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ABSTRACT 

 

Interactive effects of nutrient deposition and soil biota on plant competition 

 

Kelsey Hicks       Advisor: 

University of Guelph, 2019      Hafiz Maherali 

         

Arbuscular mycorrhizal (AM) fungi increase plant access to phosphorus in exchange for 

sugars from photosynthesis and can provide a competitive advantage in low nutrient soils. 

Increased phosphorus deposition may change AM fungal community composition, which in turn 

can influence competitive interactions among plant species. The aim of this study was to 

examine how phosphorus fertilizer and soil biota influence fungal effects on plant growth and 

competitive interactions between species that have strong (Andropogon gerardii) and weak 

(Bromus inermis) responses to AM fungi. The AM fungal community at sites with differences in 

soil fertilization can slightly influence the outcome of competition under low phosphorus 

fertilizer, however A. gerardii was strongly limited by its non-native competitor under high 

phosphorus fertilizer. My study suggests that invasive grass species may have a competitive 

advantage over low nutrient-adapted native species, even when native species receive greater 

benefits from mutualistic fungi. 

  



iii 

ACKNOWLEDGEMENTS 

 

I would like to thank my thesis advisor, Dr. Hafiz Maherali at the University of Guelph. 

His continual support and guidance have been invaluable throughout my masters and I greatly 

appreciate everything he has done for me. 

 

 I also wish to express my gratitude to the rest of my thesis committee, Dr. Brian Husband 

and Dr. Andrew MacDougall, for their detailed and knowledgeable feedback which have 

contributed to the improvement of the thesis. 

 

 I would also like to acknowledge and thank Michael Mucci, the Phytotron Coordinator at 

the University of Guelph, for assisting me with my greenhouse research. 

 

 I thank my fellow lab mates and research assistant for their help and advice; Jianfei Shao, 

Kevin MacColl, Shelby Law and Dylan Hodges. 

 

 Last but not least, I would like to thank my family and friends for supporting my 

endeavours as a graduate student and always being there to encourage me. 

 

Kelsey Hicks 

   



iv 

TABLE OF CONTENTS 

 

ABSTRACT ..................................................................................................................................... i 

ACKNOWLEDGEMENTS ........................................................................................................... iii 

TABLE OF CONTENTS ............................................................................................................... iv 

LIST OF TABLES .......................................................................................................................... v 

LIST OF FIGURES ....................................................................................................................... vi 

INTRODUCTION .......................................................................................................................... 1 

METHODS AND EXPERIMENTAL DESIGN ............................................................................ 6 

RESULTS ..................................................................................................................................... 13 

DISCUSSION ............................................................................................................................... 17 

REFERENCES ............................................................................................................................. 27 

FIGURES AND TABLES ............................................................................................................ 33 

 

  



v 

LIST OF TABLES 

Table 1. Expected relationship between intraspecific (𝑏𝑖) and interspecific (𝑏𝑗) competition 

coefficients in the low P, low P ALUS and high P ALUS inoculum treatments with two levels of 

phosphorus treatment. ................................................................................................................... 33 

 

Table 2. Average soil phosphorus levels (Bray I) sampled in 2017 at 5 random plots at the 9 sites 

where whole soil biota was sourced from. .................................................................................... 34 

 

Table 3. ANOVA tables showing the effects of different soil biota, phosphorus and density 

treatments on the square root-transformed aboveground biomass of A. gerardii and natural log-

transformed B. inermis individuals after 72 days of growth. The three soil biota treatments 

include inoculation with soil biota from low P field sites, as well as low P ALUS and high P 

ALUS sites. Phosphorus treatments consisted of low (3 mg/kg) or high (30 mg/kg) phosphorus 

applications every 3 weeks, and density refers to the number of A. gerardii and B. inermis 

individuals in the pot. Significant P values (p<0.05) are bolded. The adjusted R2 = 0.724 and 

0.794 for the models for A. gerardii and B. inermis biomass, respectively. ................................. 35 

 

Table 4. ANOVA tables showing the effects of different soil biota, phosphorus and density 

treatments on root colonization of arbuscules, vesicles and hyphae in both A. gerardii and B. 

inermis. The three soil biota treatments include inoculation with soil biota from low P field sites, 

as well as low P ALUS and high P ALUS sites. Phosphorus treatments consisted of low (3 

mg/kg) or high (30 mg/kg) phosphorus applications every 3 weeks, and density refers to the 

number of A. gerardii and B. inermis individuals in the pot. Significant P values (p<0.05) are 

bolded. The adjusted R2 = 0.565, 0.354 and 0.562 for the models for arbuscules, vesicles and 

hyphae colonization, respectively. ................................................................................................ 36 

 

Table 5. Parameters of reciprocal yield linear regression models for aboveground biomass after 

72 days of growth for A. gerardii and B. inermis in three soil biota treatments and two 

phosphorus treatments. A z transformation was used to standardize inverse biomass values prior 

to analysis. bi represents the strength of intraspecific competition and bj represents the strength of 

interspecific competition. Significant P values (p<0.05) are bolded. The adjusted R2 indicates the 

degree to which each model fits the data. ..................................................................................... 37 

 

Table 6. ANOVA tables showing the effects different soil biota and density treatments on the 

natural log-transformed aboveground biomass of A. gerardii and B. inermis individuals after 72 

days of growth. The two mycorrhizal treatments include inoculated and non-inoculated, and 

density refers to the number of individuals in the pot. Significant P values (p<0.05) are bolded. 

The adjusted R2 = 0.383 and 0.852 for the model for A. gerardii and B. inermis biomass, 

respectively. .................................................................................................................................. 38 

  



vi 

LIST OF FIGURES 

Figure 1. Diagram of the simple additive series. The density of species A and B (individuals per 

pot) are found in the top row and left hand column of the structure. The 12 competition 

treatments are represented by the closed circles within the matrix. ............................................. 39 

Figure 2. Diagram of the sampling points (X) at each 5x5m plot. ............................................... 40 

Figure 3. Mean (and standard error) individual biomass of A. gerardii (A) and B. inermis (B) 

averaged across all densities in each soil biota and phosphorus treatments after 10 weeks of 

growth. Insets include mean individual biomass when fertilizer treatments are combined. Values 

represent arithmetic means, and different letters represent statistically significant differences in 

individual biomass based on 95% confidence intervals. .............................................................. 41 

Figure 4. Mean (and standard error) percent root colonization of arbuscules (A), vesicles (B) and 

hyphae (C) averaged across all densities in each soil biota and phosphorus treatments after 10 

weeks of growth. Insets include mean percent colonization when fertilizer treatments are 

combined. Values represent arithmetic means, and different letters represent statistically 

significant differences in percent colonization based on 95% confidence intervals. ................... 42 

Figure 5. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in low phosphorus fertilizer treatments for A. 

gerardii in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. ........................................................................................................................... 43 

Figure 6. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in high phosphorus fertilizer treatments for A. 

gerardii in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. ........................................................................................................................... 44 

Figure 7. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in low phosphorus fertilizer treatments for B. 

inermis in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. ........................................................................................................................... 45 

Figure 8. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in high phosphorus fertilizer treatments for B. 

inermis in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. ........................................................................................................................... 46 

Figure 9. Mean (and standard error) individual biomass of A. gerardii (A) and B. inermis (B) 

averaged across all densities in each soil biota and phosphorus treatments after 10 weeks of 

growth. Values represent arithmetic means, and different letters represent statistically significant 

differences in individual biomass based on 95% confidence intervals......................................... 47 

file:///C:/Users/kelse/Dropbox/Kelsey%20-%20Germination%20Rates%20and%20Experiments/Hicks,%20Kelsey%20-%20M.Sc.%20Thesis%20-%20HM%20comments.docx%23_Toc18927855


1 

INTRODUCTION 

Leaching of fertilizers into the biosphere is a major issue facing ecosystems worldwide. 

Modern agricultural practices rely heavily on fertilizers containing major nutrients such as 

nitrogen and phosphorus, which are inadvertently being released into terrestrial and aquatic 

environments as runoff (Tilman and Lehman 2001; Stevens et al. 2004; Foley et al. 2005). 

