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ABSTRACT 
 
  
 

INTRASPECIFIC VARIATION IN MYCORRHIZAL GROWTH RESPONSES OF 
PAPER BIRCH (BETULA PAPYRIFERA) TO ARBUSCULAR AND 

ECTOMYCORRHIZAL FUNGI 
 
  
 
Mackenzie Lauermeier      Advisor: 
University of Guelph, 2017      Dr. Hafiz Maherali 
 
  
      
  
One of the most ecologically important and widespread symbioses occurs between mycorrhizal 

fungi and plants. Populations of plant species that associate with mycorrhizal fungi can be 

uniquely adapted to certain species of fungi, while still maintaining the ability to associate with 

multiple species of fungi. Arbuscular mycorrhizal fungi and ectomycorrhizal fungi are adapted to 

different temperature and soil nutrient conditions. I predicted that plant populations from 

different temperature and soil nutrient conditions would respond differently to being colonized 

by arbuscular and ectomycorrhizal fungi. To test my hypotheses, I conducted a common garden 

experiment with eight populations of Betula papyrifera and measured their mycorrhizal growth 

responses. The results indicated that while the populations respond differently to arbuscular and 

ectomycorrhizal fungi, there is no relationship between the temperature and soil nutrient 

conditions of the host populations and their mycorrhizal growth responses.  
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INTRODUCTION 
 

Within ecological communities, species from across the five kingdoms of life interact 

with one another in a variety of ways. While some species compete with or antagonize each 

other, some interact in a mutualistic way. Mutualistic relationships are interactions between 

species where the species involved provide some sort of benefit to each other (Bronstein, 2015). 

This type of relationship can involve the exchange of resources such as nutrients (either by 

breaking down environmental compounds or by a direct supply), physical protection, or 

transportation (of either the individual organisms or gametes) (Boucher, James, & Keeler, 1982). 

Mutualisms can also be described as the result of reciprocal exploitation, where each species 

receives a net gain of benefits because they have taken resources from each other (Doebeli & 

Knowlton, 1998). Organisms tend to engage in mutualisms to ameliorate the negative effects of 

their habitat (Bertness & Callaway, 1994). The abiotic environment is comprised of many factors 

which can increase selection for mutualistic relationships, including intense heat, lack of soil 

water, extreme oxygen levels, and poor nutrient availability (Bertness & Callaway, 1994).     

  Some species enhance their ability to uptake nutrients or increase their overall 

environmental tolerance by engaging in multipartite symbiotic mutualisms (Hussa & Goodrich-

Blair, 2013). In multipartite symbiotic mutualisms, there is one focal host species with more than 

one species acting as a mutualistic partner (Afkhami, Rudgers, & Stachowicz, 2014). The 

symbiotic nature of these types of mutualistic relationships is characterized by hosts and their 

partners persistently living in close physical contact with one another throughout their lives 

(Bronstein, 2015). The benefits a host receives from its symbiotic mutualistic partners can be 

complementary or redundant. In situations where complementary benefits are provided, such as 

in the case with different bacterial symbionts providing unique amino acids and vitamins to their 
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host (Wu et al., 2006), the host may be vulnerable to losing those various resources. If a change 

in the abiotic environment prevented a symbiont from engaging in the symbiosis, the fitness of 

the host might be negatively affected and potentially result in the breakdown of that mutualism. 

In comparison, there are symbioses where multiple symbionts can provide more redundant 

benefits. For example, coral reefs host multiple species of algal symbionts that provide them with 

energy in the form of sugars from photosynthesis (Stachowicz, 2001). Even though the resource 

provided by each algal species is similar, each algal symbiont can tolerate different 

environmental extremes (Stachowicz, 2001). Therefore, the presence of multiple symbionts can 

allow a single coral colony to obtain energy in many different microclimates, resulting in an 

increase in realized niche breadth and abiotic tolerance for the host species (Stachowicz, 2001). 

Overall, having multiple symbionts is usually considered a beneficial trait for host species.           

  An ecologically important multipartite symbiotic mutualism occurs between plants and 

mycorrhizal fungi. The mycorrhizal-plant symbiosis is very common in nature, occurring 

between multiple taxonomic groups of fungi and approximately 90% of vascular plant species 

(Bonfante & Genre, 2010). Within this symbiosis, the host plant receives nutrients such as 

nitrogen and phosphorus, as well as water, in exchange for providing carbohydrates to the fungi 

(Bonfante & Genre, 2010; Parniske, 2008; Taylor & Alexander, 2005). Many mycorrhizal-plant 

symbioses involve arbuscular mycorrhizal (AM) fungi (Glomeromycota) (Schüβler, Schwarzott, 

& Walker, 2001). AM fungi are considered mostly generalists, forming symbiotic associations 

with approximately 72% of vascular plant species (Brundrett, 2009). In contrast, ectomycorrhizal 

(EM) fungi (Basidiomycota and Ascomycota) tend to be specialists (Smith & Read, 2008), 

forming symbiotic associations with only 4.5% of vascular plant species (Brundrett, 2009). Even 

though EM fungi do not colonize relatively many plant species, those that they do associate with, 
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such as Pinus, Picea, Pseudotsuga, and Eucalyptus species, typically dominate communities of 

large biomes (Francis & Read, 1994).   

AM fungi and EM fungi specialize in colonizing different parts of plant root tissue 

(Dickson, 2004; Smith & Read, 2008), and are therefore able to co-occur within the same host.  

AM fungi colonize plant roots by extending hyphae through the cells' walls and invaginating the 

cell plasma membrane, forming arbuscules (Dickson, 2004). In contrast, EM fungi grow through 

the intercellular space and form large masses of hyphae call the Hartig net (Smith & Read, 

2008). Even though AM fungi colonize roots in the intracellular space and EM fungi colonize 

roots in the intercellular space, relatively few plant species are actively colonized by both fungal 

types. For example, only 28 of 127 angiosperm families and 3 out of 10 gymnosperm families 

have plant species that can form symbioses with both types of fungi (Wang & Qui, 2006). Even 

within plant families where dual colonization within a host species exists, the average percentage 

of species that are dually colonized by AM fungi and EM fungi is low, averaging 12.9% within 

angiosperm families and 19.3% within gymnosperm families (Wang & Qui, 2006).  

There is no clear evolutionary mechanism for why dual colonization of AM fungi and 

EM fungi in roots is infrequent across plant species, though it may be related to differences in 

host benefits obtained from each fungal symbiont. One commonly used metric of host benefit is 

mycorrhizal growth response (MGR), defined as the ratio of biomass (or another indicator of 

plant size) of a mycorrhizal plant relative to that of a non-mycorrhizal plant of the same species 

(Janos, 2007). Differences between plant growth responses to AM fungi and EM fungi usually 

cannot be easily determined. Meta-analyses have not been able to fully compare mycorrhizal 

growth responses of host plants to the two types of fungal associations because host plants used 

in experiments with EM fungi are usually exclusively woody whereas host plants for AM fungi 
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experiments are often herbaceous, so differences between growth responses to AM fungi versus 

EM fungi are usually confounded by functional plant-group differences (Hoeksema et al., 2010). 

Also, the effects of dual AM fungi and EM fungi colonization are not well understood because 

few experiments have been done on plant species that are able to be colonized by both types of 

fungi. 

Only a small number of studies have examined the MGRs of plants that associate with 

both AM fungi and EM fungi. For example, Founoune, Duponnois, Bâ, and El Bouami (2002) 

found that Acacia holosericea grew 60% taller when inoculated with both Glomus aggregatum 

(AM) and Pisolithus tinctorius (EM) than with either G. aggregatum or P. tinctorius alone.  

