine sampling 

locations was based on previous research at the LTMRS, which found variation in the 

fungal communities at a 50 x 50 m scale (Koyama et al., 2019). I indirectly tested for 

variation in the soil biotic communities by measuring the arbuscular colonization of the 

plants across the nine soil inoculum sources with the assumption that differences in the 

level of colonization would indicate differences in the AM fungal communities. The level 

of arbuscular colonization did not differ significantly between the sites, however, the 

aboveground biomass of T. pratense varied across the soil inoculum sources. As 

discussed in the previous paragraphs, the differences in T. pratense aboveground 

biomass may have been caused by differences in the diversity and identity of the AM 

fungal communities across the sampling locations (Smith et al., 2004; Wagg et al., 

2011). Additionally, the rate of colonization and the varying identities of the AM fungi 

that colonized the host plants may explain why T. pratense aboveground biomass 

changed but the level of arbuscular colonization did not (Ravnskov & Jakobsen, 1995; 

Smith et al., 2004). These findings therefore suggest that there is support for the 

assumption that soil biotic communities varied across the nine sampling locations.   
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In this study, I did not observe differences in soil nutrient content across the sites 

and did not observe differences in the N content of the plants (measured as leaf 

apparent chlorophyll content), but I did not measure the P content of the plant tissue, 

which is one limitation to this study (Suwa & Maherali, 2008; Germain et al., 2013). It is 

therefore possible that in this study, T. pratense plants grown in certain inoculum 

sources were larger than others because they were colonized by AM fungi species that 

were able to transport nutrients to the plant more efficiently and because their roots 

were colonized by AM fungi at a higher rate than plants in other inoculum sources. 

However, I am unable to say with confidence what role P uptake and the rate of 

colonization had in the aboveground biomass responses in this study because those 

factors were not directly measured (Ravnskov & Jakobsen, 1995; Smith et al., 2004).  

Although I observed that competition occurred for both focal species, I found that 

competitive ability did not vary with the spatial location of inoculum collection. I 

observed that competition occurred for both focal species because the focal plant 

aboveground biomass decreased with the density of the competitor plant species. 

These findings are consistent with previous studies that have found that competitive 

ability is affected by the density of the competitor species (Xue et al., 2018; McHaffie & 

Maherali, 2020; Huangfu et al., 2022).  Previous studies that examined how soil biota 

influences plant competitive ability did not take the exact same approach as my study, 

but instead compared how home vs. away soil biota or the presence vs. absence of AM 

fungi in soil biota influenced plant competitive ability (Pendergast et al., 2013; Hawkins 

& Crawford, 2018; Fitzpatrick et al., 2019). However, these studies are similar to my 
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study in a general sense because they compared the effects of different soil biota on 

plant competitive ability. While one study found similar results (Cardinaux et al., 2018), 

my findings are largely inconsistent with previous studies that have found that different 

sources of soil biota influence the strength of competition in plant communities 

(Pendergast et al., 2013; Hawkins & Crawford, 2018; Fitzpatrick et al., 2019). One 

possible explanation for my findings could be that the differences in the soil biota across 

the sites were not large enough to have an impact on competition. Another reason for 

the conflicting results could be due to differences in the experimental design between 

studies. Most other studies compared the effects of soil biota at larger spatial scales 

(ex. home vs. away studies) or manipulated the biota in the soil (ex. presence and 

absence of AM fungi in soils) (Pendergast et al., 2013; Hawkins & Crawford, 2018; 

Fitzpatrick et al., 2019). It is possible that the effects of soil biota on competition were 

exaggerated in these studies due to the experimental setup and are not representative 

of how naturally occurring soil biota would impact competition in the field. 