Overall, the rate of nutrient addition to terrestrial ecosystems has doubled in recent decades and 

this may have negative implications on the diversity and composition of natural plant 

communities (Vitousek et al. 1997; Tilman and Lehman 2001; Matson et al. 2002; Foley et al. 

2005). Competitive exclusion is one proposed mechanism that leads to losses of diversity 

following the elevation of soil nutrient content (Bobbink et al. 1998; Rajaniemi 2002). For 

example, nitrogen fertilization of three successional grasslands in Minnesota caused the same 

few species, Agropyron repens and Poa pratensis, to successfully outcompete other species and 

become dominant at each site (Clark et al. 2007). Species diversity also decreases with 

phosphorus addition through competitive exclusion of species adapted to low phosphorus 

availability (Wassen et al 2005; Ceulemans et al. 2011). As a result, native grass species adapted 

to nutrient-poor soils may experience strong competition from fast-growing invasive species 

(Bobbink 1991; Bakker and Berendse 1999; Willems 2001). 

Competitive exclusion of native species as a result of nutrient deposition can have 

negative impacts on the restoration of grassland communities, particularly at sites adjacent to 

agriculture (Bakker and Berendse 1999). Tallgrass prairie habitat in North America has been 

significantly reduced due to the conversion to agriculture and therefore focus should be placed 

on the reintroduction of native and rare grass species to preserve diversity (Vitousek et al. 1997; 

Rodger 1998; Stover et al. 2012). The effects of high nutrient deposition on species coexistence 
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has been examined in a variety of communities (Johnson et al. 1999; Brouwer et al. 2001, 

Gusewell 2004); however, the mechanisms behind these effects and their implications for 

ecological restoration are not fully understood. Successful establishment and persistence of 

native grass species may be challenging under high nutrient conditions due to their sensitivity to 

nitrogen and phosphorus enrichment (Stevens et al. 2004; Ceulemans et al. 2011) and 

competition with invasive species (Bobbink et al. 1998; Wassen et al 2005). The restoration of 

tallgrass prairies is of high importance due to these obstacles and the continuing loss of 

biodiversity that may occur if restoration is not effective. 

One way that anthropogenic nutrient deposition can have direct effects on plant diversity, 

competition and restoration is by influencing the interaction between plants and their microbial 

mutualists (Morgan et al. 2005). The establishment of symbiotic relationships between a plant 

and soil microbes such as mycorrhizal fungi can benefit plant growth in nutrient deficient soils 

(Van der Heijden et al. 1998a; Morgan et al. 2005). Arbuscular mycorrhizal (AM) fungi are the 

most common group of mycorrhizae, forming mutualisms with 80% of terrestrial plant species 

(Van der Heijden et al. 1998a; Morgan et al. 2005; Smith et al. 2011). These fungi increase plant 

access to phosphorus in exchange for sugars from photosynthesis (Morgan et al. 2005; Smith et 

al. 2011). Though the interactions between plants and mycorrhizae usually stimulate plant 

growth, this effect can decline if the carbon costs to the plant exceed the nutritional benefits that 

it obtains from the fungus (Johnson et al. 1997; Friede et al. 2016). Phosphorus deposition has 

the potential to reduce plant growth benefits from inoculation with AM fungi because the plant 

would no longer require the nutrient acquisition services of the fungus, yet still endures a carbon 

cost to support it (Johnson et al. 1997; Kahiluoto et al. 2000). As a result, mycorrhizal species 

tend to be more susceptible to elevated soil phosphorus, resulting in greater declines in their 



3 

abundance and diversity (Ceulemans et al. 2011). This is important to consider in the context of 

restoration as native species that associate with AM fungi may have lowered success at sites with 

high nutrient deposition. 

Even when grown under common soil resource conditions, plant species can vary in their 

growth responses to AM fungi and this variation influences competitive interactions (Van der 

Heijden et al. 1998b; Scheublin et al. 2007). The mycorrhizal growth response (MGR) measures 

how a plant species responds to inoculation with AM fungi as the ratio between the biomass of 

an inoculated plant and a non-inoculated plant (Maherali 2014). The MGR of co-occurring 

perennial grass species can vary from a neutral response to a very positive response, and a 

strongly responsive species could competitively exclude a weakly responsive species in soils 

with low nutrient content (Wilson and Hartnett 1998; Lin et al. 2015). However, a species with a 

high MGR is likely to experience intense intraspecific competition because they have fast growth 

rates and can reach high densities, inhibiting biomass production (Hartnett et al. 1993; Facelli et 

al. 1999; Wang et al. 2005). Additionally, conspecifics specialize on the same region of niche 

space and can compete strongly for limiting resources such as nutrients and light, leading to self-

limitation (Silvertown 2004; Wang et al. 2005). In this case, a species with a low MGR may not 

experience strong interspecific competition if the highly responsive species is self-limiting. 

However, in a high nutrient environment the competitive interactions between and within 

species that differ in MGR may change. Nitrogen and phosphorus would no longer be limiting 

factors to plant growth and in addition fertilization with these nutrients stimulates biomass 

production (Gough et al. 2000; Ohshiro et al. 2016). As a result, performance differences are 

reduced between species with high and low MGR and both would produce more biomass and 

compete for light, as it would become the most limiting resource (Wang et al. 2005; Pan et al. 
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2011). Intraspecific competition may be stronger than interspecific competition under nutrient 

deposition because conspecifics have the same requirements for light and may compete more 

heavily with one another than with heterospecifics (Silvertown 2004; Adler et al. 2010). This 

prediction differs from that of a low-nutrient environment because intraspecific competition 

would be stronger for both high and low MGR species, rather than just the high MGR species.  

Nutrient deposition may also change the composition of AM fungal community, which 

may in turn influence competitive interactions among plants (Johnson et al. 1992; Johnson 1993; 

Weber et al. 2013). For example, species from the Gigaspora and Scutellospora genera are often 

associated with soils with lower N availability while members of Glomus are more abundant in 

high nutrient soils (Treseder and Allen 2002; Treseder 2018). These genera also differ in their 

phosphorus contributions to the host plant. The high nitrogen-associated Glomus species tend to 

be less mutualistic, whereas Gigaspora and Scutellospora provide greater nutrient acquisition 

benefits (Treseder et al. 2018). Root colonization accompanied with high presence of arbuscules 

– organs through which nutrients are provided to the plant (Johnson 1993) – indicates a 

functional symbiosis, whereas reduced arbuscules suggest that a plant is less dependent on the 

symbiosis or the symbiosis is not mutually beneficial (Johnson 1993; Van der Heijden et al. 

1998a). If nutrient deposition decreases the abundance of mutualistic fungi that assist with 

phosphorus acquisition while promoting the presence of less beneficial species, then the 

competitive ability of a strongly mycorrhizal responsive plant may be diminished relative to a 

weakly responsive species (Bray et al. 2003). Although it has been proposed that there are 

differences in MGR when inoculating with native or exotic AM fungi communities (Pellegrino et 

al. 2011), studies have not yet investigated if inoculum sourced from high and low nutrient soils 

will influence MGR and consequently alter interspecific competition. In addition, it can be 
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difficult to predict plant response to mycorrhizae and therefore research on the competitive 

interactions between plants will demonstrate the possible outcomes of competition (Bray et al. 

2003). 