However, Aguillon and Garbaye (1990) observed that the stem mass of hybrid Poplar seedlings 

increased by 45% when inoculated with Glomus mosseae (AM) compared to non-inoculated 

seedlings, and that seedlings inoculated with Paxillus involutus (EM) had 5% lower stem mass 

than non-inoculated seedlings. They also observed that dually inoculated hybrid Poplar seedlings 

grew 96% larger than non-inoculated seedlings (Aguillon & Garbaye, 1990). Some studies have 

shown that plants can benefit more from a single mycorrhizal partner than from two. Kariman, 

Barker, Finnegan, and Tibbett (2012) found no significant difference in the dry stem mass of 

Eucalyptus marginata that had been dually inoculated with Rhizophagus irregularis (AM) and 

Scleroderma sp. (EM) compared to the non-inoculated plants, and no significant difference in 

stem dry mass between AM fungal-inoculated plants and non-inoculated plants. They did find 

though that the EM fungal-inoculated plants had on average 40% bigger stems than non-

inoculated plants (Kariman et al., 2012). Overall, these findings suggest there is no clear 

consensus on how dually colonized plants should respond to being inoculated with AM fungi, 

EM fungi, or both. 
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Mycorrhizal growth responses to dual colonization with AM fungi and EM fungi may 

vary among plant species and populations because these types of fungi differ in their adaptations 

to climate. The biogeography of AM fungi and EM fungi suggest that they are adapted to 

different climate conditions. AM fungi species are frequent in areas with warm seasonal 

temperatures (Soudzilovskaia et al., 2015). They are found most often at latitudes 20° from the 

equator and areas where 17° C is the approximate mean annual temperature (Treseder et al., 

2014). EM fungi are found most commonly in colder climates, at latitudes between 30° and 40° 

from the equator, and in areas with a mean annual temperature between 10° C and 12° C 

(Treseder et al., 2014).  

The biogeography of AM fungi and EM fungi influences their ability to provide nutrients 

to plants under different temperatures. EM fungi must be able to produce sufficient amounts of 

phosphatases to enable phosphorus uptake at temperatures typical of their native climate and that 

of their host plant species to support mutualistic relationships (Tibbet, Sanders, & Cairney, 

1998). AM fungi must also be able to uptake phosphorus and nitrogen through their hyphae 

within the environment that they share with their host plant species to support mutualistic 

relationships (Wange, Funakoshi, Dalpé, & Hamel, 2002). Since AM fungi mostly inhabit areas 

that are at relatively low latitudes, they are adapted to growing at warmer temperatures 

(Heinemeyer & Fitter, 2004; Vega-Frutis, Varga, & Kytöviita, 2014). AM fungi can facilitate 

greater phosphorus uptake in plants at 23°C compared to 0°C (Wang et al., 2002), indicating that 

they are likely less efficient in winter and cold spring/fall conditions. These adaptations to 

warmer temperatures result in increasing host MGRs with AM fungi as the temperature of the 

environment increases (Grey, 1991; Liu, Wang, & Hamel, 2004; Vega-Frutis et al., 2014). While 

EM fungi do vary in their ability to grow at different temperatures (Cline, France, & Reid, 1987; 
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Malcolm, López-Guitérrez, Koide, & Eissenstat, 2008; Samson & Fortin, 1986), they are 

typically able to uptake phosphorus at lower temperatures relative to AM fungi. For example, 

EM fungi can produce acid phosphatases at 2°C, with optimal enzymatic efficiency occurring 

around 12°C, suggesting that EM fungi are cold-tolerant (Tibbet et al., 1998). Little is known 

about how a host's MGRs to EM fungi changes in response to the temperature of the 

environment, since most studies have focused on the fungi's physiological responses (Kipfer, 

Egli, Ghazoul, Moser, & Wohlgemuth, 2010), changes in the community composition of EM 

fungal species (Clemmensen, Michelsen, Jonasson, & Shaver, 2006), and EM colonization of 

plant roots in the field (Swaty et al., 1998), instead of host MGR. Overall, based on AM fungi’s 

and EM fungi’s biogeography and adaptations, it is expected that AM fungi will provide more 

nutrient benefit than EM fungi to host plant populations in warmer environments, and that EM 

fungi will provide more nutrient benefit than AM fungi to host plant populations in colder 

environments.  

Mycorrhizal symbioses are also influenced by soil nutrient conditions (Holste, Koble, & 

Gehring, 2016). AM fungi and EM fungi specialize in acquiring different nutrients, which is 

related to their geographical distribution and common symbiotic associations. AM fungi 

typically dominate under phosphorus-limited ecosystems (Read, 1991), since they can provide 

up to 80% of the host plant’s phosphorus requirements (Marschner & Dell, 1994; Smith & Read 

2008). EM fungi typically dominate in nitrogen-limited ecosystems (Read, 1991), since they can 

secrete extracellular enzymes and break down organic forms of nitrogen found in the leaf litter 

(Malloch, Pirozynski, & Raven, 1980; Marschner & Dell, 1994). Since AM fungi are relatively 

good at phosphorus acquisition and EM fungi are relatively good at nitrogen acquisition, it is 

expected that AM fungi will provide more growth benefit to host plant populations in regions 
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that are more phosphorus limited, whereas EM fungi are expected to provide more growth 

benefit to host plant populations in regions that are more nitrogen limited.  

For plant species that engage in mutualisms across a wide geographic distribution, they 

will often develop adaptations to support mutualisms with their local biota under selection 

pressures by the abiotic environment, which results in clinal patterns of adaptations across the 

populations within host species (Hoeksema & Thompson, 2007). These clinal patterns can 

include the way plant populations of a host species evolve to preferentially benefit from 

mycorrhizal fungi. I expect that the type of mycorrhizal fungi that is best adapted to the host 

population’s regional abiotic conditions is the one that the host population will benefit from 

associating with the most, and thus I expect it to be the type of mycorrhizal fungi that the host 

population evolves to engage in mutualisms strongly with, relative to other types mycorrhizal 

fungi. Since AM fungi are more adapted to warmer climates than EM fungi, I expect that AM 

fungi will provide more growth benefit to host plant populations from warmer regions than EM 

fungi. Also, since AM fungi are more adapted at acquiring phosphorus, I expect that AM fungi 

will provide more growth benefit to host plant populations from more phosphorus limited soils. 

Since EM fungi are more adapted at acquiring nitrogen, I expect that EM fungi will provide 

more growth benefit to host plant populations from more nitrogen limited soils. 