I observed that T. pratense aboveground biomass was greater when plants were 

grown in soil inoculum obtained from some spatial locations over others but found that 

plants that had a greater aboveground biomass in monoculture were not better 

competitors than smaller plants. This result is consistent with a meta-analysis on field-

based competition studies found that the aboveground biomass of plants grown in 

monoculture was not associated with competition (Gurevitch et al., 1992). However, this 

result is not consistent with many other studies that have measured competitive ability 

by the aboveground biomass of the focal species and attributed a greater aboveground 
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biomass to stronger competitive abilities (Hartnett et al., 1993; Scheublin et al., 2007; 

Wagg et al., 2011; Stanescu & Maherali, 2017; Hart et al., 2018). One reason why my 

results could have conflicted with other studies was because the differences in plant 

aboveground biomass that observed in the experiment were not large enough to have 

an effect on competition. However, previous studies on T. pratense that found a 

significant effect of plant aboveground biomass on competitive ability occurred with a 

difference of 54% in plant aboveground biomass (Stanescu & Maherali, 2017), which is 

smaller than what I found (57.9%; Figure 1). Another possibility could be that using 

aboveground biomass as the sole metric of competition is insufficient to understand the 

full impacts of competition because it excludes the two other key traits that affect 

competition: survival and fecundity (Darwin, 1859; Aarssen & Keogh, 2002). Being able 

to acquire enough resources to outcompete other species within a growing season is an 

important part of being a successful competitor, meaning that measuring aboveground 

biomass as one metric of competitive ability is a useful way of quantifying competition 

(Aarssen & Keogh, 2002). But for a species to be successful in a community over the 

long-term, it needs to be able to survive through a growing season and across 

generations, which means that survival and fecundity are also important metrics of 

competitive ability that should be considered (Aarssen & Keogh, 2002). It is therefore 

possible that the current approaches for assessing competitive ability (ie., by solely 

looking at aboveground biomass) are insufficient for determining whether soil microbes 

influence the outcome of competition in plant communities.  
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In conclusion, the results of this research suggest that micro-scale spatial 

variation in soil biota containing AM fungi does influence the aboveground biomass of T. 

pratense but does not influence competition between T. pratense and P. lanceolata in 

the LTMRS. Although competition did occur for both species when grown in different 

samples of LTMRS soil inoculum, the competitive ability of both species was not 

affected by the spatial location of inoculum collection. This finding conflicts with the 

majority of other studies that have examined the effects of different soil biota on plant 

competitive ability because they have found that soil biota does have a significant 

impact on plant competitive ability. It is possible that the experimental designs of other 

studies that manipulated the soil biota used in the experiments may have exaggerated 

the effect that soil biota actually has on competition in field settings. My findings also 

indicate that solely focusing on aboveground biomass when quantifying competitive 

ability may be insufficient for understanding the true effects of competition within plant 

communities, and that the survivability and fecundity of competing plant species should 

also be considered. Overall, these findings suggest that while variation in soil biota 

containing AM fungi may occur at small spatial scales, the variation is not an important 

factor influencing competitive ability or plant community assembly.
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TABLES AND FIGURES 

Table 1. One-way ANOVA tables for mean focal species aboveground biomass, proportional arbuscule colonization and 
average leaf apparent chlorophyll content in P. lanceolata. Statistically significant relationships (p<0.05) are in boldface 
type.  

 Final Aboveground 
Biomass 

Arbuscule Colonization Leaf Apparent Chlorophyll 
Content 

Source of 
Variation 

Df MS F P Df MS F P df MS F P 

Inoculum 
Source 

8 0.045 0.922 0.510 8 0.033 1.067 0.408 8 25.732 1.031 0.432 

P. 
lanceolata 
Density 

1 0.001 0.019 0.890 1 0.001 0.037 0.849 2 2.535 0.102 0.904 

Block 2 0.017 0.355 0.703 2 0.051 1.646 0.207 2 110.134 4.413 0.020 

Error 37 0.048   35 0.031   35 24.959   
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Table 2. One-way ANOVA tables for focal species aboveground biomass, arbuscule colonization and leaf apparent 
chlorophyll content in T. pratense. Statistically significant relationships (p<0.05) are in boldface type.  

 Final Aboveground Biomass       Arbuscular Colonization Leaf Apparent Chlorophyll 
Content 

Source of 
Variation 

Df MS F               P Df MS F P Df MS F P 

Inoculum 
Source 

8 1.325 7.632 <0.001 8 0.062 1.529 0.177 8 13.982 0.548 0.813 

T. 
pratense 
Density 

1 0.606 3.492 0.069 1 0.073 1.778 0.190 2 137.530 5.393 0.008 

Block 2 5.465 31.480 <0.001 2 0.020 0.482 0.621 2 29.425 1.154 0.325 

Error 42 0.174   41 0.041   41 25.503   
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Table 3. Spearman’s correlations for relationships between soil nutrient content (NH3, NH4 and P) and mean focal species 
aboveground biomass, proportion arbuscule colonization and leaf apparent chlorophyll concentration for both focal 
species T. pratense and P. lanceolata. A Bonferroni correction was applied (0.05/18 correlations = 0.0027), and the p-value 
threshold was changed to p < 0.0027. No correlations were statistically significant.  