The aim of this study is to examine how phosphorus fertilizer and soil biota source 

affects competitive interactions between and within species that differ in their response to AM 

fungi. I will examine competitive interactions between big bluestem (Andropogon gerardii), a 

highly responsive species native to tallgrass prairies, and smooth brome (Bromus inermis), a less 

responsive species that invades and competes with A. gerardii. Whole soil inoculum from high 

phosphorus sites and two categories of low phosphorus sites will be applied along with low and 

high phosphorus fertilizer treatments to test the strength of inter- and intraspecific competition 

under different conditions. It is expected that soil biota from the low phosphorus sites will be 

similar and therefore should have similar effects. Under low phosphorus fertilizer, if A. gerardii 

is inoculated with low phosphorus inoculum, I predict that intraspecific competition will be 

strong because the AM fungi will be mutualistic and provide growth benefits. However, if A. 

gerardii is inoculated with high phosphorus inoculum, I predict that interspecific competition 

will be strong as the AM fungi will provide reduced growth benefits. Under the same low 

phosphorus fertilizer, if B. inermis is inoculated with low phosphorus inoculum, I predict that 

interspecific competition will be strong because it is a weakly responsive species and therefore 

will not experience any mutualistic benefit. However, if B. inermis is inoculated with high 

phosphorus inoculum, I predict that intraspecific competition will be strong as A. gerardii will be 

a weaker competitor due to the fungal community providing less mutualistic benefit. 

The strength of inter- and intraspecific competition for both grass species is also expected 

to change under high phosphorus addition. If A. gerardii is inoculated with low phosphorus 
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inoculum, I predict that the strength of intraspecific competition will be equal to interspecific 

competition because the phosphorus fertilizer may diminish growth benefits provided by AM 

fungi to A. gerardii, and B. inermis will benefit considerably from the phosphorous addition. If 

A. gerardii is inoculated with high phosphorus inoculum, I predict that interspecific competition 

will be stronger than intraspecific competition as the AM fungi will provide a greater reduction 

in growth benefits due to the fertilizer. Under the same high phosphorus fertilizer, I predict that 

B. inermis will experience strong intraspecific competition regardless of inoculum source as A. 

gerardii will be a weaker competitor. 

AM fungi from high nutrient sources are expected to produce fewer arbuscules and lower 

overall colonization than that from low nutrient sources. In addition, I predict that root 

colonization by AM fungi will be higher under low phosphorus fertilizer than under high 

phosphorus fertilizer. 

 

METHODS AND EXPERIMENTAL DESIGN 

To test the strength of inter- and intraspecific competition between A. gerardii and B. 

inermis in the establishment phase, these species were grown together in competition in an 

additive replacement series experiment within a common glasshouse environment. An additive 

replacement series was used to assess the response of an individual plant to changes in the 

density of conspecifics (a measure of intraspecific competition) and heterospecifics (a measure 

of interspecific competition) (Freckleton and Watkinson 2000), using aboveground biomass as 

an indicator of competitive ability (Grime 1977; Facelli and Facelli 2002). The effect of 

conspecifics and heterospecifics on an individual is measured as the slope of a regression of 

biomass growth against the density of the other individuals in the pot (Freckleton and Watkinson 

2000). 
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To test whether nutrient availability and fungal inoculum source influence the outcome of 

competition, I manipulated nutrient addition and inoculum source. The additive replacement 

series involved two phosphorus treatments and three inoculum sources. For each combination of 

nutrients and inoculum source, there were 12 competition treatments, ranging from 0 – 4 

individuals from each species (Figure 1). Each competition treatment was replicated 4 times for a 

total of 48 pots (1.67L) within one replacement series, and 288 pots in total across the 6 

treatments combinations. 

To establish the experiment, whole soil inoculum containing AM fungi in addition to 

other soil biota was collected from sites that fall into three categories of phosphorus levels. The 

categories include low phosphorus inoculum from restored or untouched prairie sites in southern 

Ontario that do not receive nutrient subsidies from adjacent lands (LPi), low phosphorus 

inoculum from restored prairies on Alternative Land Use Network (ALUS) farms with low P 

inputs (ALUS.LPi) and restored prairies on ALUS sites with high P inputs (ALUS.HPi). Three 

sites were selected for each phosphorous level category based on soil phosphorus data collected 

in 2017 (Table 2). The sites where the low phosphorus inoculum (LPi) was sourced were (1) 

Rondeau Provincial Park, (2) Rare Charitable Research Reserve and (3) Long-Term Mycorrhizae 

Research Site (LTMRS) in the University of Guelph Arboretum. Rondeau Provincial Park was 

established as a protected area in 1894 to protect natural forests from the influence of tourism 

(Killan 1993). Rare Charitable Research Reserve is a 365+ hectare land reserve which was 

protected in 2001 to allow opportunities for scientific research within the context of an urbanized 

region (Telfer et al. 2015). The LTMRS was previously used for agriculture until 1967, and 

currently is a successional old field (Maherali and Klironomos 2012). Both Rondeau Provincial 
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Park and Rare Charitable Research Reserve had a strong presence of A. gerardii, while the 

LTMRS is dominated by B. inermis and Poa spp. 

Whole soil inoculum from the three low and three high phosphorus inoculum sites was 

collected from farms in southern Ontario, which are part of the Alternative Land Use Services 

(ALUS) network. ALUS Canada is a charitable organization that works with farmers to restore 

natural areas on or adjacent to agricultural lands to provide and improve ecological services. At 

each site, soil for inoculum was collected from restored prairie plots that are adjacent to 

agricultural fields. The distance from the prairie plots to crop fields varied between several feet 

to a dozen meters. The prairie plots have elevated levels of phosphorus due to being used for 

agriculture in recent years, or from fertilizer runoff from adjacent cultivated fields.  

Whole soil inoculum was collected at each site by harvesting soil up to a depth of 15cm 

at sampling plots. Each site was divided evenly into 5x5 grids, and 10 random coordinates were 

chosen from the grid to form 5x5m plots. Of those 10 plots, 5 plots were selected that contained 

A. gerardii. If there were more than 5 plots with A. gerardii, then they were randomly selected. 

Soil was collected at 4 locations adjacent to each plot to prevent disturbing the plants within the 

plot, as other surveys were being conducted (Figure 2). The inoculum for each treatment was 

then sieved and homogenized using equal weights of soil from the three sites within each soil 

inoculum treatment category so the inoculum applied to the pots would equally represent the AM 

fungi community from each site within a soil biota treatment. To inoculate pots, 20g of field soil 

was added to each pot based on soil inoculum identity (LPi, ALUS.LPi or ALUS.HPi). 

To confirm the mycorrhizal growth response of A. gerardii and B. inermis and determine 

whether MGR varied with planting density, I conducted a second experiment. Each plant species 

was planted in monoculture at 5 different densities. Each density treatment was replicated four 
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times for each fungal inoculation treatment, which includes with and without inoculation, for a 

total of 40 pots for each species and 80 total pots. The experiment was planted on 05-10-2018 for 

B. inermis and 28-02-2019 for A. gerardii. For the experiment testing mycorrhizal growth 

response, an endomycorrhizal inoculant known as MYKE® PRO Greenhouse WP was used to 

inoculate the soil. This product contains spores of the AM fungi species Glomus intraradices 

which is the most frequently used species of the class Glomeromycetes in research on AM fungi 

(Stockinger et al. 2009). Since the MYKE® PRO Greenhouse WP has a high concentration of 

spores, 2g or 4g was added to the treatment pots with B. inermis and A. gerardii respectively in 

the MGR experiment. More inoculum was added to the pots with A. gerardii as inoculation was 

not consistent for that species in a trial experiment. 

Seeds of A. gerardii and B. inermis were obtained from a local supplier (Ontario Seed 

Company 2018, Waterloo, ON). Both species were grown from seed in this experiment to 

identify the possible challenges facing A. gerardii in the establishment phases of restoration, as 

natural areas are often reseeded and mature individuals are not present. Initial tests of 

germination rates indicated that manual scarification, the process of damaging the impermeable 

seed coat with sandpaper (Patane and Gresta 2006; Ali et al. 2011), increased germination of A. 

gerardii seeds from approximately 25% to 50%. Scarification was not required for B. inermis. 