Before determining if there was a clinal pattern in the growth responses of host 

populations to AM fungi and EM fungi, the first goal of my study was to determine if there was 

population-level variation in the MGRs of a host to EM fungi and AM fungi. The second goal 

was to address my main hypotheses by determining if there was a clinal pattern in MGRs of host 

populations to EM fungi and AM fungi based on the temperature and soil nutrient content of the 

host populations’ places of origin. To address these objectives, I examined the growth responses 
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of eight different Betula papyrifera populations to colonization by AM fungi, AM fungi mixed 

with EM fungi, and no mycorrhizal fungi present. Since no there was no commercially available 

source of pure EM fungal inoculum, these three mycorrhizal treatment levels were selected. The 

host species chosen, B. papyrifera, has a wide geographic range that spans from 45°N to almost 

70°N (Burns & Honkala, 1990) and can be dually colonized by AM fungi and EM fungi 

(Bainard, Klironomos, & Gordon, 2011), which makes it ideal to study population clinal 

variation in mycorrhizal growth responses to AM fungi and EM fungi. I hypothesized that the B. 

papyrifera populations should have adaptations to support a mutualistic symbiosis with 

mycorrhizal fungi that are best suited for their climatic and soil nutrient conditions of their 

geographical origins. Based on my hypotheses, I predicted that as the temperature of the warmest 

quarter of the host populations increases, the MGR of AM&EM inoculated plants relative to AM 

inoculated plants would decrease, and the MGR of AM inoculated plants relative to non-

inoculated plants would increase. I also predicted that as the labile inorganic phosphorus content 

of soils associated with the host populations decreases, the MGR of AM inoculated plants 

relative to non-inoculated plants would increase, and as the nitrogen content of soils associated 

with the host populations decreases, the MGR of AM&EM inoculated plants relative to AM 

inoculated plants would increase. 
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METHODS 
 

 To examine the variation among the mycorrhizal growth responses (MGRs) of Betula 

papyrifera populations to AM fungi and EM fungi, a factorial experimental design was used with 

eight B. papyrifera populations (Table 1) grown in three different mycorrhizal inoculation 

treatments. The experiment consisted of 30 replicates (seedlings) per B. papyrifera population, 

with 10 replicates in each of the three mycorrhizal inoculation treatment groups: control (no 

inoculum), AM fungal inoculum added to the soil, and AM fungal inoculum mixed with EM 

fungal inoculum added to the soil. To examine the differences between the MGRs of B. 

papyrifera populations to AM fungi, AM fungi with EM fungi, and no mycorrhizal fungi, the 

species Glomus intraradices (AM) and Pisolithus tinctorius (EM) were used as the fungal 

symbionts (Myke© Pro Greenhouse WP and Myke© Pro Nursery WP, Premier Tech, Quebec). G. 

intraradices is a generalist fungus, which means it colonizes a variety of host plant species, 

including B. papyrifera (Marschner, 2011). P. tinctorius is also known to colonize B. papyrifera 

(Marx, 1977), which makes both fungal species suitable for this study.   

To create the experimental plant populations, seeds of B. papyrifera from populations 

within British Columbia, PEI, Nova Scotia, Newfoundland, Ontario, and Quebec, were obtained 

from the National Tree Seed Centre of Canada. To ensure that 10 replicates germinated in each 

Mycorrhizal Inoculation Treatment × Population group, 10 pots for each Mycorrhizal Inoculation 

Treatment × Population group had 15 seeds planted within each one. Approximately 15 seeds 

were randomly selected and planted in each pot for the germination phase to produce a 

successful replicate, since the seeds had germination success rates between 35% and 100%. To 

initiate germination, seeds were surface-sterilized and placed in a 3cm deep hole in each filled 

pot and covered slightly with a 50:50 mixture of autoclaved field soil and silica sand. Because B. 
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papyrifera grows well in mineral soil (Burns and Honkala, 1990), a 50:50 mixture of field soil 

and silica sand was used to fill each pot. The field soil was collected from the Long Term 

Mycorrhizal Research Site at the University of Guelph (43°32’ N, 80°W), and contains 

3.274±0.194 mg/kg Nitrate, 2.885±0.372 mg/kg Ammonium, and 2.100±0.143 mg/kg 

Phosphorus (Sherrard & Maherali, 2012). This soil/sand mixture was autoclaved at 121°C for 

240 minutes to remove any effects of pre-existing soil biota (Klironomos, McCane, & Moutoglis, 

2004). Each seedling was grown in a 656ml pot (D40H, Stuewe and Sons, Tangen, Oregon). To 

prevent contamination that could affect plant or fungal growth, pots were sterilized prior to 

adding the soil/sand mixture with a 1:4 diluted bleach solution. To prevent the soil/sand mixture 

from leaking through the bottom of the pots, all pots were lined with sterilized metal mesh (New 

York Wire Clear Advantage, Saint-Grobain ADFORS America Inc.). The seedlings were 

germinated with petri plates placed on top of the pots to act as lids, and were grown in the 

greenhouse at 24°C/20°C (day/night) with a 14-hour photoperiod. These greenhouse conditions 

were suitable since B. papyrifera germinates at temperatures between 20°C and 25°C (Burns & 

Honkala, 1990). The petri plate lids were removed from the pots 5 weeks after the seeds were 

planted. Two weeks after the seeds germinated, all seedlings were culled except for the tallest 

seedling in each pot. Each remaining seedling in each pot became one of the ten replicates for its 

Mycorrhizal Inoculation Treatment × Population group.  

To establish the mycorrhizal inoculation treatment conditions of the soil/sand mixture 

prior to planting the seeds, the mycorrhizal inoculation treatment pots were filled with the 

soil/sand mixture combined with either G. intraradices spores or G. intraradices spores mixed 

with P. tinctorius spores. To create the control treatment pots, 10 pots per population were filled 

with the autoclaved soil/sand mixture. All pots in the other two mycorrhizal inoculation 
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treatment levels received 2g of inoculum each. To create the AM fungal inoculum treatment 

replicates, 10 pots per population were inoculated with 2g of Myke Pro© Greenhouse WP (800 

spores/g AM spores). To create the combined AM and EM fungal inoculum treatment replicates, 

10 pots per population were inoculated with 2g of Myke Pro© Nursery WP (500 AM spores + 

4.2x106 EM spores/g). When filling the pots with the soil/sand mixture in the mycorrhizal 

inoculation treatment levels that had fungal spores added it, the bottom half of each pot was 

filled with 300ml of sterilized soil/sand, and then the top half of each pot was filled with 300ml 

of sterilized soil/sand which was mixed thoroughly with 2g of the corresponding inoculum for 

that mycorrhizal inoculation treatment condition.  

 During the experiment, all seedlings were germinated and grown under identical 

conditions. The pots were positioned randomly on benches in the University of Guelph Phytotron 

Greenhouse. All pots were kept watered to field capacity. Every 31 days for 3 months after 

planting, all pots were fertilized with 50ml of a 25% solution of 200ppm fertilizer that consisted 

of 18% Nitrogen, 9% P2O5, and 18% Soluble Potash (pH Reducer, Master Plant-Prod Inc.©). All 

plants were harvested 154 days after seeds were planted, which approximates the average 

amount of frost-free days that B. papyrifera commonly experiences on average across its 

geographical range (Burns and Honkala, 1990).   

To obtain the MGRs of the seedlings, total dry biomass of the roots and shoots were 

measured. At the time of harvesting the plants, the root system was separated from the shoot and 

placed in a specimen jar containing 50:50 (v/v) ethanol in DI water. Shoot dry biomass was 

measured for all seedlings, while only seven out of ten randomly selected seedlings within each 

Mycorrhizal Inoculation Treatment × Population group had their root systems dried to measure 

dry root biomass, in order to allow for root colonization measurements to be done on the 
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remaining replicates’ root systems. In some cases, fewer seedlings were measured for their root 

and shoot mass if there was mortality within that Mycorrhizal Inoculation Treatment × 

Population group. Dry biomass is a typical measurement for determining how plants respond to 

the presence of mycorrhizal fungi (Janos, 2007). To obtain dry shoot and root biomass, shoots 

and roots were dried to constant mass in a drying oven at 60° C for 48 hours. 

  To determine the presence and measure the amount of root colonization by mycorrhizal 

fungi, root tissue of three out of ten randomly selected replicates within each Mycorrhizal 

Inoculation Treatment × Population group was analyzed. Testing for root colonization by 

mycorrhizal fungi is important because it confirms the presence of the structures and tissues that 

allow nutrient transfer to occur (Garcia, Delaux, Cope, & Ané, 2015). EM fungal colonization 

was viewed using a dissecting microscope, since the Hartig net is visible with just a dissecting 

microscope without any prior chemical treatment (Brundrett, Bougher, Dell, & Grove, 1996). 