 P. lanceolata   T. pratense   

 Aboveground 
Biomass 

Arbuscular 
colonization 

Leaf Apparent 
Chlorophyll 
Content 

Aboveground 
Biomass 

Arbuscular 
colonization 

Leaf Apparent 
Chlorophyll 
Content 

NO3 -0.383 -0.689 0.20 -0.583 -0.176 0.383 

NH4 0.017 -0.487 0.067 -0.417 -0.368 0.117 

P -0.320 -0.433 0.621 -0.402 -0.431 0.310 
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Table 4. ANCOVA table with temporal block and inoculum source as the independent categorical variables, the 
aboveground biomass of P. lanceolata as the continuous dependent variable and the density of T. pratense as the 
continuous covariate. The interaction term of inoculum source and T. pratense density was included to test the prediction 
that the competitive ability of P. lanceolata varies by inoculum source and T. pratense density. Statistically significant 
relationships (p<0.05) are in boldface type. 

 Df Mean Square F value P value 

Inoculum source 8 0.063 0.364 0.938 

Trifolium density 1 12.778 74.006 <0.001 

Inoculum source*Trifolium density 8 0.166 0.962 0.467 

Plantago density 1 0.428 2.478 0.117 

Block 2 1.674 9.704 <0.001 

Error 162 0.173   

 

  



 

 

34 

 

Table 5. ANCOVA table with temporal block and inoculum source as the independent categorical variables, the 
aboveground biomass of T. pratense as the continuous dependent variable and the density of P. lanceolata as the 
continuous covariate. The interaction term of inoculum source and P. lanceolata density was included to test the 
prediction that the competitive ability of T. pratense varies by inoculum source and P. lanceolata density. Statistically 
significant relationships (p<0.05) are in boldface type. 

 Df Mean Square F value P value 

Inoculum source 8 0.391 1.505 0.158 

Plantago density 1 44.992 173.051 <0.001 

Inoculum source*Plantago density 8 0.226 0.871 0.542 

Trifolium density 1 3.381 13.003 <0.001 

Block 2 4.741 18.235 <0.001 

Error 180 0.260   
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Figure 1. Diagram of the spatial locations in the LTMRS where soil inoculum was 
collected. Soil was sampled from the 2x2m sampling locations. 
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Figure 2. Three-dimensional scatterplots depicting the mean aboveground biomass, the 
proportional arbuscular colonization and the mean leaf apparent chlorophyll content of 
the focal species P. lanceolata (a-c) and T. pratense (d-f) when grown with soil biota 
sampled from 9 locations on a 30 x 30 m sampling grid. The scale of the y axis for the 
aboveground biomass graphs (a, d) are different.  
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Figure 3. ANCOVA comparing the competitive ability of the two focal species (a) T. 
pratense and (b) P. lanceolata when grown with different densities of the competitor 
species in soil biota sampled from 9 locations on a 30 x 30 m grid. The legend names 
correspond to the coordinates shown in Figure 1. The scales of both y axes are different 
on both graphs. 
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Figure 4. Image of a mixed T. pratense and P. lanceolata pot on the greenhouse bench. 
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Appendix 1 – Germination Trials 

To determine the competitor species that were used in the experiment, 

germination trials were conducted on five potential competitor plant species to evaluate 

the suitability of each species for the experiment (Table 1). These species were chosen 

because they are common in old-field communities in southern Ontario and are present 

in the Long-Term Mycorrhizal Research Site (LTMRS; 43.5327° N, 80.2262° W), where 

the study was conducted. Two separate germination trials were conducted, each with 

the seeds grown in two different soil mediums: nutrient-rich soil (Pro-Mix BX, Premier 

Horticulture Ltd., Rivière-du-Loup, QC, Canada) and in the nutrient-poor field soil that 

would be used in the main experiment, collected from the LTMRS. The LTMRS soil was 

mixed with non-calcareous granitic sand (Hutcheson Sand and Mixes, Huntsville, ON, 

Canada) and perlite (Therm-O-Rock West, Chandler, AZ, USA) in a 3:3:2 ratio and 

autoclaved to remove the background soil biota (180 minutes at 121 degrees Celsius). 