Due to the low germination rates of both species, 10 seeds were planted for every individual 

required. Following scarification of A. gerardii, the seeds of both species were placed into petri 

dishes with wet filter paper, sealed and stratified at 4°C for 7 days to simulate low winter 

temperatures and break seed dormancy, ensuring germination was successful (Schutz and Rave 

1999; Cavieres and Arroyo 2000). 
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To allow for manipulation of nutrients in both experiments, a low-nutrient soil from the 

Long-Term Mycorrhizae Research Site (LTMRS) in the University of Guelph Arboretum in 

Guelph, ON was harvested to be used as background soil in all pots. This soil was specifically 

selected as it is low in phosphorus (2.1 mg P kg-1 dry soil) and allowed for low concentrations of 

phosphorus fertilizer to be added and will not prevent differences in treatments from being 

observed (Maherali and Klironomos 2012). At the LTMRS, field soil was collected from 15cm 

pits dug at one location. A sieve was used to remove stones and plant material and then sand and 

perlite were mixed into the field soil to obtain a ratio of 40:40:20 (field soil:sand:perlite). The 

soil mixture was then sterilized in an autoclave with two 90-minute cycles at 121°C to eliminate 

all biota in the soil. After autoclaving, soil bags were sealed and stored in bins until planting 

occurred to avoid any chance of contamination. 

Contamination from the pots was avoided by sterilizing all pots with a bleach solution 

prior to potting. Pots were then filled with 1.5kg (~99%) of background soil and inoculum was 

thoroughly mixed into the top third layer of soil (Stanescu and Maherali 2017). Pots were 

randomly placed on greenhouse benches to eliminate biased environmental influence on the 

experiment. Following inoculation, seeds were planted in the pots and covered with soil to 

improve germination. Seed germination counts were taken 3 weeks after planting. Thinning of 

extra individuals was conducted 3 weeks post-planting, over the course of several rounds to 

ensure over-thinning did not occur. The greenhouse conditions were set at 16 hours of daylight at 

a temperature of 20-23.5°C and 8 hours of dark at 19.5-20.5°C, with artificial supplementary 

lighting provided under low external light conditions. This photoperiod stimulated that of the 

daily average temperature of the growing season at the three closest weather stations 

(http://climate.weather.gc.ca/index_e.html). 

http://climate.weather.gc.ca/index_e.html
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In the first week of growth, all pots received 100mL of water a day to facilitate seed 

germination. This was decreased to 50mL a day for another 2.5 weeks, then changed to 100mL 

every other day until the experiment concluded. 

To measure differences in plant competitive ability under different phosphorus 

concentrations, I added 100mL of nutrient solution three times throughout the experiment at 

intervals of three weeks to prevent over fertilizing. In the replacement series experiment, all pots 

received a nitrogen and micronutrients fertilizer and either a low (3mg/kg soil) or high 

phosphorus (30mg/kg soil) treatment. In the MGR experiment, the nitrogen and micronutrients 

fertilizer was also used but only the low (3mg/kg soil) phosphorus treatment was applied. These 

levels were selected to represent field conditions. On the days when fertilization occurred, water 

frequency was decreased to avoid oversaturation of the soil.  

 To assess plant performance I measured aboveground biomass as the strength of 

competitive ability is dependent on the capacity to produce aboveground biomass in a 

competitive environment (Grime 1977). Therefore, greater biomass indicates that a species is a 

more successful competitor in that competition treatment (Grime 1977). Aboveground biomass 

was harvested at soil level after 10 weeks post-planting. The biomass was separated according to 

species, dried in a drying oven at 60° for 72 hours, weighed, then averaged per pot by species. 

 To determine the degree of colonization by AM fungi during the experiment and test 

whether the level of colonization differs between soil inoculum treatments and is affected by 

fertilization, root colonization was assessed for pots in specific density treatments of 

monoculture and polyculture pots. The roots were removed from the pots, washed and stored in a 

50% alcohol solution. Roots were then cleared with 10% KOH followed by staining with a Black 

Sheaffer ink (Sheaffer Pen Co., Luton, UK) and vinegar solution (Vierheilig et al. 1998). AM 
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fungi structures (hyphae, arbuscules and vesicles) were then scored using the gridline intersect 

method (McGonigle et al. 1990).  

 

STATISTICAL ANALYSIS 

A three-way analysis of variance (ANOVA) with the factors inoculum source, nutrient 

addition and plant density was used to determine how these treatments influenced average plant 

biomass per pot. To determine if the data met the assumptions of ANOVA, a Levene’s test was 

conducted to test for homogeneity of variances and histograms as well as residual plots were 

visually inspected to determine if the assumptions of normality and homogeneity of variance 

were met. The data for A. gerardii and B. inermis individual aboveground biomass was square 

root transformed and log transformed, respectively, to meet the assumptions of ANOVA. 

Another ANOVA was used to determine whether inoculum source, nutrient addition and density 

influenced root colonization, specifically the percent colonization of hyphae, arbuscules and 

vesicles. The assumptions of ANOVA were met and the colonization data was not transformed. 

To describe differences in treatment means, the post-hoc Tukey’s HSD test was used for the 

main effects, and the 95% confidence intervals were used to compare means if statistically 

significant interactions were detected. 

To measure the performance of individuals of each species in response to density in each 

soil inoculum and phosphorus level treatment combination, the reciprocal yield regression model 

was utilized (Freckleton and Watkinson 2000). The log inverse of plant mass was taken and then 

to compare slope coefficients across treatments, data was standardized using a z-transformation 

for both species. The reciprocal yield model assesses the competitive ability of each species by 
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considering changes in the biomass of individual plants in response to the addition of 

competitors (Thompson et al. 2015): 

1

𝑊𝑥
= 𝑏𝑥0 + 𝑏𝑖𝑁𝑎 + 𝑏𝑗𝑁𝑏 

where 𝑊𝑥  is the average above-ground dry biomass (yield) per plant. 𝑁𝑎 and 𝑁𝑏 are the 

densities of the species, A. gerardii and B. inermis respectively. The intercept, 𝑏𝑥0, is an estimate 

of the reciprocal biomass of isolated plants. Competitive strength is quantified by the degree to 

which biomass of focal plants is suppressed by competition, where smaller plant yield is 

indicative of stronger competition. Because this is counter-intuitive, the reciprocal biomass is 

used in model fitting, such that higher slope coefficient values indicate stronger competition 

(Thompson et al. 2015). In the reciprocal yield model, the coefficient 𝑏𝑖 estimates the strength of 

intraspecific competition and the coefficient 𝑏𝑗 estimates the strength of interspecific 

competition. The coefficients 𝑏𝑖 and 𝑏𝑗 can be compared within each treatment as well as among 

treatments to determine how the strength of intra- and interspecific competition differs between 

nutrient and inoculum source treatments. 

 

RESULTS 

Effects of Soil Biota and Phosphorus on A. gerardii biomass 

 Soil biota influenced mean individual aboveground biomass of A. gerardii (Table 3). 

Individuals grown with low P ALUS inoculum were 20% and 36% larger than those grown with 

low P inoculum and high P ALUS inoculum, respectively. Fertilization with phosphorus had a 

positive effect on aboveground biomass (Table 3), with individuals grown under high P fertilizer 

being 23% larger than those under low P fertilizer. Additionally, there was a weak interaction 

between soil biota and phosphorus fertilizer (Table 3) indicating that the effect of phosphorus 
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differed among inoculum treatments. For example, increased fertilizer had no effect on plant 

biomass for the low P and low P ALUS soil inoculum, but increased biomass by 49% for plants 

receiving inoculum from high P ALUS soils (Figure 3A). There was no significant difference in 

A. gerardii biomass between phosphorus treatments when grown with low P and low P ALUS 

inoculum (Figure 3A). 

Effects of Soil Biota and Phosphorus on B. inermis biomass 

Similar to A. gerardii, soil biota influenced mean individual aboveground biomass of B. 

inermis (Table 3). Individuals grown with low P ALUS inoculum were 12% and 13% larger than 

those grown with low P inoculum and high P ALUS inoculum, respectively. Fertilization with 

phosphorus had a positive effect on aboveground biomass (Table 3), with individuals grown 

under high P fertilizer being 58% larger than those under low P fertilizer. However, the 

interaction between soil biota and phosphorus fertilizer had no effect on aboveground biomass. 