Approximately 80 randomly selected short roots from 3 plants within each Mycorrhizal 

Inoculation Treatment × Population group were selected to check for the presence and percent 

colonization amount of EM fungi (Swaty et al., 1998). Root clearing and staining of 

approximately 15 randomly selected 1cm long root segments from three replicates within each 

Mycorrhizal Inoculation Treatment × Population group were done to analyze AM fungal 

colonization. Each replicate was cleared and stained independently (within its own Eppendorf 

tube). The roots were cleared with 10% KOH heated at 90°C for three hours, then stained with 

5% ink/vinegar solution at 90°C for five minutes (Vierheilig, Coughlan, Wyss, & Piché, 1998). 

AM fungal root colonization measurements were not included in the final results of this study. 

During the root clearing and staining preparations, many root samples lost their cortex tissue, 

leaving only some plants capable of having AM fungal root colonization measured. Since many 
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seedlings were unable to have their AM fungal colonization measurements done because of the 

clearing and staining process, estimation of the percent of AM fungal root colonization was not 

possible.  

To test for variation in the seedlings’ above and below ground biomass in response to the 

mycorrhizal fungi treatments and B. papyrifera population sources, two-way ANOVA tests were 

done using log transformed shoot masses and root masses as the response variables. To test my 

hypotheses and to determine whether the MGRs were related to the climate and soil nutrient 

content of the B. papyrifera populations, I conducted simple linear regressions using the MGRs 

(calculated as the log response ratio (ln[Mean biomass of inoculated population/Mean biomass of 

non-inoculated population])) (Hoeksema et al., 2010) as the independent variable and 

temperature of the warmest quarter, soil labile inorganic phosphorus content, and soil nitrogen 

content of each population as the dependent variables (Hijmans, Cameron, Parra, Jones, & 

Jarvis., 2005; Yang, Post, Thornton, & Jain, 2014; Zinke, Stangenberger, Post, Emanuel, & 

Olson, 1998). The temperature data was from a global survey that was conducted with a 1 km 

resolution (Hijmans et al., 2005). The soil phosphorus data was from a global survey conducted 

using a 0.5-degree resolution, with the soil labile inorganic phosphorus content measured as 

grams of inorganic labile phosphorus per meter squared of soil surface area (Yang et al., 2014). 

The nitrogen data was from a global survey done with 3,500 soil profiles, with the organic 

nitrogen content measured via the Kjeldhl method, using the soil fine earth fraction, in grams of 

organic nitrogen per kilogram of soil (Zinke et al., 1998). I also regressed the MGR, calculated 

as ln(Mean biomass of AM&EM treatment of population/Mean biomass of AM treatment of 

population), against the previously mentioned abiotic factors to mathematically determine the 

effect of the EM fungal inoculum. I predicted that as the temperature of the warmest quarter of 
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the host populations increases, the MGR of AM&EM inoculated plants relative to AM 

inoculated plants would decrease, and the MGR of AM inoculated plants relative to non-

inoculated plants would increase. I also predicted that as the soil labile inorganic phosphorus 

content of the host populations decreases, the MGR of AM inoculated plants relative to non-

inoculated plants would increase, and as the soil nitrogen content of the host populations 

decreases, the MGR of AM&EM inoculated plants relative to AM inoculated plants would 

increase.  

Due to the reduction in the number of replicates because of mortality, all ANOVA tests 

were conducted twice, each with one of two sets of data. One set of data used the natural logs of 

the shoot mass, root mass, and root mass/shoot mass ratio measurements of surviving seedlings. 

The other set of data used the natural logs of all seedlings (dead and surviving) by first adding 

0.1g to all shoot mass and root mass measurements before creating the natural log of the shoot 

mass, root mass, and root mass/shoot mass ratio measurements. ANOVA tests using each sets of 

data resulted in the same significant factors. Therefore, the average mass of each population 

within each mycorrhizal inoculation treatment was reported in the results section from ANOVA 

tests that were using only measurements of surviving seedlings. The results showing the average 

population mass in each mycorrhizal inoculation treatment from the ANOVA tests using 

measurements of all seedlings (dead and surviving) were reported in the appendix. Also, 

seedlings from a ninth population, Clair, New Brunswick, were grown during the experiment and 

were weighed, but the mass measurements were not included in the analyses due high mortality 

within the AM&EM fungal treatment.
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Table 1: List of Betula papyrifera populations used in the study with provenance characteristics. 

   

 

 

 

 

 

 

 

 

Experimental 
Populations # 

NTSC 
Number 

Provenance 
(City)  

Collection 
Type 

Province Latitude Longitude  Temp. of the 
Warmest 
Quarter (°C) 

Soil Nitrogen 
(g N/Kg soil) 

Soil Labile 
Inorganic  
Phosphorus 
(g P/m2 SA) 

1 9470308 Beaver Lake Bulked 10 
Trees 

BC  59.01667 -123.18330 14.3 1.520 33.878 

2 9470307 Amanita Lake Bulked 10 
Trees 

BC  54.13334 -121.78330 15.7 1.912 66.474 

4 20070102 Gallants Single 
Tree 

NL 48.67677 -58.19018 14.3 1.433 22.054 

4 200070101 Gallants Single 
Tree 

NL 48.67726 -58.19256 14.3 1.433 22.054 

5 20021114 North Twin 
Lake 

Single 
Tree 

NS 44.83333 -64.66666 16.8 1.794 24.723 

5 20021118 North Twin 
Lake 

Single 
Tree 

NS 44.83333 -64.66666 16.8 1.794 24.723 

6 9130036.3 Jack’s Lakes Single 
Tree 

ON 45.7 -77.50000 17.9 1.303 29.976 

6 9130036.0 Jack’s Lakes Single 
Tree 

ON 45.7 -77.50000 17.9 1.303 29.976 

7 20041065 Riverdale Single 
Tree 

PEI 46.23333 -63.36666 17 2.531 23.496 

7 20041064 Riverdale Single 
Tree 

PEI 46.2333 -63.36666 17 2.531 23.496 

8 20062401 Duparquet Bulked 3 
Trees 

QC  48.46 -79.39000 16.1 4.037 29.174 

9 200062402 Guerin Bulked 3 
Trees 

QC  47.75 -79.35000 16.3 3.609 29.617 
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RESULTS 
 

The shoot biomass of the Betula papyrifera populations was dependent on the type of 

mycorrhizal fungi (Mycorrhizal Inoculation Treatment × Population, p=0.002, Table 2). Within 

some populations, there was variation in the growth benefit received from the different 

mycorrhizal fungi treatments. For example, shoots from Beaver Lake, BC, in the AM&EM 

treatment were significantly larger than in the control treatment by approximately 1,060 % 

(Figure 1B). Shoots from Beaver Lake, BC, in the AM treatment were also significantly larger 

than in the control treatment by 640% (Figure 1B). Shoots from Guerin, QC, in the AM&EM 

treatment were significantly larger than in the control treatment by 1,540% (Figure 1I). Shoots 

from Guerin, QC, in the AM&EM treatment were also significantly larger than shoots in the AM 

treatment by 610% (Figure 1I). The shoot biomass within the other populations did not differ 

among mycorrhizal fungi treatments. Overall, the shoot biomass varied among populations. For 

example, the population with the largest shoot mass, Amanita Lake, BC, had shoots that were 

460% larger than those of the population with the smallest shoot mass, Guerin, QC. Shoot 

biomass also varied among the different mycorrhizal inoculation treatments, where the overall 

trend was B. papyrifera in the AM&EM treatment had the largest shoot biomass on average. B. 

papyrifera shoots in the AM&EM treatment on average were 120% larger than the shoots in the 

control treatment and 55% larger than shoots in the AM treatment. Across all populations, shoot 

mass of B. papyrifera seedlings in the AM treatment on average was 40% larger than shoots in 

the control treatment.  