For both trials, the plants were grown in monoculture and ten seeds of a species were 

planted per pot. For the Pro-Mix trial, there were four pots per species and for the field 

soil, there were three pots per species. In both trials, seeds were sown in each pot (with 

a volume of 656mL, a depth of 25.4 cm and a diameter of 6.4 cm) at a depth of 1 cm 

and were watered once daily to ensure that the soil remained moist (D40 Stuewe & 

Sons, Oregon, USA). The pots were grown in the University of Guelph’s Phytotron at 

the same temperature, humidity and moisture level that was described in the main 

experiment’s methods section (Nernberg and Dale, 1997). Data were collected for the 

date of germination, the total number of seeds that germinated and the height of each 



 

 

40 

 

individual to the nearest centimetre (as a proxy for growth).  The species that were 

chosen were those that had fast and similar germination times between species, 

percent germination rates and growth rates. All data analyses were conducted in Excel 

(Version 16.43, Microsoft Corporation, 2020).  

 In the Pro-Mix trial, all of the pots had seeds that germinated, with the lowest 

average number of days to germination being 3.5 days for T. pratense and the longest 

average number of days to germination being 10.75 days for B. inermis (Table 2). The 

species that had the highest percent germination were P. lanceolata at 95% and T. 

pratense at 82.5%. The species that had the shortest plants on average were S. novae-

angliae, with an average height of 2.42 cm, and the species that had the tallest plants 

on average were E. canadensis, with an average height of 18.6 cm and P. lanceolata at 

13.01 cm.  

In the field soil trial, all of the pots had seeds that germinated, except for one B. 

inermis, and two S. novae-angliae pots. The species with the lowest average number of 

days to germination were T. pratense at 4.33 days and P. lanceolata at 5 days. The 

species with the longest number of days to germination on average was B. inermis at 

11.5 days (Table 3). The species that had the highest percent germination was P. 

lanceolata at 96.66% and the species that had the lowest percent germination on 

average was S. novae-angliae at 10%. The species that had the shortest plants on 

average was S. novae-angliae, with an average height of 0.5 cm. The species with the 

tallest plants on average were E. canadensis, with an average height of 9.87 cm and T. 

pratense with an average height of 4.49 cm.  
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In both trials, T. pratense and P. lanceolata germinated the fastest and at similar 

times, had some of the highest percent germination rates and grew at similar rates 

between the two species. Therefore, T. pratense and P. lanceolata were chosen as the 

two competitor species for the main experiment.  
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Appendix Table 1. The names of the potential competitor species and the stores where 
the seeds were purchased.  

Species Name Store 

Bromus inermis (Smooth brome) Ontario Seed Company 
(Waterloo, ON, Canada) 

Symphyotrichum novae-angliae (New England aster) Ontario Seed Company 

Elymus canadensis (Canada Wild Rye) Ontario Seed Company 

Achillea millefolium (Common yarrow) Ontario Seed Company 

Trifolium pratense (Red Clover) Ontario Seed Company 

Plantago lanceolata (Narrow-leaved plantain) Richter’s Herbs 
(Goodwood, ON, 
Canada) 
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Appendix Table 2. Pro-Mix germination trial data. 

Species Mean Number of 
Days to 
Germination 

Percent 
Germination 

Mean Plant Height 
(cm) 

Bromus inermis  10.75 35 8.76 

Symphyotrichum 
novae-angliae  

6.5 40 2.42 

Elymus 
canadensis  

7.25 55 18.60 

Achillea 
millefolium 

6.5 52.5 5.21 

Trifolium 
pratense  

3.5 82.5 11.84 

Plantago 
lanceolata  

5 95 13.01 
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Appendix Table 3. Field soil germination trial data. 