Effects of Soil Biota and Phosphorus on AM Fungal Colonization 

Soil biota influenced percent colonization of arbuscules, vesicles and hyphae. Roots 

inoculated with low P inoculum had 83% and 41% more arbuscules than those inoculated with 

low P ALUS and high P ALUS inoculum, respectively (Figure 4A). Percent colonization of 

vesicles in roots inoculated with low P inoculum was not statistically different than those 

inoculated with low P ALUS inoculum but was 86% higher than those inoculated with high P 

ALUS inoculum (Figure 4B). In addition, roots inoculated with low P inoculum had 17% less 

hyphae than those inoculated with low P ALUS inoculum, and no statistical difference than those 

inoculated with high P ALUS inoculum (Figure 4C). Fertilization with phosphorus reduced 

colonization of all three fungal structures. Vesicles, arbuscules and hyphae percent colonization 
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in the high P fertilizer treatment was 70%, 64% and 43% lower than in the low P fertilizer 

treatment, respectively (Figure 4). 

Fertilizer effects on colonization of all three fungal structures differed among inoculum 

sources (Table 4). Specifically, high P fertilization reduced arbuscule colonization by 71% for 

low P inoculum, by 74% for low P ALUS inoculum and was absent for high P ALUS inoculum 

(Figure 4A). Similarly, high P fertilization reduced vesicle colonization by 62% for low P 

inoculum, by 82% for low P ALUS inoculum and was absent for high P ALUS inoculum (Figure 

4B). High P fertilization also reduced hyphae colonization by 47% for low P inoculum, by 50% 

for low P ALUS inoculum and by 29% for high P ALUS inoculum (Figure 4C). 

Competition Parameters 

Interspecific competition experienced by A. gerardii was generally stronger than 

intraspecific competition (Table 5, Figures 5 and 6). Under low P fertilizer, interspecific 

competition experienced by A. gerardii inoculated with low P inoculum was 623% stronger than 

intraspecific competition (Table 5). No differences were observed between inter- and 

intraspecific competition in the low P ALUS and high P ALUS inoculum treatments. Under high 

P fertilizer, the relative strength of both inter- and intraspecific competition experienced by A. 

gerardii in the low P inoculum treatment slightly increased but interspecific competition was still 

292% stronger than intraspecific competition (Table 5). In the low P ALUS and high P ALUS 

inoculum treatments, P fertilization decreased the relative strength of intraspecific competition 

and increased the strength of interspecific competition. As a result, interspecific competition was 

stronger than intraspecific competition under high P fertilizer, whereas under low P fertilizer 

they were statistically similar (Table 5). 
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Unlike A. gerardii, intraspecific competition experienced by B. inermis was generally 

stronger than interspecific competition (Table 5, Figures 7 and 8). Under low P fertilizer, 

intraspecific competition experienced by B. inermis inoculated with low P and low P ALUS 

inoculum was 130% and 103% stronger than interspecific competition, respectively (Table 5). 

No differences were observed between inter- and intraspecific competition in the high P ALUS 

inoculum treatment. Under high P fertilizer, the relative strength of both inter- and intraspecific 

competition experienced by B. inermis in the low P inoculum treatment slightly increased but 

intraspecific competition was still 128% stronger than interspecific competition (Table 5). In the 

low P ALUS and high P ALUS inoculum treatments, P fertilization decreased the relative 

strength of interspecific competition and increased the strength of intraspecific competition. This 

did not change the competition outcome in the low P ALUS inoculum treatment; however, the 

relative strength of intraspecific competition was 164% greater than interspecific competition, 

compared to 103% under low P fertilizer (Table 5). Additionally, as a result of P fertilization in 

the high P ALUS inoculum treatment, intraspecific competition was stronger than interspecific 

competition, whereas under low P fertilizer they were statistically similar (Table 5). 

Effects of Glomus intraradices and Plant Density on A. gerardii Biomass (MGR) 

 Inoculation with G. intraradices influenced the mean individual aboveground biomass of 

A. gerardii (Table 6, Figure 9A), with inoculated individuals 247% larger than non-inoculated 

individuals. There was also a positive effect of density on biomass (Table 6), and individuals in 

the density treatment of 6 and 8 individuals were 215% and 224% larger than those with no 

competitors. There were no other statistical differences in mean individual biomass between 

density treatments of A. gerardii. The interaction between mycorrhizal treatment and density did 

not affect individual biomass. 
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Effects of Glomus intraradices and Plant Density on B. inermis Biomass (MGR) 

 Inoculation with G. intraradices did not influence mean individual aboveground biomass 

of B. inermis (Table 6, Figure 9B). However, there was a strong effect of density on biomass, 

particularly at lower densities (Table 6). For example, individuals in a pot without any 

competitors had 65% and 154% more biomass than individuals with one or three competitors, 

respectively. There was no statistical difference in mean individual biomass between density 

treatments of 6 and 8 B. inermis individuals. The interaction between mycorrhizal treatment and 

density did not affect individual biomass. 

 

DISCUSSION 

 A history of elevated fertilizer inputs reduced fungal growth and the mutualistic benefit 

that AM fungi provide to plants, and this could modify competitive interactions between plants 

that differ in their response to mycorrhizal fungi. Whole soil biota inoculum from sites with high 

P inputs generally had lower root colonization and produced smaller plants than inoculum from 

sites with low P inputs, indicating they are less mutualistic. The addition of P fertilizer also 

decreased root colonization by AM fungi, particularly in roots grown with soil biota from low P 

input sites, also reducing the mutualistic benefit received by a positively responding species. 

Contrary to my prediction (Figure 5A), A. gerardii was strongly limited by heterospecifics when 

grown with soil biota from low P sites and with low P addition (Figure 5B). In addition, I did not 

predict (Figure 5C, E) that competition with conspecifics and heterospecifics would be equal 

when A. gerardii was grown with soil biota from ALUS sites (Figure D, F). I predicted that with 

high phosphorus addition (Figure 6A, C), the strength of intraspecific and interspecific 

competition experienced by A. gerardii would be equal when inoculated with soil biota from low 

P and low P ALUS sites, however heterospecifics had a stronger negative effect on biomass 
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(Figure 6B, D). My prediction that interspecific competition would be stronger when A. gerardii 

was grown with soil biota from a site with high phosphorus input was supported (Figure 6E, F). 

Regarding the less-responsive species B. inermis, I did not find support for the prediction that 

individuals inoculated with soil biota from low P (Figure 7A, B) and low P ALUS sites (Figure 

7C, D) would compete strongly with heterospecifics under low phosphorus fertilizer. My 

prediction (Figure 7E) that intraspecific competition experienced by B. inermis would be strong 

when grown with soil biota from ALUS sites with high phosphorus input was also not supported, 

as the relative strength of inter- and intraspecific competition were equal (Figure 7F). However, 

the prediction that B. inermis would be most limited by conspecifics under high phosphorus 

fertilizer regardless of inoculum source was supported (Figure 8). 

Consistent with the literature, my results show that a species with a high MGR will 

produce more biomass when inoculated with soil biota from ALUS sites with low phosphorus 

inputs than ALUS sites with high phosphorus inputs. This is due to the potential presence of 

mutualistic AM fungi species (Treseder and Allen 2002; Treseder et al. 2018), and higher root 

colonization from biota sourced from low nutrient sites (Johnson 1993). While it was not 

measured in the present study, previous work provides some indication of how a history of soil 

fertilization alters AM fungal community composition in favor of less mutualistic fungi. For 

example, using a synthesis of data from the literature, Treseder et al. (2018) discovered that 

beneficial AM fungi genera such as Scutellospora and Gigaspora were associated with low N 

soils and enrichment with N can decrease their abundance. On the other hand, less mutualistic 

species such as those from the Glomus genera (Bray et al. 2003) tend to increase in abundance in 

high nutrient soils (Treseder and Allen 2002; Treseder et al. 2018). For example, Johnson (1993) 

discovered that following 8 years of fertilization, the species composition of AM fungi was 
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altered and the relative abundance of Gigaspora species decreased, while Glomus intraradix 

increased. 