The root biomass of the B. papyrifera populations was dependent on the type of 

mycorrhizal fungi (Mycorrhizal Inoculation Treatment × Population, p=0.046, Table 3). Within 

some populations, there was variation in the growth benefit received from the different 
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mycorrhizal fungi treatments. For example, roots from Beaver Lake, BC, in the AM&EM 

treatment were 8,830% larger than roots in the control treatment (Figure 2B). Also, roots from 

Beaver Lake, BC, in the AM treatment were 4,210% larger than in the control treatment (Figure 

2B). Roots from Guerin, QC, in the AM&EM treatment were 1,700% larger than in the AM 

treatment (Figure 2I). Root mass within the other populations did not differ among the 

mycorrhizal inoculation treatments. Overall, root biomass varied among the populations. For 

example, the population with the largest root mass, Jack’s Lakes, ON, had roots that were 

1,080% larger than those of the population with the smallest roots, Guerin, QC. There was also 

the trend where seedlings in the AM&EM treatment had the largest root biomass on average. 

Across all populations, B. papyrifera roots in the AM&EM treatment on average were 200% 

larger than the roots in the control treatment. The root mass/shoot mass ratio did vary among 

populations (Population, p=0.021, Table 4), but was not affected by the different mycorrhizal 

inoculation treatments (Mycorrhizal Inoculation Treatment, p=0.124, Table 4).  

Biomass in each of the mycorrhizal inoculation treatments was not correlated with each 

other within the populations. Within the populations there was no significant correlation between 

mean shoot mass of the AM&EM fungi treatment and AM fungi treatment (p=0.320; Figure 3A), 

the AM fungi treatment and control treatment (p=0.352 Figure 3B), and the AM&EM fungi 

treatment and control treatment (p=0.385; Figure 3C). Within the populations there was also no 

significant correlation between mean root mass of the AM&EM fungi treatment and AM fungi 

treatment (p=0.086; Figure 3D), the AM fungi treatment and control treatment (p=0.385; Figure 

3E), and the AM&EM fungi treatment and the control treatment (p=0.570; Figure 3F). 

While there was some contamination of EM fungi in the AM fungi treatment and the 

control treatment, the amount of percent EM fungal colonization differed significantly among 
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mycorrhizal inoculation treatments (Mycorrhizal Inoculation Treatment, p=2.0582x10-7, Table 

5). The percentage of EM fungal colonization was 1,153% greater in the AM&EM fungi 

treatment than in the control treatment, and was 623% greater in the AM&EM fungi treatment 

compared to the AM fungi treatment (Figure 4). There was no significant effect of population 

(Population, p=0.879; Table 5) on the percentage of EM fungal colonization. 

The type of mycorrhizal inoculation treatment significantly influenced the amount of 

seedling mortality (Mycorrhizal Inoculation Treatment, p=0.004, Table 6). Across all 

populations, the proportion of dead seedlings was 2.25x greater in the control treatment than in 

the AM fungi treatment and 1.9x greater in the control treatment than in the AM&EM fungi 

treatment (Figure 5). The proportion of dead seedlings in the control treatment within each 

population varied between 10% and 60%. There was no difference in the proportion of dead 

seedlings between the AM fungi treatment and the AM&EM fungi treatment (Figure 5). 

Although there was a significant amount of seedling mortality within the control treatment, it 

was not a good indicator variable for the MGRs of the populations’ shoot mass to either AM 

fungi relative to the control treatment (R2=0.026, F1,6=0.158, ns) or to AM&EM fungi relative to 

the control treatment (R2=0.173, F1,6=1.255, ns). Seedling mortality within the control treatment 

was also not a good indicator for the MGRs of the populations’ root mass to either AM fungi 

relative to the control treatment (R2=0.030, F1,6=0.185, ns) or to AM&EM fungi relative to the 

control treatment (R2=0.235, F1,6=1.844, ns).  

Temperature of the B. papyrifera populations’ geographic origins did not explain 

variation in the mycorrhizal growth responses to either the AM fungi treatment or the AM&EM 

fungi treatment. There was no relationship between the MGR of shoot mass to AM fungi relative 

to the control treatment and temperature of the warmest quarter (Table 7A), the MGR of shoot 
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mass to AM&EM fungi relative to the control treatment and the temperature of the warmest 

quarter (Table 7A), and the MGR of shoot mass to AM&EM relative to the AM fungi treatment 

and temperature of the warmest quarter (Table 7A). There was also no relationship between the 

MGR of root mass to AM fungi relative to the control treatment and temperature of the warmest 

quarter (Table 7A), the MGR of root mass to AM&EM fungi relative to the control treatment 

and the temperature of the warmest quarter (Table 7A), and the MGR of root mass to AM&EM 

relative to the AM fungi treatment and the temperature of the warmest quarter (Table 7A). 

Soil nutrient variables also did not explain the variation in the mycorrhizal growth 

response between the populations with AM fungi and AM&EM fungi (Table 7B). There was no 

relationship between the MGR of shoot mass to AM fungi relative to the control treatment 

(Table 7B), the MGR of shoot mass to AM&EM fungi relative to the control treatment (Table 

7B), or the MGR of shoot mass to AM&EM fungi relative to the AM fungi treatment (Table 7B) 

and the soil nitrogen concentration, or the soil labile inorganic phosphorus concentration of the 

B. papyrifera provenances. There was also no relationship between the MGR of root mass to AM 

fungi relative to the control treatment (Table 7B), the MGR of root mass to AM&EM fungi 

relative to the control treatment (Table 7B), or the MGR of root mass to AM&EM fungi relative 

to the AM fungi treatment (Table 7B) and the soil nitrogen content, or the soil labile inorganic 

phosphorus content of the B. papyrifera provenances.  
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Table 2: 2-way ANOVA on natural log-transformed shoot mass of surviving seedlings using two 

factors: Mycorrhizal Inoculation Treatment and B. papyrifera population variation (Population). 

Table includes degrees of freedom (df), mean squares (MS), F-statistics (F), and significances 

(P). 

Source df Mean Square F Sig. 
Corrected Model 23 4.699 3.465 0.000002 
Intercept 1 458.641 338.276 1.4555×10-42 
Population 7 6.855 5.056 0.00003 
Mycorrhizal 
Inoculation Treatment 

2 9.094 6.708 0.002 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 3.469 2.559 0.002 

Error 173 1.356   
Total  197    
Corrected Total 196    
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Table 3: 2-way ANOVA on natural log-transformed root mass of surviving seedlings using two 

factors: Mycorrhizal Inoculation Treatment and B. papyrifera population variation (Population). 

Table includes degrees of freedom (df), mean square (MS), F-statistics (F), and significances (P). 

Source df Mean Square F Sig. 
Corrected Model 23 7.110 2.857 0.000153 
Intercept 1 586.917 235.813 1.7029x10-28 
Population 2 11.198 4.499 0.013 
Mycorrhizal 
Inoculation Treatment 

7 10.645 4.277 0.000344 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 4.506 1.810 0.046 

Error 104 2.489   
Total  128    
Corrected Total 127    
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Table 4: 2-way ANOVA on natural log-transformed root mass/shoot mass ratios of surviving 

seedlings using two factors: Mycorrhizal Inoculation Treatment and B. papyrifera population 

variation (Population). Table includes degrees of freedom (df), mean squares (MS), F-statistics 

(F), and significances (P). 