Species Mean Number of 
Days to 
Germination 

Percent 
Germination 

Mean Plant Height 
(cm) 

Bromus inermis  11.5 30 3.35 

Symphyotrichum 
novae-angliae  

8 10 0.5 

Elymus 
canadensis  

8 46.66 9.87 

Achillea 
millefolium 

7.66 43.33 0.72 

Trifolium 
pratense  

4.33 43.33 4.49 

Plantago 
lanceolata  

5 96.66 3.75 
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Appendix 2 – Microbial wash treatments and comparison to 
whole soil treatments 

To determine if AM fungal colonization impacted the growth of the two focal 

species (T. pratense and P. lanceolata) in the main experiment, monoculture pots of 

both focal species were grown in soil inoculum that did (whole soil) and did not 

(microbial wash) contain AM fungi. Pots receiving microbial wash had the AM fungi 

filtered out of the soil inoculum. The growth of the plants grown in both soil treatments 

was used to assess the impact that AM fungi had on the host plants. Both focal species 

are known to positively associate with AM fungi (Wagg et al., 2011; Stanescu & 

Maherali, 2017); if plants in the whole soil treatments were larger than plants in the 

microbial wash treatments, it would indicate that the increase in growth could be 

attributed to the AM fungi that colonized the host plants (Wagg et al., 2011; Stanescu & 

Maherali, 2017).  

The soil inoculum was collected from the 9 sampling locations using the method 

described in the main experiment. To remove the AM fungal spores and create the 

microbial wash, 144 mL of soil inoculum from one sampling location was mixed with 432 

mL of deionized water for 24 hours and then sieved to separate the soil microbes from 

the AM fungi (Ames et al., 1987; Bever, 1994). A 25 µm sieve was used to prevent AM 

fungal spores from passing through the sieve so they could be removed from the filtrate, 

which was possible because AM fungal spores are larger than 25 µm (Daniels et al., 

1981). To mix the microbial wash treatment into the soil, 75 mL of the microbial wash 

(equivalent to the 32 mL of inoculum that was added to the whole soil pots) was poured 
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evenly across the surface area of each pot to ensure that it was evenly distributed and 

did not drain out.  

For each spatial location where inoculum was collected, 12 pots contained 

microbial wash, 6 for each focal species. A total of 108 microbial wash pots were 

planted for the entire experiment. The pots were grown with the whole soil pots that 

were described in the main experiment and were randomly assigned to locations on the 

greenhouse bench along with the whole soil pots. 32 microbial wash pots were grown 

with each block. The pots were grown in the University of Guelph’s Phytotron at the 

same temperature, humidity and moisture level that was described in the main 

experiment’s methods section (Nernberg and Dale, 1997). Aboveground biomass data 

was collected for the plants in each pot in the same way the aboveground biomass was 

collected for the plants grown in the whole soil treatments described in the main 

experiment’s methods section. All data analyses were conducted in SPSS with a 0.05 

level for statistical significance (Version 28.0.0, 2021).  

To determine if the aboveground biomass of plants in the whole soil treatments 

was larger than the mean biomass of the plants in the microbial wash treatments, an 

ANOVA was conducted for each focal species. The dependent variable was the 

aboveground biomass of the focal species. The independent variables were the 

inoculum source and inoculum treatment. The final focal species density at harvest was 

included as a covariate. The interaction term for inoculum source x inoculum treatment 

was included. Planting date was included as a temporal block.  
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 The aboveground biomass for the T. pratense plants grown in the microbial wash 

treatments are summarized in Appendix Table 4. The mean aboveground biomass of T. 

pratense plants grown in the whole soil treatments was 20-102 times larger than the 

mean aboveground biomass of T. pratense plants grown in the microbial wash 

treatments (Table 4). The differences in aboveground biomass between whole soil and 

microbial wash treatments were statistically significant (Table 6). 

The aboveground biomass for the P. lanceolata plants grown in the microbial 

wash treatments are summarized in Appendix Table 5. The mean aboveground 

biomass of P. lanceolata plants grown in the whole soil treatments was 3-10 times 

larger than the mean aboveground biomass of P. lanceolata plants grown in the 

microbial wash treatments (Table 5). The differences in aboveground biomass between 

whole soil and microbial wash treatments were statistically significant (Table 7).  