In addition, my findings generally support the prediction that root colonization by AM 

fungi from high nutrient sources would be lower than that of low nutrient sources. This coincides 

with Johnson (1993) who discovered that when grown in the greenhouse with live inoculum 

from fertilized sites, A. gerardii roots had fewer hyphae and arbuscule colonization than those 

grown with inoculum from unfertilized sites. Inoculum that produces low colonization of hyphae 

and arbuscules suggests that a site with a history of fertilization may select for less mutualistic 

AM fungi (Johnson 1993) that are less efficient in improving P uptake for the plant (Henkel et al. 

1989). However, some anomalies in my results exist such as arbuscule colonization did not differ 

between the low P ALUS and high P ALUS inoculum treatments, and hyphae colonization did 

not differ between the low P and high P ALUS inoculum treatments. These anomalies may be 

related to limitations of the gridline intersect model, which is based on present/absent data and 

the possibility of categorizing non-AM fungi hyphae as an AM fungal structure, as hyphae are 

not unique to AM fungi species (McGonigle et al. 1990). 

We found evidence to suggest that fertilization had strong negative effects on fungal 

growth in soils that lacked a history of high fertilizer input. Fertilization reduced hyphae 

colonization across all inoculum treatments, and reduced arbuscule and vesicle colonization in 

the low P and low P ALUS inoculum treatments (Figure 4). This is consistent with the results of 

Grman (2012), who conducted a greenhouse experiment with several grass species, including B. 

inermis and A. gerardii, grown across a phosphorus gradient. There was a negative correlation 

between phosphorus concentration and root colonization for both species (Grman 2012). This 

inverse relationship between root colonization and P levels has been documented in many studies 
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(De Miranda and Harris 1994; Liu et al. 2000, Kahiluoto et al. 2000), which suggest that a 

higher tissue P in a plant can reduce mycorrhizal association (Kahiluoto et al. 2000) due to 

decreases in spore and hyphae production (De Miranda and Harris 1994). 

Phosphorus fertilization did not strongly suppress mycorrhizal association in plants 

inoculated with AM fungi from high nutrient sites, and this may be due to the inoculum being 

less sensitive to nutrient addition than those from low nutrient sites (Treseder and Allen 2002; 

Treseder et al. 2018). As mentioned, AM fungi vary in their response to fertilization and some 

genera become less abundant while others become more abundant (Treseder and Allen 2002; 

Treseder et al. 2018). The AM fungi diversity from high nutrient sites has been documented to 

shift towards nutrient-tolerant species (Johnson 1993; Del Mar Alguacil et al. 2010) and this 

mechanism can explain why the high P ALUS inoculum had a weaker response to the 

phosphorus fertilizer treatment and therefore were not suppressed to the degree that the other 

inoculum treatments were. 

A limitation to my study is detailed information about the whole field inoculum including 

diversity, propagule abundance and infectivity was not available. As discussed, the composition 

of the AM fungal community varies with soil nutrient levels (Treseder and Allen 2002; Treseder 

et al. 2018), with low diversity occurring in sites with high amounts of inorganic phosphorus 

fertilizers (Van Geel et al. 2016). However, we were not able to identify the presence or absence 

of certain genera or species of AM fungi and can only speculate that differences between soil 

inoculum treatments are related to differences in AM fungal community composition, and not 

differences in the diversity of other microorganisms in the soil. In addition, differences in 

biomass and percent root colonization could be attributed to less propagules and lower infectivity 

rates. Infective propagules are used by AM fungi to form associations with plant roots, and 
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genera differ in their ability to colonize roots with spores, extraradical hyphae and infected roots 

(Klironomos and Hart 2002). Species which can colonize roots with all three types of propagules 

are more effective in producing new infection units (Klironomos and Hart 2002). Therefore, low 

root colonization rates may relate to the infectivity of a species, rather than its effectiveness as a 

mutualist. 

Interspecific competition has a stronger or equal impact to intraspecific competition on 

the establishment of a highly responsive species, A. gerardii, with different soil biota sources 

under low P fertilizer. These results are neither supported by my root colonization results nor the 

literature. Inoculum from low nutrient sites should intensify intraspecific competition for A. 

gerardii due to low P and low P ALUS inoculum generally having high root colonization (Figure 

4) and producing the largest A. gerardii individuals on average (Figure 3A). Conversely, the 

inoculum from high nutrient sites should intensify interspecific competition due to lower root 

colonization rates (Figure 4) and lower individual A. gerardii biomass (Figure 3A). Consistent 

with my biomass results, it has been documented that A. gerardii produces more biomass and 

had higher colonization rates when colonized by AM fungi from non-fertilized sites compared to 

inoculum from fertilized sites (Johnson 1993). In addition, a species with a high MGR should 

compete strongly with conspecifics due to fast growth rates and their ability to grow under low 

nutrient conditions (Hartnett et al. 1993; Facelli et al. 1999; Wang et al. 2005). 

My findings are consistent with current literature and suggest that a species with a high 

MGR will experience intense competition with a low MGR species when inoculated with soil 

biota from high phosphorus sites and fertilized with phosphorus (Hetrick et al. 1989). This 

intense interspecific competition is related to the reduction in performance differences between 

species with high and low MGR when fertilizer is applied. This includes a decrease in plant 
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growth benefits from inoculum following phosphorus addition due to the carbon cost of the 

symbiosis (Johnson et al. 1997; Kahiluoto et al. 2000; Friede et al. 2016) as well as reduced 

benefits gained from AM fungi sourced from high nutrient sites (Treseder and Allen 2002; 

Treseder 2018). As a result, phosphorus fertilizer reduces the competitive advantage that a highly 

responsive species such as A. gerardii has over B. inermis, resulting in A. gerardii experiencing 

strong competition with heterospecifics (Hetrick et al. 1989). Hetrick et al. (1989) observed this 

pattern when growing 2-week old seedlings of A. gerardii and Koeleria pyramidata, a non-

responsive species, in a greenhouse experiment. When in competition with K. pyramidata, A. 

gerardii seedlings experienced a reduction in biomass following fertilization with phosphorus. 

Unexpectedly, my results indicate that a species with a high MGR may experience strong 

interspecific competition relative to intraspecific competition when colonized by inoculum from 

low nutrient sites under high P fertilizer. Although the literature proposes that the benefits 

received from AM fungi decrease under high nutrient conditions (Johnson et al. 1997; Kahiluoto 

et al. 2000), it was expected that the mutualistic AM fungi from low nutrient sites would still 

provide a competitive advantage to a species with a high MGR. In addition, fertilizers stimulate 

biomass production and increase competition for light between conspecifics with similar growth 

requirements (Gough et al. 2000; Wang et al. 2005), and therefore intraspecific competition 

should be equal to interspecific competition. 

The mycorrhizal growth response experiment suggests A. gerardii does not experience 

negative density-dependent effects under low nutrient fertilizer, as individual biomass increased 

as density increased. Positive density dependence is a possible mechanism behind this result, and 

it has been documented in the literature (Lebrija-Trejos et al. 2014; Lu et al. 2015). It has been 

proposed that positive interactions between conspecifics can be caused by shared mutualists such 



23 

as AM fungi, as well as through facilitation of neighbouring plants (Lebrija-Trejos et al. 2014; 

Lu et al. 2015). This positive density dependence mechanism may partly explain the weak 

intraspecific competition experienced by A. gerardii in the additive replacement series 

experiment. 