Source df Mean Square F Sig. 
Corrected Model 23 0.270 1.544 0.073 
Intercept 1 22.790 130.398 4.6199x10-20 
Population 2 0.434 2.481 0.021 
Mycorrhizal 
Inoculation Treatment 

7 0.372 2.127 0.124 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 0.139 0.798 0.670 

Error 104 0.175   
Total  128    
Corrected Total 127    
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Table 5: 2-way ANOVA on percentage of EM root colonization using two factors: Mycorrhizal 

Inoculation Treatment. and B. papyrifera population variation (Population). Table includes 

degrees of freedom (df), mean squares (MS), F-statistics (F), and significances (P). 

Source df Mean Square F Sig. 
Corrected Model 23 0.030 3.008 0.001 
Intercept 1 0.395 39.755 1.0989x10-7 
Population 7 0.004 0.429 0.879 
Mycorrhizal 
Inoculation Treatment 

2 0.220 22.103 2.0582x10-7 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 0.015 1.535 0.138 

Error 45 0.010   
Total  69    
Corrected Total 68    
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Table 6: 1-way ANOVA of proportion of seedling mortality among Mycorrhizal Inoculation 

Treatments. Table includes degrees of freedom (df), mean squares (MS), F-statistics (F), and 

significances (P). 

Source df Mean Square F Sig. 
Corrected Model 2 0.128 7.385 0.004 
Intercept 1 0.770 44.478 0.000001 
Mycorrhizal 
Inoculation Treatment 

2 0.128 7.385 0.004 

Error 21 0.017   
Total  24    
Corrected Total 23    



 25 

Table 7A: Parameters from simple linear regressions of Mycorrhizal Growth Response (MGR) of surviving seedlings, measured as 

log-response ratios of biomass (LRR), against the independent variable temperature of the warmest quarter. The MGRs were 

calculated by using estimates of shoot and root mass means within each Population × Mycorrhizal Inoculation Treatment group. 

Regression Variable Regression Parameters 

Dependent Independent m SE t r2 Adjusted r2 p df F 
Shoot LRR(AM 
fungi/control) 

Temperature of the 
Warmest Quarter 

0.062 0.315 0.196 0.006 -0.159 0.851 6 0.039 

Shoot 
LRR(AM&EM 
fungi/control) 

Temperature of the 
Warmest Quarter 

-0.058 0.419 -0.138 0.003 -0.163 0.894 6 0.019 

Shoot LRR 
(AM&EM 
fungi/AM 
fungi) 

Temperature of the 
Warmest Quarter 

-0.120 0.232 -0.517 0.043 -0.117 0.624 6 0.268 

Root LRR (AM 
fungi/control) 

Temperature of the 
Warmest Quarter 

-0.033 0.509 -0.064 0.0001 -0.166 0.951 6 0.004 

Root LRR 
(AM&EM 
fungi/control) 

Temperature of the 
Warmest Quarter 

-0.242 0.600 -0.403 0.026 -0.136 0.701 6 0.162 

Root LRR 
(AM&EM 
fungi/AM 
fungi) 

Temperature of the 
Warmest Quarter 

-0.209 0.350 -0.598 0.056 -0.101 0.517 6 0.358 
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Table 7B: Parameters from simple linear regressions of Mycorrhizal Growth Response (MGR) of surviving seedlings, measured as 

log-response ratios of biomass (LRR), against the independent variables soil labile inorganic phosphorus content and soil nitrogen 

content. The MGRs were calculated by using estimates of shoot and root mass means within each Population × Mycorrhizal 

Inoculation Treatment group. 
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Regression Variables Regression Parameters 

Dependent  Independent m SE t r2 Adjusted r2 p df F 

Shoot LRR (AM 
fungi/control) 

Soil nitrogen content  -0.141 0.381 -0.369 0.022 -0.141 0.725 6 0.136 

Shoot LRR 
(AM&EM 
fungi/control) 

Soil nitrogen content  0.075 0.511 0.147 0.004 -0.162 0.888 6 0.022 

Shoot LRR 
(AM&EM 
fungi/AM fungi) 

Soil nitrogen content  0.216 0.275 0.783 0.093 -0.058 0.463 6 0.613 

Root LRR (AM 
fungi/control) 

Soil nitrogen content  -0.353 0.604 -0.584 0.054 -0.104 0.580 6 0.341 

Root LRR 
(AM&EM 
fungi/control) 

Soil nitrogen content  -0.014 0.741 -0.019 0.000062 -0.167 0.985 6 0.000369 

Root LRR 
(AM&EM 
fungi/AM fungi) 

Soil nitrogen content 0.338 0.417 0.812 0.099 -0.051 0.448 6 0.812 

Shoot LRR (AM 
fungi/control) 

Soil labile inorganic 
phosphorus content 

0.010 0.028 0.365 0.022 -0.141 0.728 6 0.133 

Shoot LRR 
(AM&EM 
fungi/control) 

Soil labile inorganic 
phosphorus content 

-0.002 0.037 -0.050 0.000417 -0.166 0.962 6 0.003 

Shoot LRR 
(AM&EM 
fungi/AM fungi) 

Soil labile inorganic 
phosphorus content 

-0.012 0.020 -0.586 0.054 -0.104 0.579 6 0.343 

Root LRR (AM 
fungi/control) 

Soil labile inorganic 
phosphorus content 

0.019 0.044 0.432 0.030 -0.132 0.681 6 0.186 

Root LRR 
(AM&EM 
fungi/control) 

Soil labile inorganic 
phosphorus content  

0.000268 0.054 0.005 0.000004 -0.167 0.996 6 0.000025 

Root LRR 
(AM&EM 
fungi/AM fungi) 

Soil labile inorganic 
phosphorus content 

-0.019 0.031 -0.611 0.059 -0.098 0.564 6 0.373 
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Figure 1: Mean shoot biomass of each B. papyrifera population within each mycorrhizal 

treatment (B-I), representing surviving seedlings. Mean shoot biomass of surviving seedlings 

across all B. papyrifera populations within each mycorrhizal treatment (A), for descriptive 

purposes. ANOVA was performed on natural log transformed data, though values in the graphs 

represent descriptive means. Letters indicate differences in Treatment means, analyzed using 

overlapping 95% confidence intervals. Error bars represent one standard error, calculated from 

the descriptive statistics.  
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Figure 2: Mean root biomass of each B. papyrifera population within each mycorrhizal treatment 

(B-I), representing surviving seedlings. Mean root biomass of surviving seedlings across all B. 

papyrifera populations within each mycorrhizal treatment (A), for descriptive purposes. ANOVA 

was performed on natural log transformed data, though values in the graphs represent descriptive 

means. Letters indicate differences in Treatment means, analyzed using overlapping 95% 

confidence intervals. Error bars represent one standard error, calculated from the descriptive 

statistics.  
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Figure 3: Correlations of mean shoot mass of surviving seedlings across each population (A-C) 

and of mean root mass of surviving seedlings across each population (D-F), between the three 

different mycorrhizal treatments: control, AM fungi, and AM&EM fungi. Graphs include 

significance (P) values.  
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Figure 4: Mean percentage of EM root colonization across all populations within each 

mycorrhizal treatment. ANOVA was performed on percent EM root colonization measurements. 

Letters indicate differences in Treatment means, analyzed using pairwise comparisons. Error 

bars represent one standard error. 
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Figure 5: Mean proportional seedling mortality across all populations within each treatment. 