The significantly higher plant biomass in whole soil vs. microbial wash treatments 

suggests that the presence of AM fungi positively impacted the growth of both focal 

species.  
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Appendix Table 4. Mean aboveground biomass in grams for the microbial wash and whole soil treatments for T. pratense, 

the standard error and the ratio of aboveground biomass between the two treatments in each sampling location. 

Sampling 
Location  

Mean Aboveground 
Biomass in Microbial 
Wash Treatment (g) 
and SD 

Mean Aboveground 
Biomass in Whole 
Soil Treatment (g) and 
SD 

Whole Soil : Microbial 
Wash Biomass 

S1W1 0.024467 ± 0.0119509 2.019283 ± 0.5922341 
 

82.53:1  

S1W15 0.035080 ± 0.0289860 
 

1.854933 ± 0.5697204 52.87:1 
 

S1W29 0.048250 ± 0.0248598 
 

2.969267 ± 0.5999384 
 

61.53:1 
 

S15W1 0.098167 ± 0.0522925 
 

1.972383 ± 0.6570155 
 

20.09:1 
 

S15W15 0.048883 ± 0.0223753 1.589550 ± 0.5201793 
 

32.51:1 
 

S15W29 0.091225 ± 0.0923992 2.826317 ± 0.5228337 30.98:1 
 

S29W29 0.022850 ± 0.0133153 2.348750 ± 0.7377909 
 

102.78:1 
 

S29W15 0.033700 ± 0.0196593 1.685883 ± 0.4118223 
 

50.02:1 
 

S29W29 0.037500 ± 0.0177028 1.921800 ± 0.9588508 
 

51.2481:1 
 

 
 
  



 

 

50 

 

Appendix Table 5. Mean aboveground biomass in grams for the microbial wash and whole soil treatments for P. 

lanceolata, the standard error and the ratio of aboveground biomass between the two treatments in each sampling 

location. 

Sampling 
Location  

Mean Aboveground 
Biomass in Microbial 
Wash Treatment (g) 
and SD 

Mean Aboveground 
Biomass in Whole Soil 
Treatment (g) and SD 

Whole Soil : Microbial 
Wash Biomass 

S1W1 0.075325 ± 0.0297746 0.753633 ± 0.2549640 10.05:1 
 

S1W15 0.182633 ± 0.1884619 
 

0.572883 ± 0.2247848 
 

3.13:1 
 

S1W29 0.103980 ± 0.0808038 
 

0.788883 ± 0.2563039 
 

7.58:1 
 

S15W1 0.166050 ± 0.2605677 
 

0.644633 ± 0.1632182 
 

4.74:1 
 

S15W15 0.135883 ± 0.0925099 0.650183 ± 0.2370493 
 

4.78:1 
 

S15W29 0.128817 ± 0.1043394 0.603533 ± 0.2376546 
 

4.68:1 
 

S29W29 0.086800 ± 0.0618004 0.763583 ± 0.1344418 
 

8.79:1 
 

S29W15 0.165540 ± 0.0734185 0.599117 ± 0.1939215 
 

3.61:1 
 

S29W29 0.064000 ± 0.0421745 0.583833 ± 0.0965184 
 

9.12:1 
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Appendix Table 6. ANOVA table for T. pratense aboveground monoculture biomass in whole soil and microbial wash 

treatments.  

 Df MS F Sig 

Intercept 1 4.615 27.489 <0.001 

Inoculum 
Source 

8 0.681 4.057 <0.001 

Inoculum 
Treatment 

1 56.801 338.312 <0.001 

Inoculum 
Source * 
Inoculum 
Treatment 

8 0.530 3.156 0.004 

Block 2 3.337 19.875 <0.001 

Trifolium 
Density Harvest 

1 0.001 0.003 0.955 

Error 69 0.168   

Total 90    
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Appendix Table 7. ANOVA table for P. lanceolata aboveground monoculture biomass in whole soil and microbial wash 

treatments. 

 Df MS F Sig 

Intercept 1 1.776 57.684 <0.001 

Inoculum 
Source 

8 0.015 0.488 0.862 

Inoculum 
Treatment 

1 5.848 189.954 <0.001 

Inoculum 
Source * 
Inoculum 
Treatment 

8 0.035 1.149 0.341 

Block 2 0.033 1.086 0.343 

Plantago 
Density Harvest 

1 0.111 3.594 0.062 

Error 80 0.031   

Total 101    
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