Contrary to the literature, we found evidence that under low phosphorus fertilizer, a 

species with a low MGR will compete strongly with conspecifics rather than with individuals of 

a high MGR species when inoculated with AM fungi from low P and low P ALUS sites. This 

result is consistent with the strength of intraspecific competition experienced by B. inermis in the 

MGR experiment, in both inoculated and uninoculated treatments, and indicates that intraspecific 

competition has a larger influence on biomass than expected. The literature suggests that 

inoculation with AM fungi should lower the competitive ability of a less responsive species such 

as B. inermis, while increasing the benefit to a highly responsive competitor (Lin et al. 2015). In 

a similar study, Shivega and Aldrich-Wolfe (2017) conducted a greenhouse experiment to test 

interspecific competition between A. gerardii and the exotic, non-responsive species Carduus 

acanthoides, using whole soil inoculum from a native prairie. When inoculated with the living 

prairie soil, the competitive ability of C. acanthoides decreased in comparison to the non-

inoculated control (Shivega and Aldrich-Wolfe 2017). Although they only used one inoculum 

source, comparisons can be made between their study and mine because of their use of a whole 

soil inoculum and a non-native species with a low MGR. Therefore, my results are not consistent 

with the literature as inoculation with mutualistic AM fungal source should favour a species with 

a high MGR and increases the interspecific competition experienced by a species with a low 

MGR (Hartnett et al. 1993; Scheublin et al. 2007). In addition, it was not expected that inter- and 

intraspecific competition would be equal in the high P ALUS inoculum treatment (Table 5, 
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Figure 5F). This is due to a slight decrease in the relative strength of intraspecific competition 

(Table 5), however the reason behind this decrease is not clear. Other soil microorganisms within 

the inoculum may have confounding effects on the competitive outcomes and could be the cause 

of this unexpected result. 

Consistent with the literature, my results suggest that under high phosphorus addition, a 

species with a low MGR will experience strong intraspecific competition regardless of the soil 

biota source. Fertilization with phosphorus reduces plant growth benefits gained from AM fungi 

and can depress plant growth of a highly responsive species (Johnson et al. 1997; Kahiluoto et 

al. 2000). Therefore, the competitive ability of A. gerardii would weaken and B. inermis would 

not experience strong interspecific competition (Hetrick et al. 1989). This mechanism supports 

my result that B. inermis does not respond to inoculation with AM fungi and competes intensely 

with conspecifics under high nutrient conditions. 

 Understanding competitive interactions between species varying in MGR is necessary for 

successful restoration of ecosystems such as the native tall grass prairies, particularly at sites 

with elevated soil nutrient levels. Nutrient deposition provides challenges to restoration as it can 

stimulate the dominance of a few tall grass species, including invasive species such as B. inermis 

(Bobbink 1991; Bakker and Berendse 1999; Willems 2001). This outcome is supported by my 

experiment as the invasive grass was more limited by itself than by its native competitor, A. 

gerardii, under almost all phosphorus and soil biota treatments. The AM fungal community at 

sites with differences in soil fertilization can slightly influence the outcome of competition under 

low phosphorus fertilizer, however A. gerardii was strongly limited by its non-native competitor 

under high phosphorus fertilizer. Invasive, fast-growing perennial grasses can outcompete 

species adapted to nutrient-poor soils, making it difficult to restore the natural diversity (Bobbink 
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1991; Bakker and Berendse 1999; Willems 2001). The results of my study highlight the possible 

difficulties one may face in restoring grassland communities adjacent to farmlands due to high 

nutrient deposition, outcompeting of native species, and a decline in the mutualistic benefits 

provided by the AM fungi symbiosis. Certain restoration techniques may require modifications 

for site-specific conditions to promote native grass growth and prevent the establishment of 

invasive grass species. 

 In conclusion, I found that both soil biota source and phosphorus level can influence the 

outcome of competition between a native and non-native grass species that differ in their growth 

response to AM fungi. Generally, the relative strength of interspecific competition was stronger 

than intraspecific competition for A. gerardii, which suggests that even under low nutrient 

fertilizer a positively responsive species may still compete heavily with neutral or negatively 

responsive species. The differing effects of AM fungi sourced from low and high nutrient soils 

on plant biomass and competition is under researched, as the focus is placed on native or exotic 

communities, or commercial isolates (Pellegrino et al. 2011; Berruti et al. 2016). As a result, my 

study provides insight into the challenges of re-establishing native diversity at restored prairie 

plots, particularly sites high in soil nutrients, as invasive grass species may have a competitive 

advantage over low nutrient-adapted native species during early stages of life. However, my 

study limits the ability to draw longer term inferences as I cannot draw conclusions regarding 

plant-plant interactions at the mature stage, where the balance of competition may be changed. 

Future studies investigating the relationship between AM fungi community composition and 

competition between matured individuals of native and invasive species at restored sites can 

improve our understanding of differences in the mutualistic efficiencies between AM fungi 

species. Specifically, field-based experiments that focus on the diversity and effectiveness of the 
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AM fungal community at restored sites should be conducted to provide more transferable 

information that can be used in native prairie restoration. 
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FIGURES AND TABLES 

Table 1. Expected relationship between intraspecific (𝑏𝑖) and interspecific (𝑏𝑗) competition 

coefficients in the low P, low P ALUS and high P ALUS inoculum treatments with two levels of 

phosphorus treatment. 

Species Soil Biota Phosphorus Predicted Outcome 

A. gerardii LPi LPf 𝑏𝑖 > 𝑏𝑗 

  HPf 𝑏𝑖 = 𝑏𝑗 

 ALUS.LPi LPf 𝑏𝑖 > 𝑏𝑗 

  HPf 𝑏𝑖 = 𝑏𝑗 

 ALUS.HPi LPf 𝑏𝑖 < 𝑏𝑗 

  HPf 𝑏𝑖 < 𝑏𝑗 

B. inermis LPi LPf 𝑏𝑖 < 𝑏𝑗 

  HPf 𝑏𝑖 > 𝑏𝑗 

 ALUS.LPi LPf 𝑏𝑖 < 𝑏𝑗 

  HPf 𝑏𝑖 > 𝑏𝑗 

 ALUS.HPi LPf 𝑏𝑖 > 𝑏𝑗 

  HPf 𝑏𝑖 > 𝑏𝑗 
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Table 2. Average soil phosphorus levels (Bray I) sampled in 2017 at 5 random plots at the 9 sites 

where whole soil biota was sourced from. 

Site # Inoculum category Average phosphorus (mg/kg) 

1 Rondeau Low Phosphorus 2.428 

2 Rare Low Phosphorus 10.682 

3 LTMRS Low Phosphorus 2.1* 

4  ALUS Low Phosphorus 7.48 

5  ALUS Low Phosphorus 15.138 

6 ALUS Low Phosphorus 15.28 

7  ALUS High Phosphorus 28.716 

8 ALUS High Phosphorus 51.266 

9  ALUS High Phosphorus 54.306 

* Phosphorus levels sampled in 2012 
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Table 3. ANOVA tables showing the effects of different soil biota, phosphorus and density 

treatments on the square root-transformed aboveground biomass of A. gerardii and natural log-

transformed B. inermis individuals after 72 days of growth. The three soil biota treatments 

include inoculation with soil biota from low P field sites, as well as low P ALUS and high P 

ALUS sites. Phosphorus treatments consisted of low (3 mg/kg) or high (30 mg/kg) phosphorus 

applications every 3 weeks, and density refers to the number of A. gerardii and B. inermis 

individuals in the pot. Significant P values (p<0.05) are bolded. The adjusted R2 = 0.724 and 

0.794 for the models for A. gerardii and B. inermis biomass, respectively. 

Species Factor df f P value 

A. gerardii Soil Biota 2 13.448 3.61 x 10-6 

 Phosphorus 1 8.972 0.00313 

 Density 9 58.903 5.34 x 10-49 

 Soil Biota * Phosphorus 2 2.442 0.0899 

 Soil Biota * Density 18 1.189 0.274 

 Phosphorus * Density 9 8.144 4.14 x 10-10 

 Soil Biota * Phosphorus * Density 18 1.165 0.294 

 Error 180   

B. inermis Soil Biota 2 6.701 0.00156 

 Phosphorus 1 255.722 2.16 x 10-36 

 Density 9 75.074 3.34 x 10-36 

 Soil Biota * Phosphorus 2 0.829 0.438 

 Soil Biota * Density 18 0.631 0.872 

 Phosphorus * Density 9 1.106 0.361 

 Soil Biota * Phosphorus * Density 18 0.568 0.919 

 Error 180   
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Table 4. ANOVA tables showing the effects of different soil biota, phosphorus and density 

treatments on root colonization of arbuscules, vesicles and hyphae in both A. gerardii and B. 

inermis. The three soil biota treatments include inoculation with soil biota from low P field sites, 

as well as low P ALUS and high P ALUS sites. Phosphorus treatments consisted of low (3 

mg/kg) or high (30 mg/kg) phosphorus applications every 3 weeks, and density refers to the 

number of A. gerardii and B. inermis individuals in the pot. Significant P values (p<0.05) are 

bolded. The adjusted R2 = 0.565, 0.354 and 0.562 for the models for arbuscules, vesicles and 

hyphae colonization, respectively. 