ANOVA was performed on the proportion of seedling mortality data. Letters indicate differences 

in Treatment means, analyzed using pairwise comparisons. Error bars represent one standard 

error. 
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DISCUSSION 
 

While the Betula papyrifera populations varied in their growth responses to the 

mycorrhizal inoculation treatments, I found no support for the hypotheses that the B. papyrifera 

populations would grow differently in response to AM fungi and EM fungi depending on the 

temperature and soil nutrient conditions of their place of origin. The interaction between the 

population source of B. papyrifera and the type of mycorrhizal inoculation significantly 

influenced the growth of the seedlings. Two populations showed significant increases in biomass 

between the control treatment and the AM fungi, AM&EM fungi treatments (Figures 1,2). In the 

end though, there were no relationships between the temperature or the soil nutrient content of 

the host populations’ provenances and the Mycorrhizal Growth Responses (MGRs) across 

populations.   

  While the biomass of the host populations was dependent on the type of mycorrhizal 

fungi they associated with, the overall main effect of the mycorrhizal fungi was similar to the 

outcomes of other studies; host plants grow better when associating with both AM fungi and EM 

fungi versus associating with only a single type of fungi (Aguillon & Garbaye, 1990; Chen, 

Brundrett, & Dell, 2000; Founoune et al., 2002). In my study, the shoots of B. payrifera seedlings 

on average in the AM&EM fungi treatment were 55% larger than in the AM fungi treatment. 

This effect size was similar to what Founoune et al. (2002) found, that the shoot mass of Acacia 

holosericea was 42% larger with dual colonization of AM and EM fungi versus either AM or 

EM colonization only. The magnitude of positive host growth response to dual colonization, 

however, does vary between plant species. Aguillon and Garbaye (1990) reported that the shoot 

mass of hybrid Poplars in the dual colonization treatment of AM fungi and EM fungi was 36% 

and 107% larger versus the singular AM fungi and EM fungi treatments, respectively. Also, the 
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shoot mass of dually inoculated Eucalyptus globulus plants were 150% and 67% larger when 

compared to plants singularly-inoculated with AM fungi and EM fungi, respectively (Chen et al., 

2000). In contrast, Kariman et al. (2012) observed a 40% decrease in host biomass when 

Eucalyptus marginata was inoculated with both AM fungi and EM fungi versus only with EM 

fungi. This shows that while it can be beneficial for species to be dually colonized by AM fungi 

and EM fungi, not all species have similar positive-growth responses to dual colonization.  

 In my study, there was evidence for variation among the growth responses of B. 

papyrifera populations to AM fungi and AM&EM fungi. This result is similar to the results of 

previous studies, where majority of them have determined the presence of population-level 

variation in host growth responses to single types of mycorrhizal fungi. It is already well known 

that host plant populations and host genotypes can vary in their growth responses to AM fungi 

(Krishna, Shetty, Dart, & Andrews, 1985; Linderman & Davis, 2004; Ramos-Zapata, Campos-

Navarrete, Parra-Tabla, Abdala-Roberts, & Navarro-Alberto, 2010). Host plant populations and 

host genotypes can also show variation in growth response to EM fungi. For example, Karst, 

Jones, and Turkington (2009) reported that Lodgepole pine seedling biomass varied significantly 

amoung seed families when associating with EM fungi. In contrast, Hoeksema and Thompson 

(2007) found no significant variation in the growth of host-populations in response to EM fungi. 

While it is possible for host populations to exhibit variation in growth responses to single types 

of mycorrhizal fungi, no other major studies have found plant species which are dually colonized 

by both EM fungi and AM fungi to exhibit population-level variation in growth responses. This 

study is the first to find evidence for population-level variation in growth response of a species 

that is dually colonized by both AM and EM fungi.   
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 The results of my study did not support the hypotheses that plants from warmer and 

colder climates would differ in their mycorrhizal growth responses to AM fungi and EM fungi. It 

was hypothesized that the MGRs of the B. papyrifera populations to AM fungi relative to the 

control treatment would increase as the temperature of the B. papyrifera provenances increased. 

While my study did not find any relationship between MGRs to AM fungi and temperature, other 

studies suggest temperature can influence adaptations of host populations to mycorrhizal fungi. 

Wilson and Hartnett (1998) found that variation in host growth responses to mycorrhizal fungi is 

influenced by the biogeography of the hosts. They found that warm-season perennial grasses had 

the largest growth responses to AM fungi compared to cool-season perennial grasses, which had 

smaller growth responses to AM fungi (Wilson & Hartnett, 1998). I also hypothesized that as the 

temperature of the B. papyrifera provenances increased, the MGRs of the populations to the 

AM&EM fungi treatment relative to the AM fungi treatment would decrease. However, this 

hypothesis was not supported in my study. While there are other pieces of evidence which 

suggest EM fungi are capable of providing nutrients to the host plant in relatively cold climates 

(Tibbet et al., 1998), there was no trend amongst the B. papyrifera populations in my study to 

suggest that there was a pattern of clinal variation in the growth response to EM fungi. 

 I hypothesized that the growth responses of the B. papyrifera seedlings inoculated with 

AM fungi and AM&EM fungi would be greatest in populations from phosphorous and nitrogen 

limited soils, respectively. However, there was no evidence to support the hypothesis that as the 

soil labile inorganic phosphorus content of the B. papyrifera provenances decreases, the MGRs 

of the B. papyrifera populations to the AM fungi treatment relative to the control treatment 

would increase. While I did not find evidence to support my hypothesis, it is still possible that 

the phosphorus content of host populations can influence their adaptations to support 
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mycorrhizal symbioses with AM fungi. For example, in phosphorus-deficient soils, plant 

genotypes which form efficient AM symbioses have competitive advantages over those that do 

not form efficient AM symbioses (Johnson, 2010). This more successful genotype within the 

species is expected to be selected for, and lead to adaptations for stronger AM symbioses, which 

can then be seen within a common garden scenario. I also hypothesized in my study that as the 

nitrogen content of the B. papyrifera provenances decreases, the MGRs of the populations to the 

AM&EM fungi treatment relative to AM fungi treatment would increase. While I was not able to 

support this hypothesis with the findings of my study, other studies have suggested that plants 

from nitrogen-limited soils often associate primarily with EM fungi species. EM fungi typically 

dominate in nitrogen-limited ecosystems (Read, 1991), because they can secrete extracellular 

enzymes which break down organic forms of nitrogen found in the leaf litter (Malloch et al., 

1980; Marschner & Dell, 1994). While AM fungi and EM fungi can benefit plant populations 

from different soils with different nutrient contents, the strength of the mutualism based on soil 

nutrient limitation of host provenances might not be the main driver for population-level 

variation within the B. papyrifera populations analyzed.  

 There was no population-level variation in the percentage of EM fungal colonization of 

B. papyrifera seedling roots. While I did not find evidence for population-level variation in the 

amount of colonization, other studies have suggested that population-level variation within host 

species can significantly influence the percentage of EM fungal colonization within the root 

systems (Gehring, Mueller, & Whitman, 2006; Karliński, Rudawska, Kieliszewska-Rokicka, & 

Leski, 2010; Karst et al., 2009). Intraspecific genotype variations can influence the amount of 

EM fungal root colonization of host plants (Tagu et al., 2001). My findings might not agree with 

the literature because of the difficulties with the sampling method used. Measuring the 



 37 

percentage of EM fungal root colonization was a relatively subjective process because EM 

fungal colonization within deciduous trees, such as Populus, is more difficult to recognize than 

that of typical coniferous tree roots, which usually exhibit specific branching patterns (Khasa, 

Chakravarty, Robertson, Thomas, & Dancik, 2002). The EM fungal colonization of deciduous 

trees often have minimal short root swelling, limited root branching, and a shallow Hartig net 

(Khasa et al., 2002). Therefore, the EM fungal colonization measurements of the B. papyrifera 

roots may have had more errors due to subjective identification, which could have reduced my 

ability to detect population-level differences.   

There is an alternative hypothesis which could explain why population-level variation in 

the mycorrhizal growth responses of B. papyrifera exists. Within plant-mycorrhizal symbioses, 

co-evolution can occur between different genotypes of plants and their mycorrhizal fungal 

partners (Barker, Duplessis, & Tagu, 2002; Smith & Read, 2008). On the host side of the plant-

mycorrhizal symbiosis, it is hypothesized that the phenotype of growth responsiveness to 

mycorrhizal fungi may exhibit a strong amount of heritable genetic variation within host plant 

species (Barker et al., 2002) and provide the basis from which intraspecific variation can form. 

The intraspecific variation is thought to arise when host populations become adapted to their 

local types of mycorrhizal fungi by evolving adaptations to support stronger symbioses with 

them (Hoeksema, 2010). Local adaptation by plant populations to mycorrhizal fungi occurs when 

the fitness is highest for the plant populations grown with local mycorrhizal fungi types, 

compared to lower fitness outcomes when plant population are grown with non-local (or foreign) 

types of mycorrhizal fungi (Hoeksema, 2010). An example of this local adaptation in plant 

populations has been shown with Douglas-fir trees associating with EM fungi, where the 

seedling growth of host populations was positively correlated with mycorrhizal fungi species 
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from geographical areas that were closer to the original location of the host trees (Pickles, Twieg, 

O’Niell, Mohn, & Simard, 2015). To understand how plant populations can form different 

adaptations to certain mycorrhizal symbionts, it may be important to consider not only the 

different abiotic factors that act as selection pressures which shape the symbiotic relationships 

within the populations’ environments, but to also consider the geographical distances between 

the hosts plants and the mycorrhizal fungi species.   

I used a commercially available mycorrhizal strain of AM fungi and EM fungi, but it may 

be beneficial for future studies seeking to identify population-level variation within mycorrhizal 

growth responses in common garden experiments to use species of mycorrhizal fungi that are 

taken from the natural habitats of the host species. This is because sympatric combinations of 

mycorrhizal fungi and host plants usually elicit stronger mycorrhizal growth responses, versus 

allopatric combinations of hosts and symbionts (Rúa et al., 2016). Therefore, using a naturally-

occuring strain of AM fungi and EM fungi from any of the B. papyrifera populations may have 

elicited different growth responses, which could have been more reflective of the local 

adaptations of the host populations. 

Additionally, it is possible that my hypotheses were not supported because of limitations 

in quantifying the nutrient contents of soils in each population. For example, both the soil 

nitrogen and soil phosphorus content data derived from global databases were from areas that 

were closest to the seeds’ geographical origins, rather than beneath locations of individual trees. 

As a result, data from the global databases may not accurately represent soil nutrient content. 

Future studies should use soil nutrient data that represents soil pedons from the host populations. 

Furthermore, only total organic nitrogen was available as a metric of overall soil nitrogen 

availability (Zinke et al., 1998), and it is possible that this did not accurately represent plant-
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available nitrogen. Thus, the lack of support for associations between MGR and soil variables is 

not necessarily a rejection of the research hypotheses.    

Overall, my study showed that populations of B. papyrifera respond differently to the 

type of mycorrhizal fungi they associate with. By understanding how much variation within 

mycorrhizal growth responses exists between populations, potential projects such as assisted 

migration could be successful in the future. Assisted migration is the process by which people 

plant tree species, or other plant species, in areas that are projected to have a suitable climate 

once climate change has advanced (Dumroese et al., 2015). While the trans-location of tree 

populations is intended to mitigate the effects climate change will have on tree species, the 

mycorrhizal responsiveness of the populations to the new mycorrhizal species they will 

encounter after being translocated should also be considered. In my study, there was evidence 

which shows that B. papyrifera populations have variations in their growth responses to AM 

fungi and a combination of AM&EM fungi. So, some tree populations used in assisted migration 

projects may establish and grow well, while others may not be as successful, depending on how 

different the new mycorrhizal fungi species they encounter are to the ones that the tree 

populations are already adapted to. Therefore, the complexity and variation in which a plant 

species will respond to mycorrhizal fungi should be considered when planning future assisted 

migration projects to ensure their success.  
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APPENDIX 
 
Table A1: 2-way ANOVA on natural log-transformed shoot mass of all seedlings, with 0.1g 

added to each measurement, using two factors: Mycorrhizal Inoculation Treatment and B. 

papyrifera population variation (Population). Table includes degrees of freedom (df), mean 

squares (MS), F-statistics (F), and significances (P). 

Source df Mean Square F Sig. 
Corrected Model 23 1.868 4.080 1.7636x10-8 
Intercept 1 333.674 728.707 3.7922x10-71 

Population 7 2.502 5.465 0.000009 
Mycorrhizal 
Inoculation Treatment 

2 6.575 14.359 0.000001 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 0.879 1.920 0.026 

Error 216 0.458   
Total  240    
Corrected Total 239    

 

Table A2: 2-way ANOVA on natural log-transformed root mass of all seedlings, with 0.1g added 

to each measurement, using two factors: Mycorrhizal Inoculation Treatment and B. papyrifera 

population variation (Population). Table includes degrees of freedom (df), mean squares (MS), 

F-statistics (F), and significances (P). 

Source df Mean Square F Sig. 
Corrected Model 23 1.765 3.677 7.5542x10-7 

Intercept 1 350.917 730.909 6.4717x10-59 

Population 7 2.531 5.272 0.000022 
Mycorrhizal 
Inoculation Treatment 

2 5.330 11.101 0.000032 

Population x 
Mycorrhizal 
Inoculation Treatment 

14 0.855 1.780 0.047 

Error 147 0.480   
Total  171    
Corrected Total 170    
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Figure A1: Mean shoot biomass of each B. papyrifera population within each mycorrhizal 

treatment (B-I), representing surviving and dead seedlings. Mean shoot biomass of all seedlings 

across all B. papyrifera populations within each mycorrhizal treatment (A), for descriptive 

purposes. All means presented are 0.1g greater than actual means because of the constant value 

added for statistical analyses. ANOVA was performed on natural log transformed shoot mass with 

0.1g added, though values in the graphs represent descriptive means. Letters indicate differences 

in Treatment means, analyzed using overlapping 95% confidence intervals. Error bars represent 

one standard error, calculated from the descriptive statistics. 
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Figure A2: Mean root biomass of each B. papyrifera population within each mycorrhizal 

treatment (B-I), representing surviving and dead seedlings. Mean root biomass of all seedlings 

across all B. papyrifera populations within each mycorrhizal treatment (A), for descriptive 

purposes. All means presented are 0.1g greater than actual means because of the constant value 

added for statistical analyses. ANOVA was performed on natural log transformed root mass with 

0.1g added, though values in the graphs represent descriptive means. Letters indicate differences 

in Treatment means, analyzed by using overlapping 95% confidence intervals. Error bars 

represent one standard error, calculated from the descriptive statistics. 
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Figure A3: Correlations of mean shoot mass of dead and surviving seedlings across each 

population (A-C) and of mean root mass of all seedlings across each population (D-F), between 

the three different mycorrhizal treatments: control, AM fungi, and AM&EM fungi. Graphs 

include significance (P) values.  
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