Structure Factor df f P value 

Arbuscules Soil Biota 2 10.367 8.38 x 10-5 

 Phosphorus 1 72.716 2.15 x 10-13 

 Density 7 4.679 1.52 x 10-4 

 Soil Biota * Phosphorus 2 7.020 1.43 x 10-3 

 Soil Biota * Density 14 3.688 6.45 x 10-5 

 Phosphorus * Density 7 .909 0.503 

 Soil Biota * Phosphorus * Density 14 2.472 4.99 x 10-3 

 Error 96   

Vesicles Soil Biota 2 4.694 0.0114 

 Phosphorus 1 44.771 1.48 x 10-9 

 Density 7 2.985 7.06 x 10-3 

 Soil Biota * Phosphorus 2 3.221 0.0443 

 Soil Biota * Density 14 1.728 0.0623 

 Phosphorus * Density 7 .883 0.523 

 Soil Biota * Phosphorus * Density 14 .976 0.484 

 Error 96   

Hyphae Soil Biota 2 4.636 0.0120 

 Phosphorus 1 78.046 4.74 x 10-14 

 Density 7 11.876 8.11 x 10-11 

 Soil Biota * Phosphorus 2 4.380 0.0151 

 Soil Biota * Density 14 .710 0.759 

 Phosphorus * Density 7 3.956 7.76 x 10-4 

 Soil Biota * Phosphorus * Density 14 .979 0.480 

 Error 96   
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Table 5. Parameters of reciprocal yield linear regression models for aboveground biomass after 72 days of growth for A. gerardii and 

B. inermis in three soil biota treatments and two phosphorus treatments. A z transformation was used to standardize inverse biomass 

values prior to analysis. bi represents the strength of intraspecific competition and bj represents the strength of interspecific 

competition. Significant P values (p<0.05) are bolded. The adjusted R2 indicates the degree to which each model fits the data. 

Species Soil Biota Phosphorus Adj. R2 Parameter 

 

Value 

95% Confidence Interval 

P value Outco

me 

Lower 

Bound 

Upper 

Bound 

A. gerardii LPi LPf 0.555 bi 𝑏𝑖 < 𝑏𝑗 .073 -.119 .265 0.446 

bj  .528 .376 .679 2.28 x 10-8 

HPf 0.799 bi 𝑏𝑖 < 𝑏𝑗 .157 .028 .286 0.0185 

bj  .616 .514 .717 1.26 x 10-14 

ALUS.LPi LPf 0.531 bi 𝑏𝑖 = 𝑏𝑗 .321 .123 .518 0.00217 

bj  .455 .299 .610 7.71 x 10-7 

HPf 0.674 bi 𝑏𝑖 < 𝑏𝑗 .205 .041 .369 0.0157 

bj  .557 .428 .687 1.59 x 10-10 

ALUS.HPi LPf 0.194 bi 𝑏𝑖 = 𝑏𝑗 .342 .083 .600 0.0109 

bj  .205 .002 .409 0.0481 

HPf 0.622 bi 𝑏𝑖 < 𝑏𝑗 .131 -.046 .308 0.143 

bj  .550 .410 .689 1.39 x 10-9 

B. inermis LPi LPf 0.615 bi 𝑏𝑖 > 𝑏𝑗 .618 .440 .797 2.71 x 10-8 

bj  .269 .128 .409 4.22 x 10-4 

HPf 0.701 bi 𝑏𝑖 > 𝑏𝑗 .656 .498 .813 3.68 x 10-10 

bj  .288 .164 .412 3.46 x 10-5 

ALUS.LPi LPf 0.645 bi 𝑏𝑖 > 𝑏𝑗 .612 .440 .783 1.41 x 10-8 

bj  .302 .167 .437 6.03 x 10-5 

HPf 0.781 bi 𝑏𝑖 > 𝑏𝑗 .711 .577 .846 7.08 x 10-13 

bj  .269 .163 .375 9.33 x 10-6 

ALUS.HPi LPf 0.603 bi 𝑏𝑖 = 𝑏𝑗 .598 .417 .779 7.42 x 10-8 

bj  .287 .144 .430 2.34 x 10-4 

HPf 0.778 bi 𝑏𝑖 > 𝑏𝑗 .747 .611 .882 2.05 x 10-13 

bj  .198 .092 .305 5.71 x 10-4 
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Table 6. ANOVA tables showing the effects different soil biota and density treatments on the 

natural log-transformed aboveground biomass of A. gerardii and B. inermis individuals after 72 

days of growth. The two mycorrhizal treatments include inoculated and non-inoculated, and 

density refers to the number of individuals in the pot. Significant P values (p<0.05) are bolded. 

The adjusted R2 = 0.383 and 0.852 for the model for A. gerardii and B. inermis biomass, 

respectively. 

Species Factor df f P value 

A. gerardii Mycorrhizal Treatment 1 20.857 4.65 x 10-5 

Density 4 3.487 1.58 x 10-2 

Soil Biota * Density 4 .549 0.701 

Error 40   

B. inermis Mycorrhizal Treatment 1 .233 0.633 

 Density 4 57.621 1.19 x 10-13 

 Soil Biota * Density 4 .899 0.477 

 Error 30   
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Figure 1. Diagram of the simple additive series. The density of species A and B (individuals per 

pot) are found in the top row and left hand column of the structure. The 12 competition 

treatments are represented by the closed circles within the matrix. 
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Figure 2. Diagram of the sampling points (X) at each 5x5m plot. 
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Figure 3. Mean (and standard error) individual biomass of A. gerardii (A) and B. inermis (B) 

averaged across all densities in each soil biota and phosphorus treatments after 10 weeks of 

growth. Insets include mean individual biomass when fertilizer treatments are combined. Values 

represent arithmetic means, and different letters represent statistically significant differences in 

individual biomass based on 95% confidence intervals. 
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Figure 4. Mean (and standard error) percent root colonization of arbuscules (A), vesicles (B) and 

hyphae (C) averaged across all densities in each soil biota and phosphorus treatments after 10 

weeks of growth. Insets include mean percent colonization when fertilizer treatments are 

combined. Values represent arithmetic means, and different letters represent statistically 

significant differences in percent colonization based on 95% confidence intervals. 
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Figure 5. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in low phosphorus fertilizer treatments for A. 

gerardii in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum 

(E, F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. 



44 

 
Figure 6. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in high phosphorus fertilizer treatments for A. 

gerardii in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum 

(E, F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. 
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Figure 7. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in low phosphorus fertilizer treatments for B. 

inermis in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. 
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Figure 8. Multiple regression planes representing the predicted (A, C, E) and observed (B, D, F) 

effect of plant density on plant performance in high phosphorus fertilizer treatments for B. 

inermis in low P inoculum (A, B), low P ALUS inoculum (C, D) and high P ALUS inoculum (E, 

F) treatments. Regression planes were fit to the standardized log reciprocal biomass (1/W) of 

individual plants. 
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Figure 9. Mean (and standard error) individual biomass of A. gerardii (A) and B. inermis (B) 

averaged across all densities in each soil biota and phosphorus treatments after 10 weeks of 

growth. Values represent arithmetic means, and different letters represent statistically significant 

differences in individual biomass based on 95% confidence intervals. 


